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[1] The surface water hydrography along the western Iberian margin, as part of the North Atlantic’s eastern
boundary upwelling system, consists of a complex, seasonally variable system of equatorward and
poleward surface and subsurface currents and seasonal upwelling. Not much information exists to ascertain
if the modern current and productivity patterns subsisted under glacial climate conditions, such as during
marine isotope stage (MIS) 2, and how North Atlantic meltwater events, especially Heinrich events,
affected them. To help answer these questions we are combining stable isotope records of surface to
subsurface dwelling planktonic foraminifer species with sea surface temperature and export productivity
data for four cores distributed along the western and southwestern Iberian margin (MD95-2040, MD95-
2041, MD99-2336, and MD99-2339). The records reveals that with the exception of the Heinrich events
and Greenland Stadial (GS) 4 hydrographic conditions along the western Iberian margin were not much
different from the present. During the Last Glacial Maximum (LGM), subtropical surface and subsurface
waters penetrated poleward to at least 40.6�N (site MD95-2040). Export productivity was, in general, high
on the western margin during the LGM and low in the central Gulf of Cadiz, in agreement with the modern
situation. During the Heinrich events and GS 4, on the other hand, productivity was high in the Gulf of
Cadiz and suppressed in the upwelling regions along the western margin where a strong halocline inhibited
upwelling. Heinrich event 1 had the strongest impact on the hydrography and productivity off Iberia and
was the only period when subarctic surface waters were recorded in the central Gulf of Cadiz. South of
Lisbon (39�N), the impact of the other Heinrich events was diminished, and not all of them led to a
significant cooling in the surface waters. Thus, climatic impacts of Heinrich events highly varied with
latitude and the prevailing hydrographic conditions in this region.
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1. Introduction

[2] Because of the high productivity in their up-
welling plumes and filaments eastern boundary
systems play an important role in regulating atmo-
spheric greenhouse gas concentrations by seques-
tering carbon and exporting it to the sediment
[Berger et al., 1989]. The western Iberian margin
is the northernmost section of the NW African/
Canary/Iberian upwelling system. Because the Ibe-
rian Peninsula extends up to 43.5�N it is also within
the latitudes in which melting icebergs deposited
their debris during glacial times [Ruddiman, 1977;
Hemming, 2004]. The major ice-rafting events
during the last glacial cycle were the Heinrich
events [Heinrich, 1988; Bond et al., 1992] that
caused abrupt and strong drops in sea surface
temperature (SST) on the Portuguese margin [Bard
et al., 2000; de Abreu et al., 2003; Salgueiro et al.,
2009] and enabled the Polar Front to advance into
these latitudes [Eynaud et al., 2009]. Due to the
freshwater capping in the North Atlantic’s deep
convection areas these events had also a strong
impact on the Atlantic Meridional Overturning
Circulation (AMOC) leading to a significant re-
duction or even shutdown [Zahn et al., 1997;
Schönfeld et al., 2003; McManus et al., 2004].
The changes in AMOC strength had also conse-
quences for surface water productivity leading to a
50% reduction of the plankton stock, in agreement
with observations by Nave et al. [2007]. This was
caused by the shoaling of the winter mixed layer
and its separation from the nutrient-rich deeper
waters by the strong halocline in the open North
Atlantic [Schmittner, 2005]. For the Iberian up-
welling system the model results of Schmittner
[2005] indicate, on the other hand, increased pro-
ductivity along with the spin down of the AMOC
linked to stronger upwelling of nutrient-rich sub-
surface waters. Since paleorecords indicate the

presence of melting icebergs and thus most likely
also the establishment of a strong halocline for the
Portuguese margin [Bard et al., 2000; de Abreu et
al., 2003] a paleoproductivity increase, as pre-
dicted by Schmittner [2005], needs to be proven.

[3] During the Last Glacial Maximum (LGM; 19–
23 cal ka BP following [Mix et al., 2001]), the
prevailing winds caused stronger and persistent
upwelling and thus increased productivity in the
upwelling systems off Portugal and NW Africa
[Sarnthein et al., 1988; Abrantes, 1991, 1992;
Pailler and Bard, 2002]. Based on the recent
SST reconstruction for the LGM [MARGO Project
Members, 2009] SSTs off Portugal were 2–4�C
colder during summer and south of about 40�N
also during winter, while north of this latitude
cooling during winter was stronger (4–6�C). In
general, SST dropped more in the North Atlantic’s
eastern than western basin [MARGO Project
Members, 2009]. Although the GLAMAP project
used a slightly different time slice definition, the
amount of cooling was in a similar range with a
pronounced temperature gradient between 40 and
45�N [Pflaumann et al., 2003]. Nevertheless, the
Polar Front was always located north of the Iberian
Peninsula during the LGM [Pflaumann et al.,
2003; Eynaud et al., 2009]. South of the Peninsula
the Azores Front, which today marks the northern
boundary of the subtropical gyre per se, extended
eastward into the Gulf of Cadiz [Rogerson et al.,
2004] allowing subtropical surface waters to access
the nearshore region off Portugal [Eynaud et al.,
2009]. Understanding the hydrographic conditions
during the LGM is essential because the LGM is
one of the case studies used for data-model com-
parison and thus in evaluating the robustness of
climate models [Kageyama et al., 2006; Braconnot
et al., 2007; Otto-Bliesner et al., 2007]. With the
tendency of nesting regional climate models into
global models to better understand regional
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responses to and impacts of glacial climate changes
[Kjellström et al., 2009; E. Kjellström et al., Simu-
lated climate conditions in Europe during a MIS 3
stadial, submitted to Boreas, 2009], it becomes even
more important to refine regional paleoclimate
reconstructions. More recently, Flückiger et al.
[2008] showed that the strength of regional climate
response is even dependent on the season with
winter temperature changes being the dominant
factor in the North Atlantic region.

[4] Here we use data from four core sites covering
the latitudes from 40.6 to 35.8�N and modern
hydrographic conditions ranging from the seasonal
upwelling regime along the western margin to the
oligotrophic Gulf of Cadiz to reconstruct hydro-
graphic and productivity conditions during the
interval from 31 to 13 calendar (cal) ka BP. Proxy
data employed in this study is a suite of planktonic
foraminifer stable isotope records combined with
SST and export productivity estimates. The selected
time interval encompasses the LGM and Heinrich
events 1 to 3 allowing us to evaluate how boundary
conditions during these specific periods affected
the structure of the upper water column, whether
the response among the Heinrich events differed,
and how productivity changed due to the prevailing
hydrographic conditions. Special attention was
paid to conditions in the subsurface layer because
(1) the subsurface waters are the nutrient source
sustaining productivity either by upwelling or by
deep winter mixing and (2) little is known about
them and their potential flow direction, so that they
were disregarded in the interpretation of climate
models.

2. Hydrographic Settings

[5] The western Iberian seas are characterized by a
typical eastern boundary current system with cur-
rents and counter currents that shape the margin’s
hydrography during the different seasons. In addi-
tion, the western and southern coasts are affected
by upwelling typically from late May/early June to
late September/early October [Haynes et al., 1993].
Two currents, the Portugal Current (PC) per se and
the Azores Current (AzC), both of which are
branches of the Gulf Stream/North Atlantic Current
system, dominate the large-scale circulation off the
western Iberian Peninsula.

[6] The PC is the major part of the Portugal current
system, which consists of the PC per se in the open
ocean and the Portugal Coastal Current (PCC)
along the slope. The PC advects surface and

subsurface waters slowly southward [Perez et al.,
2001; van Aken, 2001] and is centered west of
10�W in winter (Figure 1a [Peliz et al., 2005]). The
subsurface component of the PC is the Eastern
North Atlantic Central Water (ENACW) of subpolar
(sp) origin, which is formed by winter cooling in
the eastern North Atlantic [McCartney and Talley,
1982]. The PCC exists only during the upwelling
season and is a jet-like upper slope current, which
is driven by the northerly winds and transports the
cold, less saline upwelled waters southward [Fiúza,
1984; Alvarez-Salgado et al., 2003]. Around Cape
São Vicente (Figure 1a) a part of this jet turns
eastward and enters the Gulf of Cadiz [Sanchez
and Relvas, 2003]. In the Gulf of Cadiz, it flows
along the upper slope toward the Strait of Gibraltar
[Garcia-Lafuente et al., 2006], potentially interact-
ing with the local upwelling off Cape Santa Maria
[Sanchez and Relvas, 2003]. Further downstream,
the slope current either forms an anticyclonic
meander in the eastern Gulf of Cadiz or enters
the Mediterranean Sea as Atlantic inflow [Sanchez
and Relvas, 2003; Garcia-Lafuente et al., 2006].

[7] The AzC and the associated subtropical front
reveal large meanders between 35 and 37�N in the
eastern North Atlantic (Figure 1a). While most of
the AzC recirculates southward, its eastern branch
flows into the Gulf of Cadiz [Johnson and Stevens,
2000; Vargas et al., 2003; Peliz et al., 2005], where
it feeds the offshore flow (Figure 1). During winter
some of the AzC current water recirculates from
the Gulf of Cadiz around Cape S. Vicente to the
SW Iberian margin [Peliz et al., 2005] (Figures 1a
and 1b). Ocean models indicate that the flow from
the AzC into the Gulf is quite significant [Penduff
et al., 2001] and link the existence of the current
itself to the entrainment of surface to subsurface
waters into the Mediterranean Outflow waters [Jia,
2000; Özgökmen et al., 2001]. Between October
and March, when the surface water component of
the Iberian Poleward Current (IPC; Figure 1),
sometimes also referred to as Portugal Coastal
Countercurrent, becomes a prominent feature in
the circulation off western Iberia, the thermal
subtropical front (at �17�C) is shifted northward
and reaches the SW Iberian margin [Pingree et al.,
1999]. Peliz et al. [2005] observe a recurrent
frontal system, the Western Iberia Winter Front,
which follows the thermal subtropical front in the
south, but then meanders northward and separates
the IPC from the PC (Figure 1a). The IPC reaches
into a depth of 400 m. It transports warm and salt-
rich waters of subtropical origin [Frouin et al.,
1990; Haynes and Barton, 1990] and can be traced
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into the Bay of Biscaye. The subsurface or under-
current part of the IPC conveys ENACW of sub-
tropical (st) origin poleward year round.

[8] ENACWst, which is formed by strong evapo-
ration and winter cooling along the Azores front
[Fiúza, 1984; Rios et al., 1992], is poorly ventilated,
warmer and saltier than its subpolar counter part.
The northward flow of ENACWst in the upper 100
to 250 m is sometimes also referred to as the

Portugal Coastal Under Current [Perez et al.,
2001]. While the ENACWst forms a salinity maxi-
mum around 100 m, the lower boundary of the
ENACW is indicated by a salinity minimum
between 450 and 500 m (Figure 2) [Fiúza et al.,
1998]. ENACW is the source for the water upwelled
during May to September and in general ENACWst

is upwelled south of 40�N and ENACWsp north of
45�N. In between either water mass can be upwelled
depending on the strength of the wind forcing.

