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Expedition 339
Centennial-to-millennial scale records from IODP Site U1387, drilled during IODP Expedition 339 into the Faro
Drift at 558mwater depth, nowallow evaluating the climatic history of the upper core of theMediterraneanOut-
flow (MOW) and of the surface waters in the northern Gulf of Cadiz during the early Pleistocene. This study fo-
cuses on the period fromMarine Isotope Stages (MIS) 29 to 34, i.e. the interval surrounding extreme interglacial
MIS 31. Conditions in the upper MOW reflect obliquity, precession and millennial-scale variations. The benthic
δ18O signal follows obliquity with the exception of an additional, smaller δ18O peak that marks the MIS 32/31
transition. Insolation maxima (precession minima) led to poor ventilation and a sluggish upper MOW core,
whereas insolation minima were associated with enhanced ventilation and often also increased bottom current
velocity.Millennial-scale periods of colder sea-surface temperatures (SST)were associatedwith short-termmax-
ima in flow velocity and better ventilation, reminiscent of conditions known fromMIS 3. A prominent contourite
layer, coinciding with insolation cycle 100, was formed duringMIS 31 and represents one of the few contourites
developingwithin an interglacial period. MIS 31 surfacewater conditions were characterized by an extended pe-
riod (1065–1091 ka) ofwarmSST, but SSTwere notmuchwarmer than duringMIS 33. Interglacial to glacial tran-
sitions experienced 2 to 3 stadial/interstadial cycles, just like their mid-to-late Pleistocene counterparts. Glacial
MIS 30 and 32 recorded periods of extremely cold (b12 °C) SST that in their climatic impact were comparable
with the Heinrich events of the mid and late Pleistocene. Glacial MIS 34, on the other hand, was a relative
warm glacial period off southern Portugal. Overall, surface water and MOW conditions at Site U1387 show a
strong congruence with Mediterranean climate, whereas millennial-scale variations are closely linked to North
Atlantic circulation changes.

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

Within the longer cooling trend starting around 1800 ka (McClymont
et al., 2013), MIS 31, which received the highest intensity summer insola-
tion (567 W/m2) of the last 1800 ky (Laskar et al., 2004), stands out as a
long lasting interglacial period that in many regions experienced surface
water temperatures as warm as late Pleistocene interglacial MIS 5e, 9e
or 11c (Medina-Elizalde and Lea, 2005;McClymont et al., 2008; Lawrence
).
sity, Im Neuenheimer Feld 234,
et al., 2010; Russon et al., 2011). Climate conditionswere also exceptional,
i.e. warmer than present, in the polar regions of the northern (Melles
et al., 2012) and southern hemispheres (Scherer et al., 2008; Naish
et al., 2009; Teitler et al., 2015) with a significantly reduced Antarctic ice
volume (Scherer et al., 2008). Atmospheric carbondioxide concentrations
(Hönisch et al., 2009; Tripati et al., 2009) were comparable with those of
the warm late Pleistocene interglacials supporting the idea that MIS 31
can be included in the pool of interglacial periods to be studied to better
understand interglacial climate diversity (Tzedakis et al., 2009) and to po-
tentially predict the future evolution of the current interglacial period, the
Holocene.

MIS 31 occurred during the early phase of themid-Pleistocene Tran-
sition, which lasted from 1250 to 700 ka (Clark et al., 2006). The mid-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gloplacha.2015.08.015&domain=pdf
http://dx.doi.org/10.1016/j.gloplacha.2015.08.015
mailto:antje.voelker@ipma.pt
http://dx.doi.org/10.1016/j.gloplacha.2015.08.015
http://www.sciencedirect.com/science/journal/09218181
www.elsevier.com/locate/gloplacha


224 A.H.L. Voelker et al. / Global and Planetary Change 133 (2015) 223–237
Pleistocene Transition is associated with a shift, centered around 922±
12 ka (Mudelsee and Schulz, 1997), from a dominant 41 ky (obliquity)
to a 100 ky (eccentricity) climate cycle. Besides obliquity, most early-
to-mid Pleistocene deep-sea records also exhibit climate cycles at the
precession (23 ky) frequency (e.g., Girone et al., 2013; McClymont et al.,
2013). Studies of surface and deep-water properties at centennial-scale
resolution furthermore revealed millennial-scale variability, in particular
during glacial periods (Hodell et al., 2008; Weirauch et al., 2008;
Hernández-Almeida et al., 2012). The millennial-scale cycles (~11 ky;
~5 ky) are interpreted as harmonics of the precessional cycle
(Weirauch et al., 2008; Ferretti et al., 2010; Billups and Scheinwald,
2014). In the Mediterranean Sea, precession plays an important role in
modulating climate because of its influence on the African monsoon sys-
tem. Associated with precession minima (insolation maxima) organic-
rich sapropel layers were formed in particular in the eastern Mediterra-
nean Sea (e.g., Rossignol-Strick, 1985; Emeis et al., 2000). Sapropel forma-
tion is linked to enhanced freshwater fluxes and temperature and salinity
stratification, all of which inhibited convection and led to poor ventilation
and even anoxic conditions in the deeperwater column (e.g., Rohling and
Gieskes, 1989; Emeis et al., 2003; Schmiedl et al., 2003; de Lange et al.,
2008). Reduced convection directly affects the intermediate-to-deep
water masses contributing to the deep outflow from the Mediterranean
Sea that is feeding theMOWin theGulf of Cadiz and a “gap” in Holocene
contourite layers in the Gulf of Cadiz has been linked to the formation of
sapropel 1 (Rogerson et al., 2012). Borehole records of Pliocene sedi-
ments in the Gulf of Cadiz also show a strong response to precession
Fig. 1. (a) Map of the northern Gulf of Cadiz with the positions of IODP Site U1387 and Iberia-Fo
Site U1387. Red arrows mark the flow path of the Gulf of Cadiz Current (GCC) and blue arrows
dicate the estuary of the respective river andG in the lower right corner the location of the Strait
spring to summer (Criado-Aldeanueva et al., 2006; Navarro and Ruiz, 2006). (b)–(d): Hydrogra
with the major water masses indicated: MOW = Mediterranean Outflow water; ENACW =
Figures were made with the Ocean Data View (ODV) software (Schlitzer, 2014).
forcing, here related to rainfall patterns in the southern Spain (Sierro
et al., 2000).

Prior to IODP Expedition 339 paleoceanographic evidence on MOW
variations in the Gulf of Cadiz was limited mainly to the last glacial–in-
terglacial cycle (Sierro et al., 1999; Rogerson et al., 2005; Voelker et al.,
2006; Toucanne et al., 2007), although seismic profiles across the
contourite drifts pointed to MOW activity at least throughout the Qua-
ternary (e.g., Llave et al., 2001; Hernández-Almeida et al., 2012). High-
resolution studies over the last 50 ky revealed that flow velocity of
both MOW cores varied over time and changed synchronously with
the abrupt climate change events in the North Atlantic. Velocity in
both cores increased during the cold climate periods (Greenland
stadials) of MIS 2 and MIS 3 (Llave et al., 2006; Voelker et al., 2006;
Toucanne et al., 2007). On the glacial–interglacial timescale, however,
the upper MOW is perceived to be stronger during interglacial periods
and the lower core during glacial periods (Rogerson et al., 2005; Llave
et al., 2006). To fully assess the spatial and temporal MOW variability
therefore requires a dense set of sedimentary records from different
water depthswithin the Gulf of Cadiz. The recovery of long sediment se-
quences from the contourite drifts formed by theMOWalong the south-
ern Iberian margin during IODP Expedition 339 (Stow et al., 2013;
Hernández-Molina et al., 2014) now allows examining the dynamics
of the different MOW cores on orbital and millennial time-scales. In
the current study we are using sediments from IODP Site U1387
(Fig. 1a) to specifically evaluate the upper MOW's response to climate
change during the early Pleistocene focusing on the glacial–interglacial
rams stations 9 to 12 indicated. Note that Iberia-Forams station 9 has the same location as
the main pathway of the upper MOW towards Site U1387. Guadiana and Guadalquivir in-
of Gibraltar. Capes São Vicente and SantaMaria are regionswhere upwelling occurs during
phic conditions in September 2012 along the Iberia-Forams transect (Voelker et al., 2015)
Eastern North Atlantic Central Water of the subtropical (st) or subpolar (sp) variety.
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cycles of MIS 29 to MIS 34. While single-site data necessarily provides
limited insights into the spatial MOW variability, our data clearly docu-
ments a highly dynamic MOW over this critical time interval, acting in
concert with high and low latitude forcing.
2. Regional and hydrographic setting

IODP Site U1387 (36.8°N; 7.7°W) was drilled with D/V JOIDES Reso-
lution into the Faro drift at a water depth of 559 m (Stow et al., 2013).
Activity of the upper MOW branch, which as Mediterranean undercur-
rent acts like a contour current (Ambar et al., 1999; Bower et al., 2002),
is building up the Faro drift on the middle slope of the southern Portu-
guesemargin since the Pliocene (Roque et al., 2012; Hernández-Molina
et al., 2014).

