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Abstract

Quantitative coccolithophore analyses were performed in core MD01-2446, located in the
midlatitude North Atlantic, to reconstruct climatically induced sea surface water conditions throughout
Marine Isotope Stages (MIS) 14–9. The data are compared to new and available paleoenvironmental proxies
from the same site as well as other nearby North Atlantic records that support the coccolithophore signature
at glacial-interglacial to millennial climate scale. Total coccolithophore absolute abundance increases during
interglacials but abruptly drops during the colder glacial phases and deglaciations. Coccolithophore warm
water taxa (wwt) indicate that MIS11c and MIS9e experienced warmer and more stable conditions throughout
the whole photic zone compared to MIS13. MIS11 was a long-lasting warmer and stable interglacial
characterized by a climate optimum during MIS11c when a more prominent inﬂuence of the subtropical front at
the site is inferred. The wwt pattern also suggests distinct interstadial and stadial events lasting about 4–10 kyr.
The glacial increases of Gephyrocapsa margereli-G. muellerae 3–4 μm along with higher values of Corg,
additionally supported by the total alkenone abundance at Site U1313, indicate more productive surface
waters, likely reﬂecting the migration of the polar front into the midlatitude North Atlantic. Distinctive peaks of
G. margereli-muellerae (>4 μm), C. pelagicus pelagicus, Neogloboquadrina pachyderma left coiling, and reworked
nannofossils, combined with minima in total nannofossil accumulation rate, are tracers of Heinrich-type events
during MIS12 and MIS10. Additional Heinrich-type events are suggested during MIS12 and MIS14 based on
biotic proxies, and we discuss possible iceberg sources at these times. Our results improve the understanding of
mid-Brunhes paleoclimate and the impact on phytoplankton diversity in the midlatitude North Atlantic region.

1. Introduction
The middle Pleistocene Marine Isotope Stages (MIS) 14–9 include the mid-Brunhes [Jansen et al., 1986; Barker
et al., 2006], which is a crucial time of important global climate change when, following the mid-Pleistocene
transition, glacial-interglacial cyclicity became more stable at the periodicity of about 100 kyr [Berger and
Wefer, 2003]. Interglacial phases were warmer starting from MIS 11 [Jansen et al., 1986; Lisiecki and Raymo,
2005] and the amplitude of glacial terminations is greater since 450 ka (Terminations I–V) [Lang and Wolff,
2011]. A distinctive interval of the mid-Brunhes is the interglacial MIS 11 that is considered the longest-lasting
warmer interglacial of the last 1.0 Ma [McManus et al., 1999; Hodell et al., 2000]. MIS 11 is depicted as a
potential analog of the Holocene [Howard, 1997; Loutre and Berger, 2003; de Abreu et al., 2005] and follows the
largest amplitude transition (Termination V) of the last 500 ka [Oppo et al., 1998]. The glacial MIS 12 is indeed
known to be the strongest of the last 800 ka in agreement with an array of proxy evidence from marine, ice
core, and terrestrial archives [Lang and Wolff, 2011]. On the other hand, MIS 14 was a particularly weak glacial
[Tzedakis et al., 2006; Lüthi et al., 2008], with reduced ice sheet volume, absence of Hudson Strait Heinrich
(-like) events in the North Atlantic [Naafs et al., 2013], relative higher sea level, and higher sea surface and
atmospheric temperatures with respect to the younger glacials [Lisiecki and Raymo, 2005; Bintanja et al.,
2005]. Deglaciation toward MIS 13 (Termination VI) was of low amplitude with values well below those
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Figure 1. (a) Location map of the studied core MD01-2446 and other sites mentioned in the text. (b) Surface water circulation during winter is redrawn from Voelker et al. [2010] according to Peliz et al. [2005]. IPC = Iberian Poleward Current.
STF = subtropical front. Ice-rafted detritus (IRD) belt is drawn according to Ruddiman [1977] for the last glacial period.

recorded at the Terminations IV and V [Lang and Wolff, 2011]. Previous data suggest a minimum of ice volume
during MIS 13, particularly during substage MIS 13a [Lisiecki and Raymo, 2005; Jouzel et al., 2007].
Furthermore, the mid-Brunhes interval is characterized by abrupt and rapid climate changes both during
glacials and interglacials (stadials and interstadials, Heinrich (H)-type events) as evidenced by sharp shifts
in the sea surface temperature (SST), biomarker-derived paleoproductivity, magnetic susceptibility,
distinctive abundance pattern of the polar foraminifer Neogloboquadrina pachyderma left coiling, and from
sudden variation in stable carbon and oxygen isotope records. This is widely documented in recent studies
that have focused on the occurrence of H-type events and related ice-rafted detritus (IRD) throughout the
mid-Brunhes glacials down to MIS 16 in North Atlantic records from the middle to high latitudes [Oppo
et al., 1998; McManus et al., 1999; Martrat et al., 2007; Hodell et al., 2008; Stein et al., 2009; Voelker et al.,
2010; Rodrigues et al., 2011; Naafs et al., 2011, 2013; Alonso-Garcia et al., 2011] and within the
Mediterranean Sea [Girone et al., 2013]. It is in fact established that high-frequency climate perturbations
ﬁrst recognized in the last glacial cycle [Broecker et al., 1992; Bond et al., 1992; Rohling et al., 1998; Cacho
et al., 1999, 2001; de Abreu et al., 2003; Hemming, 2004; Sierro et al., 2005; Voelker et al., 2006; Salgueiro
et al., 2010] persisted through the middle Pleistocene. Data from IODP (Integrated Ocean Drilling Program)
Site U1313 [Hodell et al., 2008; Stein et al., 2009; Naafs et al., 2011, 2013] and cores MD01-2446 [Voelker
et al., 2010] and MD03-2699 [Voelker et al., 2010; Rodrigues et al., 2011] highlight that the effects of North
Atlantic ice sheet instability were recorded at wider latitudinal scale and well beyond the IRD belt deﬁned
by Ruddiman [1977] for the last glacial period (Figure 1).