Figure 1. (a) Hydrographic situation during winters off Portugal with core sites (modified from Peliz et al. [2005],
copyright 2005, with permission from Elsevier). STF, subtropical front; IPC, Iberian Poleward Current. MODIS Aqua
Satellite based sea surface temperatures (http://poet.jpl.nasa.gov) for (b) December and (c) September 2005. The
warmer SST during December in the Gulf of Cadiz highlights the Azores Current waters. During September the
colder SST along the western margin and stretching offshore indicate the upwelling regions and filaments. Note two
different SST scales.
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[9] Upwelling along the western margin is driven
by northward displacement of the Azores high-
pressure cell and the resulting northerly winds,
while westerly winds cause upwelling along the
southern margin. Intense upwelling on the western
margin is linked to topographic features like Cape
Roca and Cape S. Vicente (Figure 1) or submarine
canyons [Sousa and Bricaud, 1992]. From July
onward the filaments can extend up to 250 km
offshore north of Lisbon (Figure 1c) [Sousa and
Bricaud, 1992; Haynes et al., 1993]. The Lisbon
plume, which is linked to Cape Roca, can either
extend westward or southward toward Cape Sines
(Figure 1c). During intense upwelling events, the
filament off Cape S. Vicente extends southward
and is fed by a PCC overshooting the Cape. The
most persistent feature, however, is an eastward
extension along the southern Portuguese shelf break
and slope [Relvas and Barton, 2002] (Figure 1c).
When westerly winds prevail, the waters from the
Cape S. Vicente filament merge with locally
upwelled waters [Sousa and Bricaud, 1992; Relvas
and Barton, 2002], commonly a plume off Cape
Santa Maria (Figure 1). Upwelled waters can then

affect the whole region between 9 and 8.5�W
down to 36.5�N [see Sanchez and Relvas, 2003,
Figure 11]. In addition, easterly winds frequently
induce upwelling on the African side of the Strait
of Gibraltar [Folkard et al., 1997; Stanichny et al.,
2005; Peliz et al., 2009]. During the wind-forcing
period this upwelling plume is advected into the
Gulf of Cadiz and can propagate for about 100 km
into the eastern Gulf [Stanichny et al., 2005].
When the winds weaken, the plume gets advected
into the Alboran Sea (Figure 1c).

3. Material and Methods

[10] This study involves four core sites (Table 1
and Figure 1): Calypso piston cores MD95-2040
and MD95-2041, which were retrieved on the
western Portuguese margin during the first
IMAGES cruise on R/V Marion Dufresne in
1995 [Bassinot and Labeyrie, 1996], and cores
MD99-2336 and MD99-2339, which were cored
in the Gulf of Cadiz during leg 5 of the IMAGES
GINNA cruise in 1999 [Labeyrie et al., 2003]. All

Figure 2. CTD profiles for the upper 600 m close to the studied core sites. (a) Profiles close to site MD95-2040:
January 1992, FHeinicke profile; May 1993 and November 1993, profiles acquired during the MORENA project
[Fiúza et al., 1998]; September 1994, profile from the FLUXPOR campaign. (b) Profiles off the southwestern and
southern margin acquired within the CANIGO project [Ambar et al., 2002]. January 1998 profiles are from stations
45, 94, and 19, and September 1997 data from stations 27, 81, and 177. All hydrographic data were provided by
Isabel Ambar (Instituto de Oceanografia, Universidade de Lisboa). Number 1 indicates the salinity maximum of the
subtropical ENACW, number 2 indicates the salinity minimum associated with the subpolar ENACW, and number 3
indicates the upper core of the Mediterranean Outflow Water.
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Figure 3. Planktonic foraminifer stable isotope records versus depth of core MD95-2040. G. bulloides record is
shown in black, G. ruber white is shown in red, N. pachyderma (r) is shown in light blue, N. pachyderma (s) is shown
in dark blue, G. inflata is shown in green, G. scitula is shown in purple, and G. truncatulinoides (r) is shown in
orange. Black and magenta triangles above the depth scale indicate positions of age control points based on tuning to
the GISP2 d18O record and calibrated 14C ages, respectively (Table 5).

Figure 4. Planktonic foraminifer stable isotope records versus depth of core MD95-2041. G. bulloides record is
shown in black, G. ruber white is shown in red, N. pachyderma (r) is shown in light blue, N. pachyderma (s) is shown
in dark blue, G. inflata is shown in green, G. scitula is shown in purple, and G. truncatulinoides (r) is shown in
orange. A single data point measurement in G. truncatulinoides (s) at the onset of the Boelling is shown as orange
triangle. Black and magenta triangles above the depth scale indicate positions of age control points based on tuning to
the GISP2 d18O record and calibrated 14C ages, respectively (Table 6).
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Figure 5. Planktonic foraminifer stable isotope records versus depth of core MD99-2336. G. bulloides record is
shown in black, G. ruber white is shown in red, and G. truncatulinoides (r) is shown in orange. Black triangles above
the depth scale indicate positions of used age control points (Table 7).

Figure 6. Planktonic foraminifer stable isotope records versus depth of core MD99-2339. G. bulloides record is
shown in black, G. ruber white is shown in red, N. pachyderma (r) is shown in light blue, G. inflata is shown in
green, G. scitula is shown in purple, and G. truncatulinoides (r) is shown in orange. Black and magenta triangles
above the depth scale indicate positions of age control points based on tuning to the GISP2 d18O record and calibrated
14C ages, respectively (Table 8).
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cores are from high-sedimentation areas, so that
their data sets yield decadal- and centennial-scale
climate records even though sample spacing varies
between 1 and 10 cm, respectively (Figures 3–6).
Modern d18O values in water samples (dw; Table 2)
were measured in water samples from a transect
across the Azores front at about 20�W and from a
station in the Gulf of Cadiz. These hydrographic
stations were performed on R/V Poseidon cruise
PO334 in March 2006 [Schulz et al., 2006].

[11] The oxygen isotope ratios in the water samples
were measured at the Leibniz Laboratory, Kiel, on
the Finnigan Delta E mass spectrometer, which is
coupled to an equilibrium bath. Reproducibility is
better than ±0.07% and values are given as %
SMOW. Foraminifer based stable isotope ratios
were measured in up to eight different planktonic
species and the details for each core and species are
summarized in Table 3. Hydrographic implica-
tions associated with each foraminifer species
and its estimated living depths, which are based
on the hydrographic profiles compiled in Figure 2,
are listed in Table 4. Globorotalia inflata and
Globorotalia truncatulinoides specimens were
picked from the fraction >250 mm but their diam-
eter is usually larger than 315 mm, so that all
species were picked from the size fraction with their
respectivemaximum abundance. Furthermore, these
size fractions contain the postgametogenic speci-
mens minimizing potential isotopic offsets due to
the absence of the gametogenic crust in species

such as N. pachyderma or G. truncatulinoides
[Lohmann, 1995; Hillaire-Marcel et al., 2001;
Simstich et al., 2003; Lončarić et al., 2006]. The
Globigerina bulloides d18O record of core MD95-
2040 is from de Abreu et al. [2003] and those from
cores MD95-2041 and MD99-2336 were generated
by L. de Abreu and J. Schönfeld, respectively. The
G. bulloides record of core MD99-2339 is from
Voelker et al. [2006] (Figure 6). Isotope measure-
ments in the other species were funded by a
Paleostudies grant from Bremen university to
A. Voelker (core MD95-2040 and parts of core
MD95-2041) and by the Portuguese project
‘‘MOWFADRI.’’ Most of the isotope samples were
measured in the stable isotope laboratory at
Marum, University Bremen, where they were
either analyzed on a Finnigan MAT 251 mass
spectrometer (samples funded by Paleostudies
grant) or on a Finnigan MAT 252 mass spectrom-
eter, both of which have a long-term precision of
±0.07% for d18O and ±0.05% for d13C. Samples
measured at Geomar (Kiel) were run through a
Finnigan MAT 252 mass spectrometer with an
automated Kiel Carbonate Preparation line. Exter-
nal reproducibility of the in-house carbonate stan-
dard (Solnhofen limestone) was ±0.08% for d18O
and ±0.04% for d13C at the 1s level. At the
Leibniz Laboratory for Radiometric Dating and
Stable Isotope Research at Kiel University analyses
were performed with the Carbo Kiel (Kiel 1)
device coupled to a Finnigan MAT 251 mass
spectrometer with a precision of ±0.07% for
d18O and ±0.04% for d13C for the Solnhofen
limestone standard. The G. bulloides samples and
a few additional ones of core MD95-2040 were
measured in the Godwin laboratory at Cambridge
university either on a VG Isotech SIRA–Series II
mass spectrometer or a PRISM mass spectrometer,
both with an analytical precision for the Carrara
Marble standard of ±0.08% for d18O and of

Table 1. Studied Core Sites

Core
Longitude

(�N)
Latitude
(�W)

Water Depth
(m)

MD95-2040 40.582 9.862 2465
MD95-2041 37.833 9.518 1123
MD99-2336 36.717 8.259 690
MD99-2339 35.886 7.528 1170

Table 2. Values of d18O in Water Samples From the Eastern North Atlantic

dw % SMOW

32�58.830N,
19�59.840W,
POS334-67

34�59.970N,
19�59.960W,
POS334-68

36�19.970N,
20�00.040W,
POS334-69

37�05.470N,
20�00.230W,
POS334-70

38�23.010N,
20�00.180W,
POS334-71

36�00.290N,
08�29.900W,
POS334-72

10 m 1.04 0.95 0.96 0.83 0.87 0.93
50 m 1.03 0.99 0.95 0.78 0.89 0.87
100 m 1.02a 0.97 0.95 0.81 0.79 0.91
150 m 0.94 0.81 0.82 0.88 0.95
250 m 0.90 0.82 0.75 0.74 0.64 0.68
400 m 0.67 0.55 0.58 0.61 0.53 0.57
600 m 0.51 0.54 0.52 0.53 0.50 0.55

a
Sample from 120 m water depth.
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±0.06% for d13C. At all laboratories, the results
were calibrated with the NBS 19 standard and the
isotope values are reported on the VPDB (Vienna
PDB) scale.