The MOW, also referred to as Atlantic Mediterranean Water, is the
dominant water mass at intermediate depths in the Gulf of Cadiz. Due
to differential mixing between the warm, saline Mediterranean Water,
exiting from theMediterranean Sea as deep overflow through the Strait
of Gibraltar (main sill depth of 280 m), and the overlying less dense
Eastern North Atlantic Central Water (ENACW), the MOW forms two
branches: an upper core between 500 and 800 m and a more saline,
denser lower core between 1000 and 1400 m (Ambar and Howe,
1979; Baringer and Price, 1997). The upper MOW incorporates a shal-
low, third core with a mean depth of 500 m that can be observed
along the southern Iberian margin (Ambar, 1983; Ambar et al., 2002).
This shallow core was also encountered at the position of Site U1387
during the Iberia-Forams cruise in September 2012 (Fig. 1b–d; Voelker
et al., 2015). Although the water masses contributing to the MOW are
relatively young, oxygen content in theMOW is lower than in the over-
lying ENACW or underlying North Atlantic DeepWater (Fig. 1d; Ambar
et al., 2002; Cabeçadas et al., 2002).

The deep outflow from the Mediterranean Sea consists of varying
degrees of intermediate (Levantine Intermediate Water, LIW) and
deep water masses (Western Mediterranean Deep Water, WMDW;
Tyrrhenian Dense Water) (Kinder and Parrilla, 1987; Candela, 2001;
Millot et al., 2006). Thesewater masses aremostly formed by deep con-
vection in regions such as the southern Adriatic Sea, the southern Aege-
an Sea, the Levantine Basin (all three for LIW) and the Gulf of Lions (for
WMDW), where outbursts of cold, dry air from the European continent
cool the surface waters during winter (Candela, 2001). In the geological
past, however, deep convection and thus ventilation of the deeper
water column was greatly diminished during the periods when
Fig. 2. Correcting the shipboardmeters composite depth (mcd) scalewas done using several pa
data (bottom). Numbers above the ln (Ti/Ca) record indicate the respective Core of Site U1387,
splice. No adjustments were made for compression/extension of sediments at the splice transi
sapropels were formed, in particular in the eastern basin where the
LIW is formed.

The ENACW that is entrained into the MOW in the Gulf of Cadiz can
have two origins. The subpolar variety (ENACWsp), formed by winter
convection in the vicinity of the Rockall Plateau (Brambilla et al., 2008),
is encountered between 250 and 500 m water depth along the western
Iberian margin and clearly marked by a salinity minimum between 450
and 500 m (Fig. 1c; Fiuza et al., 1998; Voelker et al., 2015). The subtrop-
ical ENACWst occupies the depths between 100 and 250mwith a salinity
maximum around 100m (Fig. 1c; Fiuza et al., 1998; Voelker et al., 2015).
This water mass is formed by winter convection along the Azores Front
and advected to the Iberianmargin as subsurface component of the east-
ern Azores Current branch (Rios et al., 1992; Peliz et al., 2005). In the off-
shore region of the Gulf of Cadiz and at water depths closer to the lower
MOWcore remnants of Antarctic IntermediateWater (AAIW) have been
detected (Cabeçadas et al., 2002; Louarn andMorin, 2011; Voelker et al.,
2015), whereas the deepest parts of the basin are filledwithNorth Atlan-
tic Deep Water.

Surface waters in the Gulf of Cadiz, mostly originating from the
North Atlantic's subtropical gyre, are transported by two dominant cur-
rents, the eastern branch of the Azores Current and the Gulf of Cadiz
Slope Current (GCC) (Peliz et al., 2005, 2007; Garcia-Lafuente et al.,
2006). Themeandering Azores Current branch feeds the offshore Atlan-
tic inflow to the Mediterranean Sea, whereas the GCC flows as an open
ocean surface to upper slope current along the southern Iberian margin
from Cape São Vicente towards the Strait of Gibraltar (Peliz et al., 2009).
The GCC is therefore the current directly influencing the location of
IODP Site U1387 (Fig. 1a). During the upwelling season (May–Septem-
ber) the GCC can also advect waters upwelled in the Cape São Vicente
filament. The shape and direction of the highly productive Cape São
Vicente filament are very variable, but its most persistent feature is an
eastward extension along the southern shelf break and slope of
Portugal (Sousa and Bricaud, 1992; Relvas and Barton, 2002). With
westerly winds a local upwelling plume also forms off Cape Santa
Maria (Criado-Aldeanueva et al., 2006; Navarro and Ruiz, 2006), i.e. in
the vicinity of Site U1387 (Fig. 1a), and sometimes high pigment con-
centrations can be observed in a coastal band extending from Cape
São Vicente as far as the Strait of Gibraltar (Sousa and Bricaud, 1992).

3. Material and methods

In the studied interval the shipboard splice joins core sections from
Holes U1387A and U1387B (Expedition 339 Scientists, 2013) (Fig. 2).
rameters including the XRF derived Ti/Ca (top) and Zr/Al (middle) ratios and thewt.% sand
whereas numbers in the lower panel reflect themeters of sediment column added into the
tions what can result in minor offsets between the records.
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For the discrete analyses, the sectionswere sampled at a spacing of 12 to
13 cm, except for sections U1387A-27X-5 to -CC and U1387A-28X-1 to
-4 where the sample resolution was increased to 8 cm. Each sample
Fig. 3. Scanning electron microscope (SEM) pictures of the benthic foraminifer species used to
onym: Cibicidoides pseudoungerianus) in spiral (a–c) and dorsal (d) view. (e)–(h): Planulina ari
derneath each picture. Specimens shown are from Cores U1387A-19X, U1387A-28X and U138
interval had a width of 2 cm yielding a volume of 20 to 30 cm3. At levels
where geochemical analyses were planned, the initial sample was sub-
sampled prior to laboratory treatments. All the Site U1387 data are
generate the stable isotope records of Site U1387. (a)–(d): Cibicidoides pachyderma (syn-
minensis in spiral (e, f) and dorsal (g, h) view. Scales and some SEM settings are given un-
7B-20X.
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publicly available from the PANGAEA Data Center via the parent link
http://doi.pangaea.de/10.1594/PANGAEA.848409. The Iberia-Forams
hydrographic data can be accessed through http://doi.pangaea.de/10.
1594/PANGAEA.831461.

3.1. Sample preparation and grain size analysis

Sample preparation for the foraminifer and grain size studies
followed the established procedures of the Sedimentology and Mi-
cropaleontology Laboratory of the Division for Geology and Marine
Georesources (LSM-DivGM) of IPMA (formerly LNEG). Prior to and
after freeze-drying the samples were weighted to obtain the wet
and dry weights, respectively. The freeze-dried sample was washed
with water through a 63 μm-mesh and the coarse fraction residue
was dried in filter paper at 40 °C and weighted. The weight of the
fraction N63 μm was used to calculate the weight-percent (wt.%) of
the sand in each sample ([weight N 63 μm/dry weight] ∗ 100).

During thewashing the fraction b63 μmwas collected for grain-size
measurements. The grain-size data presented here was obtained on the
total fine fraction following (Flood and Ducassou, submitted; Voelker
et al., 2006). Prior to analysis, the organicmatterwas removed using hy-
drogen peroxide and the excess reagent was then eliminated using a
60 °C warm water bath and by washing the sample with distilled
water through diatom ceramic candles. Prior to the grain-size analysis
in the LSM-DivGM's Micrometrics Sedigraph 5100 each sample was ho-
mogenized by stirring. Values presented reflect the mean grain size of
the total fine fraction (2–63 μm) and are mostly based on two to three
measurements.

