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Coccolithophore assemblages have been investigated at Integrated Ocean Drilling Program Site U1385, on the
western Iberian margin, through Marine Isotope Stage (MIS) 16 to 10, between the end of the Mid-Pleistocene
Transition and the Mid-Brunhes interval, with the aim to reconstruct orbital and millennial-scale surface water
modifications. Assemblage variations are interpreted in terms of paleoclimate and paleoproductivity proxies.
The pattern of C37 alkenones is also presented as an additional indicator of primary paleoproductivity. The overall
proxies are comparedwith the available benthic and planktonic δ18O records and Ca/Ti profile. A newbenthic and
planktonic δ13C dataset is also shown. The coccolithophore abundance mirrors the Ca/Ti pattern indicating that
coccolith-derived carbonate is the dominant contributor to carbonate production in the studied interval. The
distinct increase in the coccolithophore abundance, as well as in the accumulation rate, occurring at the MIS
14/13 transition, reflects the beginning of the worldwide-scale mid-Brunhes blooming of Gephyrocapsa
caribbeanica and triggers the increase in carbonate production imprinted on the Ca/Ti profile. Interglacials are
marked by enhanced abundances of the coccolithophore warm water group (wwt group) that also displays
high frequency variability related to precessional/insolation forcing. Warmest surface water conditions are
recorded during MIS 15, suggesting an intensified contribution of the subtropical AzC, essentially during MIS
15.5 and 15.1. Reduced productivity in these intervals is in agreement with a major influence of nutrient-poor
and less ventilated subtropical waters. On the other hand, productive and mixed surface water conditions can
be inferred during MIS 13 in agreement with other North Atlantic records. A long lasting period of warm,
stratified and oligotrophic waters is inferred during MIS 11.3, indicating a continuous and more persistent
influence of subtropicalwaters at the site location. Glacial phases aremarked by increases of Coccolithus pelagicus
ssp. pelagicus and of Gephyrocapsa margereli–Gephyrocapsa muellerae. The pattern of C. pelagicus ssp. pelagicus
during MIS 16 is in agreement with a southern position of the Polar Front at the end of the Mid-Pleistocene
Transition with respect to younger counterparts, whereas the pattern of the wwt group during MIS 14 attests
the influence of subtropical water during this weak glacial. Throughout the interval, short-lived increases of
C. pelagicus ssp. pelagicus, G. margereli–G. muellerae N 4 μm and of reworked taxa are concomitant to decreases
of coccolithophore productivity and heavier values of planktonic δ18O, testifying the occurrence of abrupt cold
episodes related to North Hemisphere millennial-scale climate oscillations.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Coccolithophore assemblages have been analyzed at the Integrated
Ocean Drilling Program (IODP) Site U1385 (Expedition 339 Scientists,
2013), through Marine Isotope Stage (MIS) 16 to 10 with the aim to
investigate surface water modifications and related climate variability.
no).
The site is located on the southwestern Iberian margin, an area which
represents a focal region for investigating past climate variability. It is
in fact sensitive to record low latitude wind-driven processes such as
dust transport, upwelling and precipitation (Tzedakis et al., 2009;
Hodell et al., 2013b) as well as ocean climate variability comparable to
Northern and Southern Hemisphere ice cores (Shackleton et al., 2000,
2004; Vautravers and Shackleton, 2006; Martrat et al., 2007; Margari
et al., 2010; Hodell et al., 2013b). In particular abrupt cold excursions,
i.e., stadial events (Dansgaard et al., 1993) or Heinrich ice-rafting events
(HE) (Heinrich, 1988), have provided excellent documentations of
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Pleistocenemillennial-scale climate variability over thepast five climate
cycles (e.g. Lebreiro et al., 1996; Bard et al., 2000; Pailler and Bard, 2002;
de Abreu et al., 2003; Moreno et al., 2002; Sánchez Goñi et al., 2008;
Naughton et al., 2009). Data from the last 45 kyr, highlight that the
presence of the Polar Front along the Iberian margin was restricted to
Heinrich events (Eynaud et al., 2009). During these events, freshwater
discharges into the North Atlantic led to a weakened or shutdown of
the Atlantic Meridional Overturning Circulation (AMOC) (Maslin et al.,
1995; Vidal et al., 1997; Zahn et al., 1997). In the present study we
focus on an older time interval, between 693 and 339 ka,which includes
the end of theMid-Pleistocene Transition (MPT) (Mudelsee and Schulz,
1997) and the beginning of the Mid-Brunhes interval (MB) (Jansen
et al., 1986; Barker et al., 2006), in order to detect surface water varia-
tions at orbital andmillennial-scale during a crucial time of pronounced
change in the Earth's climate system (Clark et al., 2006; Mudelsee and
Schulz, 1997). It is a period including the transition from the predomi-
nant obliquity-dominated cycles to predominant eccentricity dominat-
ed cycle of 100 kyr (Berger and Jansen, 1994), although the exact timing
and mechanism of the onset of the “100 kyr” regime is still under
debate. At the end of the MPT larger ice sheet volume developed
(Clark et al., 2006; Bintanja and van de Wal, 2008) and the climate
state evolved toward generally colder conditions. In this context, MIS
16 represents the first prolonged glacial following the MPT (Clark
et al., 2006), a period of modifications of surface water conditions in
the subpolar North Atlantic, during which, at about 660 to 610 ka, a
northward migration of the Arctic Front (AF) occurred (Wright and
Flower, 2002; Naafs et al., 2011). At the same time the onset of Heinrich
layers first appears in the central North Atlantic (Hodell et al., 2008;
Naafs et al., 2011), sustaining that changes in the volume and dynamics
of Northern Hemisphere ice sheets were an important process for the
MPT. The interval straddlingMIS 15 to 13 is a prolonged period without
a deep glacial, characterized by weak interglacial conditions (Lang and
Wolff, 2011), although a particular relative strength of MIS 15 has
been recorded from Asian record (Prokopenko et al., 2001; Lang and
Wolff, 2011). Through the MB, a shift toward more intense interglacial
conditions developed after MIS 13 (EPICA community members, 2004;
Jouzel et al., 2007; Lang and Wolff, 2011). MIS 11 is in fact considered
the first strong interglacial through the MB. It also represents the
longest-lasting warm period of the last 1.0 Ma (McManus et al., 1999;
Hodell et al., 2000; Jouzel et al., 2007; Rodrigues et al., 2011; Milker
et al., 2013), during which the sea level has been suggested to be up
to 20 m above the current level (Hearty et al., 1999; Kindler and
Hearty, 2000) or close to the Holocene high-stand (Rohling et al.,
2009; Bowen, 2010). MIS 11 follows the largest amplitude transition
(Termination V) of the last 500 kyr (Oppo et al., 1998; Rodrigues et al.,
2011), at the end of MIS 12 known to be the strongest glacial of
the last 800 kyr (Lang and Wolff, 2011). At low and high latitude the
MB is accompanied by large accumulation of neritic and pelagic carbon-
ate (Howard and Prell, 1994; Howard, 1997; Hodell et al., 2000)
and overall poor carbonate preservation (Crowley, 1985; Droxler
et al., 1988, 1997; Wu et al., 1991; Bassinot et al., 1994; Droxler and
Farrell, 2000; Hodell et al., 2000). During this interval a typical feature
among the coccolithophore assemblage is the dominance of the genus
Gephyrocapsa (Bollmann et al., 1998; Baumann and Freitag, 2004) that
has been suggested as a possible cause of the enhanced pelagic carbon-
ate production (Barker et al., 2006).