[12] The d18O value of foraminiferal carbonate
generally diverges from the equilibrium value for
nonbiogenic carbonate. This so-called vital effect is
species-dependent, but also varies with shell size
[Spero et al., 1997; Peeters et al., 2002], temper-
ature, and region. No data exists for the Iberian
margin, so that we compiled global data in Table 4.
The d18O deviations described by Wilke et al.
[2009] for G. ruber white, G. bulloides and
G. truncatulinoides in the Canary Island region
(see Table 4) are those hydrographically closest to
the southwestern Iberian margin. We decided,
however, not to correct our foraminiferal d18O data
because Wilke et al. [2009] do not provide devia-
tions for all the species analyzed. Furthermore, the
compiled published values can vary significantly
for one species (e.g., G. bulloides or G. inflata,
Table 4). The Heinrich events were periods of
significant cooling at the Iberian margin [Eynaud
et al., 2009], so that correctly one would also have
to amend for varying temperature effects on the
d18O deviations through time. Also foraminifer
d13C values, which reflect nutrient concentrations
in the ambient seawater [Broecker and Peng,

1982], deviate from d13CDIC (DIC: dissolved inor-
ganic carbon) because of vital effects, temperature
dependencies and the carbonate ion effect [Ortiz et
al., 1996; Bemis et al., 1998;Kohfeld et al., 2000; Itou
et al., 2001; Peeters et al., 2002; Wilke et al., 2006].
Foraminiferal d13C is generally lighter than d13CDIC

(Table 4) with G. bulloides showing the largest offset
based on culture studies [Bemis et al., 2000]. Because
no information is available for N. pachyderma (r)
and G. truncatulinoides, the d13C data shown in
this study is not corrected to d13CDIC.

[13] Planktonic foraminifer census counts were
done in splits of the fraction >150 mm or the combi-
nation of fractions >250 mm and 150–250 mm
(core MD99-2339) with the number of specimens
counted in total exceeding 250. The census data
was used to calculate SSTs and export productivity
(Pexp) with the SIMMAX transfer function of
[Pflaumann et al., 1996]. Following the recom-
mendations of the MARGO project [Kucera et al.,
2005], the modern analog data files are restricted to
North Atlantic surface samples. They include new
surface samples from the Portuguese margin and
the Gulf of Cadiz [Salgueiro et al., 2008], resulting
in a total of 1020 modern analogs for SST and 999
for Pexp [Salgueiro et al., 2009]. Modern analog
temperatures for a water depth of 10 m were taken
from the World Ocean Atlas 1998. The export

Table 3. Details for the Planktonic Foraminifer Stable Isotope Analyses

Core Species
Size Fraction

(mm)
Number of

Specimens Analyzed
Laboratory for Stable
Isotope Analyses

MD95-2040 G. bulloides 250–355 30 Godwin lab, Cambridge
G. ruber white >250 17–21 Marum Bremena

N. pachyderma (d) 150–250 25–30 Marum Bremena

N. pachyderma (s) 150–250 25–44 Marum Bremena

G. inflata >250 8 Marum Bremen
G. scitula >250 or >150 20–30 Marum Bremen
G. truncatulinoides (d) >250 3–7 Marum Bremen

MD95-2041 G. bulloides >250 30 Godwin lab, Cambridge
G. ruber white >250 11–18 Marum Bremen
N. pachyderma (d) 150–250 22–27 Marum Bremen
N. pachyderma (s) 150–250 20–25 Marum Bremen
G. inflata >250 7–11 Marum Bremen
G. scitula >250 21–26 Marum Bremen
G. truncatulinoides (d) >250 2–12 Marum Bremen
G. truncatulinoides (s) >250 12 Marum Bremen

MD99-2336 G. bulloides >250 2–15 Geomar Kiel
G. ruber white >250 6–16 Marum Bremen
G. truncatulinoides (d) >250 2–6 Marum Bremen

MD99-2339 G. bulloides >250 7–25 Leibniz Kiel, Marum Bremen
G. ruber white >250 5–24 Leibniz Kiel, Marum Bremen
N. pachyderma (d) 150–250 22–30 Leibniz Kiel
G. inflata >250 5–20 Leibniz Kiel
G. scitula >250 or >150 10–16, 13–30 Leibniz Kiel
G. truncatulinoides (d) >250 1–5 Leibniz Kiel

a
Two to three samples were measured in the Godwin lab, Cambridge, in 2003.
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productivity values are based on the modern pri-
mary productivity (PP) data derived from Antoine
et al. [1996]. PP was transferred into Pexp values
following Eppley and Peterson [1979]. While the
productivity transfer function underestimates Pexp
in the high-productivity areas along the northwest
African coast (annual Pexp >250 gC/m2*yr) good
results are obtained for the Pexp range observed
along the Portuguese margin at present [Salgueiro
et al., 2009]. The large number of analog samples
from the western Iberian margin (134) allows for
paleotemperatures to be estimated on the basis of
the 10 nearest neighbor (NN) samples and paleo-
productivity on 7 NN. Similarity values for SST
and Pexp estimates exceed 0.7 in all samples, most
often even 0.9. Pexp values shown in this paper are
the mean for spring (April–June) and summer
(July–September) and thus reflect the upwelling
related productivity. SST and Pexp estimates pre-
sented here are distance-weighted values.

[14] The percentage of Neogloboquadrina
pachyderma (s) is used as indicator for the pres-
ence of subpolar to polar surface waters on the
Iberian margin. High percentages of this species
coincide with abundance maxima of ice-rafted
debris (IRD) [de Abreu et al., 2003; Eynaud et
al., 2009]. The percentage sum of the deep dwelling
planktonic foraminifera species Globorotalia
crassaformis, Globorotalia hirsuta, G. inflata,
Globorotalia scitula, and G. truncatulinoides
(d) and (s) is here related to the nutrient and food
availability in the subsurface waters and thus to
water column stratification.

[15] In order to estimate the influence of the
freshwater from Heinrich and other meltwater
events on the water column along the Portuguese
margin dw anomalies were calculated from the
d18O values of Globigerinoides ruber white,
G. bulloides and N. pachyderma (d) and (s). We

Table 4. Living Preferences and Isotopic Deviations of the Studied Foraminifers

Species Living Depths Hydrological Implications Offset to d18Oequil. Offset to d13CDIC

Surface dweller
G. ruber white upper 50 m mixed layer; associated

with Azores Current/Iberian
Poleward Currenta,b,c

�0.48 to �0.50%,c

�0.20 to �0.41%d
+0.94%e

G. bulloides upper 100 m upwellinga; associated with
Portugal Currenta

�0.05%,c �0.40%,f

�0.95%g
�3.65%h

Deeper dweller
N. pachyderma (r) upper 200 m (sub)thermocline waterg,i,j;

preupwelling to early upwellingi,k;
associated with Portugal Currenta

�0.38% at 15�C,l

�0.44% at 20�C,l

�1.00%g

N. pachyderma (s) upper 200 m (sub)thermocline waterg,i,j;
(sub)polar water associated
with meltwater events

�0.50%,f �0.70
to �0.90% at 6�Cj,m

�0.75%,m �1.00%n

G. inflata down to 200 m deep winter mixed layero;
associated with Portugal
or Azores Currenta

±0% at 50 m depth,f

+0.01 to +0.25%,d

�0.94%g

�1.55%p

G. scitula >100 m deep winter mixed layer;
associated with Azores Frontq

�0.40% at 6�Cm �1.10% at 6�Cm

G. truncatulinoides (r) 250–400 m below mixed layerc,r;
winter thermoclinec; ENACW

�0.09 to �0.11%,c

�0.10 to +0.16%d

a
Salgueiro et al. [2008], Iberian margin.

b
Ottens [1991], North Atlantic.

c
Wilke et al. [2009], Canary Islands region.

d
Lončarić et al. [2006], southeast Atlantic.

e
Bemis et al. [1998], culture.

f
King and Howard [2005], South Pacific.
g
Mortyn and Charles [2003], subpolar South Atlantic.

h
Bemis et al. [2000], culture.

i
Sautter and Thunell [1991] and Simstich [1999].
j
Simstich et al. [2003], Nordic seas.
k
Reynolds and Thunell [1985].

l
von Langen et al. [2000] as cited by Rohling et al. [2004], culture.
m
Ortiz et al. [1996], northeast Pacific.

n
Kohfeld et al. [2000], South Atlantic.

o
Ganssen and Kroon [2000], Rohling et al. [2004], and Cléroux et al. [2007].

p
Wilke et al. [2006], southeast Atlantic.

q
Schiebel et al. [2002].

r
Mulitza et al. [1997] and Ganssen and Kroon [2000].
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choose to show anomalies and not ice volume
corrected values because the current sea level
records do not resolve submillennial-scale changes
linked to the Heinrich events. To calculate
dw anomalies for G. ruber white and G. bulloides
the summer SST (SSTsu) were used, while anoma-
lies for N. pachyderma (d) were calculated with
both summer and winter SST (SSTwi). As
N. pachyderma (s) lives in colder waters only the
winter SST were used for this species. Since
G. bulloides and N. pachyderma (d/s) live deeper
than 10 m water depth, �1 or �2.5�C, respectively,
were subtracted from the SST values following
Duplessy et al. [1991] and Weinelt et al. [1996].
Paleo-dw values were calculated based on the
paleotemperature equations of Mulitza et al.
[2003] with dc, equaling d18Ocalcite, and dw on
the VPDB scale:

for G:ruber white : T ¼ �4:44 dc� dwð Þ þ 14:20
with T ¼ SSTsu �Cð Þ

for G:bulloides : T ¼ �4:70 dc� dwð Þ þ 14:62
with T ¼ SSTsu� 1 �Cð Þ

for N :pachyderma dð ÞT ¼ �3:55 dc� dwð Þ
þ12:69 with T ¼ SSTsu� 2:5 �Cð Þ

or T ¼ SSTwi� 1 �Cð Þ
for N :pachyderma sð ÞT ¼ �3:55 dc� dwð Þ
þ12:69 with T ¼ SSTwi� 2:5 �Cð Þ

For calculating dw the equation, for example for G.
ruber white, would read:

dw ¼ dc� T� 14:20ð Þ=� 4:44ð Þ

The dw anomaly was then calculated with:

d18O anomaly ¼ dw� 0:9998* dwmodern � 0:27ð Þð Þ

For the modern dw values at site MD99-2339
results from stations PO334-68, PO334-69 and
PO334-72 were averaged for the respective depth
interval and for sites MD95-2041 and MD95-2040
those from stations PO334-70 and PO334-71
(Table 2). Depth intervals were chosen based on
the preferred calcification depth of the respective
foraminifer (Table 4) resulting in the following
average dw values: for G. ruber white (0 to 50 m)
0.94% for core MD99-2339 and 0.84% for cores
MD95-2041 and MD95-2040; for G. bulloides
(50 to 100 m) 0.94% for core MD99-2339 and
0.82% for cores MD95-2041 and MD95-2040; and
for N. pachyderma (d) and (s) (100 to 250 m)
0.86% for core MD99-2339 and 0.78% for cores
MD95-2041 and MD95-2040. dw values were
converted from the SMOW scale to the VPDB
scale by subtracting 0.27% [Hut, 1987].

[16] All paleodata will be publicly available
through the World Data Centre Mare (http://www.
wdc-mare.org; http://www.pangaea.de).