3.2. Organic sediment geochemistry parameters

For the determination of the total organic carbon (Corg) and total or-
ganic nitrogen (for C/N) contents of the sediment, aliquots (2 mg) of
dried and homogenized sediments were analyzed in the CHNS-932
LECO elemental analyzer of LNEG's Sedimentology andMicropaleontol-
ogy lab. In a second step, aliquots of those same samples were burnt at
400 °C in an oven (destroying the organic carbon) and then analyzed
again in the LECO elemental analyzer to determine the inorganic carbon
content. Thewt.% organic carbonwas calculated from the difference be-
tween the total and the inorganic carbon concentration. The relative
precision of repeated measurements of both samples and standards
was 0.03 wt.%. The inorganic carbon content obtained from the second
analysis is also used to calculate the sample's carbonate content (see
Section 3.3).

In a sample series of 24 to 25 cm spacing molecular lipid analyses
were performed to obtain total alkenone, n-alkane and n-alcohol con-
centrations and to estimate sea-surface temperatures (SST). After
freeze-drying the samples were prepared following the procedure
outlined in Villanueva et al. (1997). The organic compounds were ex-
tracted 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, derivatized with
bis(trimethylsilyl)trifluoroacetamide. The lipids were analyzed in the
DivGM's VarianGas chromatographModel 3800 equippedwith a septum
programmable injector and a flame ionization detector (Rodrigues et al.,
2011).

Alkenones are photosynthesized by coccolithophores, i.e. haptophytia
algae. The total alkenone concentration is therefore interpreted as an
indicator for phytoplankton productivity. Based on the alkenone
unsaturation index Uk

37′ (Brassell et al., 1986) annual mean SSTs were
calculated using the equation of Müller et al. (1998). The n-alkanes and
n-alcohols are compounds of higher plant leaf waxes and thereby terrig-
enous proxies (Eglinton et al., 1962; Eglinton and Eglinton, 2008). They
are transported to the ocean via river run-off or as aerosols by the wind
(Eglinton and Eglinton, 2008).
3.3. Inorganic sediment geochemistry parameters

The third product of the analyses in the LECO element analyzer is the
sediment's carbonate content. The wt.% carbonate was calculated by
multiplying the inorganic carbon concentrationwith the factor of 8.332.

Down-core records of variations in 31 elements were obtained from
the archive half sections using X-ray fluorescence (XRF) scanning. The
measurements, at a spacing of 3 cm, were done with the AVAATECH
Core Scanner II (Serial No. 2) of theMARUMResearch Center at the Uni-
versity of Bremen (Germany) (Bahr et al., 2014). Prior to scanning the
archive halveswere coveredwith a 4 μm thin SPEXCerti Prep Ultralene1
foil to avoid contamination and dehydration of the sediment. With a
sampling time of 20 s data was collected over a 1.2 cm2 area during
three separate runs using generator settings of 10, 30, and 50 kV, and
currents of 0.2, 1.0, and 1.0 mA, respectively. The data was acquired by
a Canberra X-PIPS Silicon Drift Detector (Model SXD 15C-150-500)
with 150 eVX-ray resolution and the Canberra Digital SpectrumAnalyz-
er DAS 1000. The scanner's Oxford Instruments 50 W XTF5011 X-ray
tube uses rhodium (Rh) as target material. Processing of the raw data
spectra was done with the iterative least square software package
from Canberra Eurisys (Bahr et al., 2014).

In the current studywe are only using the ln(Ti/Ca) and ln(Zr/Al) re-
cords (Fig. 2). As shown by Bahr et al. (2014), the ln(Zr/Al) data can be
used as a semiquantitative indicator for bottom current velocity varia-
tions. The ln(Ti/Ca) record, on the other hand, reflects changes in the
contribution of biogenic (Ca from the calcium carbonate shells of ma-
rine organisms) versus detrital (Ti from heavy minerals) components
to the sediments (e.g., Hodell et al., 2013). The core catcher (CC) section
of Core U1387A-27X was not scanned leading to a 38 cm long data gap
relative to the records based on discrete samples.

3.4. Stable isotope analyses

For the stable isotope analysis in foraminiferal shell carbonate spec-
imens of the selected species were collected from the fraction N250 μm.
For the planktonic foraminifer analyses 8–12 specimens of Globigerina
bulloides were selected. For the benthic foraminifer records data from
the two species Cibicidoides pachyderma and Planulina ariminensis
(Fig. 3) needed to be combined. Both species belong to the epibenthos
group, whereby P. ariminensis prefers an elevated habitat, especially at
water depths within the upper MOW core layer, and C. pachyderma
the bottom nepheloid layer (Schönfeld, 1997; Schönfeld, 2001, 2002).
For each species 2–8 specimens were submitted for analysis.

All G. bulloides and some of the benthic foraminifer samples were
measured in the Finnigan MAT 251 or 252 mass spectrometer that is
coupled to an automated Kiel I carbonate preparation system, at
MARUM (University Bremen, Germany). The mass spectrometers'
long-term precision is ±0.05‰ for δ13C and ±0.07‰ for δ18O based
on repeated analyses of internal (Solnhofen limestone) and external
(NBS-19) carbonate standards. A second series of benthic foraminifer
samples, in particular from the U1387A-27X-5 to U1387A-28X-4 inter-
val, was analyzed at the Geozentrum Nordbayern of the University
Erlangen (Germany). There the samples were measured in the
Gasbench II connected to a ThermoFinnigan Five Plus mass spectrome-
ter after reacting with 103% phosphoric acid at 70 °C. The samples were
always analyzed together with at least the two internal standards,
Solnhofen-2 and Erlangen-5, the latter of which has an isotopic range
similar to the LSVEC standard. Sometimes, LSVEC was included as a
third standard. Analytical reproducibility of all three standards was in
the 1σ range of 0.02–0.04 for δ13C and 0.02–0.08 for δ18O. All values
are reported in permil relative to V-PDB.

According to Marchitto et al. (2014) both, C. pachyderma and P.
ariminensis, precipitate their shell calcite close to equilibrium. The
δ18O values of both species are perceived as indistinguishable and
were therefore not corrected for the current study, even though the par-
allel measurements (Table 1) sometimes revealed δ18O differences

http://dx.doi.org/
http://dx.doi.org/
http://dx.doi.org/


Table 1
Comparison of stable isotope values of C. pachyderma and P. ariminensis.

Sample ID C. pachyderma P. ariminensis δ13C Difference

δ18O δ13C δ18O δ13C

U1387B-20X-4 103 cm 2.67 0.67 2.42 1.18 0.51
U1387B-20X-5 64 cm 2.16 0.75 2.67 1.26 0.51
U1387B-20X-6 77 cm 1.98 0.59 2.05 1.25 0.66
U1387A-21X-1 52 cm 2.60 1.02 2.76 1.31 0.29
U1387B-25X-3 12 cm 2.48 0.98 2.58 1.38 0.40
U1387A-26X-1 91 cm 2.30 0.85 2.25 1.29 0.34
U1387A-27X-2 112 cm 2.34 0.58 2.60 0.89 0.31
U1387A-27X-5 103 cm 2.25 0.80 2.28 1.36 0.46
U1387B-31X-1 114 cm 2.12 0.63 2.11 0.81 0.18
U1387C-11R-7 60 cm 1.62 0.61 1.56 0.98 0.37

Bold values mark those used to define the +0.3‰ correction.
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outside of the 2σ error range. The δ13C values of P. ariminensis reflect
δ13CDIC of the ambient seawater (Keigwin, 2002), whereas δ13C of C.
pachyderma can be offset from δ13CDIC (McCorkle et al., 1997; Rathburn
et al., 1996;Wilson-Finelli et al., 1998). To estimate the potential δ13C off-
set between both species we analyzed them in parallel in several
samples (Table 1). The offset varies between 0.29 and 0.66‰; a
Fig. 4. Comparison of Site U1387 climate records, on c-mcd scale, with the benthic δ18O record o
interglacialMIS are listed below the Site U1308 record)was identifiedbased on the planktonic δ
the First Occurrence (FO) of nannofossil species R. asanoi in Hole U1387A (Expedition 339 Scie
relative large scatter that probably arises from the different environ-
mental preferences of each species (see above). Three of the values
cluster around 0.3‰ (listed in bold in Table 1) and we use this min-
imum value to correct (adding) the C. pachyderma δ13C values to the
P. ariminensis level.