Through the investigated interval evidences of millennial-scale
climate variability are also documented. Specifically, North Atlantic
deep-sea cores (McManus et al., 1999; Hodell et al., 2008; Ji et al.,
2009; Stein et al., 2009; Alonso-Garcia et al., 2011; Channell et al.,
2012) highlight that this period has been punctuated by anomalous
occurrences of ice-rafted detritus (IRD) recorded within the IRD belt
of Ruddiman (1977) and reflecting North Atlantic ice sheet instability
(Dansgaard et al., 1993). Abrupt cold events have been also documented
on the western Iberian margin, well beyond the Ruddiman IRD belt,
from MIS 15/14 transition up to MIS 9 and referred to Heinrich-type
(H-type), based on prominent Sea Surface Temperature (SST) shifts
and increases in lithic concentration (Voelker et al., 2010;
Rodrigues et al., 2011), attesting high climate variability mainly dur-
ing MIS 12 and MIS 10. Recent coccolithophore data from western
Iberian deep-sea records (Amore et al., 2012; Palumbo et al., 2013;
Marino et al., 2014) have focused on climate signals through the in-
terval between MIS 13 to MIS 9. In the area, coccolithophore varia-
tions have been related to surface water dynamics linked to ocean–
atmosphere settings and specifically to the Azores High (AH)/
Icelandic Low (IL) System migration both on glacial/interglacial
and precessional-timescale (Amore et al., 2012). With regards to
the interglacials a strong influence of the Azores Current has been
suggested during MIS 11c (Amore et al., 2012; Marino et al., 2014).
In addition, the high climate variability documented across the MB
interval during glacials (Stein et al., 2009; Rodrigues et al., 2011;
Voelker et al., 2010), appears also well sustained by coccolithophore
evidences through the MB. Abrupt abundance variations of specific
taxa, as well as rapid fluctuations of reworked specimens observed
during glacials MIS 12 and 10, seem to be valuable proxies for record-
ing millennial-scale climate variability (Amore et al., 2012; Palumbo
et al, 2013; Marino et al., 2014) as also previously documented for
the last glacial cycle (Colmenero-Hidalgo et al, 2004; Incarbona
et al., 2010), whereas their identification in older intervals has not
been tested yet. On the other hand, data on the occurrence or ab-
sence of intra–interglacial instability in the last 800 kyr are rather
limited and deserve further investigations (Tzedakis et al., 2009).
Differences among individual interglacials in terms of their intensity,
duration and climate forcing across the MB transition are also under
debate (Yin and Berger, 2012; Candy and McClymont, 2013).

In this framework we have investigated glacial and interglacial
climate variability at Site U1385 as deduced by coccolithophore varia-
tions. The site was selected since it was recently drilled with the
aim to provide a marine reference section of Pleistocene millennial-
scale climate variability and to develop an unambiguous marine–ice–
terrestrial correlation (Hodell et al., 2013a). It contains a complete re-
cord from theHolocene to 1.43Ma that can be correlated unambiguous-
ly to the LR04 benthic δ18O stack of Lisiecki and Raymo, 2005 (Hodell
et al., 2013a; Hodell et al., in this issue). In addition, based on sediment
properties, both strongprecessional signal and fine-scalemillennial var-
iations have been already documented (Hodell et al., 2013a). A good
correlation between Ca/Ti profile and the Greenland ice core δ18O re-
cord for the last 120 kyr has been observed. In the area, variations in
the ratio of biogenic (Ca) to detrital (Ti) sediments are a reliable proxy
for weight % CaCO3, with higher values during interglacial and intersta-
dial stages and lower values occurring during glacial and stadial periods.
On orbital scales, Ca/Ti minima mainly reflect dilution of biogenic car-
bonate by enhanced clay input in response to changing sea level
(Thomson et al., 1999; Hodell et al., 2013b), while on millennial time
scales, Ca/Ti minima reflect decreases in carbonate productivity
(Hodell et al., 2013b) during cold events, and correspond to heavier
planktonic δ18O values and alkenone SST decreases. Correlation
among coccolithophore variations and Ca/Ti profile have not been
documented so far through the investigated interval andmay represent
a valuable tool for improving documentation of suborbital variability
and chronology of the Site.

Coccolithophores represent a major component of marine phyto-
plankton and are sensitive indicators of variations in surface water
properties such as temperature, productivity, salinity, and turbidity
within the photic zone (McIntyre and Bè, 1967; Winter et al., 1994;
Brand, 1994; Kleijne, 1990; Ziveri et al., 1995; Baumann et al., 2005).
They benefit from oligotrophic conditions inwarm and stratifiedwaters
from low and middle latitude regions (McIntyre and Bè, 1967; Honjo
and Okada, 1974; Cortes et al., 2001) and also constitute an important
contributor to the phytoplankton community in mature upwelled
waters (Winter, 1985; Mitchell-Innes and Winter, 1987; Giraudeau,
1992; Ziveri et al., 1995). The investigated area is located at the
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boundary between two coccolithophore biogeographic zones, the
transitional and the subtropical zones (McIntyre and Bè, 1967). Abun-
dance and distribution of coccolithophore in the area are related to
the wind-driven upwelling productivity system (Moita, 1993;
Abrantes andMoita, 1999; Silva et al, 2009).We present the first results
on coccolithophore assemblage at Site U1385 which are interpreted
in terms of past productivity and paleoclimate changes at glacial–inter-
glacial and millennial time-scale. An additional indicator of primary
paleoproductivity is also provided by total concentration of di and
triunsaturated C37 alkenones. Finally, the overall proxies are compared
with the available benthic and planktonic δ18O records and Ca/Ti profile
(Hodell et al., 2013a; Hodell et al., in this issue) and new benthic and
planktonic δ13C dataset.

2. Site location and modern oceanographic setting

Site U1385was drilled using the advanced piston corer on the lower
slope of the southwestern Iberian margin (37°34.285′ N, 10°7.562′W;
2578 m b.s.l.) (Fig. 1). Lithology mainly consists of nannofossil muds
and nannofossil clays, with varying proportions of biogenic carbonate
and terrigenous sediment (Expedition 339 Scientists, 2013). The
average sedimentation rate is about 10 cm/kyr (Fig. 2a) according to
Expedition 339 Scientists (2013). Themodern hydrography at thewest-
ern Iberian margin is influenced by the latitudinal displacement and
seasonal intensification of Azores anticyclonic cell which, determining
the intensity and changing direction of the offshore winds (e.g., Fiúza,
1984; Fiúza et al., 1998), are responsible for the seasonal upwelling.
The main surface currents are traced in Fig. 1. The Portugal Current
(PC, Fig. 1B) forms in the North-eastern Atlantic (McCartney and
Talley, 1982) as a recirculation of the North Atlantic Current (NAC)
and moves slowly southward along the Iberian margin from 45° to
30°N, centered west of 10°W in winter (Peliz et al., 2005). It includes a
subsurface cold nutrient-rich and less salty water of subpolar origin
(Eastern North Atlantic Central Water, ENACsp) forming during winter
in the eastern North Atlantic (N45°N). The Azores Current (AzC,
Fig. 1A, B) derives from the Gulf Stream and flows in large meanders
eastward between 35° and 37°N through the mid-latitude North
Atlantic. The northern boundary of the AzC forms the Subtropical
Fig. 1. (A) Locationmap of the studied Site U1385 and other sitesmentioned in the text. (B) Surf
et al. (2005). IPC = Iberian Poleward Current. STF = subtropical front. Ice-rafted detritus (IRD)
Iberian margin indicate signal of Heinrich type event during mid-Brunhes (see text for detail).
Front (STF). The Iberian Poleward Current (IPC, Fig. 1B) originates
from the AzC and includes a subsurface component (Eastern North
Atlantic Central Water, ENACst) of less ventilated, nutrient-poor warm
and saltier waters of subtropical origin (b45°N) (Frouin et al., 1990;
Haynes and Barton, 1990), which moves quickly northward during
winter (Peliz et al., 2005). The high seasonally-controlled temperature
variability and zonal gradients are the main features of surface waters
at the location of Site U1385 (Peliz et al., 2005; Eynaud et al., 2009).
The northward displacement and strengthening of the Azores high-
pressure cell causes upwelling-favorable northerly winds between
April and October (Fiúza et al., 1982; Fiúza, 1984; Sousa and Bricaud,
1992; Sánchez and Relvas, 2003). The PC develops at this time and
transports recently upwelled, cold and nutrient-rich waters along the
Iberian margin (Wooster et al., 1976), stimulating the primary
productivity.