In recent years a few studies [Incarbona et al., 2008; Amore et al., 2012; Bordiga et al., 2013a, 2013b; Girone
et al., 2013; Maiorano et al., 2013a, 2013b; Palumbo et al., 2013] investigated the response of the
coccolithophore assemblages and variations in their absolute abundance to such climate changes during the
mid-Brunhes. Coccolithophores represent a major component of marine primary producers and are sensitive
to rapid and abrupt ﬂuctuations in temperature, salinity, nutrients, and turbidity of surface waters [McIntyre
and Bè, 1967; Baumann et al., 2005]. They are mainly used as valuable tool for paleoclimate and
paleoceanographic reconstruction since they are abundant in deep-sea sediments and widespread in the
oceans, with distinct bioprovince distributions controlled by latitudinal oceanic zonation and frontal system
dynamics [McIntyre and Bè, 1967; Bown et al., 2004; Ziveri et al., 2004]. Coccolithophores are mostly K selected,
adapted to oligotrophic conditions, and beneﬁt from warm and stable surface waters. However, they also
include speciﬁc taxa having peculiar ecological preference for more eutrophic or rapidly changing conditions
and thus are particularly usable for detailed paleoenvironmental reconstructions [Baumann et al., 2005].
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Our study therefore aims to reconstruct orbital (glacial-interglacial) to short-term millennial-scale (e.g.,
H-type) climate changes during the interval from MIS 14 to 9 based on coccolithophores as powerful proxy of
sea surface water conditions. We use quantitative analyses in samples from midlatitude North Atlantic core
MD01-2446 (Figure 1), located in an area sensitive to record subtropical and subpolar front dynamics. The
acquired coccolithophore absolute abundances and derived paleoecological indices are compared to IRD,
benthic, and planktonic δ18O and δ13C records [Voelker et al., 2010] (here extended to the lower MIS 8), the
new quantitative data collected on Neogloboquadrina pachyderma left coiling and the CaCO3 content. Finally,
data of core MD01-2446 are compared to the other paleoceanographic records from the North Atlantic (IODP
Sites U1313 and U1314, core MD03-2699) with the aim to correlate coccolithophore-based signals of abrupt
and short-term surface water changes at the study site with well-known and widespread events of iceberg
discharge from the Laurentide and European ice sheets. New data on alkenones/TOC (total organic carbon)
are also provided for Site U1313, since it is a midlatitude open ocean North Atlantic reference section [Naafs
et al., 2012, 2013] recording climate changes similar to those of core MD01-2446.

2. Study Area and Oceanographic Setting
The studied Calypso giant piston core MD01-2446 (39°03.36′N, 12°37.44′W) was retrieved on the southeastern
slope of the Tore Seamount, about 300 km west of Portugal (Figure 1a) at a water depth of 3547 m, with R/V
Marion Dufresne during the MD123-Geosciences cruise in 2001. Modern surface water characteristics at the core
location are mainly inﬂuenced by the Portugal Current (PC) and the Azores Current (AzC) (Figure 1b). The PC
forms in the Northeastern Atlantic as a recirculation of the North Atlantic Current [Peliz et al., 2005] and moves
southward along the Iberian margin (Figure 1b). The AzC derives from the Gulf Stream and ﬂows in large
meanders eastward between 35 and 37°N through the midlatitude North Atlantic (eastern branch shown in
Figure 1b). The AzC’s northern boundary forms the subtropical front (STF). The Iberian Poleward Current (IPC)
(Figure 1b) originates from the AzC and, including a subsurface component of less ventilated, warm, and saltier
waters of subtropical origin, moves northward during winter [Peliz et al., 2005]. Upwelling of subsurface
components of PC and IPC waters occurs north of 45°N and south of 40°N, respectively, but depending on
strong wind systems upwelling of subpolar subsurface waters might also occur south of 40°N. At present the
site is bathed by Northeast Atlantic Deep Water (NEADW), but the efﬁciency and strength of NEADW production
varied with glacial-interglacial cycles as Antarctic Bottom Water (AABW) ﬂowed farther north during glacials
[Raymo et al., 1997; Voelker et al., 2010]. The core location is at the southern edge of the North Atlantic IRD belt
[Ruddiman, 1977; Hemming, 2004], as reconstructed for the last glacial period, where large SST shifts occurred
during glacials [Pﬂaumann et al., 2003] and stadials [Chapman and Maslin, 1999; Oppo et al., 2001; Salgueiro et al.,
2010]. However, more recent high-resolution data documented the presence of meltwater and IRD in the
midlatitude North Atlantic throughout the middle Pleistocene interval (MIS 9-14/16) [Stein et al., 2009; Voelker
et al., 2010; Rodrigues et al., 2011; Naafs et al., 2013] and in the Mediterranean Sea [Girone et al., 2013].
North Atlantic Sites IODP U1313 and U1314 and core MD03-2699 (Figure 1a), selected for comparison with
our data, are from oceanographic settings valuable to record changes in water mass boundary dynamics.
Today Site U1313 is mainly inﬂuenced by the warm and oligotrophic surface waters of the North Atlantic
Current, but in the past it sometimes was located at the southern boundary of the Ruddiman IRD belt
receiving IRD mainly from the Laurentide ice sheet via iceberg discharge through Hudson Bay [Stein et al.,
2009; Naafs et al., 2011, 2013]. IODP Site U1314, located within the subpolar North Atlantic Ocean, is strongly
inﬂuenced by the North Atlantic Current and able to record changes in the surface circulation of the subpolar
gyre and abrupt pulses of IRD mainly from Greenland and Iceland ice sheet sources [Alonso-Garcia et al.,
2011]. The location of core MD03-2699, offshore off Portugal, is inﬂuenced by the same water masses as core
MD01-2446 and provides additional information on orbital to suborbital climate changes in the region
[Voelker et al., 2010; Rodrigues et al., 2011].

3. Age Model and Biochronology
In this paper the age model and marine oxygen isotope stratigraphy of core MD01-2446 developed by
Voelker et al. [2010] for the interval MIS 13 to lower MIS 9 was extended into early MIS 8 (Figure 2). The age
model was established by correlating the benthic oxygen isotope curve of MD01-2446 with the benthic
record at IODP Site U1313 for the interval from MIS 13 to lower MIS 10 [Voelker et al., 2010] and with the stack
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Figure 2. (a–c) Oxygen and carbon isotope records are from Voelker et al. [2010] and this paper. (d) Total coccolith accumulation rate (NAR), correlated with
(e) CaCO3, (f) nannofossil dissolution index (NDI), (g) coccolithophore diversity, and (h) dominance indices. LO: last occurrence. FO: ﬁrst occurrence. Yellow bars
highlight interglacial stages according to chronology of Lisiecki and Raymo [2005]. Marine Isotope Stages (MIS) are indicated.