3.5. Corrections to the shipboard splice and mcd-scale

During the course of analyzing the sediment samples of Site U1387 it
became quickly obvious that the shipboard splice based on the physical
properties (Expedition 339 Scientists, 2013) was not correct. A corrected
mcd (c-mcd) scale is therefore being generated for the interval of 170 to
408 mcd of Site U1387 (A. Voelker, unpublished data). The core-to-core
transitions are mainly corrected based on the high-resolution XRF scan-
ning records (Fig. 2) but also take all the other proxy records into ac-
count. Currently, no adjustments are being made for compression or
extension of the sediment column.

The c-mcd scale of the interval presented in this paper already
inherited a correction of +13.49 m until the start of Core U1387B-
26X. For the interval presented in this study the splice has been
corrected in the following way (Fig. 2):

• U1387B-26X to U1387A-27X: add 2.52 m for a transition from
U1387B-26X-7 into U1387A-27X-1
f Site U1308 (top; Hodell et al., 2008). The lower boundary ofMIS 31 (pink bar; numbers of
18O and SST records (middle panels). The blue barmarks thedepth interval associatedwith
ntists, 2013).
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• U1387A-28X to U1387B-28X: add 0.14 m for a transition from
U1387A-28X-5 into 1387B-28X-2

• U1387B-28X to U1387A-29X: add 2.79 m for a transition from
U1387B-28X-CC into U1387A-29X-1.

The latter transition is not ideal based on the sediment parameters
shown in Fig. 2 but has a good fit in the planktonic and benthic stable
isotope records.

Due to poor recovery for Core U1387B-27X, the splice appends
Section U1387A-28X-1 to U1387A-27X-7 (Expedition 339 Scientists,
2013). We are including Section U1387A-27X-CC in this study, but can-
not exclude that some sediment (time) might be missing at this splice
transition (between 1066 and 1067.5 ka).
Fig. 5. Climate records related to upper MOW conditions and age control points. Benthic δ1818O
marking levels used for tuning. (c) Benthic δ13C record with circles marking Planulina ariminen
current velocity, combinedwith June 21st insolation at 37°N (Laskar et al., 2004); (e)mean grain
and wt. percent carbonate (dark blue); and (h) C/N values with the dashed line marking the le
hanced bottom current velocity with the orange bars highlighting major contourite layers. Blu
waters (see Fig. 6). Squares and numbers in the banner on top indicate the respective MIS.
3.6. Age model and sedimentation rates

In general, the benthic and planktonic δ18O records of Site U1387
reveal clear glacial/interglacial cycles (Voelker et al., 2014). In the
interval from MIS 31 to MIS 33, however, three benthic δ18O peaks
were recorded (Fig. 4). The older peak can clearly be attributed
to MIS 33 because of the nannofossil stratigraphic datum of the
First Occurrence of Reticulofenestra asanoi. The depth of this event,
which is recorded in Core U1387A-29X at 257.85–258.57 mbsf
(Expedition 339 Scientists, 2013) (corresponding to 303.00–303.72
c-mcd), coincides with the beginning of MIS 33 (Fig. 4) and thus
fits exactly the event's lower age range as defined by Raffi et al.
(2006). For identifying the beginning of MIS 31 we relied on the plank-
tonic δ18O and SST records assuming that the abrupt amelioration in
record of Site U1308 (a; Hodell et al., 2008) and Site U1387 (b) with arrows in between
sis based values; (d) ln (Zr/Al) record that is reflecting grain size changes and thus bottom
size at b63 μm; (f) weight (wt.) percent of the sand fraction N63 μm; (g) ln (Ti/Ca) (cyan)

vel of 8. Maxima in wt.% sand, mean grain size b63 μm and ln (Zr/Al) reveal periods of en-
e bars mark millennial-scale oscillations in MOW velocity that are linked to colder surface



Fig. 6. Site U1387 paleoclimate records for surface water and hinterland conditions in comparison with the ln (Zr/Al) record (f) as indicator for contourite layers and African dust records
(g). (a) Planktonic (G. bulloides) δ18O; (b) Uk

37′ sea-surface temperatures; (c) total alkenone concentration reflecting coccolithophorid productivity; (d) concentration of terrestrial bio-
markers, n-alkanes (black) and n-alcohols (gray); and (e) weight (wt.) percent of organic carbon. (g) Supply of aeolian hematite by Saharan dust to ODP Site 967 in the easternMediter-
ranean Sea south of Cyprus (Larrasoana et al., 2003) and Saharan dust accumulation rate at ODP Site 659 (off Cape Blanc, NW Africa; Tiedemann et al., 1994). Numbers 1 to 3 in (a) and
(b) indicate the stadial/interstadial cycles during the transitional periods. Pink barsmark intervals associatedwith high plankton productivity (HP). Blue bars and banner on top as in Fig. 5.
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surface water conditions marked the initiation of interglacial climate
conditions, similar to MIS 11 (Rodrigues et al., 2011; Voelker et al.,
2010). Consequently, MIS 31 at Site U1387 incorporates the interval
from 1062 to 1091 ka (Fig. 5, 6), starting 10 ky earlier than defined
by Lisiecki and Raymo (2005) but in agreement with the early
strengthening in the Atlantic Meridional Overturning Circulation
(AMOC) depicted in the high-resolution benthic δ13C record of Site
U1308 (Fig. 7d; Hodell et al., 2008) and with the recently published
stratigraphy of Portuguese margin Site U1385 (Hodell et al., 2015).
The smaller benthic δ18O peak in the middle then belongs to MIS
32 (Figs. 4, 5).

The age model (Table 2) was established by tuning the benthic δ18O
record of Site U1387 to the one of Site U1308 (Hodell et al., 2008) that
has an age model linked to the LR04 stack (Lisiecki and Raymo, 2005).
Primary tuning points were glacial maxima or onsets of transitions (de-
glaciation or glacial inception; Fig. 5a). Afterwards smaller oscillations
were aligned. With this age model the U1387 planktonic and benthic
δ18O records agree well with other records (e.g., U1385: Hodell et al.,
2015; U1314: Hernández-Almeida et al., 2012; Fig. 7a) for the interval
from MIS 30 to MIS 34. Caution should, however, be applied to the
late MIS 29 period where the age model might have to be adjusted
when a final correction becomes available for the splice transition
from Core U1387A-26X into Core U1387B-26X and thus a clear identifi-
cation of the MIS 29/28 boundary.
The sedimentation rates vary between 22 and 91 cm/ky (Table 2)
and agree well with the shipboard estimate of 25 cm/ky as average
Pleistocene sedimentation rate (Expedition 339 Scientists, 2013).
With these rates the presented climate records have a temporal resolu-
tion of 300 to 500 years for the biomarker, organic carbon and carbon-
ate data, of 130 (within MIS 31) to 400 years for the stable isotope and
wt.% sand data and of 40 to 160 years for the XRF-derived ratios.

4. Results

4.1. Stable isotope results

The planktonic and benthic δ18O records show clear glacial–intergla-
cial cycles (Figs. 5b, 6a), although not with the same pattern. In general,
the values of both records are offset by about 1‰. During glacial MIS 32,
however, this difference is greatly reduced and the records nearly con-
verge. As to be expected for a warmer water mass like the MOW, the
benthic δ18O values of Site U1387 are lower (~1‰) than those recorded
at North Atlantic Deep Water sites (such as U1308; Fig. 5a, b).
Millennial-scale variability is also seen in the Site U1387 δ18O records.
Whereas the planktonic record shows such variability during all three
glacial stages (MIS 30, 32, 34), it is pronounced in the upper MOW re-
cord mostly during the transitions from MIS 33 to MIS 32 and MIS 30
to MIS 29 and during MIS 32 itself. Noteworthy here is in particular



Fig. 7. Site U1387 climate variations in context to North Atlantic andMediterranean records. (a) Benthic δ18O of Site U1387, Site U1308 (Hodell et al., 2008) and Site U1314 (Hernández-
Almeida et al., 2012) with the obliquity parameter (dark blue; Laskar et al., 2004) superimposed. (b) U1387 benthic δ13C in comparison with June 21st insolation at 37°N (Laskar et al.,
2004). Filled triangles indicate ages of sapropel (black) and ghost sapropel (gray) layers found in easternMediterranean Sea Sites (Emeis et al., 2000) and open triangles sapropels iden-
tified by Larrasoana et al. (2003) in Site 967. i-96 to i-104 name the insolation cycles. (c) Abundance (%) of benthic foraminifer species indicating low oxygen conditions in the bottom
waters (LIW) at Montalbano Jonico (Girone et al., 2013). (d) Benthic δ13C record of Site U1308 (Hodell et al., 2008) as indicator for North Atlantic Deep Water production and thus
AMOC strength. (e) and (f): parameters for ice-rafted debris reaching North Atlantic Sites U1308 (Si/Sr ratio, Hodell et al., 2008) and U1314 (purple: %IRD, Hernández-Almeida et al.,
2013). The K/Ti record of Site U1314 (Grützner and Higgins, 2010) (e; light purple) reveals changes in the strength of the Iceland–Scotland overflow. Note the reversed scales in
(e) and (f). (g) Site U1387 SST record combinedwith the percentage of heavily encrustedN. pachyderma specimens in the planktonic foraminifer fauna at Site U1314 (Hernández-Almeida
et al., 2013). The encrusted N. pachyderma (s) morphotype is associated with the colder glacial SST and higher sea-ice concentration. Blue bars and CE (cold events) highlight periods of
extremely cold SST at Site U1387. The shorter blue bar and the number 2 in (d) to (g) mark the potential additional stadial event (see Section 5.3). Banner on top as in Fig. 5.x
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the benthic δ18O peak (1088–1096 ka) coinciding with the transition
from MIS 32 into MIS 31 (Fig. 5b).