In contrast, coastal convergence condition occurs during winter
months when the Azores high strengthening decreases and moves
southward. Surface circulation reverses and the northward transport,
down to 1500 m depth (Relvas et al., 2007), of the warm nutrient-
poor IPC (and ENACst), combined with the weaker northerlies
and downwelling occurs (Peliz et al., 2005). Coccolithophores are the
most tolerant group to these hydrological changes if compared with
diatoms, that dominate during early spring to autumnupwelling events,
and with dinoflagellates that benefit from maximum stratification
during summer (Silva et al., 2009). In the area, with the exclusion of
the periods of actual upwelling conditions, coccolithophores dominate
the phytoplankton throughout the year, either during autumn and
winter, when upwelling weakened and SST increases, and during
short transition period from upwelling (summer) to downwelling
(autumn) seasons (Abrantes and Moita, 1999; Silva et al., 2009; Moita
et al., 2010).

With regard to deep waters, the saline, low nutrient- and oxygenat-
ed North Atlantic DeepWater (NADW) currently baths the site location.
In the geological past, incursions of the deeper nutrient-rich, poorly
ventilated and carbonate corrosive benthic δ13C-depleted Antarctic
Bottom Water (AABW) are documented during glacials and short-
term cooling stages of interglacials (Curry and Oppo, 2005; Martrat
et al., 2007) when NADW production decreased or ceased.
acewater circulation duringwinter is redrawn fromVoelker et al. (2010) according to Peliz
belt is drawn according to Ruddiman (1977) for the last glacial period. Gray disks west of



Fig. 2. (a) Sedimentation rate pattern from Hodell et al. (in this issue). (b) Benthic oxygen isotope record from Hodell et al. (2013a, in this issue). (c) Dissolution Index. (d) Total N of
G. caribbeanica plotted on total N (total coccolith production). (e) Eccentricity according to Laskar et al. (2004). (f) Total coccolith accumulation rate (NAR). (g–l) Abundance patterns
of selected coccolitophore taxa. Acme zones from Hine and Weaver (1998). AB: Acme beginning. AE: Acme end. Green bars indicate interglacial stages; substages are here indicated
according to Bassinot et al. (1994).
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3. Methods

3.1. Coccolithophores

Two hundred fifteen samples were analyzed from holes A, B, and D,
between 47.19 and 81.71 crmcd (corrected revised meter composite
depth). The adopted chronology follows the age model from Hodell
et al. (this volume), which derives from correlation of benthic oxygen
isotope record (Fig. 2b) to the reference stack of Lisiecki and Raymo
(2005).

The investigated record corresponds to the interval MIS 16 to MIS
10 (693–339 ka). Samples were taken with a variable spacing ranging
between 1–30 cm depending upon the sedimentation rate (Fig. 2a),
providing a temporal resolution of about 1–2 kyr. A lower temporal
resolution of ~3 kyr resulted in the lower portion of the record
from about 590 ka down to the bottom of site. The adopted time res-
olution is adequate to appraise climate variability at glacial-to-
interglacial and millennial time scale, including abrupt changes in
sea surface water (e.g. H-type events) lasting about 2.4 kyr to 4.5/
7 kyr during MIS 15-9 in the mid-latitude North Atlantic (Rodrigues
et al., 2011).

Slides for coccolithophore analysis were prepared according to the
method of Flores and Sierro (1997), to estimate absolute coccolith
abundances. Quantitative analyses were performed using a polarized
light microscope at 1000× magnification and abundances were deter-
mined by counting at least 500 coccoliths of all sizes. A variable number
of visual fields were scanned for this counting, ranging from 4–5 in
samples from interglacial periods and between 10 and 20, rarely up to
30, in glacial intervals. Reworked calcareous nannofossils were estimat-
ed separately during this counting. Additional area of slides was
analyzed up to total 30 fields of view (about 1 mm2) to improve
the counting of taxa that resulted uncommon and rare in the 500-
count. This supplementary counting was necessary due to the domi-
nance of gephyrocapsids, which prevents the recognition of rare but en-
vironmentally important taxa. Percentage abundances are calculated on
the total number of coccoliths per field of view, which may range
between about 30 to 100 specimens, depending on the time interval.
About 40 taxa were identified at species and subspecies level.

Variations in the assemblage were estimated using percentages,
number of coccoliths/g of sediment (N) and Nannofossil Accumulation
Rates (NAR), the last being calculated according to Mayer et al. (1992)
and Flores and Sierro (1997). NAR values (coccoliths∗cm−2∗kyr−1)
were estimated using the available wet bulk density (shipboard natural
gamma ray density data) and derives from N∗w∗S, where N =
coccolith/g of sediment; w=wet bulk density (g/cm3); S= sedimenta-
tion rate (cm/kyr). In the absence of dry bulk density,wet bulk density is
regularly used to estimate coccolithophore production (i.e. Grelaud
et al., 2009; Stolz and Baumann, 2010; Marino et al., 2014). NAR is con-
sidered a proxy of paleoproductivity (Steinmetz, 1994; Baumann et al.,
2004) although it may depend on dilution process due to changeable
sedimentation rates and amount of terrigenous input, and on dissolu-
tion. For this reason we estimated the coccolith dissolution (DI) using
the method of Dittert et al. (1999) modified by Amore et al. (2012)
according to the following ratio: DI = small Gephyrocapsa/(small
Gephyrocapsa + Calcidiscus leptoporus). High values of DI indicate
good preservation.

With regard to the taxonomy of gephyrocapsids, which are a major
component of the assemblage, we followed the criteria adopted in
Maiorano et al. (2013), while the adopted coccolithophore proxies of
surface water conditions are reported in the Appendix A.
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3.2. C37 alkenones and stable carbon isotope

Alkenones are constituents of the autochthonous biomass synthe-
sized by the cocccolitophore florawhich provide one of the geochemical
tools most widely used to reconstruct past SST. We present total
alkenone of 37 carbon atoms concentration interpreted as an indicator
of phytoplankton productivity. Total alkenone concentration has been
quantified from the total lipid extraction (TLE) of 505 samples from
holes D and E. After freeze drying the samples were prepared following
the procedure outlined in Villanueva et al. (1997). The organic
compounds were extracted by sonication using dichloromethane and
the extracts hydrolyzed with 6% potassium hydroxide in methanol to
eliminate interferences from wax esters. The neutral lipids were then
extracted with hexane, evaporated to dryness under a N2 stream and
finally, derivatised with bis(trimethylsilyl)trifluoroacetamide. The TLE
fraction were analyzed in the DivGM's Varian Gas chromatograph
Model 3800 equipped with a septum programmable injector and a
flame ionization detector (Rodrigues et al., 2011) and some samples
were analyzed by Bruker GC–MS in order to identify themass spectrum
of each compound. Sample resolution for this dataset varies between
0.1–1 kyr and rarely between 1–5 kyr. During MIS 15.2–4 (582–
592 ka) a lower resolution dataset is currently available.

With regard to planktonic (Globigerina bulloides) and benthic
(Cibicidoides wuellerstorfi) carbon isotope analysis the method is
the same as that described by Hodell et al. (in this issue) for oxygen
isotopes. Sample resolution varies between 0.7 and 4 kyr; lower resolu-
tion is available at MIS12/11 transition where a gap in the dataset,
lasting about 20 kyr, currently occurs.

4. Results

Coccolithophore assemblages are generally well preserved with
dissolution index showing high values through the record, ranging
between 1 and 0.9 (Fig. 2c) which means that dissolution has not
Fig. 3. (a, b) Benthic andplanktonic oxygen isotope records fromHodell et al. (2013a, in this issu
Laskar et al. (2004). (e–h) Abundance patterns of selected coccolithophore taxa. (i) Planktonic
(Hodell et al., 2013a). (m) Total NAR of small Gephyrocapsa plotted on pattern of total NAR.
indicated according to Bassinot et al. (1994). Yellow bars indicate surface water warming pha
color in this figure legend, the reader is referred to the web version of this article.)
altered significantly the assemblage. Minima values are recorded
through the MIS 14/13 transition and at restricted intervals within
MIS 12, indicating slightly higher dissolution phases.