4. Stratigraphy

[17] The focus of this study is the similarities and
discrepancies between the four sites and what they
indicate for the Iberian margin hydrography. The

Table 5. Age Model for Core MD95-2040

Depth(s)
(cm)

Dated Material
(AMS Laboratory Code)

Reservoir Corrected
14C Age ± Error (yr BP)

Calendar Age
(yr BP)

152.5 G. bulloides (GIF98318) 10,600 ± 100 12,620a

181.5 End of Termination IA in GISP2 14,640b

221.5 N. pachyderma (KIA13457) 13,130 ± 80 15,530a

239.5 N. pachyderma (KIA13458) 13,370 ± 70 15,880a

278.5 N. pachyderma (KIA13460) 14,050 ± 90 16,750a

281.5 N. pachyderma (KIA13634) 14,200 ± 80 16,950a

293.5 SST tuned to GISP2 17,429b

305.5 SST tuned to GISP2 17,741b

341.5 SST tuned to GISP2 19,240b

377.5 SST tuned to GISP2 20,300b

482.5 Top DO interstadial 2 in GISP2 23,420
530.5 SST tuned to GISP2 24,363b

572.5 N. pachyderma (GIF98322) 22,200 ± 190 25,500c

575.5 SST tuned to GISP2 25,700b

608.5 SST tuned to GISP2 26,180b

647.5 Top of Heinrich event 3 in GISP2 29,000b

728.5 Base of Heinrich event 3 in GISP2 30,220b

751.5 Top DO Interstadial 5 in GISP2 31,520b

a
Calibrated with INTCAL04 [Reimer et al., 2004].

b
According to de Abreu et al. [2003].

c
Calibrated according to Hughen et al. [2004].

Geochemistry
Geophysics
Geosystems G3G3

voelker et al.: iberian margin hydrography during mis 2 10.1029/2009GC002605

11 of 30



relationships to the Greenland ice core records
were discussed in previous contributions. Because
two of the core sites included in this study have
published stratigraphies linked to the GISP2 ice
core [de Abreu et al., 2003; Voelker et al., 2006],
we decided to keep correlations to the GISP2
stratigraphy in tact and not to convert age models
to the GICC05 [Andersen et al., 2006] or SFCP04
[Shackleton et al., 2004] time scales. Consequently,
we are also using the GISP2 linked 14C ‘‘calibra-
tion’’ data sets [Voelker et al., 1998; Hughen et al.,

2004] to convert reservoir-corrected 14C ages
beyond the INTCAL04 range into calendar ages
(Tables 5–8). Therefore the age scales of the
paleorecords are consistent between each other,
but absolute age ranges for selected events and GS
might vary in relation to other ice core or speleothem
chronologies. We decided to use a reservoir correc-
tion of 400 years for all the records and all 14C
ages but are aware that reservoir ages might have
been significantly higher during Heinrich events
[Sarnthein et al., 2001; Waelbroeck et al., 2001],

Table 6. Age Model for Core MD95-2041

Depth(s)
(cm) Dated Material

AMS Laboratory
Code

Sample Weight
(mg)

Reservoir Corrected
14C Age ± Error

(yr BP)
Calendar Age

(yr BP)

171.5 Base of Bølling in GISP2 14,500
321.5 G. inflata > 250 mm OS-42903 6.8 16,400 ± 95 19,565a

401.5 G. bulloides, G. calida,
G. ruber, O. universa > 250 mm

OS-42904 14.7 18,700 ± 95 22,270a

561.5 G. inflata > 250 mm OS-42905 10.6 23,700 ± 100 27,200b

601.5 G. inflata > 250 mm OS-42906 12.8 24,700 ± 110 28,570b

616.5 Top of Heinrich event 3 in GISP2 29,000
641.5 Base of Heinrich event 3 in GISP2 30,220

a
Calibrated with INTCAL04 [Reimer et al., 2004].

b
Calibrated according to Hughen et al. [2004].

Table 7. Age Model for Core MD99-2336a

Depth(s)
(cm) Dated Material

AMS Laboratory
Code

Sample Weight
(mg)

Reservoir Corrected
14C Age ± Error

(yr BP)
Calendar Age

(yr BP)

23 G. ruber white+pink OS-42751 6.9 2060 ± 30 2030b

63 G. ruber white+pink OS-42752 9.4 4770 ± 30 5520b

77 G. inflata > 250 mm KIA 23662 24.5 3420 ± 40 3670b

101 G. inflata > 250 mm OS-42753 11.4 4510 ± 25 5160b

200 correlation with MD95-2042
on GISP2 chronology

9533c

235 correlation with MD95-2042
on GISP2 chronology

10,677c

267 G. inflata > 250 mm OS-42754 13.2 11,100 ± 40 13,010b

291 G. bulloides > 250 mm OS-42755 10.2 13,600 ± 50 16,190b

330 correlation with MD95-2042
on GISP2 chronology

18,037c

347–348.75 G. inflata > 250 mm OS-42902 7.9 14,500 ± 75 17,460b

655 correlation with MD95-2042
on GISP2 chronology

23,915c

722 G. bulloides, G. calida,
O. universa > 250 mm

KIA 23842 4.2 21,820 ± 140 25,170d

730 correlation with MD95-2042
on GISP2 chronology

25,660c

806 G. bulloides, G. calida KIA 23843 4.5 25,530 +200/�190 29,330d

815 correlation with MD95-2042
on GISP2 chronology

35,749c

a
Only depths and ages in bold are used as age control points in this study.

b
Calibrated with INTCAL04 [Reimer et al., 2004].

c
According to Shackleton et al. [2000].

d
Calibrated according to Hughen et al. [2004].

Geochemistry
Geophysics
Geosystems G3G3

voelker et al.: iberian margin hydrography during mis 2 10.1029/2009GC002605

12 of 30



especially at site MD95-2040. The three more
southern cores, on the other hand, are from the
same latitude or south of site MD95-2042, for
which Bard et al. [2004] also assumed a typical
400 year correction to be dominant during the
glacial period. For the stratigraphic subdivision
within MIS 2, we are following the INTIMATE
group’s [Lowe et al., 2008] nomenclature of GS
and Greenland interstadials, here applied to the
GISP2 d18O record. With this subdivision the
LGM is part of GS 2b (e.g., Figure 8). Positions
and age ranges of Heinrich events within the
respective GS follow Rousseau et al. [2006] and
Bard et al. [2000], respectively. For the lower
boundary of Heinrich event 1, however, we are
using the lower boundary of GS 2a (17.8 cal ka in
GISP2), which makes this boundary slightly youn-
ger than the one given by Bard et al. [2000] (18 cal
ka), but older than the one given by Bond et al.
[1999] for this event in the Heinrich IRD belt
(17.5 cal ka).

[18] Following the strategy outlined above, the
chronostratigraphy for core MD95-2040 (Table 5)
is mainly based on the one of de Abreu et al.
[2003]. However, the 14C ages used in the age
model by de Abreu et al. [2003] were calibrated
anew with the INTCAL04 data set [Reimer et al.,
2004]. The recalibration led to age reversals for the
14C ages at 290.5 cm, 488.5 cm and 512.5 cm in
regard to the surrounding GISP2 tuned ages, so
that they were omitted in the revised age model.
These age reversals result most likely from under-
estimating the respective reservoir age. A tuning
point to the GISP2 chronology [Meese et al., 1994]
was added at 482.5 cm (Table 5 and Figure 3). For
core MD95-2041, 4 AMS 14C were obtained
(Table 6 and Figure 4). At the top and bottom of
the studied interval the calibrated 14C ages are
supported by three tuning points to the GISP2
d18O record. The age model of core MD99-2339

follows Voelker et al. [2006] and has four control
points within the studied interval (Figure 6) which
are derived from three calibrated AMS 14C dates
and one tuning point to the GISP2 d18O record.
The tuning point aligns the % N. pachyderma (s)
maximum within the Heinrich event 2 related IRD
peak to the d18O minimum preceding Greenland
interstadial 2 in the GISP2 d18O record based on
the assumption that this coldest interval in the Gulf
of Cadiz should coincide with a period of maxi-
mum sea ice extension in the North Atlantic.

[19] The age model of core MD99-2336 based
solely on the calibrated 14C ages (Table 7) resulted
in extreme changes in the sedimentation rates. As
some of the dates were obtained within a contouritic
layer they could be affected by older foraminifera
shells advected with the Mediterranean Outflow
Water. Furthermore, the drift sediments in the Gulf
of Cadiz are sometimes highly bioturbated as
revealed by ichnofossils and their affect on 14C
dates [Löwemark and Werner, 2001; Löwemark et
al., 2004]. So a different approach was used in the
glacial section of the core by correlating its
G. bulloides d18O record with the one of core
MD95-2042 on its GISP2 tuned chronology
[Shackleton et al., 2000]. The resulting chronology
fits well with the one established based on
magnetic data (N. Thouveny, unpublished data,
2005). Surprisingly, the calibrated 14C ages at
267 and 722 cm agree within their error with the
tuned ages at their respective depths. The depths
used as age control points are highlighted in bold in
Table 7.

[20] Figure 7 shows the resulting age-depth pro-
files and sedimentation rates for the four cores. In
core MD99-2336, the sedimentation rate increased
significantly during GS 2 due to sediment supply
by the upper MOW core [Llave et al., 2006]. Core
MD95-2040 is also experiencing some abrupt

Table 8. Age Model for core MD99-2339

Depth(s)
(cm) Dated Material

AMS Laboratory
Code

Sample Weight
(mg)

Reservoir Corrected
14C Age ± Error

(yr BP)
Calendar Age

(yr BP)

217.5 surface dwelling foram. OS-37238 5.6 10,350 ± 65 12,259a

277.5 deep dwelling foram. OS-37239 6.9 12,250 ± 55 14,375a

433.5 Pteropod fragments OS-37240 21.3 15,950 ± 85 19,039a

633.5 % N. pachyderma (s) maximum
within H2 IRD interval
tuned to GISP2

23,800

813.5 deep dwelling foram. OS-37241 4.3 25,000 ± 180 28,700b

956.5 surface dwelling foram. OS-37242 3.5 28,600 ± 170 33,100b

a
Calibrated with INTCAL04 [Reimer et al., 2004].

b
Calibrated according to Voelker et al. [1998].
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changes in the sedimentation rate (Figure 7b) but
some of these might be artifacts due to the mixture
of calibrated 14C ages and GISP2 ages. Overall the
age-depth profiles of cores MD95-2040, MD95-
2041 and MD99-2339 show parallel trends during
MIS 2 (Figure 7a).