record of Lisiecki and Raymo [2005] for late MIS 10 to lower MIS 8 [Voelker et al., 2010; this study], with isotopic
maxima providing most correlation points. On average sedimentation rates vary from 2 to 3.5 cm/ka; higher
values are recorded during MIS 13 (3.5–4.5 cm/ka), at the MIS 12/11 transition (5.7 cm/ka), and in the lower
MIS 8 (5 cm/ka).
The age model is supported by biochronology of the last occurrence (LO) of Pseudoemiliania lacunosa at
1715 cm with an age assignment of 436.67 ka (Figure 2), which is well comparable to the ages of 436 ka and
440 ka recorded in the Paciﬁc and Atlantic Oceans, respectively [Rafﬁ et al., 2006; Hagino and Kulhanek, 2009].
A slightly older age of 452.47 ka has recently been estimated by Amore et al. [2012] for the LO of P. lacunosa in
nearby core MD03-2699. An additional bioevent is the local ﬁrst occurrence of Helicosphaera inversa at 439 ka
(1716.5 cm) in the uppermost MIS 12 slightly below the LO of P. lacunosa (Figure 2). Comparable distribution
of the species was found in the Mediterranean Sea [Maiorano et al., 2013b] and at Site U1313 [Hagino and
Kulhanek, 2009]. On the contrary, an older ﬁrst occurrence (FO) [Amore et al., 2012] of the taxon (514 ka) was
indicated at core MD03-2699, possibly in relation to different hydrological setting and position of the latter
core south of STF with respect to the studied site during the investigated interval (Figure 1).

4. Methods
4.1. Coccolithophore Analysis and Taxonomic Remarks
Samples from Core MD01-2446 were taken from 1253 to 2050 cm, corresponding to the upper MIS 14 to
lower MIS 8 (294.2–543.58 ka). The coccolithophore assemblages were analyzed in 228 samples with a
spacing of about 2–4 cm between 514 ka and 543 ka (1943–2050 cm) and 4–5 cm for the remaining part,
providing a temporal resolution of about 0.6–0.8 kyr and of 0.8 to 1.2 kyr, respectively. As in the midlatitude
North Atlantic abrupt and rapid SST ﬂuctuations, referred as H-type events, last about 2.4 kyr to 4.5/7 kyr
during MIS 15–9 [Rodrigues et al., 2011], the adopted time resolution enables us to investigate millennial-scale
climate changes.
Slides for coccolithophore analysis were prepared according to the method of Flores and Sierro [1997], which
makes it possible to estimate absolute coccolith abundances. Quantitative analyses were performed using a
polarized light microscope at 1000X magniﬁcation. Abundances were determined by counting 500 coccoliths
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of all sizes in a variable number of visual ﬁelds generally ranging from 4 to 6 in samples from interglacial
periods to 10–16 in glacial samples. The specimens of reworked nannofossils were counted separately. In
each sample additional area was scanned, up to 30 ﬁelds of view (about 1 mm2), in order to detect uncommon
and rare taxa. This supplementary counting was necessary due to the gephyrocapsid dominance that may
prevent the recognition of rare taxa useful in paleoenvironmental reconstruction. About 36 taxa were identiﬁed
at species and subspecies level. Quantitative data on the coccolithophore assemblages were computed using
the software PAST (Paleontology Statistics) [Hammer et al., 2001] to estimate ecological indices: (i) Diversity,
taking into account the number of individuals and the number of taxa, varies from zero (when the assemblage is
represented by only one taxon) to higher values that increase with the number of taxa and the individuals of
each taxon becoming equally abundant within the assemblage and (ii) dominance, a measure of the relative
importance of one taxon within the assemblage.
Variations in the abundance of coccoliths were estimated using percentages and nannofossil accumulation
rates (NAR), calculated according to Flores and Sierro [1997]. We used the wet bulk density (shipboard natural
gamma ray density data) instead of the dry bulk density since the latter is not available for the core.
Therefore, the NAR (coccoliths × cm 2 × kyr 1) is derived from N × w × S, where N = coccolith/g of sediment,
w = wet bulk density (g/cm3), and S = sedimentation rate (cm/kyr). NAR is a proxy of paleoproductivity
[Steinmetz, 1994; Baumann et al., 2004] although it may depend on the changeable surface water condition
that may favor/inhibit the proliferation of coccolithophores [Flores et al., 1997; Kinkel et al., 2000; Baumann
et al., 2005; Stolz and Baumann, 2010], on dilution process due to variable sedimentation rates and amount of
terrigenous input, and on dissolution.
An estimate of coccolith dissolution (NDI) was obtained using the method of Marino et al. [2009]. High values of
NDI indicate good preservation. A similar index was used by other authors [Matsuoka, 1990; Dittert et al., 1999;
Boeckel and Baumann, 2004; Bordiga et al., 2013a] to estimate nannofossil dissolution in different ocean basins.
Taxonomy of Gephyrocapsa, which represents the major component of the assemblages, follows the criteria
adopted in Maiorano et al. [2013a]. Speciﬁcally, gephyrocapsids with closed central area are indicated as
Gephyrocapsa caribbeanica; gephyrocapsids with open central area, here indicated as Gephyrocapsa
margereli-Gephyrocapsa muellerae, include Gephyrocapsa generally 3–4 μm in size with a bridge angle
between 25 and 40°. Rare to very rare specimens having bridge angles <25° (Gephyrocapsa muellerae) or
slightly higher than 40° (Gephyrocapsa oceanica) were also recognized and included in this group since they
were not unambiguously distinguishable under the polarized light microscope. Specimens of G. margereli-G.
muellerae >4 μm were also discriminated.
4.1.1. Coccolithophore Indicators for Paleoproductivity and Paleotemperature
Primary productivity of the upper photic zone (N index = NI) was calculated according to Flores et al. [2000]:
NI = small placoliths <4 μm/(small placoliths <4 μm + Florisphaera profunda). The NI ratio is used as a proxy
for primary productivity since small placoliths are abundant in the upper photic zone with intense upwelling
and high primary productivity [Wells and Okada, 1997; Okada and Wells, 1997; Beaufort et al., 1997].