The totalN varies between 57×105 and 1098×105 coccoliths/g sed-
iment (Fig. 2d) and shows a stepwise increase through the record. Low
coccolith concentrations occur in the sediment fromMIS 16 to the low-
ermost part of MIS 15, when the small gephyrocapsid group dominates
on the entire assemblage (Fig. 2i). From 595 ka, total N starts to increase
concomitant to the rise of Gephyrocapsa caribbeanica N 3 μm and to the
reduction of smallGephyrocapsa (Fig. 2g, i), while amore prominent rise
in abundance marks the beginning of MIS 13 at 529 ka (Fig. 2d).
Throughout the record, the total N increases during interglacials and
particularly during MIS 13 and 11, with maximum values during MIS
13. A weak increase is also observed during MIS 14, and several abrupt
shorter-term variations are recorded (Fig. 2d). The total NAR varies
from 507 × 105 to 37666 × 105 coccoliths/cm2kyr (Fig. 2f). The general
trend follows the total N, although a distinct NAR decrease characterizes
the lowermost part ofMIS 11. Among the glacials the lowest NAR values
are recorded within MIS 16 and 12.

G. caribbeanica and small Gephyrocapsa (with open central area) are
the dominant taxa through the record (Fig. 2g–i). Small Gephyrocapsa
prevails in the lower part of the record from MIS 16 up to MIS 15
reaching percentage even higher than 80%, whereas G. caribbeanica
(N3 μm) gradually increases from MIS 15 (595 ka) and dominates
from MIS 14 (555 ka) onwards. This abundance reversal of the genus
Gephyrocapsa documents the boundary between the world-wide
Acme Zones of the Middle Pleistocene (Hine and Weaver, 1998) and
specifically between the small Gephyrocapsa and the G. caribbeanica
Acme Zone (Fig. 2). Gephyrocapsa margereli–G. muellerae (N3 μm)
group is also an important component of the assemblage from MIS
15.2-4 (Fig. 2l), displaying higher abundances, up to 40%, during glacial
stages. The warm water taxa (wwt) group shows significant fluctua-
tions (Fig. 3c), with higher values during interglacials and maximum
during MIS 15 (up to 4%) when also high variability is recorded.
e). (c) Abundance patterns ofwarmwater taxa (wwt). (d) Summer Insolation according to
carbon isotope record. (l) Total coccolith production (Total N) plotted against Ca/Ti ratio
(n) Pattern of C37-Alkenones. Green bars indicate interglacial stages; substages are here
ses based on increase of warm water taxa (wwt). (For interpretation of the references to
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Specifically, the wwt group clearly increases at 621 ka, at the onset of
MIS 15 (Fig. 3c) and displays enhanced abundances within MIS 15.5
and 15.1 in agreement with the δ18OG.bulloides profile (Fig. 3b). Slight
increases are also coeval with MIS 13.3 and 13.1 and within MIS 11.3
and 11.23. Among the glacials, MIS 14 records the highest abundances
of the wwt group, while lowest values occur during MIS 12. Shorter-
term increases of the wwt group, lasting about 4–10 kyr, characterize
glacials MIS 12 and MIS 10 (Fig. 3c). Florisphaera profunda is present
throughout the record with abundances ranging between 2 and
15% and sharp peaks occasionally reaching values higher than 20%
(Fig. 3e). The percentage pattern of this taxon shows a decreasing
trend from MIS 14-13 upwards. The lowest values of the taxon are
recorded throughout MIS 13, if compared with the younger and older
interglacials. Subordinate taxa are also represented by C. leptoporus s.l.
(C. leptoporus small 3–5 μm, C. leptoporus intermediate 5–8 μm and
C. quadriperforatus 8–10 μm), Coccolithus pelagicus s.l (C. pelagicus ssp.
pelagicus 6–10 μm, C. pelagicus ssp. braarudii 10–13 μm and
C. pelagicus azorinus 14–16 μm), Syracosphaera spp. (mainly S. histrica
and S. pulchra), Helicosphaera spp. (not shown here), Umbellosphaera
spp.. The latter, although very rare in the assemblage, has a limited
range within MIS 11 (Fig. 3f). Among subordinate taxa, C. pelagicus
ssp. pelagicus displays a long-term increase within MIS 16, while 14
prominent short terms peaks of the taxon occur through the record
(Fig. 4e). They are in phase with decreases of total N (Fig. 4d) and
occasionally with peaks of G. margereli–G. muellerae N 4 μm (Fig. 4f).
Rarely a concomitant Helicosphaera carteri and F. profunda increase is
also observed (Fig. 4h–i). Reworked calcareous nannofossil specimens
are generally lower than 2%, except in an interval during MIS 16, with
abundance peaks as high as 6% (Fig. 4g). Distinctive short-term peaks,
up to 4% in abundance, are coeval with spikes of C. pelagicus ssp.
pelagicus (Fig. 4e, g).

Through the investigated interval the total C37 alkenone concentra-
tion (Fig. 3n) varies between 102.76 ng/g and a maximum of
3429.76 ng/g. The lowest values are recorded during MIS 16, MIS 15.1
and 15.5, MIS 12 and in the beginning of MIS 11. Alkenone concentra-
tion increases within MIS 15.2-4, MIS 14, MIS 13.3 where maxima
values are recorded, in the MIS 11 glacial inception and MIS 10.
5. Discussion

5.1. Long-term cycle in coccolithophore production

The distinct increase observed in N and NAR at MIS14/13 transition,
starting at 530 ka, with G. caribbeanica becoming the most important
taxon in terms of coccolith production (Fig. 2d), provides evidence of
the beginning of the wide-scale MB blooming of G. caribbeanica
(Bollmann et al., 1998; Baumann and Freitag, 2004). Prominent N and
NAR increases at the studied site occur during interglacial MIS 13 and
MIS 11. Although the whole stratigraphic range of the MB blooming of
G. caribbeanica is not recovered, the observed increase in
coccolithophore production is part of a long-term eccentricity driven
cycle during a 400 kyr eccentricity minimum (Fig. 2d–e). This datum
is consistent with the hypothesis of a relation between phytoplankton
growth rate, and therefore coccolithophore production, with the
400 kyr eccentricity forcing (Rickaby et al., 2007). In fact, blooms of
coccolithophore show day length preferences (Balch, 2004) and they
are supposed to occur optimally when maximal season length is
coupled with the maximal solar insolation, that is, when eccentricity is
at a minimum (Rickaby et al., 2007).

The slight dissolution increase coinciding with MIS 14 and 13 tran-
sition (Fig. 2c), which is concomitant with the gradual increase of
G. caribbeanica N 3 μm (Fig. 2g), may reflect the onset of a period of
global carbonate dissolution, the MB dissolution interval (Droxler
et al., 1988; Barker et al., 2006). However, the high values of the disso-
lution index do not appear so relevant at the site location, which agrees
with data from nearby record (core MD03-2699) for the same time
interval (Amore et al., 2012).

The strong positive correlation observed between fluctuations of
N and Ca/Ti content, especially fromMIS 13 onwards (Fig. 3l), suggests
that coccolith-derived carbonate is the dominant contributor to carbon-
ate production in the studied interval and sustains the idea that
the heavily calcified G. caribbeanica is the most important producer
of carbonate through the MB interval (Bollmann et al., 1998; Flores
et al., 1999; Baumann and Freitag, 2004; Baumann et al., 2004;
Lopez-Otalvaro et al., 2008; Marino et al., 2014; Balestra et al., in this
issue). These data support the use of coccolithophores as proxy of car-
bonate production through the studied interval. General trends in the
total NAR (Fig. 3m) follow the pattern in the C37 alkenones (Fig. 3n),
further supporting the interpretation of NAR as coccolithophore pro-
ductivity pulses.