The benthic δ13C record reveals cyclic variations between high and
low values (Fig. 5c), corresponding with a well and a poorly ventilated
water mass, respectively. Higher values are mostly based on analyses
of the species P. ariminensis—a species that nowadays thrives within
the upper MOW layer (Schönfeld, 2002)—clearly indicating that upper
MOW conditions were recorded at Site U1387. Transitions from a well
into a poorly ventilated state were often abrupt, whereas the reverse
transition was often more gradual (Fig. 5c). Both, however, involved
shifts of ≥0.7‰.

4.2. Properties of contourite layers

The interval fromMIS 29 toMIS 34 includes several contourite layers
(Fig. 5). These layers are clearly marked by the higher percentage of
sand. Bottom current velocity gradually increased, however, already
prior to the wt.% sand maximum as revealed by the ln(Zr/Al) and
mean grain size b63 μm records. The ln(Zr/Al) and mean grain size
b63 μm records show the same trends (Fig. 5d, e), confirming that the
ln(Zr/Al) data is tracking changes in current velocity (Bahr et al.,
2014). Following thewt.% sand peak, i.e. the period of strongest bottom
flow, current velocity often dropped abruptly as shown in all proxy
records.

Also the wt.% carbonate and ln(Ti/Ca), on reverse scale, records fol-
low each other (Fig. 5g) corroborating that the Ti/Ca ratio is reflecting
changes in the relative contribution of biogenic carbonate and detrital
components to the sediments as previously observed by Hodell et al.
(2013) for the southwestern Portuguese margin. Maxima in carbonate
(minima in Ti/Ca) are associatedwith the contourite layers, in particular
thewt.% sandmaxima. This clearly reflects the high concentration of fo-
raminiferal shells and to a lesser extent also ostracods andmollusk shell



Table 2
Age model control points and sedimentation rates.

Sample ID Depth [c-mcd] Age [ky] Sedimentation rate [cm/ky]

U1387A-26X-2 115 cm 267.79 1017.5
U1387B-26X-1 137 cm 271.36 1021.6 87.07
U1387B-26X-3 39.5 cm 273.39 1025.9 47.21
U1387A-27X-1 137 cm 279.59 1032.7 91.18
U1387A-27X-2 63 cm 280.35 1034.5 42.22
U1387A-27X-4 115 cm 283.87 1050.2 22.42
U1387A-27X-5 127.5 cm 285.50 1057.7 21.73
U1387A-28X-1 4 cm 287.86 1067.6 23.84
U1387A-28X-2 96 cm 290.28 1077.0 25.74
U1387A-28X-5 2 cm 293.84 1090.9 25.61
U1387B-28X-4 15 cm 296.91 1097.6 45.82
U1387B-28X-4 135 cm 298.11 1102.8 23.08
U1387B-28X-5 77 cm 299.03 1104.0 76.67
U1387B-28X-5 115 cm 299.41 1105.0 38.00
U1387A-29X-1 12 cm 302.07 1114.8 27.14
U1387A-29X-2 139 cm 303.79 1120.2 31.85
U1387A-29X-3 113 cm 305.03 1123.3 40.00
U1387A-29X-4 87 cm 306.27 1125.2 65.26
U1387A-29X-5 76 cm 307.66 1129.3 33.90
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fragments within these sections of the contourite layers that were asso-
ciatedwith the highest current velocity, in agreementwith previous ob-
servations (Faugères et al., 1984; Sierro et al., 1999). The C/N values
(Fig. 5h) generally exceed 8 and show that the sediment's organic mat-
ter contained a significant contribution of terrestrial organic matter
(Stein, 1991). With the exception of the contourite layer at the end of
MIS 33, C/N values were generally higher during periods of higher cur-
rent velocity (as reflected in the ln (Zr/Al) data).

4.3. Molecular biomarker records

The alkenone-based SSTs (Fig. 6b) reached values of 22.0 to 23.8 °C
during the interglacial periods and minima as cold as 12.8 °C and
11.9 °C during early MIS 30 and MIS 32, respectively. Surface waters
during glacial MIS 34 and late MIS 30 were significantly warmer
(∼18–19 °C). Millennial-scale SST oscillations were recorded during
the transitions from MIS 32 to MIS 31 and fromMIS 31 into MIS 30.

The records of total alkenones, n-alkanes and n-alcohols concentra-
tions show a similar pattern (Fig. 6c, d). Higher values, also of the wt.%
organic carbon (Fig. 6e), are generally associated with interglacial pe-
riods. Three periods with elevated values stand out: 1033–1040 ka,
1084–1090 ka and 1112–1116 ka, all of which coincided with the gla-
cial/interglacial transition and/or the beginning of the interglacial stage.

5. Discussion

5.1. Upper MOW variations on orbital time-scales

Both the benthic δ18O and δ13C records show orbital-scale cycles
with obliquity dominating the δ18O and precession (inverse to insola-
tion) the δ13C signal (Fig. 7). The oddity in the pattern is the smaller
δ18O peak marking the MIS 32/31 transition, which is also detected in
the LIW related benthic δ18O record fromMontalbano Jonico (southern
Italy) (Girone et al., 2013; supplementary Fig. 1). The peak occurred
during an obliquity and precession minimum and thus during a period
of enhanced North African monsoon precipitation and river runoff
(Bosmans et al., 2015b; Tuenter et al., 2003). On the other hand, preces-
sion minima can cause lower summer precipitation in southern Europe
(Bosmans et al., 2015b), conform with the more arid climate at
Montalbano Jonico (Joannin et al., 2008) during the period of the MIS
32/31 peak, and increased wind speeds over the Aegean Sea (Bosmans
et al., 2015a), both of which would be favorable for LIW formation.
Thus LIW formed in the Aegean Sea could be responsible for the δ18O
peak that at Site U1387 was mostly associated with higher benthic
δ13C and ln(Zr/Al) values (Fig. 5c, d) indicating the presence of a well
ventilated, sometimes faster flowing MOW. Nevertheless, more data
are needed to fully understand the origin of this δ18O peak.

The precession forcing of the benthic δ13C record is not unexpected
given the known relationship between insolation maxima and sapropel
formation (lagging the insolation maximum by 3 ky) in the Mediterra-
nean Sea (e.g., Emeis et al., 2000; Schmiedl et al., 2003). At Site U1387,
declines of insolation maxima were associated with low benthic δ13C
values (Fig. 7b) that indicate a poorly ventilated water mass. These pe-
riods, furthermore, coincided with finer sediments (low wt.% sand and
ln(Zr/Al); Fig. 5d, f) pointing to a more sluggish bottom current. A
more sluggish bottom current could indicate either the absence of
MOW above Site U1387 or MOW being less dense and neutrally buoy-
ant already in the vicinity of the Faro Drift. The latter scenario would
agree with Singh et al. (2015) who deduce upper MOW presence at
Site U1387 during the insolation maxima of MIS 5 and MIS 7 from
their benthic foraminifer data.