5. Results

5.1. Core MD95-2040

[21] Stable isotope ratios were measured from six
foraminiferal species (Figure 3). G. ruber white
specimens were, however, only available for the
late phase of GS 2a and the interval from Greenland
interstadial 2 to the end of the LGM (Figure 8).
N. pachyderma (s), on the other hand, was sparse
during GS 2c, Greenland interstadial 3 and the
early part of GS 3. When G. ruber white was
present its d18O values were the lightest followed
by G. bulloides and/or N. pachyderma (r). Outside
of meltwater events, G. inflata and G. scitula
values were generally the heaviest. In early MIS 2
and during late GS 2a, N. pachyderma (s) values
were usually also heavy and in the range of

G. scitula (Figure 3). During the LGM, values
were lighter than those of the subsurface dwellers.
Outside of the LGM, G. truncatulinoides (r) d18O
values show extreme oscillations and were unusu-
ally light for such a deep dwelling species. d13C
values of G. truncatulinoides (r) were the heaviest
followed by G. inflata and G. ruber white that
generally had similar values (Figures 3 and 8f).
N. pachyderma (r), N. pachyderma (s), G. scitula,
andG. bulloides had negative values.While present,
d13C variations were relatively small for each
species. Only G. truncatulinoides (r) and G. inflata
showed some larger-scale variations in the early
part of MIS 2. G. bulloides [Bemis et al., 2000] and
G. scitula [Ortiz et al., 1996; Itou et al., 2001]
deviated more strongly and thus exhibited the light-
est d13C values due to their vital effects (Table 4).

[22] At this northernmost site, which is located
within in the southern latitudes of the North
Atlantic IRD belt [Ruddiman, 1977; Hemming,
2004], percentages of N. pachyderma (s) increased
significantly during Heinrich events contributing
more than 60% to the fauna (Figure 8g). With the
increase of N. pachyderma (s) the amount of deep
dwelling foraminifer decreased. Overall, deep
dwelling foraminifers were more common during
the warmer intervals of MIS 2 and the LGM when
they made up nearly a third of the total fauna.
SSTsu ranged from 5.0 to 18.9�C and SSTwi from
1.0 to 14.9�C with the coldest SST occurring
during the Heinrich events, especially Heinrich
event 1 (Figure 8h). Pexp values estimated for
the upwelling season varied between 129 and
249 gC/m2*yr (Figure 11).

5.2. Core MD95-2041

[23] In addition to the six species analyzed for core
MD95-2040, also one G. truncatulinoides (s) data
point exists (Figure 4). N. pachyderma (s) speci-
mens were less abundant, so that this species was
mainly measured during the Heinrich events and
GS 4 (Figures 4 and 9). G. ruber white and
G. truncatulinoides (r), on the other hand, were
scarce during GS 2a/Heinrich event 1 and could be
analyzed at only one level during this interval. For
most of MIS 2 prior to Heinrich event 1, G. ruber
white d18Owere the lightest followed byG. bulloides
and N. pachyderma (r) whose values often merge.
N. pachyderma (s) values are mostly heavier than
those of N. pachyderma (r) and at levels similar to
G. bulloides during the cold phases. G. scitula was
either at a range equal to G. inflata or lighter, while
G. truncatulinoides (r) generally reveals the heavi-

Figure 7. (a) Age-depth profiles for the studied cores
and (b) the sedimentation rates resulting from the
chosen age control points.
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Figure 8. (a) The GISP2 d18O record in comparison to (b–h) climate records of core MD95-2040 [Stuiver and
Grootes, 2000]. Figure 8b shows G. ruber white (Grw; red) and G. bulloides (Gb; black) d18O records; Figure 8c
shows N. pachyderma (r) (Npr; light blue) and N. pachyderma (s) (Nps; dark blue) d18O records; Figure 8d shows
G. inflata (Gi; green), G. scitula (Gsc; purple), and G. truncatulinoides (r) (Gtr; orange) d18O records; Figure 8e
shows dw anomalies estimated from the respective foraminifer d18O and SST values. Data based on G. ruber white
are in red, data based on G. bulloides are in black, data based on N. pachyderma (r) are in light blue (with summer
SST) or as dashed line (winter SST), and data based on N. pachyderma (s) are in dark blue. Figure 8f shows d13C
records of G. ruber white, G. inflata, and G. truncatulinoides (r). Figure 8g shows percentages of N. pachyderma (s)
(black) and of deep dwelling foraminifer (gray) in the planktonic foraminifer fauna. Figure 8h shows estimated
summer (su; light red) and winter (wi; dark red) SST. Blue bars indicate Heinrich (H) events, and gray bar indicates
the LGM. Boundaries and nomenclature of GS and interstadials according to Lowe et al. [2008]. Black (tuned) and
magenta (14C based) triangles mark the respective age control points.
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est values. For d13C, G. truncatulinoides (r)
showed the heaviest values followed by G. inflata
and G. ruber white whose values were quite similar
(Figures 4 and 9f). N. pachyderma (d/s) and

G. scitula also had a similar d13C range, while
for most of the record G. bulloides showed the
lightest values. Variability in these four latter
species was larger than at site MD95-2040.

Figure 9. (a) The GISP2 d18O record in comparison to (b–h) climate records of core MD95-2041 [Stuiver and
Grootes, 2000]. Figure 9b shows G. ruber white (red) and G. bulloides (black) d18O records; Figure 9c shows
N. pachyderma (r) (light blue) and N. pachyderma (s) (dark blue) d18O records; Figure 9d shows G. inflata (green),
G. scitula (purple), and G. truncatulinoides (r) (orange) d18O records; and Figure 9e shows dw anomalies estimated
from the respective foraminifer d18O and SST values. Data based on G. ruber white are in red, data based on
G. bulloides are in black, data based on N. pachyderma (r) are in light blue (with summer SST) or as dashed line
(winter SST), and data based on N. pachyderma (s) are in dark blue. Figure 9f shows d13C records of G. ruber white,
G. inflata, and G. truncatulinoides. Figure 9g shows percentages of N. pachyderma (s) (black) and of deep dwelling
foraminifer (gray). Note the same scale for both. Figure 9h estimated summer (light red) and winter (dark red) SST.
Bars and stratigraphic information are the same as in Figure 8. Black (tuned) and magenta (14C based) triangles mark
the respective age control points.
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[24] At this site, percentages of N. pachyderma (s)
reached maximum values between 35 and 45%
during Heinrich events 1, 2a and 3 and were below
5% during Greenland interstadial 3 and the follow-
ing interval up to H 2b and during the LGM
(Figure 9g). Different from site MD95-2040 there
is a clear increase in % N. pachyderma (s) also
during GS 4. The deep dweller fauna nearly dis-
appeared during Heinrich event 1, but was present
in small numbers during the preceding Heinrich
events and GS 4. Similar to core MD95-2040 deep
dwellers contributed up to a third to the planktonic
foraminifer fauna. SSTsu varied between 8.3 and
19.9�C and SSTwi between 4.0 and 15.6�C
(Figure 9h). Upwelling related export productivity
ranged from 137 to 245 gC/m2*yr (Figure 11).

5.3. Core MD99-2336

[25] Three foraminifer species were analyzed in
this core. G. ruber white and G. bulloides as
surface dwellers and G. truncatulinoides (r) as
deep dweller (Figure 5). During the LGM, G. ruber
white and G. bulloides showed similar d18O values,
but they diverged with G. bulloides revealing
heavier values during Heinrich event 1 and the
Boelling. During GS 2b, G. truncatulinoides (r)
d18O values were around 1% heavier than the ones
of the surface dwellers, but they merged with the
G. bulloides data at the onset of Heinrich event 1.
The few data points during Heinrich event 1
showed values lighter than G. bulloides, while
during the Boelling they were lighter than during
GS 2b but slightly heavier than theG. bulloides data.
In d13C G. ruber white and G. truncatulinoides (r)
exhibited relative stable records that in contrast to
the other records only had a minor offset.

5.4. Core MD99-2339

[26] G. ruber white d18O values were generally the
lightest, but they merged with G. bulloides during
GS 2c and b (Figures 6 and 10). Also in some of
the warmer oscillations during early MIS 2,
G. ruber white and G. bulloides values were close.
Although mostly heavier, N. pachyderma (r) d18O
levels were not much different from those of
G. bulloides and the shape of both records was
similar. G. inflata and G. truncatulinoides (r)
exhibited the heaviest values with G. inflata being
slightly lighter. Except for a few short oscillations
during GS 2c and 2b, the G. truncatulinoides (r)
d18O record was relatively smooth. For G. inflata
such stability was only seen during GS 2c and 2b.
The few points analyzed for G. scitula indicated

levels similar to those of G. inflata. Similar to the
other sites, G. truncatulinoides (r) revealed the
heaviest d13C values and G. ruber white and
G. inflata values were similar (Figures 6 and 10f).
N. pachyderma (r) d13C varies by more than 0.5%
and was mainly heavier than G. bulloides, which
also experienced strong variations. The few
G. scitula data points were generally closer to the
N. pachyderma (r) than G. bulloides values.

[27] Percentages of N. pachyderma (s) were quite
low in the central Gulf of Cadiz with maximum
values reaching 9.5% during Heinrich event 1
(Figure 10g). A small increase was also observed
during Heinrich event 3, while percentages during
the other cold phases hardly exceeded the MIS 2
background level. With the exception of the
Heinrich events, a third of the fauna consisted of
deep dwelling foraminifer until 17.5 cal ka. During
the Boelling, the deep dwellers became more
abundant and contributed up to 55% to the fauna.
SSTsu varied between 9.9 and 22.7�C and SSTwi
between 6.3 and 17.7�C (Figure 10h). Pexp ranged
from 60 to 280 gC/m2*yr (Figure 11).

6. Hydrography and Productivity
Changes During MIS 2

[28] The faunal SST reconstructed with the region-
ally extended modern analog database agreed well
with the mean annual temperatures estimated from
alkenone concentrations for core MD95-2040
[Pailler and Bard, 2002] and for cores SU81-18
and MD95-2042 near to site MD95-2041 [Bard et
al., 2000; Pailler and Bard, 2002] thus showing
that the faunal based temperatures were reliable.
With the exception of the Heinrich events (see
section 6.3), sufficient nutrients and food were
available in the subsurface waters to sustain a
healthy deep dwelling foraminifer fauna (Figures 8g,
9g, and 10g), thus no major stratification hindered
fluxes from the surface mixed layer to the deeper
layers during most of MIS 2.