F. profunda on the other hand, a deep dweller photic zone taxon, is abundant in coccolithophore
assemblages when the nutricline/thermocline is deep [Molﬁno and McIntyre, 1990a, 1990b; McIntyre and
Molﬁno, 1996; Beaufort et al., 1997, 2001; Di Stefano and Incarbona, 2004]. High NI values indicate a shallow
nutricline/thermocline and upwelling. Although F. profunda is rare in the studied core, similar to other
Atlantic and Paciﬁc records, the NI ratio is considered a quite useful proxy of paleoproductivity.
The cumulative abundances of the taxa Syracosphaera histrica, S. pulchra, Rhabdosphaera clavigera,
R. clavigera var. stylifera, Umbilicosphaera sibogae, U. foliosa, Calciosolenia spp., Oolithotus spp. (mostly
O. antillarum), and Umbellosphaera spp. (mainly U. tenuis) are considered as warm-water proxy (wwt) at site
MD01-2446. Although these taxa show signiﬁcant ﬂuctuations, they record low abundance throughout the
record even within the supplementary ﬁelds of view, in general, ranging from 5 to 20 specimens during
glacials and up to 60–90 specimens during interglacials. Each of these taxa displays values not higher than
2.5%, with Syracosphaera spp. and Oolithotus spp. as the main contributors. These wwt are known to have an
afﬁnity with oligotrophic tropical-subtropical oceanic water masses [McIntyre and Bè, 1967; Winter et al., 1994;
Ziveri et al., 1995, 2004; Baumann et al., 2004; Boeckel and Baumann, 2004; Saavedra-Pellitero et al., 2010;
Palumbo et al., 2013], and therefore, their distinctive increases can be considered as indicator of warmer and
oligotrophic surface water and the presence of tropical-subtropical water at the core location. Among the
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wwt, the distribution of Umbellosphaera spp., despite its very low abundance, was also used to further infer
environmental condition within the photic zone. Umbellosphaera spp. prefers tropical-subtropical
oligotrophic waters [Kinkel et al., 2000; Okada and McIntyre, 1979]. U. tenuis is a characteristic species of
oligotrophic conditions and thrives within the middle photic zone [Honjo and Okada, 1974; Cortes et al., 2001;
Cros, 2001; Haidar and Thierstein, 2001; Dimiza and Triantaphyllou, 2010] where it beneﬁts from the lower light
intensity level that usually occur between 50 m and 75 m water depth [Cortes et al., 2001]. U. irregularis is
considered one of the most oligotrophic coccolithophore species [Cortes et al., 2001]. High abundances of
Umbellosphaera spp. (up to 70% of the assemblages) were found in living assemblages from the oligotrophic
waters of the equatorial Atlantic where the genus is reported as abundant at intermediate depth (50–100 m)
[Kinkel et al., 2000]. This taxon is used to infer well-developed oligotrophic conditions down to the middle of
the photic zone.
We consider G. margereli-G. muellerae as indicators of cool/cold surface water condition with G. muellerae being
the “cold” gephyrocapsid of Bollmann [1997], in agreement with several other studies [Weaver and Pujol, 1988;
Samtleben and Bickert, 1990; Okada and Wells, 1997; Saavedra-Pellitero et al., 2010; Amore et al., 2012] and G.
margereli the gephyrocapsid typical of transitional assemblages [Bollmann, 1997]. Living G. muellerae is mainly
found in the eastern North Atlantic, north of 50°N and south of the Iceland-Scotland Ridge (10–30°W)
[Giraudeau et al., 2010]. Larger morphotypes of G. margereli-G. muellerae (>4 μm) are used as a signal of colder
and low-salinity water inﬂux during abrupt glacial episodes of iceberg melting. This idea is sustained by the
occurrence of larger morphotypes of G. margereli-G. muellerae (>4 μm) documented in the Mediterranean Sea
during the glacial MIS 12 and 10 [Girone et al., 2013] related to abrupt inﬂux of cold Atlantic waters into the
Mediterranean Basin via the Strait of Gibraltar during nearly synchronous North Atlantic H-type events. An
afﬁnity for lower temperatures was established in several studies for larger-sized Noelaerhabdaceae specimens
of gephyrocapsids [Kulhanek et al., 2008; Kulhanek, 2009; Girone et al., 2013] and Emiliania huxleyi [ColmeneroHidalgo et al., 2002, 2004; Sierro et al., 2005; Sorrosa et al., 2005; Flores et al., 2010].
C. pelagicus pelagicus is used as an indicator of polar-subpolar meltwater inﬂux at the site location. The taxon
is considered a subarctic species [Baumann et al., 2000; Geisen et al., 2002] that beneﬁts from colder condition
[Okada and McIntyre, 1979; Winter et al., 1994]. It is found together with high abundances of N. pachyderma
left coiling and related to the inﬂux of subpolar waters off western Iberia during Heinrich events of the last
200 ka [Parente et al., 2004]. Similarly, increases of C. pelagicus pelagicus have been recorded at core
MD03-2699 during H-type events within MIS 12 [Amore et al., 2012]. Furthermore, distinct glacial short-term
peaks in the pattern of C. pelagicus pelagicus during the mid-Pleistocene transition have been observed just
prior to IRD peaks at the northern Atlantic ODP Site 980 [Marino et al., 2011].
4.2. Neogloboquadrina pachyderma Left Coiling
The percentage of the planktonic foraminifer N. pachyderma left coiling was counted in samples from the
same depth as those studied for the coccolithophore assemblages. Quantitative abundance was obtained in
the residue >150 μm. The residue was split to obtain a representative aliquot containing about 300
specimens, and all specimens were counted in the aliquot. Species abundance was quantiﬁed as percentages
within the total number of planktonic foraminifers. N. pachyderma left coiling is a polar-subpolar taxon
[Hemleben et al., 1989; Bé and Tolderlund, 1971; Reynolds and Thunell, 1986; Johannessen et al., 1994], and peak
abundances of the taxon often are coincident with abrupt drops in SST and low salinity and with peaks of IRD.