5.2. Coccolithophores and surface water conditions

5.2.1. Interglacial variability
The total N and NAR increase during interglacials (Fig. 3l–m), partic-

ularly during MIS 13 and MIS 11, is believed to reflect the response of
coccolithophores to prevailing warmer, moderately productive surface
water conditions and to the G. caribbeanica blooming starting at MIS
14/13 transition. A reduced productivity characterizes MIS 15, before
the MB beginning, as highlighted by lower NAR. The productivity
pattern deduced from coccolithophore proxies at glacial/interglacial
scale is in good agreement with the δ13CG. bulloides profile (Fig. 3i) that
suggests higher nutrient availability during interglacials and particular-
ly duringMIS 13, andwith the overall pattern of C37 alkenones (Fig. 3n).
This productivity pattern is consistent with an upwelling-related
regime and in fact it appears well comparable with data from the simi-
larly located core MD03‐2699 (Rodrigues et al., 2011), while it differs
from what recorded at the North Atlantic IODP Site U1313 (Stein
et al., 2009), outside of thewestern Iberian upwelling, where productiv-
ity was higher during the glacials, reflecting an open ocean productivity
regime. Enhanced abundances of the wwt group during MIS 15, 13 and
11 (Fig. 3c), is in agreement with a sea surface warming during these
interglacials.

The enhanced abundances of the wwt group duringMIS 15 (Fig. 3c)
suggest that the influence of subtropical waters was strengthened
during this interval, relative to the younger interglacials. The highest
values of the wwt group observed from 621 to 611 ka indicate MIS
15.5 as the warmest phase. The high amplitude fluctuations of the
wwt group appear well related to high seasonality characterizing this
interglacial (eccentricity maximum and high precession/insolation
amplitude) (Fig. 3d). The higher abundance of the deep dwelling
F. profunda (Fig. 3e), which substantially varies as the wwt group,
suggests reduced surfacewater productivity coupledwithwarmer tem-
peratures down to thermocline depth, especially during MIS 15.5 and
15.1. The opposite pattern between C37 alkenones (Fig. 3n) and
F. profunda in this interval is consistent with indication of lower surface
water productivity during MIS 15.5 and 15.1. We propose that the
coccolithophore behavior reflects an intensified contribution of the
subtropical AzC during MIS 15.5 and 15.1 at the site location. Based on
the modern hydrographic conditions this scenario could be related to
a southward migration of the subtropical Azores High and weaker
northerly winds, leading to a northward displacement of the warm
AzC (Volkov and Fu, 2010; Peliz et al., 2005; Relvas et al., 2007;
Sánchez et al., 2007). A different situation occurs during 15.4-2. In fact,
several shifts in the abundance of the wwt group (Fig. 3c) point to less
stable surface water conditions. G. margereli–G. muellerae 3–4 μm
(Fig. 3g) as well as C. pelagicus ssp. pelagicus (Fig. 3h) show increase in
their abundance in agreement with the occurrence of cold surface
water advection at this time. In addition, the presence of productive sur-
face waters can be also inferred, mainly from the increase in C37

alkenones, which is consistent with the intensification of northerly



Fig. 4. (a, b) Benthic and planktonic oxygen isotope records from Hodell et al. (2013a, in this issue). (c) Benthic carbon isotope record; vertical line indicates typical values for AABW according to Adkins et al. (2005). (d) Total coccolith production
(Total N) plotted against Ca/Ti ratio. (e–i) Patterns of selected coccolithophore data. (l) Synthetic reconstruction of Greenland temperature variability (GLT_syn) fromBarker et al. (2011). (m) Sea Surface Temperature (SST) and inferredHeinrich type
events (Ht1–8) at CoreMD03-2699 fromRodrigues et al. (2011). (n) Lithics concentration and inferred Heinrich-type events at CoreMD01-2446 from Voelker et al. (2010). (o) Dolomite/calcite ratio as ice-rafted detritus indicator at Site U1313 from
Stein et al. (2009) and Naafs et al. (2011). (p) IRD flux at Site U1314 from Alonso-Garcia et al. (2011).
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winds and southward advection of cold and nutrient-rich surface wa-
ters (Fiúza et al., 1982; Relvas et al., 2007).

During MIS 13, the high values of total NAR are correlated with
persistent higher C37 alkenone concentration (Fig. 3n). However, it is
noteworthy that the sharp peak of NAR during MIS 13.1 could be
overestimated due to strong variation in sedimentation rate (Fig. 2a).
During MIS 13, the trend in the total NAR is obviously related to the
onset of the G. caribbeanica acme (Fig. 2g). However, a distinctive
increase is also recorded in the NAR of small Gephyrocapsa (Fig. 3m),
taxa related to eutrophic conditions and upwelling in surface waters
(Gartner et al., 1987; Gartner, 1988; Okada and Wells, 1997;
Takahashi and Okada, 2000; Colmenero-Hidalgo et al., 2004; Flores
et al., 2005; Amore et al., 2012). This suggests that the totalNAR increase
is not only related to the phylogenetic adaptation and dominance of
G. caribbeanica (Bollmann et al., 1998), but also reflects environmental
conditions. In addition, the low abundances of F. profunda throughout
MIS 13 sustain the occurrence of unstable and mixed surface waters.
Enhanced total NAR values are concomitant with MIS 13.3 and MIS
13.1, and are in agreement with higher δ13CG. bulloides record (Fig. 3i).
In these intervals the proliferation of coccolithophores may reflect
more intense upwelling conditions and can be a response to favorable
conditions related to mature upwelled waters occurring during sum-
mer–autumn seasons (Silva et al., 2008, 2009). More intense prevailing
upwelling characterized theMIS 13.1 as deduced by peaks of total NAR,
concurrent with distinct increases in NAR of small Gephyrocapsa
(Fig. 3m). Similarly to the present day behavior of small taxa such as
Emiliania huxleyi (Silva et al, 2008, 2009), small Gephyrocapsa may
have benefit from favorable conditions at the beginning of the spring–
summer upwelling. At this level, differently than it would be expected,
the wwt group curve does not display a concomitant increase
(Fig. 3c), likely because of higher nutrient availability and unstable sur-
face waters that resulted in unfavorable conditions for warm and oligo-
trophic taxa, similar to the results of Marino et al. (2014) at core MD01-
2446. The coccolithophore trend during MIS 13 supports previous find-
ings from Iberian margin, suggestingmore variable and productive sur-
face waters during this interval (Voelker et al., 2010; Rodrigues et al.,
2011) and may also be in relation with a major reorganization of the
global ocean carbon reservoir as deduced from global maximum in
δ13C (Hodell et al., 2003; Wang et al., 2003; Barker et al., 2006), which
records maxima values also at the studied site (Fig. 3i). Notably, at this
time a switch in the percentage abundance of F. profunda (decreasing
trend, Fig. 3e) and of G. caribbeanica N 3 μm (increasing trend, Fig. 2g)
may be observed, supporting a linkage between surface ocean structure
and the “δ13C max II” event (Wang et al., 2003).