For insolation cycles i-96 and i-100 the Site U1387 δ13Cminima con-
curred with the formation of sapropel layers in the eastern Mediterra-
nean Sea (Fig. 7b; Emeis et al., 2000; Larrasoana et al., 2003) and with
suboxic conditions at the LIW level (Fig. 7c; Girone et al., 2013). Within
agemodel error bars the same is true for the second δ13Cminimumdur-
ing i-98 (Fig. 7), when a ghost sapropel was observed at ODP Site 967
(Emeis et al., 2000) and low oxygen conditions at Montalbano Jonico
(Girone et al., 2013). During cycle i-102 the Site U1387 shows a clear
lag of the benthic δ13C minimum to the insolation maximum (Fig. 7b).
The minimum also lasted longer than the period of sapropel formation
in the eastern Mediterranean Sea (Emeis et al., 2000; Larrasoana et al.,
2003) that coincided with the onset of the minimum at Site U1387. At
Montalbano Jonico, on the other hand, the top of the sapropel was
dated to 1088 ka and the benthic foraminifers recorded variable, but al-
ways low oxygen conditions at the LIW level throughout the whole pe-
riod of the δ13C minimum at Site U1387 (Fig. 7b; Girone et al., 2013).
Thus also this minimum can clearly be linked to Mediterranean Sea
conditions.

The situation is slightly different for i-cycle 104 when the benthic
minimum and insolation maximum concurred and thus mostly preced-
ed the eastern Mediterranean sapropel layer and the peak in LIW low
oxygen conditions (Fig. 7). This periodwas associatedwith an insolation
maximum (precession minimum) and obliquity maximum, both of
which lead to more northward penetrating, enhanced precipitation by
the AfricanMonsoon (Bosmans et al., 2015a; Tuenter et al., 2003). Inso-
lation maxima (not only during i-104) caused heavy precipitation and
thus increased river run-off also in southern Iberia (Joannin et al.,
2011; Sierro et al., 2000), so that the Site U1387 δ13C data might have
picked-up a signal originating more from the western than the eastern
Mediterranean Sea or even a more local one during cycle i-104. A local
signal could be ENACWsp temporarily replacing MOW as bottom
water mass keeping in mind that nowadays the upper MOW core is
only 50–60 m thick above Site U1387 (Fig. 1). The observed benthic
δ13C values of less than 0.6‰, which are in the modern δ13CDIC (DIC =
dissolved inorganic carbon) range for the ENACWsp along the western
Iberian margin (A. Voelker, unpublished data), would support such a
scenario. However, the downhole logging and core gamma-ray records
of the Exp. 339 Sites recorded a strong contribution of river-transported
clays to the sediments during insolationmaxima (Lofi et al., submitted).
The Site U1387 C/N data also indicates advection of terrestrial material
(Fig. 5h). The estuaries of the Guadiana and Guadalquivir rivers, the
two prominent rivers in the region, are located to the east of Site
U1387 (Fig. 1a). Nowadays the onlywatermassflowing in east–west di-
rection in the Gulf of Cadiz that could transport the clays from the estu-
aries to Site U1387 is the MOW. Consequently, an upper MOW branch
must have existed and influenced Site U1387 during any of the insola-
tion maxima, although we cannot exclude that the benthic δ13C signal
contains a strong ENACWsp contribution. A higher ENACW contribution
wouldmake theMOWwaters less dense (Price and Baringer, 1994) and
thus potentially neutrally buoyant already in the vicinity of the Faro
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Drift rather than near Cape São Vicente where the MOW undercurrent
becomes buoyant today. In the future, combining hydrographic and
sedimentological evidence from the different Sites drilled during Expe-
dition 339 will allow better evaluating, if periods existed when the
upper MOWmight not have bathed the Faro Drift due to lateral or ver-
tical displacement.

A well-ventilated and often fast flowing upper MOW (Fig. 5), on
the other hand, marks insolation minima and the transition into
the subsequent insolation maximum (Fig. 7b). The relationship be-
tween δ13C and insolation is independent of glacial/interglacial back-
ground climate conditions, so that periods of enhanced ventilation
occurred during interglacial, glacial and transitional periods. Veloci-
ty increases, on the other hand, varied significantly between insola-
tion minima, but were always associated with higher benthic δ13C
values (Fig. 5). Some of the signals observed at Site U1387 must be
related to conditions in the LIW because the Corsica margin record
revealed that LIW velocity and ventilation increased during all MIS
5 transitions from insolation minimum to maximum (Toucanne
et al., 2012).

The most prominent contourite layer of the studied interval is the
one emplaced duringMIS 31when current velocity increased gradually,
as clearly depicted by the mean gain size and ln(Zr/Al) records, until it
culminated in the sandiest part of the contourite, i.e. the one associated
with highest bottom current velocity (Fig. 5). The timing of this layer co-
incidedwith the period of highest insolation during the last 1135 ky, i.e.
i-cycle 100 (Fig. 7b), which appears to have influenced the intensity of
the MOW velocity increase. This contourite layer is one of the few
being formed during an interglacial period. A second interglacial
contourite layer, which can now be included in the group of contourites
related to low insolation forcing, is the youngest one that developed
during the mid-Holocene (Llave et al., 2006; Toucanne et al., 2007;
Voelker et al., 2006).

Within MIS 31 occurred a second distinct contourite layer, but this
one coincided with the glacial inception of and transition into MIS 30
and represents a layer incorporating orbital and millennial-scale MOW
oscillations (see Section 5.2). Another period of such mixed forcing of
MOW velocity correlates with the transition into MIS 32 and most of
MIS 32 when benthic δ13C remained high for a long period and MOW
velocity was slightly increased throughout (Fig. 5). Short-termed maxi-
ma in MOW velocity responded, however, to millennial-scale forcing
(see Section 5.2). MIS 34 is a similar, but more extreme case because
of the strong millennial-scale overprinting on the insolation minimum
related benthic δ13C high (Fig. 5).

Conditions during the lateMIS 30 insolationminimum represent the
third mode. Benthic δ13C values increased with the transition into the
insolation minimum, but there was no response in MOW velocity with
the ln(Zr/Al) and wt.% sand values even indicating a sluggish current
(Fig. 5d). MOW velocity only increased in response to millennial-scale
oscillations during the transition from the glacial maximum into MIS
29. Themore sluggish upper MOWduring glacial MIS 30 in comparison
to MIS 32 andMIS 34might be linked to the extended period of a lower
sea level duringMIS 30 (as for example reflected in the benthic δ18O re-
cord of Site U1308; Fig. 7a) than during the older glacial periods. This
could have led to conditions more similar to MIS 2 when a denser
MOW settled deeper in the water column, so that upper MOW circula-
tion became sluggish and lower MOW velocity was enhanced (Llave
et al., 2006; Rogerson et al., 2005; Voelker et al., 2006).

5.2. Upper MOW responses to millennial-scale climate change

Superimposed on the orbital-scale changes in upper MOW condi-
tions aremillennial-scale variations, i.e. short-term periodswhen veloc-
ity was enhanced as indicated by the ln(Zr/Al) andwt.% sand data (blue
bars in Fig. 5). These increases in MOW velocity occurred 1) within in-
terglacial MIS 33 and MIS 29; 2) during the stadial periods of the
stadial/interstadial cycles marking the transitions from MIS 33 to MIS
32 and MIS 31 to MIS 30, respectively (see also Section 5.3); 3) during
intervals of glacial MIS 32 and late MIS 30; and 4) during the glacial/in-
terglacial transitions for MIS 32 to MIS 31 andMIS 30 toMIS 29, respec-
tively.Whereas the general background state of the climatemight differ
during these periods, all enhanced circulation events have in common
that the upper MOW was well ventilated (Fig. 5c) and that they oc-
curred during periods of colder SST at Site U1387 (Fig. 6a, b). The rela-
tionship between cold surface waters and better MOW ventilation also
holds for the extreme cold events duringMIS 30 andMIS 32 (see Section
5.4) but only during the latter did velocity increase as well. The MIS 30
event even interrupts the period of poor ventilation related to the inso-
lationmaximum (Fig. 7). Flow velocity increases of the upper and lower
MOW cores during North Atlantic ice-rafting events and/or Greenland
stadials are well known from the last glacial cycle (Llave et al., 2006;
Toucanne et al., 2007; Voelker et al., 2006) and have recently also
been described for late MIS 6 and MIS 7 (Bahr et al., 2014; Singh et al.,
2015). Voelker et al. (2006) linked these events to periods of enhanced
deep convection in the western Mediterranean Sea and more recently,
Toucanne et al. (2012) showed that better ventilation and faster flow
also occurred at the level of the LIW in the western Mediterranean
Sea. So both, WMDW and LIW, likely contributed to the same climatic
response during the early Pleistocene events. Furthermore, Rogerson
et al. (2012) estimated that buoyancy loss in the Strait of Gibraltar ex-
change and the interaction between MOW and eastern North Atlantic
water masses also played a role. Especially the latter process might be
linked to the intra-interglacial millennial-scale velocity increases that
are observed for the first time.