The taxon is used to recognize polar-subpolar (melt)water inﬂux at the study site, linked to H-type events, in
agreement with previous studies [Bond et al., 1992; Broecker et al., 1992; Oppo et al., 1998; Cacho et al., 1999;
Perez-Folgado et al., 2003; Sierro et al., 2005].
4.3. Stable Isotopes and Sediment Geochemistry
New stable isotope analyses in 23 additional samples from the younger section (1253–1332 cm, upper MIS 9
and lower MIS 8) were performed using the benthic foraminifer Cibicidoides wuellerstorﬁ and the planktonic
foraminifer Globorotalia inﬂata, respectively. The methodology for these analyses is the same as described in
Voelker et al. [2010]. The stable isotopes of G. inﬂata shell reﬂect conditions in the winter mixed layer [Deuser and
Ross, 1989] as recorded at the base of the thermocline [Cléroux et al., 2007]. During most time intervals G. inﬂata
records the same conditions as surface dwelling foraminifer species but with a dampened signal [Voelker
et al., 2009; Voelker and de Abreu, 2011]. New data on CaCO3 and Corg are presented for core MD01-2446,
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together with new records on alkenones pattern at Site U1313. The CaCO3 and Corg contents were
determined for the core interval between 1400 cm and 2057 cm (between 341 kyr and 545 kyr). Two
milligrams of dried, ground, and homogenized total sediment were processed, using the CHNS-932 Leco
element analyzer of the Marine Geology Laboratory at LNEG (Amadora, Portugal). The values, expressed as
weight percent (wt %), are based on three repeated analyses (with precision ±0.5), and the temporal
resolution ranges from 0.7 to 2 ka.
The alkenone analyses from 690 samples of IODP Site U1313 are provided with a temporal resolution of
about 0.2–0.4 ka. Alkenone data are expressed as μg/g of TOC following the methods described in Stein
et al. [2009] and Naafs et al. [2011], and they are interpreted as indicator of marine surface water
productivity [Villanueva et al., 1997; Stein et al., 2009; Naafs et al., 2010].
All raw and derived data reported against age have been deposited on PANGAEA data server (www.pangaea.de).

5. Results and Discussion
5.1. Pattern of Coccolith Production
The NAR of total coccoliths varies from 1.2 × 1010 to 12 × 1010 (Figure 2d). The assemblages are mainly
composed of Gephyrocapsa caribbeanica (correlation = 0.85 with dominance, Figure 2h) that reaches higher
abundance during interglacials (Figure 2d). The G. margereli-G. muellerae group is also a major component of
the assemblages with percentages as high as 35%. The positive correlation between the pattern of total NAR
and δ18OG.inﬂata both at glacial-interglacial and millennial scale (Figures 2c and 2d) suggests a strict relation
with temperature as the primary control factor for the proliferation of coccolithophore assemblages at the
site location. The high positive correlation observed between total NAR and CaCO3 (Figures 2d and 2e)
reveals that coccoliths-derived carbonate is the major contributor to carbonate production at site MD01-2446.
This is not surprising for the mid-Brunhes marine carbonates that mainly originated from a wide-scale
dominance of G. caribbeanica [Baumann and Freitag, 2004]. The cooccurrence of high-dissolution intervals
recorded within glacial MIS 12 and 10 (Figure 2f) and lower total NAR, and CaCO3 values are likely the result of a
more efﬁcient northward penetration of the carbonate corrosive AABW at the site location during glacial cycles
[Oppo and Lehman, 1993; Raymo et al., 2004; Martrat et al., 2007; Voelker et al., 2010] as also testiﬁed by the
minima in benthic δ13C (Figure 2a). On the other hand, minima in diversity (Figure 2g) do not match the NDI
(r = 0.08); therefore, with the exception of restricted dissolution intervals within MIS 12 and in the upper MIS
10 (Figure 2f), the assemblage variations through time can be considered as a signal of primary response of
coccolithophores to paleoenvironmental changes.
5.2. Interglacial Phases
The distinct increases of warm and oligotrophic water taxa (wwt) during MIS 13c and throughout MIS 11 and
MIS 9 (Figure 3d) imply prominent sea surface warming and relatively stable interglacial conditions at these
times with respect to glacials, according to Voelker et al. [2010]. The wwt curve strictly mimics the shape of the
planktonic δ18O ﬂuctuations both at glacial/interglacial and stadial/interstadial scales (Figures 3b and 3d).
Two distinct positive wwt increases correlate with MIS 11c and MIS 11a and with MIS 9e and MIS 9a–9c
(Figures 3b and 3d), and they are concurrent with higher total NAR (Figure 3c), suggesting that
coccolithophore assemblages beneﬁt from the warm and stable oligotrophic condition during interglacials.
Concurrent lower values in NI may be observed during interglacials (Figure 3i), with the exception of MIS 13.
In detail, during MIS 13c the wwt record millennial-scale variability and high values (comparable to those
recorded in the younger interglacials) while the distribution of F. profunda, which has a minimum
temperature limit at about 10–12°C [Okada and Honjo, 1973], shows very low abundances with respect to MIS
11 and MIS 9 (Figure 3f). This suggests that the water warming in the photic zone likely affected only the
upper surface waters during MIS 13c while more unstable conditions, according to Voelker et al. [2010],
occurred in the thermocline waters, where F. profunda may thrive. On the other hand, the observed low
abundances of wwt during MIS13a, considered the warmest substage within MIS 13 [Jouzel et al., 2007;
Lisiecki and Raymo, 2005; Bintanja et al., 2005], may imply that higher nutrients in the surface water would
have been unfavorable to the proliferation of wwt. The δ13CG. inﬂata values, which are at their maximum
during MIS 13a (Figure 3a) possibly in relation to condition of mixing and upwelling of cool and nutrient-rich
waters [Voelker et al., 2010], support this interpretation. Higher ﬂuctuations of total NAR together with higher
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Figure 3. (a and b) Oxygen and carbon isotope records [Voelker et al., 2010, and this paper] are correlated with (c) total NAR, (d) warm-water taxa, (f, h, j, and k)
selected coccolithophores, (i) N index, and (l) Corg values. (m) Total alkenone concentration (μg/gTOC) and (e) alkenone-based sea surface temperature (SST)
[Stein et al., 2009; Naafs et al., 2011] proﬁle of IODP Site U1313 are also shown. Yellow bars as in Figure 2; orange bars highlight short-term increases of warm-water
taxa; substages are according to Tzedakis et al. [1997] for MIS 11 and MIS 9, and as in Voelker et al. [2010] for MIS 13.