At MIS12/11 transition, despite the lower resolution in δ18O, the
increase in the wwt group recorded at about 425 ka (Fig. 3c), as well
as concomitant total N increases (Fig. 3l), mark ameliorated climate
conditions, following MIS 12 deglaciation, clearly tracing the onset of
MIS 11. Evidence of surface water warming coincides with the first
peak of the weak summer insolation maximum at the base of MIS 11
(Fig. 3c–d) and it is in good agreement with the age of SST increase re-
corded at the Iberian margin at core MD03-2699 (426.6 ka, Rodrigues
et al., 2011), with the wwt group increasing at core MD01-2446
(426 ka, Marino et al., 2014), and with several other North Atlantic
and continental records (e.g. Oppo et al., 1998; Desprat et al., 2005;
de Abreu et al., 2005; Stein et al., 2009; Kandiano et al., 2012). During
MIS 11.3 the wwt group depicts a long lasting surface water warming
if compared to the other warm phases of previous interglacials. Consid-
ering the pattern observed within MIS 15, it might be related to the
weaker insolation forcing characterizingMIS 11 (Fig. 3d), further imply-
ing that coccolithophore variations in the area are affected by seasonal-
ity. DuringMIS 11.3, despite the increase of total N (Fig. 3l), the singular
total NAR pattern, characterized by the lowest abundances through
425–409 ka (Fig. 3m), suggests that surface water productivity was
dramatically reduced. It is noteworthy that in this interval total NAR
values are strongly affected by very low sedimentation rate (Fig. 2a),
indicating a condensed section or a brief hiatus (Hodell et al., in this
issue). On the other hand the concurrent low values of C37 alkenones
(Fig. 3n) support the occurrence of low productive surface water condi-
tions, while the low resolution in the δ13C dataset (Fig. 3i) does not
provide valuable information in this interval. Based on the present re-
sults, this data-pattern may reflect the response of the coccolithophore
assemblage to intense stratification within the photic zone. Many
coccolithophore taxa are k-selected and therefore their total abundance
and diversity are known to increase during stable, stratified and oligo-
trophic conditions (Baumann et al., 2005); on the other hand few
coccolithophore species are adapted to eutrophic environment where
high coccolith accumulation rates occur (Baumann et al., 2004). Surface
water stratification and low nutrient availability in surface water is also
supported by concomitant increases in abundance of the deep-dwelling
F. profunda (Fig. 3e). Additional evidence is provided by the sudden
appearance in the assemblage of Umbellosphaera spp. at 420 ka
(Fig. 3f), which may reflect a new available habitat in stratified waters
and well-developed oligotrophic conditions down to the middle of the
photic zone. Such a surface water condition could result from continu-
ous and enhanced influence of the subtropical waters at the site during
this interval, in agreement with mid-latitude North Atlantic records
(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; Marino et al., 2014). How-
ever, we cannot exclude that decreased detrital input from land,
resulting from the high sea level stand during MIS 11.3 (Bintanja and
van de Wal, 2008), may have also induced both enhanced oligotrophic
conditions and minor coccolith dilution (high total N), due to reduced
delivery of land-derived nutrients and decreased detrital input, respec-
tively. High values in the Ca/Ti profile may be also consistent with a low
dilution effect. Reduced continental input at the beginning of MIS 11 at
Site U1385 is also sustained by the pattern observed in the terrigenous
biomarker (Rodrigues et al., 2014). At the end of MIS 11.3, starting
from 409 ka, the recovery of coccolithophore productivity is likely
related to reduced influence of subtropical advection and/or sea level
lowering, even though C37 alkenone concentration records a slightly
late increase. The decreasing of total NAR upwards, follows the cooling
trend toward the MIS 10 glacial inception.

5.2.2. Glacial variability
Among the glacials, the lower N and NAR values (Fig. 3l–m), as well

as low abundances of thewwt group, particularly duringMIS 16,MIS 12
and the upper MIS 10 (Fig. 3c), suggest unfavorable conditions for
coccolithophore growth, likely related to severe climate conditions
occurring during these intervals, due to large northern Hemisphere ice
sheet expansion as revealed by the highest δ18O values. The increase
in abundance of C. pelagicus ssp. pelagicus, mainly during MIS 16, and
of G. margereli–G. muellerae during MIS 14, 12 and 10, sustain the
dominance of cold surface water conditions during these intervals.

The long lasting increase in abundance of C. pelagicus ssp. pelagicus
between 647 and 624 ka, in the late MIS 16 (Fig. 3h), suggests a more
persistent influence of subpolarwaters at the site location, in agreement
with the distribution of C. pelagicus ssp. pelagicus at the northernmost
Atlantic Site ODP 980 (Marino et al., 2011). This observation is consis-
tent with North Atlantic data (Wright and Flower, 2002), meaning a
southward position of the Artic Front during the glacials preceding the
end of the MPT (MIS 16) and sustaining the world-wide indication
that MIS 16 was a long lasting and severe glacial stage (Lisiecki and
Raymo, 2005; Tzedakis et al., 2006; Bintanja and van de Wal, 2008;
Hodell et al, 2008). During MIS 14, the pattern of the wwt group
(Fig. 3c), supports the influence of subtropical waters on the Iberian
margin during this stage (Voelker et al., 2010) and agrees with results
deriving from several records indicating MIS 14 as a weak glacial (e.g.
Mix et al., 1995; Wright and Flower, 2002; Billups et al., 2006; Hodell
et al., 2008; Lang and Wolff, 2011; Rodrigues et al., 2011). Total NAR
values during MIS 14 are also slightly higher if compared with older
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and younger glacials (Fig. 3m) and are comparable with the C37

alkenone increase (Fig. 3n), supporting the occurrence of a different cir-
culation pattern during this interval over the Iberian margin (Voelker
et al., 2009; Rodrigues et al., 2011).

The lowest NAR values occurring during MIS 12.2 (Fig. 3m), com-
bined with decreases in total N (Fig. 3l), suggest the development of
severe cold conditions at the glacial maximum in agreement with the
heavy benthic δ18O values, close to TV (Fig. 3a). This is also supported
by the increase of G. margereli–G. muellerae (3–4 μm) and C. pelagicus
ssp. pelagicus (Fig. 3g–h) and the concomitant lowest abundance of
the wwt group (Fig. 3c). Unfavorable conditions to coccolithophore
growth can be linked to concomitant increases in IRD (see next section)
at this time. A possible dissolution effect should be also considered,
based on the DI pattern (Fig. 2c). In addition, higher frequency variabil-
ity in surface water conditions during glacials MIS 12 and 10 is testified
by shorter-term increases of the wwt group (Fig. 3c). This is also
supported by depleted values of δ18OG. bulloides (Fig. 3b), although low
resolution is currently available in the latter dataset, particularly during
MIS 12. Concurrent increases in total N, NAR, C37 alkenone and carbon-
ate content (Fig. 3l–n) are evidences of relative increased productivity
during these interstadials. The latter are interrupted by short pulses of
C. pelagicus ssp. pelagicus implying short-term advection of subpolar
waters coupled with reduced productivity as suggested by lower values
of N, NAR and C37 alkenones (Fig. 3l–n).

5.3. Millennial-scale coccolithophore assemblage variations

The present coccolithophore data-set from Site U1385 provides
evidences of abrupt and short-term climate variability through the
studied interval (Fig. 4). Specifically, C. pelagicus ssp. pelagicus and
G.margereli–G.muellerae N 4 μmpatterns (Fig. 4e–f) highlight the occur-
rence of surface water cooling as well as a decrease in coccolithophore
production, likely related to the arrival of subpolar cool and low saline
waters at the core location, and southward migration of Polar Front,
which may have developed unfavorable surface water conditions for
coccolithophore growth (Stein et al., 2009; Stolz and Baumann, 2010;
Marino et al., 2014). Although data on IRD fluxes are lacking in our
dataset, we tentatively correlate the pattern of C. pelagicus ssp. pelagicus
(Fig. 4e) and of concomitant enhanced reworking (Fig. 4g) to increases
in iceberg-derived detritus, in agreement with recent coccolithophore
data from the Iberian margin (Amore et al., 2012; Marino et al., 2014).
However, the influence of detrital input from the Iberian peninsula
during significant low sea level stands may not be excluded. The coeval
increase of F. profunda (Fig. 4i), although sporadic, may be a response to
stratified, turbid and fresher surface waters related to iceberg discharge
and warmer subsurface water at the thermocline/nutricline, that
favored the deep dwelling taxon. In previous literature F. profunda has
been recorded in the Gulf of Cadiz during HE of the last glacial
(Colmenero-Hidalgo et al., 2004) and on the Iberian margin during
stadials of the last 70 kyr attesting the arrival of Arctic surface waters
(Incarbona et al., 2010). However, from the present record the response
of this taxon is somewhat ambiguous to the H-type events of the MB
interval as also observed in core MD01-2446 (Marino et al., 2014).

The short-term variations based on the coccolithophore assemblage
agree with the prominent abrupt minima recorded in the Ca/Ti profile
(Fig. 4d), supporting the definition of rapid shifts in the coccolithophore
assemblage as prominent cooling events. In fact, in this area, Ca/Ti
minima on millennial time scale, correspond to severe cold events,
reflecting decreases in carbonate productivity (Hodell et al., 2013a,b),
although a relation with increased detrital sedimentation has also
been indicated in the deep Portuguese margin (Lebreiro et al., 2009).
Evidences of surface water-cooling are also well recorded in almost all
of the events by coeval heavier values of δ18OG. bulloides (Fig. 4b). Some
of the events are also concomitant with depleted benthic δ13C values
(Fig. 4c) likely in response to poor deep water ventilation related to
changes in the AMOC strength due to iceberg discharge and enhanced
meltwater flux (Broecker et al., 1992; Maslin et al., 1995; Zahn et al.,
1997; Schönfeld et al., 2003; McManus et al., 2004). However, higher
resolution of oxygen isotope data set might improve this correlation.