6.1. Conditions During Early MIS 2

[29] The interval between Greenland Interstadial 3
and the top of Heinrich event 2a marks GS 3 [Lowe
et al., 2008]. Because Heinrich events are dis-
cussed separately (see section 6.3) we focus here
on the sections of GS 3 excluding Heinrich events
2a and 2b. G. ruber white was hardly present
during this interval in core MD95-2040 [de Abreu
et al., 2003] and poleward heat transport was lower
than during the LGM (see section 6.2) and GS 2c.
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Conditions during GS 3 were unstable as evidenced
by frequent oscillations in SST (Figures 9h and 10h)
and dw (Figures 9e and 10e). In comparison to
GS 2c and 2b there was also more variability in the
properties of the deep winter mixed layer and the
subthermocline waters (Figures 8c, 8d, 8f, 9c, 9d,

9f, 10c, 10d, and 10f). The seasonal temperature
gradient based on the d18O difference between
G. inflata (winter mixed layer) and G. bulloides
(late spring to summer mixed layer) [Ganssen and
Kroon, 2000] also differed (Figure 12a). In com-
parison to the LGM, the seasonality in the Gulf of

Figure 10. (a) The GISP2 d18O record in comparison to (b–h) climate records of core MD95-2339 [Stuiver and
Grootes, 2000]. Figure 10b shows G. ruber white (Grw; red) and G. bulloides (Gb; black) d18O records; Figure 10c
shows N. pachyderma (r) (Npr) d18O record; Figure 10d shows G. inflata (Gi; green), G. scitula (Gsc; purple), and
G. truncatulinoides (r) (Gtr; orange) d18O records; Figure 10e shows dw anomalies estimated from the respective
foraminifer d18O and SST values. Data based on G. ruber white are in red, data based on G. bulloides are in black,
and data based on N. pachyderma (r) are in light blue (with summer SST) or as dashed line (winter SST). Figure 10f
shows d13C records of G. ruber white, G. inflata, and G. truncatulinoides. Figure 10g shows percentages of
N. pachyderma (s) (black) and of deep dwelling foraminifer (gray). Figure 10h shows estimated summer (light red)
and winter (dark red) SST. Bars and stratigraphic information are the same as in Figure 8. Black (tuned) and magenta
(14C based) triangles mark the respective age control points.
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Cadiz (MD99-2339) was larger during early GS 3
but reduced during the interval between Heinrich
events 2b and 2a. Lower seasonal gradients were
also observed on the western margin at sites
MD95-2040 and MD95-2041 (Figure 12a). The
dissimilarity in climate conditions between early
GS 3 and GS 2c and 2b was further supported by a
larger surface to deep subsurface temperature gra-
dient (Figures 12b and 12c). Some of this increased
temperature variability was probably linked to the
upwelling. The export productivity record of core
MD95-2041 (Figure 11d) clearly showed that up-
welling strength in the Sines area varied between
strong and reduced and this would directly impact
G. bulloides as the upwelling-related foraminifer
species [Salgueiro et al., 2008]. Site MD95-2041 is
located closer to the coast than site MD95-2042
and thus was probably stronger influenced by the

filament forming off Cape Sines (Figure 1c). In
addition, planktonic foraminifers are feeding on
diatoms [Hemleben et al., 1989], which thrive
better than coccolithophorids in upwelled waters
[Legrende and le Fevre, 1989]. This could explain
why Pailler and Bard’s [2002] accumulation rate
of total biomarkers, which are produced by cocco-
lithophorids, indicates lower productivity for early
MIS 2 in core MD95-2042. On the other hand,
coccolithophorid productivity was increased during
this period at site MD95-2040 [Pailler and Bard,
2002]. Turbulence and thus upwelling was reduced
in agreement with the lower export productivity we
observed at this site for the overall upwelling
season (Figure 11c). The shift from an upwelling
regime to a situation that was more similar to a
spring bloom with coccolithophorids as primary
producers could explain why the planktonic d13C

Figure 11. N. pachyderma (r) (a) d18O and (b) d13C records of core MD95-2040 (green), MD95-2041 (black), and
MD99-2339 (magenta) and (c–e) export productivity estimated for each core. Note that scaling, but not length of
scale, in Figures 11c–11e is the same for the three export productivity plots. Latitude of respective core site is listed
above the export productivity record. Bars and stratigraphic information are the same as in Figure 8.

Geochemistry
Geophysics
Geosystems G3G3

voelker et al.: iberian margin hydrography during mis 2 10.1029/2009GC002605

19 of 30



values at site MD95-2040 were not much lower than
their GS 2b counterparts (Figures 3, 8f, and 11b)
and thus indicated a considerable consumption of
nutrients. Even further to the north in the Cape
Finisterre filament, upwelling-related productivity
was reduced during early MIS 2 [Salgueiro et al.,
2009]. In the central Gulf of Cadiz, spring to
summer export productivity was mostly increased
during GS 3 (Figure 11e), in contrast to the LGM.
A shift to increased productivity during spring and
summer in this region, where productivity normally
peaks during the winter bloom [Navarro and Ruiz,
2006], indicated conditions that were quite different
from today. The enhanced productivity can be relat-
ed to either westerly winds prevailing on the south-
ern Portuguese margin, which allowed the plume
forming off Cape S. Maria to be more persistent and
to extend into the region of core MD99-2339, or
dominantly easterly winds leading to a persistent
presence of the Strait of Gibraltar filament or a

combination of both. Overall, the shift to higher
productivity off the southern Portuguese margin
indicated that the winds were stronger in the south
than in the north during GS 3, potentially linked to a
more southern position of the Azores High.

6.2. Hydrography and Productivity During
GS 2c and 2b

[30] The SST records for cores MD95-2040,
MD95-2041 and MD99-2339 (Figures 8h, 9h,
and 10h) revealed that the LGM as part of GS 2b
was a period when no major cooling was observed
in the nearshore regions along the western Iberian
margin. SST were relatively stable and either in the
range of the modern SST (Figures 1b and 1c) or
slightly colder [Bard et al., 2000; Abrantes et al.,
2001]. At 40.6�N (MD95-2040; Figure 8h), the
second half of the LGM was warmer than the first,
but less stable. On the southern margin, trends to

Figure 12. The d18O differences (a) between G. inflata and G. bulloides indicate seasonality and (b) between
G. truncatulinoides (r) and G. ruber white or (c) G. truncatulinoides (r) and G. bulloides indicate surface to
subsurface temperature gradients. Data for core MD95-2040 are shown in green, data for MD95-2041 are shown in
black, data for MD99-2336 are shown in light blue, and data for MD99-2339 are shown in magenta. Bars and
stratigraphic information are the same as in Figure 8.
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slightly colder SST were observed after 20 to
20.5 cal ka in cores MD95-2041 (Figure 9h) and
MD99-2339 (Figure 10h). Both sites also revealed
variable SST conditions during GS 2c. The warm-
ing in the Portuguese nearshore waters during the
LGM can only be explained by the inflow of
subtropical waters, similar to the circulation pattern
during modern winters (Figure 1a). This inflow
would be promoted by the Azores Front penetrat-
ing into the Gulf of Cadiz [Rogerson et al., 2004].
During the LGM and GS 2c, G. ruber white speci-
mens were found in core MD95-2040 (Figure 8b)
and even further north at site SU92-03 [Salgueiro,
2006]. Subtropical surface waters were thus trans-
ported poleward with the IPC at least until 43�N.
The G. ruber white d18O values of core MD95-
2040 were lighter than those of G. bulloides, espe-
cially during GS 2c and Greenland interstadial 2.
Applying the d18O corrections for G. bulloides and
G. ruber white of Wilke et al. [2009] to these
values, shifts the G. ruber white values during
the LGM to higher levels than G. bulloides and
merged the records during GS 2c. The offset during
Greenland interstadial 2, however, persisted imply-
ing a significant warming in the surface mixed
layer during winter, because winter is the season of
highest G. ruber white flux in the Canary Island
region [Wilke et al., 2009]. The faunal SSTs
indicated winter temperatures of only 10�C, which
is colder than the temperature range for G. ruber
white. It is therefore possible that during the LGM
the maximum heat transport with the IPC occurred
either in early fall (October), when surface waters
were still relative warm from summer insolation, or
late spring (April) prior to the upwelling season;
thus seasons not covered by our faunal SST recon-
structions. Also off Sines (MD95-2041; Figure 9b)
the uncorrected d18O values of G. ruber white and
G. bulloides differed slightly during GS 2c and 2b,
but merged when the respective corrections were
applied. Assuming seasons of highest flux
remained constant for both species (spring to
summer for G. bulloides; winter for G. ruber
white) the similar d18O values can only be
explained if the G. ruber white signal is advected
from warmer waters to the south or if the
G. bulloides values recorded upwelled waters that
were colder than the estimated summer SST.
Excluding any other effects and interpreting the
G. bulloides d13C values as purely reflecting
nutrient concentrations they implied sufficient
nutrients being available in the upper water column
and that would support G. bulloides as recording
upwelled waters. In the Gulf of Cadiz, uncorrected
G. ruber white and G. bulloides values merged at

both sites (Figures 5 and 10b). With corrections the
G. ruber white values were mostly higher than the
G. bulloides data, in agreement with cooler winter
temperatures being recorded by G. ruber white.
However, the seasonal temperature contrast in the
surface mixed layer, as implied by these two
species, was smaller (around 0.35% = 1.5�C) than
the one indicated by the faunal SSTs that reveal a
summer to winter temperature gradient of 4�C,
equal to nearly 1% in d18O. A smaller seasonal
gradient was supported by the d18O difference
between G. inflata and G. bulloides. During the
LGM this temperature difference was 3.2�C
(0.74%; Figure 12a) on average and thus smaller
than the modern temperature contrast between the
summer surface and the winter deep mixed layer in
the Gulf of Cadiz (5–6�C; Figure 2). On the other
hand, the smaller seasonal gradient could also
indicate that in the Gulf of Cadiz G. bulloides
did not reflect summer temperatures. If the isotopic
offset is a seasonal temperature signal, then surface
water salinities also did not change much in the
central Gulf of Cadiz as revealed by the estimated
dw values (Figure 10e). This explanation would be
in agreement with the modern hydrographic con-
ditions (Figure 2).