NI (Figure 3i) during MIS 13 (Figure 3c) also sustain higher surface water instability. These results provide
further evidence of more unstable conditions during MIS 13 than the subsequent counterparts [Hodell et al.,
2003; Voelker et al., 2010; Rodrigues et al., 2011; Lang and Wolff, 2011].
At site MD01-2446 an abrupt increase of wwt is recorded at 426 ka close to the MIS 12/MIS 11 transition
(Termination V (TV)), and it has a time lag of about 2 kyr with respect to the earliest sharp decrease in the
δ18OG. inﬂata values (428 ka), the latter reﬂecting the effect of reduced salinity related to the rapid and strong
deglaciation at the TV, following the most severe glacial of the last half million years [Oppo et al., 1998;
Howard, 1997]. In contrast, the true surface water warming is marked by the increase of wwt that is
contemporaneous with the increase of the total NAR (Figure 3c) and with the abrupt increase in the SST at
Site U1313 (Figure 3e), located farther west [Stein et al., 2009; Naafs et al., 2011, 2013]. A within error bars
simultaneous warming (at 426.6 ka) is also recorded in the SST curve of core MD03-2699 (see Figure 4)
[Rodrigues et al., 2011] indicating a wide-scale midlatitude North Atlantic surface water warming. The
observed wwt increase at the Termination IV (TIV) was less abrupt than at the MIS 12/11 shift, in agreement
with the SST pattern at Site U1313 (Figures 3d and 3e), and it does not coincide, as at TV, with the ﬁrst
decrease in δ18OG.inﬂata (Figure 3b). These results suggest that the wwt curve is a reliable signal of surface
water temperature change in the studied sector of the North Atlantic Ocean and that TV was more extreme
than TIV. On the other hand, the slightly gradual wwt increase associated with Termination VI (TVI) highlights
a less intense deglaciation at this time when neither salinity-related abrupt lowering in the δ18O curve
(Figure 3b) nor a high-amplitude change in temperature (Figure 3e) occurred.
Further insight into the description of MIS 11 and 9 (Figures 3f–3h) may be pointed out based on the
distinctive distribution of selected rare taxa. F. profunda mostly shows distinct increases during MIS 11c and
9e, although percentages never exceed 6% (Figure 3f). In contrast H. inversa and Umbellosphaera spp.
(Figures 3g and 3h) mostly occurred during MIS 11. Umbellosphaera spp. has a distinct peak of absolute
abundance during MIS 11c, suggesting well-developed oligotrophic conditions down to the middle of the
photic zone. These conditions are likely related to the prolonged period of stable warm-water conditions
during this interval. The higher absolute abundance of H. inversa, a species that thrived in warm surface
waters and whose distribution seems affected by surface water masses and hydrographic fronts, in the
substage MIS 11c (Figure 3h) is likely an indication of a more prominent inﬂuence of the subtropical front at
the core location during MIS 11, as discussed in Maiorano et al. [2013b]. The taxon was also documented in
the Ionian Sea during a climate optimum nearly coincident with substage MIS 11c [Maiorano et al., 2013b]
and well comparable with a climate optimum of wide signiﬁcance in the North Atlantic [i.e., Helmke et al.,
2008; Kandiano et al., 2012]. The cooccurrence of higher absolute abundances of H. inversa, Umbellosphaera
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Figure 4. (a) Summer insolation curve at 65°N [Laskar et al., 2004] and (b and c) oxygen and carbon isotope records [Voelker et al., 2010, and this paper] correlated
with (d) total NAR, (e) lithics concentration [Voelker et al., 2010], (f ) abundance pattern of N. pachyderma left coiling, and (g–j) selected coccolithophore indicators
of (k) core MD01-2446. Proxies of meltwater inﬂux (C37:4 alkenones) and (l and m) of ice-rafted detritus (dolomite/calcite and IRD ﬂux) during Heinrich-type
events (H) at IODP sites U1313 [Stein et al., 2009; Naafs et al., 2011] and U1314 [Alonso-Garcia et al., 2012] are shown. (n) Heinrich-type events (Ht1–Ht7) and
alkenone-based SST curve of core MD03-2699 are also indicated according to Rodrigues et al. [2011]. Heinrich-type events are marked by light blue bands; dashed lines
highlight additional H-type events inferred in the present study. Terminations (T) IV, V, and VI are indicated. Yellow bars on the left indicate glacial phases according
to chronology of Lisiecki and Raymo [2005].

spp., and F. profunda during MIS 11c (Figure 3) is consistent with this climate optimum and, according to the
ecology of the last two taxa, indicates higher temperatures in both surface and subsurface waters, coupled
with a more stratiﬁed and oligotrophic water column, occurred at this time. Coccolithophore data correlate
well with the ﬁrst phase (404–418 ka) of sea level highstand/warmth highlighted by Voelker et al. [2010] (red
area in Figure 3b) and combined with the wwt pattern supports the hypothesis that MIS 11 was the warmest
long-lasting and stable interglacial of the investigated record [Hodell et al., 2000; Droxler et al., 2003; Loutre
and Berger, 2003; McManus et al., 2003; de Abreu et al., 2005; Jouzel et al., 2007; Tzedakis, 2010; Voelker et al.,
2010]. Our data could also be a signal of a northward transport of tropical/subtropical waters toward the
location of core MD01-2446, in agreement with data from several North Atlantic Ocean sites [de Abreu et al.,
2005; Martrat et al., 2007; Helmke et al., 2008; Hagino and Kulhanek, 2009; Stein et al., 2009; Voelker et al., 2010;
Rodrigues et al., 2011; Kandiano et al., 2012].
5.3. Glacial Intervals
Higher-frequency climate variability is limited to glacials. In detail, based on the wwt pattern, three
interstadials can be traced in glacial MIS 12 and 10 (Figure 3d), which indicate events lasting about 4–10 kyr.