The temporal distribution of the abrupt events at Site U1385
suggests that short-term pulses of subpolar water affected the Iberian
margin not only during the glacials MIS 16, 12 and 10 but even during
MIS 15 and at the end of MIS 11 (Fig. 4), highlighting intra–interglacials
variability.

During MIS 16 the most prominent peaks of C. pelagicus ssp.
pelagicus and reworked calcareous nannofossil taxa (Fig. 4e, g) are
recorded at 646 ka and 624 ka concurrent with low total N (Fig. 4d).
This could be related to processes of major IRD discharge occurring
during the latest part of MIS 16 and at TVII. This is also supported by
distinct abrupt increases in the abundance of H. carteri (Fig. 4h) partic-
ularly at TVII, when the species has its maximum abundance in the
studied record. Peaks of this taxon, related to fresher and more turbid
upper layer, have been documented at terminations for MIS 1 to 14 in
the Southern Ocean (Flores et al., 2003) and during HE (Colmenero-
Hidalgo et al., 2004) in the Gulf of Cadiz. Coeval HE/detrital layers
were identified during MIS 16 at Site U1308 and Site U1302-03 from
Hodell et al. (2008) and Channell et al. (2012) respectively (detrital
layers 16.1 and 16.2 in Channell et al., 2012). Prominent IRD peaks
have been also recorded at Site U1313 (Fig. 4o) (Stein et al., 2009;
Naafs et al., 2011). High abundances of IRD are also manifest at the
ODP Site 980 duringMIS 16 (Wright and Flower, 2002) and a prominent
IRD peak marks TVII at the western Northern Atlantic Site U1314
(Fig. 4p), which highlights a main source area from Greenland and
Iceland (Alonso-Garcia et al., 2011). Two abrupt cold events are detect-
ed withinMIS 15.2-4 (at 596 ka and 580 ka) (Fig. 4). They are identified
on the basis of abundance peaks of C. pelagicus ssp. pelagicus associated
with low total N and NAR and peaks of reworking. High resolution data
are not available from the Iberian margin in this interval, because the
recent studies have mainly focused on climate variability during youn-
ger intervals (Martrat et al., 2007; Stein et al., 2009; Voelker et al., 2010;
Rodrigues et al., 2011; Amore et al., 2012). However, the occurrence of
abrupt cooling at Site U1385 is in agreement with sharp and prominent
negative shifts in the pattern of the synthetic reconstruction of Green-
land temperature variability (GLT_syn) from Barker et al. (2011)
(Fig. 4l). High millennial-scale climate variability during MIS 15.2-4 is
also proved by multiple short-term fluctuations in the wwt group pat-
tern (Fig. 3c). The coccolihophore data set seems consistent with the
hypothesis that cold events recorded during MIS 15.2-4 are related to
Greenland climate instability suggesting that the advection of subpolar
waters may have affected the Iberian margin at this time. The event at
580 ka is also concurrent with a sharp decrease in benthic δ13C values,
below 0.5‰ (Fig. 4c), that may imply the entrance of the southern bot-
tom water source (AABW) during this short cold episode of the inter-
glacial. Two detrital layers have been also identified at Site U1302/03
duringMIS 15 (Channell et al., 2012). Data available from the North At-
lantic Site U1313 indicate the occurrence of two minor “Heinrich-like”
events duringMIS 15.2 (Stein et al., 2009) (Fig. 4o). Based on their min-
eralogical signature, Stein et al. (2009) assumed a source from Green-
land, Labrador or Scandinavia rather than Hudson Bay. However, the
authors did not identify these events with certainty as IRD events be-
cause the occurrence of tephra grains could also indicate the Azores Is-
land volcanoes as possible source area. Moreover ice-rafting events
were observed in MIS 15.2 at Site U1314 and during strong oscillations
in the benthic δ13C, indicating a reduction in the deep water convection
in the Norwegian Greenland Sea and in the generation of Iceland Scot-
land Overflow water (Alonso-Garcia et al., 2011). IRD peaks during
MIS 15.2/15.1 transition have been recorded as well at Site 980
(Wright and Flower, 2002) which is ideally located to record ice rafting
from both Hudson Bay and Scandinavian and Greenland sources.

FromMIS 15/14 transition up to MIS 10 the coccolithophore proxies
for abrupt subpolar water advection at the core location are well corre-
lated to the SST decreases recorded in the Iberianmargin at the northern



44 P. Maiorano et al. / Global and Planetary Change 133 (2015) 35–48
Core MD03-2699 (Ht1–Ht8, Rodrigues et al., 2011) (Fig. 4m) and/or at
the CoreMD01-2446 (Fig. 4n), based on increases in lithic concentration
(Voelker et al., 2010) and patterns of selected coccolithophores
(C. pelagicus ssp. pelagicus, reworked calcareous nannofossils,
G. margereli–G. muellerae N 4 μm), and N. pachyderma left as well
(Marino et al., 2014). An additional event in our record occurred at TVI
(533 ka). At this level, the peaks of C. pelagicus ssp. pelagicus and
reworked calcareous nannofossils (Fig. 4e, g) correlate with a synchro-
nous IRD peaks at Site U1314 (Fig. 4p) and, despite its minor intensity,
also at Site U1313 (Fig. 4o). A coeval detrital layer (numbered as 13.6)
is recorded at Site U1302/03 (Channell et al., 2012). Within MIS 10, the
cold event at 363 ka does not appear to have an equivalent in other re-
cords both on the Iberian margin and North Atlantic record (Fig. 4m–
p). In the upper part of MIS 10 the abrupt cooling events (at 351 ka
and 340 ka) marked by peaks of C. pelagicus ssp. pelagicus, as in the
older intervals, and by concomitant and prominent increases of
G. margereli–G. muellerae N 4 μm (Fig. 4f) support southward influx of
polar-subpolar waters (Girone et al., 2013; Marino et al., 2014). The
abrupt cooling at 351 ka at Site U1385 is well correlated with the signal
of IRD flux at Core MD01-2446 (Voelker et al., 2010) and Site U1313
(Stein et al., 2009; Naafs et al., 2011, 2013), whereas it was not recorded
at Core MD03-2699. At this level a significant peak of F. profunda occurs
(Fig. 4i), together with high abundance of reworked calcareous
nannofossils and G. margereli–G. muellerae N 4 μm. The same pattern of
F. profunda, suggesting water stratification and inverse thermocline con-
dition, has been recorded concomitant to the IRD flux at 356 ka at the
northwestern Core MD01-2446 (Fig. 4n) implying that these oceano-
graphic conditions characterize this event on the Iberian margin.

Throughout the studied record a good comparison is seen between
the short-lived climate coolings at Site U1385 and analogous ones in
North Atlantic cores. Slightly different occurrence/non occurrence and
chronology of Ht events among the sites have been noted. Ocean circu-
lation, iceberg route path, source area and chronology of IRD may be
possible causes of the observed differences (Hemming, 2004). In fact,
as discussed above, Site U1313 mainly records IRD from Laurentide
Ice-Sheet (Stein et al., 2009; Naafs et al., 2011, 2013), whereas an influ-
ence of ice-rafting from Greenland and European ice-sheets has been
suggested at the cores MD03-2699 (Rodrigues et al., 2011) and MD01-
2446 (Voelker et al., 2010; Marino et al., 2014) similar to Site U1314
(Alonso-Garcia et al., 2011; Naafs et al, 2013). The present data set
will need supplementary proxies such as the IRD and N. pachyderma
left records, SST data as well as higher resolution planktonic δ18O, in
order to support the cooling events pointed out by coccolithophore
assemblages, and their relationship with H-type events and front
dynamics.