[31] The N. pachyderma (r) based dw values of
core MD99-2339 (Figure 10e), on the other hand,
reflected less saline waters in the subthermocline
level in the central Gulf of Cadiz. This signal could
be linked to the subsurface salinity minimum of the
subtropical ENACW (today around 100 m water
depth; Figure 2). The heavier N. pachyderma (r)
d18O values relative to G. bulloides (while reduced,
the offset remains for corrected values) showed
that N. pachyderma (r) calcified deeper than
G. bulloides (Figures 6 and 10). On the western
margin, the lighter N. pachyderma (r) dw values
were probably also linked to the subsurface salinity
minimum. However, since d18O of G. bulloides
and N. pachyderma (r) did not differ much at the
western margin sites, calcification depths and
growth seasons must have been similar. Off
California, a reduced offset between these two
species is observed during upwelling [Pak and
Kennett, 2002]. Indeed, upwelling was strong dur-
ing most of GS 2c and 2b at both western margin
sites as indicated by the maxima in export produc-
tivity (Figures 11c and 11d). Increased productivity
during this interval agreed with total alkenone
concentration and organic carbon [Pailler and
Bard, 2002] and diatom evidences [Abrantes,
1991] indicating that upwelling related productivity
and productivity outside of the upwelling filaments
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was enhanced and exceeded Holocene levels
[Pailler and Bard, 2002; Salgueiro et al., 2009].
Upwelling was more persistent in the Porto region
(MD95-2040) than off Sines (MD95-2041). In the
nearshore region off Sines upwelling was interrup-
ted between 20 and 20.5 cal ka and this interval
coincided with short periods when export produc-
tivity in the central Gulf of Cadiz increased,
likewise around 22 cal ka. During short periods
of GS 2c and 2b wind patterns in the Gulf of Cadiz
region were such that either westerly winds
enforced upwelling on the southern margin off
Cape S. Maria, potentially allowing this local
upwelling plume to merge with a more persistent
eastward reflection of the Cape S. Vicente filament,
and/or easterly winds induced the formation of the
Gulf of Cadiz filament, similar to conditions during
most of GS 3. A seesaw pattern in productivity
between the southwestern and southern Iberian
margin is, however, not seen for the transition from
Greenland interstadial 2 to GS 2c (23.2–22.6 cal ka)
when productivity was high in both regions
(Figures 11d and 11e). The SST records confirmed
colder (warmer) SST for times with increased
(decreased) productivity for each core site
(Figures 8–10). This concurred with colder waters
being upwelled and thus lowering the average
seasonal temperatures. The stable isotope d18O
data of both cores (Figures 9 and 10) did not
indicate any major changes in the water column
hydrography along with these shits in productivity.
Also the d13C data of the species related to winter
conditions (Figures 9f and 10f) did not reveal
major changes in the amount of nutrients replen-
ished by deep winter mixing. The G. bulloides
d13C values, on the other hand, were relatively low
at all four sites (Figures 3–6) during GS 2c and 2b
implying that nutrients were plenty and most likely
provided by upwelled waters. So the minima in
upwelling-related export productivity of core
MD95-2041 during parts of GS 2c and 2b probably
had a different reason than failure in upwelling off
the southwestern Iberian margin. The most likely
cause is a displacement of the Cape Roca and Cape
Espichel filaments. The two filaments, today
formed north and south of Lisbon and extending
down to Sines, were probably displaced offshore
because of the shift in coastline due to the lower
sea level. A position of the filaments further
offshore than today agreed with the evidence from
core MD95-2042, located at the same latitude but
further offshore than coreMD95-2041. Productivity
proxy records of core MD95-2042 [Pailler and
Bard, 2002] showed some oscillations but no major
weakening in the productivity during GS 2c and 2b.

[32] Despite the short peaks in productivity
described above for core MD99-2339, export pro-
ductivity during much of GS 2c and the LGM was
low in the central Gulf of Cadiz (Figure 11e). The
values were significantly lower than along the
western margin. Similar to today, the central Gulf
of Cadiz was mostly an oligotrophic region during
GS 2c and the LGM. That the lower productivity
was not caused by the absence of nutrients in the
(sub)surface waters was clearly revealed by the
core MD99-2339 record. At this site, the low
N. pachyderma (r) d13C values (Figure 11b) indi-
cated a high concentration of unused nutrients
during times of low export productivity, especially
for the period from 22 to 20.5 cal ka. The same link
between N. pachyderma (r) d13C values and pro-
ductivity, but less pronounced was also observed
for core MD95-2041 between 21 and 20 cal ka
(Figure 11).

[33] Conditions in the deep winter mixed layer and
below were very stable during the LGM as
depicted by the stable isotope records of G. inflata,
G. scitula, and G. truncatulinoides (r) (Figures 8d,
9d, and 10d). G. truncatulinoides (r) d13C values
were heavy and thus indicated relatively fewer
nutrients in the ambient waters. This would be
typical for the subtropical ENACW. As similar,
although more variable, levels were also recorded
at site MD95-2040, the subtropical ENACW pene-
trated as far north as 40.6�N, most likely as
subsurface component of the IPC. Temperature
gradients between the surface waters (G. ruber
white or G. bulloides) and the ENACWas recorded
by G. truncatulinoides (r) d18O were in the range of
4�C in the Gulf of Cadiz and off Sines (Figures 12b
and 12c), and thus similar to the modern gradient
during winters. Consequently, it appears that over-
all hydrographic conditions during GS 2c and 2b
along the western Iberian margin were not much
different from the present conditions.

[34] During the later phase of GS 2b (19 to
17.8 cal ka), i.e., the interval from the end of the
LGM to the onset of the Heinrich event 1 and
beginning of GS 2a, hydrographic conditions did
not deviate much from the LGM state, but SSTs
along the margin became less stable. In the central
Gulf of Cadiz this interval starts with a SST
minimum and then SST rose toward the base of
GS 2a (Figure 10h). At siteMD95-2041 (Figure 9h),
SST dropped continuously toward GS 2a and at
site MD95-2040 SST stayed relatively warm but
were highly variable. This increased variability
might be linked to impacts of the freshwater release
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by the first post-LGM sea level rise at 19 cal ka
[Clark et al., 2004] on the AMOC. Productivity
was high at all three sites (Figures 11c–11e)
indicating that wind patterns during this period
were similar to those during GS 3.

6.3. Impacts of Heinrich Events and
Greenland Stadials on Hydrography
and Productivity

[35] The studied interval encompasses Heinrich
events 1, 2a and 2b [Grousset et al., 2000; Bard
et al., 2000], and 3 and GS 4 (Figures 8–10).
Heinrich event 1 had the highest impact on the
hydrography along the western Iberian, while
the intensity of the other Heinrich events and the
meltwater event during GS 4 varied between
events and regionally. At site MD95-2040, which
is located north of the southern edge of the North
Atlantic’s Heinrich IRD belt [Hemming, 2004], all
Heinrich events led to significant cooling in the
surface waters (Figures 8g and 8h). SST dropped
abruptly by 8�C or more at the onset of Heinrich
events 3, 2a and 1, and by around 5�C during
Heinrich event 2b. Minimum SSTwere around 2�C
during winter and 6�C during summer indicating
the presence of Arctic surface waters and that the
Polar Front reached the Iberian margin [Eynaud et
al., 2009]. GS 4, on the other hand, was only
associated with a 2�C cooling at site MD95-2040
(Figure 8g). South of the IRD belt, the picture was
slightly different. During Heinrich event 1, subarctic
waters reached site MD95-2041 (Figure 9h) only
after 17 cal ka, i.e., 500 years later than on the
northern margin [de Abreu et al., 2003; Schönfeld
et al., 2003; Salgueiro, 2006]. During the earlier
Heinrich events subarctic surface waters did not
penetrate as far south, except for about a short
(120 a) period during Heinrich event 2a. For
Heinrich event 2b no cooling was observed at all,
while cooling during Heinrich event 3 and GS 4
was in the range of 5�C. During Heinrich event 2b,
the % N. pachyderma (s) increased slightly hinting
to some cooling, at least during some of the years.
Cooling during Heinrich event 2b was also indi-
cated by the mean annual SST reconstructed for
nearby core SU81-18 [Bard et al., 2000], but
significant freshening of the surface water is only
associated with Heinrich event 2a. A seasonal
temperature gradient stronger than the gradient as
displayed by the planktonic foraminiferal faunas is
also indicated by the dinocyst fauna of core
SU81-18 [Turon et al., 2003]. On the other hand,
the dw anomalies estimated for core MD95-2041
(Figure 9e) did not show major freshening for

Heinrich events 2b and 2a. This indicated that the
freshwater lenses associated with the Heinrich
events had a stronger impact in the offshore region,
raising the question if a hydrographic front sepa-
rated the sites. In the central Gulf of Cadiz (MD99-
2339; Figure 9h), cooling associated with Heinrich
events 2a, 2b, and 3 and GS 4 was minimal. From
all of them, Heinrich event 3 had the more pro-
nounced minimum, but subarctic surface waters
penetrated into the Gulf of Cadiz only during the
colder phases of Heinrich event 1. At site MD99-
2339, the SST records revealed a complex pattern
for Heinrich event 1 related to shifts in the position
of the Polar Front and associated advances of
subarctic waters [Voelker et al., 2006]. Similar to
the Sines record of core MD95-2041, subarctic
waters reached this more southern latitude only
after 17 cal ka. The highest percentage of
N. pachyderma (s) and thus the coldest part of
Heinrich event 1 occurred between 16.5 and
15.2 cal ka concordant with higher IRD deposition
at site MD99-2339 [Voelker et al., 2006] and off
Sines at site SU81-18 [Bard et al., 2000]. At site
MD99-2339 warming to modern SST levels
occurred around 15.5 cal ka, i.e., 700 years prior
to the onset of Greenland interstadial 1. This early
warming and thus the northward receding Polar
Front during the latest phase of GS 2a was also
recorded further north at site MD95-2040
(Figure 9h). While the coarser resolution of the
MD95-2041 record prohibits a clear interpretation
in the timing of the post Heinrich event 1 warming,
the alkenone SST records of cores SU81-18 [Bard
et al., 2000] and MD95-2042 [Pailler and Bard,
2002] both revealed rising SST off Sines around
15 cal ka.

[36] Along with the advances of subarctic waters
also freshening occurred, partly caused by icebergs
melting close to the sites [de Abreu et al., 2003;
Schönfeld et al., 2003; Voelker et al., 2006].
Surface water freshening was strongest during
Heinrich event 1, where the dw records revealed
changes of 2% or more (Figures 8e, 9e, and 10e),
thus in the upper range predicted by Bard et al.
[2000]. In all records freshening during Heinrich
event 1 was greatest in the later phase (after 16 cal
ka) when the presence of hematite-stained grains in
the IRD of core SU81-18 [Bard et al., 2000]
indicated that icebergs originating from the North
American ice sheet were melting off western
Iberia. The strong freshening implies the establish-
ment of a halocline. The halocline would separate
the surface mixed layer from the subsurface waters
and this would explain why the deep dweller
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planktonic foraminifer fauna was so diminished
during the Heinrich events, especially along the
western margin (Figures 8g, 9g, and 10g). d18O
values of G. bulloides, N. pachyderma (r) and
N. pachyderma (s) were close together indicating
that the surface layer, in which these species
calcified, was well mixed, similar to the observations
of Rashid and Boyle [2007] in the Azores region.
The slight separation betweenN. pachyderma (r) and
N. pachyderma (s) during Heinrich event 1 at site
MD95-2041 (Figure 9c) might indicate that
N. pachyderma (s), which prefers a certain temper-
ature range, lived slightly deeper thanN.pachyderma
(r), perhaps similar to the modern situation in the
Nordic seas [Simstich, 1999; Simstich et al., 2003].