The colder phases of glacial MIS 12 and 10 (Figure 3j) are characterized by considerable percentage
abundance of G. margereli-G. muellerae 3–4 μm, corresponding to lower total NAR and heavier values of δ18O
(Figures 3b and 3c), and low temperatures at Site U1313 (Figure 3e). The higher abundances of G. margereli-G.
muellerae 3–4 μm (Figures 3j and 3k) during lower total NAR and Corg increase (Figures 3c and 3l) may imply
that the taxon was also able to thrive in cold and high productive surface waters (higher NI values, Figure 3i)
during glacial episodes. Such a decrease of total NAR is likely the result of lower coccolith abundance in the
sediment that develops under nutrient-rich surface water conditions (possibly upwelling related) [Lebreiro
et al., 1997], which may have restrained production of many coccolithophores that are adapted to
oligotrophic conditions [Baumann et al., 2004, 2005]. At Site U1313 the total alkenone concentration
(Figure 3m) [Stein et al., 2009, and this paper] further supports higher primary productivity during cold
periods, mainly linked to Gephyrocapsa proliferation [Marlowe et al., 1990], G. margereli-G. muellerae in our
record. At the studied site, the inﬂux of nutrient-rich water and subsequent enhanced surface
coccolithophore productivity could have been favored by southward migration of the polar front during
glacials [Villanueva et al., 2001], in agreement with the reconstruction of a polar front position near to Site
U1313 during MIS 12 and 10 as suggested by Stein et al. [2009]. The decrease of total NAR at these times could
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be a signal of lower CaCO3/Corg rain ratio during glacials [Archer and Maier-Reimer, 1994; Sigman et al., 1998;
Munhoven, 2007] although a possible effect of dissolution cannot be excluded in the upper MIS 12 (see NDI
pattern in Figure 2f). Furthermore, it is likely that during glacials noncalcifying prymnesiophytes, among the
phytoplanktonic organisms [e.g., Di Tullio et al., 2000; Tortell et al., 2002], could have mostly contributed to
enhancing of alkenones, while diatoms to Corg increase. The suggested glacial paleoenvironmental
conditions at the location of core MD01-2446 are in agreement with higher glacial productivity documented
at the same site during the last three glacials [Lebreiro et al., 1997; Nave et al., 2010].
The signiﬁcant contribution of C. pelagicus azorinus within Coccolithus pelagicus s.l. during glacials and above
MIS 9e (Figure 3k) could indicate an inﬂuence of water masses from the AzC (Figure 1b) and periods of
intensiﬁed upwelling [Parente et al., 2004] at the core location.
5.4. Millennial-Scale Climate Variability During Glacials
The millennial-scale climate changes, mainly linked to H-type events at site MD01-2446, have been
documented by Voelker et al. [2010] during MIS 12 and 10 based on abundance peaks of lithic fragments
(>315 μm) interpreted as IRD. This data set may be extended by looking at the pattern of NAR and selected
coccolithophore taxa, and percentage of N. pachyderma left coiling, a species classically linked to Heinrich
(-like) events in this region. As expected, the major peaks of N. pachyderma left coiling (Figure 4f) are mostly
in phase with peaks of lithics at the core location (Figure 4e). The signiﬁcant total NAR decreases, concomitant
to IRD layers (Figure 4d), are consistent with unfavorable (cold, turbid, and low salinity) surface water
condition for coccolithophore productivity [Stolz and Baumann, 2010], even though a possible dilution effect
caused by high-detritus input cannot be excluded, as it is the case at TV, which records the highest
sedimentation rate (5.7 cm/ka) throughout the core. G. margereli-G. muellerae >4 μm (Figure 4g) have distinct
increases during restricted intervals of MIS 12 and 10, similarly to the subarctic C. pelagicus pelagicus, which
also shows short-term peaks during MIS 14 and 8 (Figure 4h). The more prominent peaks of G. margereli-G.
muellerae >4 μm and C. pelagicus pelagicus slightly preceded the major peaks of lithic fragments at core
MD01-2446 (“H” on lithics curve in Figure 4e). In addition, they cooccurred with a rapid shift toward lower
planktonic δ18O and δ13C values (Figure 4) at the TIV and TV, suggesting lower surface water salinity. This may
imply that G. margereli-G. muellerae >4 μm and C. pelagicus pelagicus were able to beneﬁt from surface
conditions just preceding the IRD discharge. Synchronous SST minima and C37:4 maxima and enhanced
phytoplankton productivity [Stein et al., 2009] recorded at Site U1313 just before the occurrence of the main
IRD peaks (Figures 4k and 4l) are in agreement with the present results. In core MD01-2446, the IRD peaks
during MIS 10 (including TIV) and TV match the abundance peaks of reworked nannofossil taxa (Figure 4j).
The latter may indicate the real timing of iceberg-derived detritus release and consequent turbid surface
waters, which resulted in unfavorable condition for G. margereli-G. muellerae >4 μm and C. pelagicus
pelagicus. The taxa in fact record minor to major decreases concomitant to the peaks of lithics. A singular
major peak in the pattern of F. profunda is coincident with the H-type event recorded at about 356 ka within
MIS 10 (Figure 4i) and simultaneous with a minimum in NI (see Figure 3i) and a prominent peak of reworking
(Figure 4j). A possible reason for the distinct pattern of the taxon may be linked to enhanced and abrupt
water stratiﬁcation and warmer subsurface water at the thermocline/nutricline depth, below a cold
freshwater and possibly turbid lid determined by meltwater discharge, in agreement with condition of an
inverse thermocline during H(-like) events [Colmenero-Hidalgo et al., 2004], although it does not appear to be
a common feature of all the recorded H-type events.
The H-type events during MIS 10 and at TV in core MD01-2446 are also recorded at Sites U1313 [Stein et al.,
2009; Naafs et al., 2011, 2013] and U1314 [Alonso-Garcia et al., 2011] (Figure 4m). They coincide with insolation
maxima (Figure 4a), which have been proposed as forcing mechanism for ice sheet instability, melting, and
iceberg discharge [Stein et al., 2009]. Based on our biotic proxies, similar environmental conditions can be
inferred at supplementary levels and speciﬁcally within MIS 12b at 446 ka, in the lower MIS 12, at about 472 ka
and 478 ka, and along with TVI at about 534 ka.
