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a b s t r a c t

Fifteen Iberian margin sediment cores, distributed between 43�120N and 35�530N, have been used to
reconstruct spatial and temporal (sub)surface circulation along the Iberian margin since the Last Glacial
period. Time-slice maps of planktonic foraminiferal derived summer sea surface temperature (SST) and
export productivity (Pexp) were established for specific time intervals within the last 35 ky: the Holo-
cene (Recent and last 8 ky), Younger Dryas (YD), Heinrich Stadials (HS) 1, 2a, 2b, 3, and the Last Glacial
Maximum (LGM). The SST during the Holocene shows the same latitudinal gradient along the western
Iberian margin as present-day with cold but productive areas that reflect the influence of coastal up-
welling centers. The LGM appears as a slightly less warm, but more productive period relative to the
Holocene and present-day conditions, suggesting that sea-level minima forced a westward displacement
of the coastal upwelling centers possibly accompanied by a strengthening of northward winds. During
the YD, a longitudinal thermal front is depicted at 10�W, with cold polar waters offshore and warmer
subtropical waters inshore, suggesting that the subtropical Paleo-Iberian Poleward Current more likely
flowed at a more inshore location masking the local SST signal and amplitude of variation. A substantial
cooling and drop in productivity is observed during all HS, in particular HS1 and HS3, reflecting the
penetration of icebergs-derived meltwater. These most extreme southward extensions of very cold
waters define a strong SST gradient that marks a possible Paleo-Azores Front. Higher production south of
this front was likely fed by frontal nutrient advection.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Coastal upwelling regions are considered areas of significant
biological productivity in Eastern Boundary Current Systems, rep-
resenting 80e90% of the new production (e.g., Hill et al., 1998).
These areas are considered as key locations to understand the
linkage between the biological pump, or export productivity and
climate in the past, which is essential for simulating future climate.
The western Iberian margin is part of the Canary Current related
upwelling system with centers of highest productivity located off
Cape Finisterre in the north and off Cape St. Vicente in the south.
recursos Marinhos, Instituto
tugal.
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In the past, the Iberian Margin has experienced drastic changes
in hydrography and associated productivity. Due to the southward
displacement of the Polar Front, melting icebergs and subpolar
waters reached the Iberian margin during the Greenland stadials
(GS) of the Last Glacial, including Heinrich stadials (HS) and the
Younger Dryas (YD) (Cayre et al., 1999; Bard et al., 2000; de Abreu
et al., 2003; Eynaud et al., 2009). Along the western Iberian margin,
surface waters cooled during stadials at least by 5 �C, with HS
showing largest sea surface temperature (SST) drops (de Abreu
et al., 2003; Martrat et al., 2007; Eynaud et al., 2009; Naughton
et al., 2009; Salgueiro et al., 2010). The intensity of the cooling,
however, declined southwards due to the increasing influence of
subtropical waters (Salgueiro et al., 2010; Voelker and de Abreu,
2011). In the Gulf of Cadiz, cold surface water episodes were
restricted to HS (Voelker et al., 2009; Voelker and de Abreu, 2011).
During the Last Glacial Maximum (LGM), a period relatively warm
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compared to the surrounding HS (Eynaud et al., 2009; Voelker et al.,
2009; Salgueiro et al., 2010; Penaud et al., 2011) productivity
increased significantlywithin this upwelling system, both along the
Iberian and NW African margins, possibly associated to stronger
westerly winds (Abrantes, 1991, 1992; Lebreiro et al., 1997; Kohfeld
et al., 2005; Eberwein and Mackensen, 2008; Romero et al., 2008).
Using core transects along the Portuguese margin, Voelker et al.
(2009) and Salgueiro et al. (2010) showed that productivity var-
ied in response to millennial-scale climate oscillations. A decrease
in productivity during GS and HS is recorded north of 39e40�N,
whereas most records from the Sines margin (Fig. 1a) show a
Fig. 1. Modern oceanographic conditions: a) location of the 15 sediment cores used in thi
perature (SST), and summer superficial currents; c) summer satellite derived primary prod
satellite data were downloaded from Ocean productivity site from Oregon State Universit
1997).
complex signal (Salgueiro et al., 2010). In the Gulf of Cadiz, on the
other hand, enhanced productivity is observed during GS, including
HS1 and the YD (GS1) (Voelker et al., 2009; Penaud et al., 2010,
2011). This higher glacial productivity was related to the presence
of nutrient-rich waters associated with the eastward extension of
the Azores Front into the Gulf of Cadiz (Voelker et al., 2009; Penaud
et al., 2011).