[37] The presence of the deeper living subtropical
coccolith species Florisphaera profunda in the Gulf
of Cadiz during the Heinrich events [Colmenero-
Hidalgo et al., 2004] revealed the presence of
subtropical ENACW underneath the halocline.
Thus the few G. truncatulinoides (r) data points
acquired during Heinrich events in cores MD95-
2041 (Figures 4 and 9d), MD99-2336 (Figure 5)
and MD99-2339 (Figures 6 and 10d) most likely
reflected conditions in this subsurface layer,
conform with their d13C values not being much
different from the rest of MIS 2 (Figures 5, 9f,
and 10f). The presence of warmer subsurface
waters would also explain the large d18O difference
between G. bulloides and G. truncatulinoides (r)
observed during the Heinrich events (Figure 12c).
The difference between G. inflata and G. bulloides,
which has similar ranges (Figure 12a), most prob-
ably mirrored a surface to subsurface temperature
gradient during Heinrich events and not a seasonal
temperature gradient like during GS 2c and 2b.
The sporadic presence of G. ruber white during
Heinrich event 1 prior to the warming after
15.5 cal ka seems to indicate that for short periods
subtropical surface waters were present in the Gulf
of Cadiz. During those periods, the surface to
subsurface temperature gradient (Figure 12b) was
not that much different from today.

[38] The extremely light G. truncatulinoides (r)
d18O values measured in core MD95-2040 during
Heinrich events 2a, 2b and 3 and between Heinrich
event 2a and 2b are puzzling. Since abundances
during these intervals are so low (Figure 8f), bio-
turbational mixing could be one cause [Löwemark
et al., 2008]. In general, G. truncatulinoides (r)
d18O values were heavier and comparable to those
measured at the sites to the south outside of these
intervals. Lototskaya and Ganssen [1999] explained

their unusually light G. truncatulinoides values
during Termination 2 as an allochthonous signal
due to long-distance transport of specimens. How-
ever, since the southern records did not show such
light values, advection from the subtropical gyre
seems less likely. The G. truncatulinoides (r) shells
analyzed in core MD95-2040 were generally thin,
missing the gametogenic crust laid down in the
deeper water column [Lohmann and Schweitzer,
1990]. They had the compressed shape of the shells
typical for the cold-water type [de Vargas et al.,
2001]. This type tends to calcify in shallower depths
than the warm water one. Lončarić et al. [2006]
also observed that the smaller G. truncatulinoides
tests were calcified higher up in the water column
than their larger counterparts. So the light isotopic
values could either be related to environmental
stress or indicate calcification in less saline waters,
may be in a subpolar mode water formed closed to
the edges of the Celtic-British-Amorican ice sheets,
which calved especially during Heinrich event 2a
[Grousset et al., 2000; Knutz et al., 2001; Peck et
al., 2006], and advected southward to the study
site. Anyhow, these light values should be treated
with caution.

[39] Besides the hydrography, Heinrich events and
GS 4 meltwater event also strongly affected the
productivity along the western Iberian margin
(Figure 11). In the upwelling systems on the
western margin, the presence of a strong halocline
inhibited productivity. This observation is conform
to what the model of Schmittner [2005] predicts for
the open North Atlantic but in contradiction to the
model’s results for the Portuguese margin. In the
central Gulf of Cadiz, productivity increased during
all Heinrich events and GS 4 (Figure 11e). Some of
the increased productivity might be linked to east-
erly winds and a more permanent presence of the
Strait of Gibraltar filament. The wind pattern recon-
structed by Daniau et al. [2007] for Heinrich events
indicated easterly winds in the Gulf of Cadiz region.
In addition to the wind driven upwelling, frontal
upwelling along the Azores front, penetrating into
the Gulf of Cadiz [Rogerson et al., 2004], might also
have played a role. During Heinrich events the
planktonic foraminifer fauna in core MD99-2339
was dominated by G. bulloides and T. quinqueloba
(A. H. L. Voelker, unpublished data, 2004). Higher
abundances of T. quinqueloba mark the Arctic
Front in the Nordic seas [Johannessen et al.,
1994] and in the Fram Strait they were observed
close to the sea ice margin where food (diatom)
flux was higher [Carstens et al., 1997]. The
G. bulloides and N. pachyderma (r) d18O values
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in core MD99-2339 were generally heavier during
the Heinrich events and some of that cooling could
also be related to upwelling of colder waters,
especially during Heinrich event 2b. The high
productivity entirely consumed the nutrients avail-
able in the surface mixed layer as evidenced by the
relatively heavy N. pachyderma (r) d13C values
(Figure 11b).

7. Conclusions

[40] During the LGM, hydrographic conditions
along the western Iberian margin were similar to
the present, even though climate forcing was very
different. Subtropical surface and subsurface water
penetrated northward along the western margin
probably equal to the modern winter circulation.
Seasonal temperature gradients between the
summer and winter mixed layers might have been
slightly lower than today, but surface to subsurface
gradients during winter were similar to today.
Upwelling related productivity was elevated along
the western margin during GS 2c and 2b (including
the LGM), but at the nearshore location off Sines,
core MD95-2041, variability was high. Productivity
maxima in the Gulf of Cadiz often coincided with
minima in the nearshore region off Sines. While
dominant wind directions might play a role in this
apparent seesaw patterns, offshore displacement of
the filament affecting the Sines area is more likely
the cause.

[41] Heinrich events had a profound impact on the
hydrography and productivity along the margin,
especially at the northern site MD95-2040. Sub-
arctic surface waters always affected this site
during Heinrich events, but not during GS 3 and
4. Further south off Sines (MD95-2041), only
Heinrich event 1 was associated with subarctic
water, while cooling was only half as much as at
the northern site indicating that during those older
Heinrich events the Polar Front migrated less to the
south than during Heinrich event 1. Even during
Heinrich event 1, the advance of subarctic waters
to the southwestern and southern margin was,
within age uncertainties, delayed by 500 years. In
the central Gulf of Cadiz, only Heinrich event 1
and to some extent also Heinrich event 3 left a
significant imprint in the SST signal. Heinrich
event 1 was, however, a period with major shifts
in the prevailing surface water masses [Voelker et
al., 2006]. Surface water freshening during Heinrich
events was significant and led to the formation of a
halocline. Especially, in the Gulf of Cadiz and to
some extent also on the southwestern margin

subtropical ENACW was present underneath the
halocline. On the western margin the halocline
inhibited upwelling, in contrast to the model pre-
dictions of Schmittner [2005] for this region. In the
central Gulf of Cadiz, where stratification was less
strong, upwelling related productivity peaked dur-
ing Heinrich events and part of the GS, probably as
result of wind-driven and frontal upwelling. This
upwelling is in agreement with model results of
Schmittner [2005].
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Barcena, L. Löwemark, J. Schoenfeld, and J. O. Grimalt
(2004), Ocean surface water response to short-term climate
changes revealed by coccolithophores from the Gulf of
Cadiz (NE Atlantic) and Alboran Sea (W Mediterranean),

Palaeogeogr. Palaeoclimatol. Palaeoecol., 205(3–4),
317–336, doi:10.1016/j.palaeo.2003.12.014.

Daniau, A. L., M. F. Sánchez-Goñi, L. Beaufort, F. Laggoun-
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Löwemark, L., K. I. Konstantinou, and S. Steinke (2008), Bias
in foraminiferal multispecies reconstructions of paleohydro-
graphic conditions caused by foraminiferal abundance varia-
tions and bioturbational mixing: A model approach, Mar.
Geol., 256(1–4), 101–106, doi:10.1016/j.margeo.2008.
10.005.

MARGO Project Members (2009), Constraints on the mag-
nitude and patterns of ocean cooling at the Last Glacial
Maximum, Nat. Geosci., 2(2), 127–132, doi:10.1038/
ngeo411.

McCartney, M. S., and L. D. Talley (1982), The Subpolar
Mode Water of the North Atlantic Ocean, J. Phys. Oceanogr.,
12(11), 1169–1188, doi:10.1175/1520-0485(1982)012<
1169:TSMWOT>2.0.CO;2.

McManus, J. F., R. Francois, J.-M. Gherardi, L. D. Keigwin,
and S. Brown-Leger (2004), Collapse and rapid resumption
of Atlantic meridional circulation linked to deglacial cli-
mate changes, Nature, 428(6985), 834–837, doi:10.1038/
nature02494.

Meese, D. A., R. B. Alley, A. J. Gow, P. M. Grootes, P. A.
Mayewski, M. Ram, K. C. Taylor, E. D. Waddington, and
G. A. Zielinski (1994), Preliminary depth-age scale of the
GISP2 ice core, 66 pp., Cold Reg. Res. and Eng. Lab.,
Hanover, N. H.

Mix, A. C., E. Bard, and R. Schneider (2001), Environmental
processes of the ice age: Land, oceans, glaciers (EPILOG),
Quat. Sci. Rev., 20, 627–657, doi:10.1016/S0277-3791(00)
00145-1.

Mortyn, P. G., and C. D. Charles (2003), Planktonic forami-
niferal depth habitat and d18O calibrations: Plankton tow
results from the Atlantic sector of the Southern Ocean,
Paleoceanography, 18(2), 1037, doi:10.1029/2001PA000637.

Mulitza, S., A. Dürkoop, W. Hale, G. Wefer, and H. S. Niebler
(1997), Planktonic Foraminifera as recorders of past surface-
water stratification, Geology, 25(4), 335–338, doi:10.1130/
0091-7613(1997)025<0335:PFAROP>2.3.CO;2.

Mulitza, S., D. Boltovskoy, B. Donner, H. Meggers, A. Paul,
and G. Wefer (2003), Temperature: d18O relationships
of planktonic foraminifera collected from surface water,
Palaeogeogr. Palaeoclimatol. Palaeoecol., 202, 143–152,
doi:10.1016/S0031-0182(03)00633-3.

Navarro, G., and J. Ruiz (2006), Spatial and temporal varia-
bility of phytoplankton in the Gulf of Cadiz through remote
sensing images, Deep Sea Res., Part II, 53(11–13), 1241–
1260, doi:10.1016/j.dsr2.2006.04.014.

Nave, S., L. Labeyrie, J. Gherardi, N. Caillon, E. Cortijo,
C. Kissel, and F. Abrantes (2007), Primary productivity
response to Heinrich events in the North Atlantic Ocean
and Norwegian Sea, Paleoceanography, 22, PA3216,
doi:10.1029/2006PA001335.

Ortiz, J. D., A. C. Mix, W. Rugh, J. M. Watkins, and R. W.
Collier (1996), Deep-dwelling planktonic foraminifera of the
northeastern Pacific Ocean reveal environmental control of
oxygen and carbon isotopic disequilibria,Geochim. Cosmochim.
Acta, 60(22), 4509–4523, doi:10.1016/S0016-7037(96)
00256-6.

Ottens, J. J. (1991), Planktic foraminifera as North Atlantic
water mass indicators, Oceanol. Acta, 14(2), 123–140.

Otto-Bliesner, B. L., C. D. Hewitt, T. M. Marchitto, E. Brady,
A. Abe-Ouchi, M. Crucifix, S. Murakami, and S. L. Weber
(2007), Last Glacial Maximum ocean thermohaline circu-
lation: PMIP2 model intercomparisons and data con-

straints, Geophys. Res. Lett., 34, L12706, doi:10.1029/
2007GL029475.
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