During MIS 12b the simultaneous peaks in the patterns of reworked nannofossils, N. pachyderma left coiling and
lithics seem to support the occurrence of an additional H-type event; it is slightly preceded by peaks of
G. margereli-G. muellerae >4 μm and C. pelagicus pelagicus as in the younger equivalents (Figures 4j and 4k). In
the lower MIS 12 the cooccurrence of peaks of G. margereli-G. muellerae >4 μm, N. pachyderma left coiling, and
reworked nannofossils, although less pronounced, could be similarly regarded as H-type events, in accordance
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with simultaneous benthic δ13C minima at the site (Figure 4b). It is noteworthy that the events occurring within
the lower MIS 12 fall within an insolation minimum (Figure 4a), which may have favored a certain ice sheet
stability and prevented signiﬁcant iceberg delivery and IRD discharge at the core location, where lithics are not
recorded. At the TVI the patterns of C. pelagicus pelagicus, reworked nannofossils, and N. pachyderma left coiling
support the occurrence of a possible minor H-type event although no coarse-sized lithics have been recognized
in the core. Nevertheless, it is worth to note that the contemporaneous insolation maximum at TVI is in line with
the instability of ice sheets and possibly iceberg discharge related to insolation forcing. The absence of
G. margereli-G. muellerae >4 μm during the H-type event at TVI could be related to the evolutionary factor since
the taxon was not recorded in stratigraphic intervals older than MIS 12 and down to MIS 16 in the
Mediterranean Sea [Girone et al., 2013] or to a less pronounced cooling. The extent of this cooling was not
sufﬁcient to enable important proliferation of N. pachyderma left coiling (Figure 4f).
The coccolithophore signals of the inferred additional H-type events are not always associated with lithics at
the studied core and with analogous at Site U1313 (i.e., peaks of dolomite/calcite = IRD from the Hudson area,
higher C37:4 alkenones = high-latitude waters, SST minima); on the other hand, they always match
synchronous IRD ﬂux (from Greenland and Iceland ice sheets) at Site U1314 (Figures 4k–4m).
Although several factors may control the areal distribution of IRD and their chronology [Hemming, 2004], we
believe that the coarse size fraction >315 μm considered for lithic fragments at the studied core may have
only detected the major ice-rafting events with respect to the fraction >150 μm in size used at Site U1314
and usually employed for standard IRD analysis [Hemming, 2004]. Additionally, the main iceberg sources and
the route path of icebergs depending on the regional Atlantic surface circulation [Bond and Lotti, 1995;
Alonso-Garcia et al., 2011] could have played a role. On the basis of the correlation between our
coccolithophore H-type signals at core MD01-2446 and IRD at the Site U1314, although with caution, a
possible origin of icebergs from Greenland, Iceland, and Scandinavia rather than the Laurentide ice sheet
could be invoked for the additional H-type events below TV. A European source (British ice sheet) is similarly
suggested by Rodrigues et al. [2011] for some H-type events in the core MD03-2699 (Figure 4n), which records
the H-type events Ht4 and Ht7 nearly synchronous with the H-type events recorded in core MD01-2446 in
upper TIV and at 472 ka, respectively (Figure 4). Discrepancies in the chronology between the H-type events
in core MD01-2446 and those recorded in core MD03-2699 (excluding Ht2 and Ht3) appear tolerable within
the limits of the different age models.

6. Summary and Conclusion
The ﬂuctuations of total coccolithophore abundance and of selected even rare taxa in core MD01-2446 reveal
that signiﬁcant changes in surface water features occurred at the glacial-interglacial cycles as well as on
millennial scale. Total coccolithophore productivity (NAR) increased during interglacials in relation to more
stable oligotrophic and warmer surface water condition. They also mimic the pattern of the CaCO3 record
revealing that coccoliths are the major contributor to carbonate production at the core location. However,
dissolution and dilution processes have to be considered mainly during colder glacial phases and deglaciations.
The inﬂuence of the STF, even though with different efﬁciency, is recorded during interglacials since surface
waters were similarly warm during substages MIS 13c, 11c, and 9e as documented by the pattern of the warmwater coccolithophore cumulative curve (wwt). The three interglacials differ somewhat depending on water
column stability and nutrient availability, and warming at the nutricline depth as well. MIS 13 is an unstable
interglacial showing higher-frequency variation in the wwt and total NAR. The higher abundance of wwt during
MIS 13c rather than during MIS 13a, the latter considered the full interglacial of MIS 13, is possibly related to
instability and cooler condition in the middle to deep photic zone during MIS 13a. Furthermore,
coccolithophore behavior suggests that the warming phase recorded during MIS 13c likely affected only surface
waters. Differently, a more stratiﬁed water column characterized MIS 11c and 9e with higher temperature
throughout the entire photic zone. A long-lasting warming occurred during MIS 11c when wwt recorded a timeexpanded high abundance with respect to MIS 13c and 9e. A climate optimum during substage MIS 11c, with a
more pronounced inﬂuence of the SFT at the site location with respect to MIS 9e, can be inferred, which is
almost synchronous with the sea level highstand-warmth known at North Atlantic wide scale. The cold phases
MIS 12 and 10 are characterized by higher percentages of the cool-cold water taxa G. margereli-G. muellerae
3–4 μm, possibly in relation to a more southern position of the polar front.
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The pattern of wwt allowed recognition of distinct interstadial and stadial events during glacials and
interglacials. These changes have a higher frequency during glacials (MIS 12 and 10) with respect to
interglacials and have a duration ranging from 4 kyr to 10 kyr. Distinctive abundance peaks of the foraminifer
N. pachyderma left coiling, larger morphotypes G. margereli-muellerae (>4 μm), and C. pelagicus pelagicus
correlate with the four H-type events identiﬁed by Voelker et al. [2010] in MIS 10 (including TIV) and at TV
based on the IRD pattern. Sharp abundance peaks of reworked calcareous nannofossils and minimum values
in total NAR correlate with IRD. Based on these coccolithophore data, signals of additional H-type events are
recorded at the core location, and they correspond with analogous H-type signals at Sites U1313 and U1314.
Speciﬁcally, additional H-type events are indicated at about 446 ka within MIS 12b and at about 472 ka and
478 ka in the lower MIS 12. Furthermore, a minor H-type event is recorded at TVI at about 534 ka. The present
results may represent an important contribution to the Iberian margin region where the new sites of IODP
Expedition 339 allow extending the study further back in time.
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