5.3. Surface water conditions during interglacial periods and their demise

Although MIS 31 is sometimes described as a “super interglacial”
(Melles et al., 2012) and inmany records iswarmer than the neighboring
interglacial stages, MIS 31 is not standing out in the U1387 record. In the
subtropical realm of the northern Gulf of Cadiz, MIS 31 andMIS 33 show
a very similar SST record, not only in absolute values but also in shape
(Fig. 6b). Both interglacials were associated with a long “plateau” of
warm and relative stable SST, similar to what was recorded off the west-
ern Iberian margin during mid-Pleistocene interglacial MIS 11 and MIS
13 (Rodrigues et al., 2011). During MIS 31 SSTs remained above 21 °C
for the whole interval from 1065 to 1091 ka, i.e. over both insolation
maxima (Fig. 7), giving it a duration of 26 ky, just as long as MIS 11
and MIS 13a (both 27 ky; Tzedakis et al., 2012). The MIS 33 SST plateau
(≥20.5 °C) lasted from 1100 to 1118 ka and extended across the glacial
inception ofMIS 32. Restricted to the interglacial interval the SST plateau
had a duration of 14 ky, putting it into the same category as MIS 5e
(Tzedakis et al., 2012). The abrupt transition from glacial to interglacial
SST observed for MIS 31 andMIS 33 as well as the millennial-scale oscil-
lations during the transition fromMIS 31 into MIS 30 also mirror condi-
tions observed on the western Iberian margin for MIS 11 (Martrat et al.,
2007; Rodrigues et al., 2011). DuringMIS 29, on the other hand,maximal
SST values were about 2 °C colder (Fig. 6) and at a level similar to MIS 1
(Cacho et al., 2001). In contrast to the SST data, the G. bulloides δ18O re-
cord of Site U1387 shows relative stable conditions only during MIS 31,
whereas both MIS 29 and MIS 33 recorded excursions to higher δ18O
values (Fig. 6a) that might be linked to upwelling (colder temperatures)
and/or salinity variations.

For placing the Site U1387 surfacewater signals into awider regional
context only a few records are currently available (Supplementary
Fig. 2). Surface waters at Site U1387 and ODP Site 1058 (31.7°N
75.5°W), from opposite sides of the North Atlantic basin, are linked
through the Azores Current as previously shown by Voelker et al.
(2010) for MIS 11 and MIS 13. During the early mid-Pleistocene Transi-
tion, however, the Gulf Stream planktonic δ18O record of Site 1058
(Weirauch et al., 2008) shows more variability than seen at the Portu-
guese margin, in particular during MIS 31 that is three-phased at Site
1058 and therefore more similar to Site U1387's benthic δ18O record.



234 A.H.L. Voelker et al. / Global and Planetary Change 133 (2015) 223–237
The surface water signals at Site U1387, likewise Site U1385 (Hodell
et al., 2015), agree much more with conditions recorded along the
North Atlantic Drift (DSDP Site 607: Lawrence et al., 2010/IODP Site
U1313: Naafs et al., 2013) and its northern branch, the Irminger Current
(IODP Site U1305: Hillaire-Marcel et al., 2011) (Supplementary Fig. 2).
The strong correspondence of U1387 signals with North Atlantic Drift
waters raises the question if during the early Pleistocene surface waters
advected southward with the Portugal Current might have played a
more dominant role on the Portuguesemargin than those advected east-
ward with the Azores Current.

The Site U1387 records also agree well with Mediterranean Sea
climate conditions. At Montalbano Jonico (Girone et al., 2013;
Maiorano et al., 2010), warm surface waters mark MIS 31 with the in-
crease in subtropical to tropical planktonic foraminifer species being
nearly synchronous with the start of the SST plateau at Site U1387
(Supplementary Fig. 1). Furthermore, Mediterranean pollen records
(Tenaghi Philippon: Tzedakis et al., 2006, Supplementary Fig. 2;
Montalbano Jonico: Joannin et al., 2008; ODP Site 976, Alboran Sea:
Joannin et al., 2011) recorded a long period with arboreal/ warm-
temperate vegetation that is contemporary with the Site U1387 MIS
31 SST plateau. The Tenaghi Philippon pollen records also show a MIS
33 arboreal period synchronous with the U1387 SST maximum.

The demise of interglacialMIS 33 andMIS 31 ismarked by stadial/in-
terstadial oscillations, respectively, similar to those observed for mid-
to-late Pleistocene interglacials such as MIS 13, MIS 11 and MIS 5
(e.g., Martrat et al., 2007; Rodrigues et al., 2011; Voelker et al., 2010).
During the transition fromMIS 33 toMIS 32 two stadial/interstadial cy-
cles were recorded (more strongly in δ18O G. bulloides than SST; Fig. 6a,
b), whereas the MIS 31 to MIS 30 transition experienced at least three
oscillations. The second stadial/interstadial cycle of the latter transition
could also be divided into two cycles because the small cooling seen in
the interstadial SST record (but not G. bulloides δ18O; Fig. 6) coincided
with deteriorating oceanographic conditions in the subpolar North At-
lantic (Fig. 7f, g; Grützner and Higgins, 2010; Hernández-Almeida
et al., 2013). In the Gulf of Cadiz, theMIS 31/30 stadials recorded colder
SST than theirMIS 33/32 counterparts (Fig. 6b), which is probably relat-
ed to the respective background state of the North Atlantic thermoha-
line circulation. The MIS 31 to MIS 30 transition occurred during a
period of gradual AMOC slowdown as indicated by the decrease in the
Iceland–Scotland Overflow strength at Site U1314 (Fig. 7f; Grützner
and Higgins, 2010) and in the benthic δ13C values at Site U1308
(Fig. 7d; Hodell et al., 2008), whereas no such signals are seen for the
MIS 33/32 interval.

5.4. Glacial surface water variations

Climate conditions during the three glacial stages in the Site U1387
record differed from one to the other (Fig. 6). MIS 30 and MIS 32 both
recorded extreme cold episodes, whereas MIS 34, as also seen in other
Mediterranean records (Girone et al., 2013; Tzedakis et al., 2006), was
a relativewarmglacial period. In contrast, the high latitude North Atlan-
tic (e.g., IODP Site U1308: Hodell et al., 2008) recorded several ice-
rafting events (Fig. 7d) and a strong reduction in the AMOC (Fig. 7e)
during MIS 34 with only the pronounced ice-rafting event at the end
of MIS 34 leading to a prolonged cooling in the Gulf of Cadiz (Fig. 7d,
g). Thus, surface water conditions in the Gulf of Cadiz reveal a strong
subtropical water influence and point to a more northern Polar Front
position off the Iberianmargin, i.e. conditions similar to those previous-
ly observed during MIS 14 (Rodrigues et al., 2011; Voelker et al., 2010),
MIS 6 (Voelker and de Abreu, 2011) and some of the cold events of MIS
2 andMIS 3 (Salgueiro et al., 2014; Salgueiro et al., 2010; Voelker and de
Abreu, 2011).

The coldest SST at Site U1387 occurred during MIS 32 when SST
remained near or below 14 °C for a 3 ky period that marked the end of
the MIS 33/32 stadial/interstadial oscillations (Fig. 6b). These SST are
≥1 °C colder than the SST recorded during Heinrich Stadial 1 in the
Gulf of Cadiz (Cacho et al., 2001) indicating that conditions during this
period were more extreme and the Polar Front located far to the south
(at least in the eastern North Atlantic). Surface-water cooling spreading
from the high-latitude (Hodell et al., 2008; Toucanne et al., 2009) to the
mid-latitude North Atlantic (Naafs et al., 2013; Hodell et al., 2015) and
into the central Mediterranean Sea (Girone et al., 2013) and being con-
temporary with increased dust flux and aridity in the eastern Mediter-
ranean (Fig. 6g, Larrasoana et al., 2003; Tzedakis et al., 2006,
Supplementary Fig. 2) make the MIS 32 conditions comparable to the
extremely cold Heinrich ice-rafting episodes recorded on the western
Iberian margin during MIS 8, MIS 10 and MIS 12 (Martrat et al., 2007;
Rodrigues et al., 2011; Voelker and de Abreu, 2011). A similar event oc-
curred during MIS 30 (see below). At Site U1387, the transitions into
and out of the MIS 32 extreme stadial event were abrupt indicating
that the timing of the southward advance and northward retreat of
the position of the Polar Front was comparable with the one observed
for middle to late Pleistocene cooling events (Martrat et al., 2007;
Rodrigues et al., 2011; Voelker and de Abreu, 2011; Voelker et al.,
2010). After the initial warming, SST conditions in the Gulf of Cadiz
remained, however, unstablewith a stepwise transition to the full inter-
glacial level (Figs. 6a, b; 7g), potentially linked to the AMOC strength
variability depicted in the Site U1308 benthic δ13C data (Fig. 7d;
Hodell et al., 2008).