6. Conclusion

The coccolithophore signature at Site U1385 through MIS 16-10
points to varying surfacewater conditions, reflecting orbital andmillen-
nial scale climate variability. These are the result of the interaction
among long-term modifications in the coccolithophore assemblage
typical of the MB interval, wind-driven hydrographic changes and
short-termNorthernHemisphere ice-sheet variability.With the present
study, the high-resolution coccolithophore dataset at the Iberian mar-
gin, well known through MIS 13-9, is extended down to MIS 16. Differ-
ently fromwhat recorded inmid-latitude open ocean records, a general
trend of increased productivity is observed during interglacials, particu-
larly during MIS 13 and the upper part of MIS 11, in response to the
predominance of warm climate conditions and seasonal upwelling.
Interglacial phases are marked by the increase of the wwt group
whose pattern is consistent with previous data acquired on the Iberian
margin through MIS 13-9. Warmer thermocline waters and reduced
productivity during MIS 15.5 and 15.1 suggest a prominent influence
of relative warm, nutrient-poor and less ventilated subtropical waters
advected with the Azores Current. A southward migration of the
subtropical Azores High and weaker northerly winds can be inferred
during these times. Colder and more productive surface waters charac-
terizes MIS 15.4-2, implying a southward advection of cold and
nutrient-rich surface waters, likely in relation to intensified northerly
winds. Highest productivity during MIS 13 is triggered by the
worldwide-scale MB blooming of G. caribbeanica as well as by intensi-
fied upwelling events. During MIS 11.3, a long lasting warm surface
water phase, during a period of low insolation forcing, is coupled with
intense stratification and significantly reduced productivity within the
photic zone. This pattern likely reflects continuous and enhanced sub-
tropical water advection. Reduced delivery of land-derived nutrients
during high sea level stand could have also been responsible for the sig-
nificantly reduction of surface water productivity. The pattern of wwt
group, here evaluated through a more extended time frame, highlights
that surface water variability during interglacials reflects seasonality,
with intense fluctuations occurring during periods of maximum insola-
tion forcing. Glacial conditions through the investigated record are
traced by the increase of C. pelagicus ssp. pelagicus and G. margereli–G.
muellerae. A more persistent influence of subpolar waters and a south-
ward position of the Polar Front can be inferred during MIS 16, based
on a long-term increase of the subpolar C. pelagicus ssp. pelagicus.
Weak glacial conditions developed during MIS 14, as deduced from
the abundance of the wwt group, in agreement with previous findings.
Superimposed on the orbital variability, coccolithophore records mil-
lennial scale modifications. Our reconstruction provides identification
of 14 stadial-type episodes which are characterized by abrupt and
short-term increases of the subpolar species C. pelagicus spp. pelagicus
and/or of G. margereli G. muellerae N 4 μm, reworked taxa and decreased
coccolithophore productivity. This pattern reflects brief advection of
subpolar waters at the core location, which developed unfavorable sur-
face water conditions for coccolithophore growth. The events are well
comparable with heavy planktonic δ18O values and, interestingly, also
with Ca/Ti minima which may improve suborbital tuning of the site.
Some of the events are also concomitant with depleted benthic δ13C
values, likely in response to the entrance of AABW. This evidence
strengthens the connection between mid-latitude abrupt climate
changes and high frequency variability in northern and southern polar
regions down toMIS 16. Evidences for rapid coolings within interglacial
MIS 15, which are recorded for the first time on the Iberianmargin, sus-
tain the occurrence of intra-interglacial instability likely linked to
Greenland climate instability and temporary reduction in the AMOC.
Most of the overall identified abrupt coolings are well correlated with
Heinrich-type events previously recorded on the Iberian margin as
well as with Heinrich events identified from North Atlantic records
within the Ruddiman IRD belt, thus reinforcing the use of
coccolithophore assemblage analyses for identification of millennial-
scale climate variability related to Northern Hemisphere ice-sheet
instability.
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Appendix A

The ecological behavior of few coccolithophore taxa and their use as
proxy of surface watermodification as adopted in the present paper are
reported below.

A.1. Warm-water taxa

The cumulative abundances of the warm water taxa (wwt group)
Umbilicosphaera sibogae ssp. sibogae and Umbilicosphaera sibogae ssp.
foliosa, Rhabdosphaera clavigera, Calciosolenia spp., Oolithotus spp.
(mostly Oolithotus antillarum), and Umbellosphaera spp., are considered
as warm water proxy at Site U1385. The distinctive increases of the
wwt curve can be considered as indicator of warmer and oligotrophic
surface water as well (McIntyre and Bè, 1967; Winter et al., 1994;
Ziveri et al., 2004; Baumann et al., 2004; Boeckel and Baumann, 2004;
Saavedra-Pellitero et al., 2010; Palumbo et al., 2013). Within this
group, the pattern of Umbellosphaera spp., mainly composed by
Umbellosphaera tenuis and Umbellosphaera irregularis, is also used
to infer well-developed oligotrophic conditions from the surface down
to the middle of the photic zone (Kinkel et al., 2000; Okada and
McIntyre, 1979). High abundances of living Umbellosphaera spp. (up to
70% of the assemblages) were in fact recorded at intermediate depth
(50–100 m) in oligotrophic waters of the equatorial Atlantic (Kinkel
et al., 2000). In particular Umbellosphaera tenuis seems to indicate
lower light intensity surface waters usually between 50 m and 75 m
water depth (Cortes et al., 2001). On the other hand U. irregularis is
considered one of the most oligotrophic coccolithophore species
(Cortes et al., 2001).

A.2. F. profunda

Increased abundances of F. profunda can be considered as proxy of
seasonal stratification, lower surface water productivity, and deep
nutricline (Molfino and McIntyre, 1990a,b; McIntyre and Molfino,
1996; Beaufort et al., 1997; Henriksson, 2000). In addition, this species
is a deep dwelling taxon and because of its minimum temperature
limit of about 10–12 °C (Okada and Honjo, 1973), may also provide
information about conditions near the thermocline.

Increased abundances of the taxon during HE (Colmenero-Hidalgo
et al., 2004) have been related to both high turbidity in the upper photic
zone/decreased light intensity that forced F. profunda to migrate up-
wards (Ahagon et al., 1993) and to stratification in the upper photic
zone and a deepening of the nutricline (Molfino andMcIntyre, 1990a,b).

A.3. C. pelagicus ssp. pelagicus

C. pelagicus ssp. pelagicus is used as a proxy of polar-subpolar melt-
water influx at the site location. The taxon is considered a subarctic
species (Baumann et al., 2000; Geisen et al., 2002) which dwells in
colder condition (Okada and McIntyre, 1979; Winter et al., 1994)
recording prominent increases during Heinrich type events in the
west part of the Iberian margin within MIS 12 (core MD03-2699,
Amore et al., 2012) and within glacials of MB interval (core MD01-
2446, Marino et al., 2014). In surface waters off Western Iberia
(Parente et al., 2004) C. pelagicus ssp. pelagicus co-occurs with
high abundances of Neogloboquarina pachyderma left coiling, a polar–
subpolar taxon (Hemleben et al., 1989; Johannessen et al., 1994), during
Heinrich events of the last 200 kyr, supporting a clear relation with
influx of subpolar water in this mid-latitude North Atlantic region. A
similar pattern of C. pelagicus ssp. pelagicus, showing sharp increases
close to IRD peaks, has been recorded at the northern Atlantic ODP
Site 980 during the mid-Pleistocene (Marino et al., 2011).
A.4. G. margereli–G. muellerae

The higher occurrence of G. margereli–G. muellerae is a proxy of gla-
cial condition since the taxon is a cool-cold surface water indicator, in
agreement with data from many ocean records. Modern G. muellerae
is in fact mainly recorded in the eastern North Atlantic, north of 50°N
and south of the Iceland-Scotland Ridge (10–30°W) (Giraudeau et al.,
2010; Balestra et al., 2010) and it is considered a cold taxon (Weaver
and Pujol, 1988; Samtleben and Bickert, 1990; Bollmann, 1997; Okada
and Wells, 1997; Saavedra-Pellitero et al., 2010; Amore et al., 2012).
G. margereli is the representative gephyrocapsid of transitional
coccolithophore assemblages (Bollmann, 1997). G. margereli–G.
muellerae N 4 μm, which records significant occurrence in MB glacials
starting from MIS 12 in North Atlantic (Marino et al., 2014) and
Mediterranean Sea (Girone et al., 2013), is used as a signal of colder
and low-salinity water influx at the site location possibly linked to
abrupt glacial episodes of iceberg melting.
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