Similar to MIS 32, the stadial/interstadial oscillations during the MIS
31/30 transition culminated in an about 4 ky lasting, extreme stadial
event (Fig. 6b) that was also chronicled at Site U1385 (Hodell et al.,
2015). Like its MIS 32 counterpart, the event was associated with
major surface-water cooling and deposition of ice-rafted debris in the
high and mid-latitude North Atlantic (Fig. 7e, f; Hernández-Almeida
et al., 2012; Hernández-Almeida et al., 2013; Hodell et al., 2008;
Toucanne et al., 2009) as well as a cool and arid Mediterranean climate
(Girone et al., 2013; Joannin et al., 2011) and increased Saharan dust
flux off NW Africa (Fig. 6g; Tiedemann et al., 1994). Interestingly, both
cold events recorded a short period of slightlywarmer SST in themiddle
(Fig. 6b), which for the MIS 30 event is also seen in the Site U1313 re-
cord (Supplementary Fig. 2; Naafs et al., 2013). In the Gulf of Cadiz,
such oscillations were already observed during Heinrich stadials 1 and
4 of the last glacial cycle (Voelker et al., 2006) and attributed to short-
term shifts in the latitudinal position of the Polar Front.

During MIS 30 the extreme stadial event was followed by a 8 ky long
period of relative warm surface waters, also evident in the Site U1385
planktonic δ18O record (Hodell et al., 2015), when SSTs were at a level
similar to the MIS 31/30 interstadials and the middle of MIS 34 (Fig. 6b)
revealing subtropical water influence. This warm period is observed in
all locations influenced by Gulf Stream (Site 1058: Weirauch et al.,
2008) and North Atlantic Drift waters (Sites 607/U1313: Lawrence et al.,
2010; Naafs et al., 2013; Site U1314: Hernández-Almeida et al., 2012)
but following modern oceanographic conditions the subtropical waters
in the Gulf of Cadiz likely originated from the Azores Current. The end
ofMIS 30wasmarked by slightly colder SST andmore variable planktonic
δ18O values pointing to less stable surfacewater conditions thatwere par-
tially produced by the return of colder, iceberg-carrying surface waters to
the subpolar North Atlantic (Fig. 7f, g; Hernández-Almeida et al., 2012).

5.5. High plankton productivity periods

At Site U1387 the total alkenone andwt.% organic carbon records in-
dicate three periods of increased (phyto)plankton productivity, two of
which occurred during the early phases of the respective interglacial
stage and the third during late glacial MIS 30 (Fig. 6). Nowadays, in-
creased productivity in this region is associated either with westerlies
inducing upwelling off Cape SantaMaria (Fig. 1a) or with stratified con-
ditions during April to October (Navarro and Ruiz, 2006). Both are con-
comitant with lower SST (Navarro and Ruiz, 2006), in agreement with
the Site U1387 SST record, especially during MIS 31 when the initial
warming is followed by a period of slightly colder SST coinciding with
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the higher productivity (Fig. 6). At Site U1387 these intervals also re-
corded higher concentrations of terrestrial biomarkers (Fig. 6d) and ter-
restrial organic matter (higher C/N values; Fig. 5h) that could have been
transported with the westerlies to the Site and would thus corroborate
upwelled nutrients as source for the increased productivity. Enhanced
productivity and increasedwind strength, inferred from the higher con-
centrations of terrestrial biomarkers, at the beginning of an interglacial
stage was already observed in the western Iberian upwelling system
during MIS 9, MIS 11 and MIS 13 (Rodrigues et al., 2011). On the other
hand, the supply of terrestrial matter and nutrients supporting in-
creased productivity could come from river run-off, in particular from
the Guadiana and Guadalquivir Rivers (Fig. 1a). At present, nutrients
provided by a higher discharge from the Guadalquivir River mostly af-
fect the shelf waters north of the Huelva front and do not reach Site
U1387 (Navarro and Ruiz, 2006), but this could have been different in
thepast. The earlyMIS 33 andMIS 31productivitymaximaoccurred dur-
ing insolation maxima that in southern Iberia are associated with in-
creased rainfall and subsequently river discharge (Sierro et al., 2000).
Higher precipitation during early MIS 31 is supported by the ODP Site
976 pollen record (Joannin et al., 2011), so that the interglacial produc-
tivitymaxima at Site U1387 could result from a combination of nutrients
provided by river discharge aswell as upwelling. The lateMIS 30 produc-
tivity increase, on the other hand, is probably more upwelling-related
(wind-driven) because precipitation during this interval was low
(Joannin et al., 2011), but Saharan dust flux was still high (Fig. 6g;
Larrasoana et al., 2003; Tiedemann et al., 1994).
6. Conclusions

The early Pleistocene climate records of IODP Site U1387 revealed
that the history of the upper MOW encompasses a complex interplay
of orbital and millennial-scale forcing. Precession (insolation) forcing
on MOW ventilation is now clearly established, not only by this study
but also for other Expedition 339 Sites and time periods (e.g., Lebreiro
et al., submitted; Singh et al., 2015). The impacts of insolation maxima
(minima) were independent of glacial and interglacial climate condi-
tions and mostly related to Mediterranean climate conditions as clearly
demonstrated by the coincidence of sapropel layers in the easternMed-
iterranean Sea and poor ventilation in the upper MOW. However,
whereas insolation maxima always caused a sluggish upper MOW cur-
rent, insolation minima vice versa did not necessarily lead to increases
in MOW velocity. During the glacial MIS 30 insolation minimum
upper MOW circulation remained sluggish revealing that background
climate conditions effected velocity as well. Colder SST during
millennial-scale climate oscillations, on the other hand, always led to
short-termmaxima in MOW velocity, in agreement with previous find-
ings from the last glacial/interglacial cycle (Bahr et al., 2014; Llave et al.,
2006; Toucanne et al., 2007; Voelker et al., 2006) and highlighting the
important interplay between North Atlantic water masses and MOW
(Rogerson et al., 2012).

In the northern Gulf of Cadiz interglacial MIS 31 was not associated
with exceptionally warmer SST, although SSTs were about 2 °C warmer
than during the Holocene. This interglacial period, however, stands out
as a 26 ky-long interval of warm surface waters and for the develop-
ment of a prominent contourite layer during insolation cycle i-100,
one of the few contourite layers formed under interglacial climate con-
ditions. Transitions into and out of the interglacial period were marked
by millennial-scale SST oscillation making the surface water evolution
duringMIS 31 amirror image of MIS 11 as recorded on thewestern Ibe-
rianmargin (Rodrigues et al., 2011), even though orbital forcing differed
between these two interglacial periods.

The early Pleistocene surface waters moreover experienced two pe-
riods of extremely cold SST that in their duration and climatic impact
were comparable with the Heinrich events of themiddle to late Pleisto-
cene. These cold events were caused by conditions in the North Atlantic
illustrating that also during the early Pleistocene the Polar Frontwas pe-
riodically pushed southward into the mid-latitudes.

Hydrographic conditions at Site U1387 revealed influences from
Mediterranean and North Atlantic climates and that no glacial or inter-
glacial period experienced the same conditions, in particular in regard
to MOW velocity changes and thus the potential of forming contourite
layers. It remains to be seen in the future if some of the climatic patterns
observed during the MIS 29–34 interval also occurred during younger
and older glacial/interglacial cycles, potentially independent of the
dominant orbital cycle. Furthermore, data from the other Expedition
339 Sites underMOW influence are needed to verify if a sluggishbottom
current at Site U1387 was related to MOW conditions or the replace-
ment of MOW by ENACW.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gloplacha.2015.08.015.
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