Most of the hydrography and productivity studies were
concentrated onvariations in time.Understanding spatial variability
of paleo-data is, however, crucial for a comparison with climate
model results (e.g., Schmittner, 2005; Kageyama et al., 2010) as well
s study, and winter superficial currents; b) satellite summer derived sea surface tem-
uctivity (PP) d) summer exported productivity (Pexp) calculated from summer PP. All
y (http://www.science.oregonstate.edu/ocean.productivity; Behrenfeld and Falkowski,

http://www.science.oregonstate.edu/ocean.productivity
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as for a better knowledge of the impact of abrupt climate events on
ocean productivity (Mariotti et al., 2012). Few regions in the world
have been as densely cored as the Iberian margin. Here, we use
published and unpublished data from 15 cores (Fig. 1a) to map
spatial and temporal gradients in hydrography and productivity
along the margin. We focus on seven time slices over the last 35 ky,
including the Holocene, the LGM, YD, and HSs.

2. Oceanographic settings

Thewestern Iberian margin is characterized by seasonal (May to
September) coastal upwelling triggered by enhanced northerly
winds as supported by the presence of cold and nutrient-rich
Eastern North Atlantic Central Waters (ENACW) close to the coast.
During upwelling regimes, filaments and plumes (off the capes)
penetrate more than 200 km offshore into the open ocean along
most of the western Iberian margin, but the filaments off Cape
Finisterra and Cape St. Vicente are the most persistent (Fiúza, 1984;
Haynes et al., 1993; Fiúza et al., 1998). Off Cape St. Vicente, filaments
flow first around the cape, and then further to the east, over the
shelf on the southwestern coast (e.g., Fiúza et al., 1982; Relvas and
Barton, 2002), where upwelling can occasionally occur when
westerly winds locally blow (Fiúza, 1983; Relvas and Barton, 2002).
ENACW, with a subtropical (ENACWst) or a subpolar (ENACWsp)
origin, is the source of the upwelled water. Depending on wind
strength, either type of ENACW can be upwelled. North of Lisbon,
however, the importance of the subtropical branch decreases.
ENACWst, formed by strong evaporation and winter cooling along
the Azores Front (Fiúza, 1984; Rios et al., 1992), is relatively warmer
and saltier and contains less nutrients than the ENACWsp's
southward flowing branch. Denser ENACWsp occurs below sub-
tropical ENACWst, and is formed in the eastern North Atlantic at
46�N (Fiúza, 1984; Rios et al., 1992; Fiúza et al., 1998).

During coastal upwelling events, surface ocean circulation is
characterized by the southward recirculation of the North Atlantic
Drift, i.e. the Portugal Current flowing in the open ocean west of
10�W (Peliz et al., 2005), and the Portugal Coastal Current, close to
the western Iberian coast, and responsible for the southward
transport of the upwelled waters (Fiúza, 1984; Alvarez-Salgado
et al., 2003; Peliz et al., 2005, Fig.1b). During winter, the Portugal
Coastal Current is replaced by the northward subtropical Iberian
Poleward Current, a slope current derived from the Azores Current
(Fiúza, 1984; Fiúza et al., 1998; Peliz et al., 2005, Fig. 1a). The Azores
Current, which is another branch of the North Atlantic Drift, flows
into the Gulf of Cadiz and contributes to the formation of the
subtropical front (Azores Front) around 36�N (Peliz et al., 2005).
During winter, changes in wind regimes and increases in meridi-
onal density gradients of the slope waters (e.g., Frouin et al., 1990)
cause Azores Current waters to recirculate from the Gulf of Cadiz
around Cape St. Vicente to the southwest Iberian margin. Around
39�N, the Iberian Poleward Current shifts from an eastward to a
northward flow direction, following the Iberianmargin into the Bay
of Biscay during winter and thereby contributing to a predominant
feature: the Western Iberia Winter Front (Frouin et al., 1990; Peliz
et al., 2005). The Iberian Poleward Current's subsurface compo-
nent is the ENACWst (e.g., Frouin et al., 1990), while the Portugal
Current's subsurface component is the ENACWsp (e.g., Perez et al.,
2001).

3. Material and methods

To understand the behavior of the western Iberian upwelling
system under different paleoclimate baseline conditions, we
compiled planktonic foraminifera d18O records and the relative
abundance data of planktonic foraminifera of fifteen deep-sea
sediment cores (SU92-03, OMEXII-9K, N3KF24, MD03-2697,
MD99-2331, OMEXII-5K, PO200/10-28-1, MD95-2039, MD95-
2040, D1195-7P, MD01-2446, MD95-2041, MD95-2042, M39029-7,
MD99-2339), distributed along the Iberian margin between
43�120N and 35�530N (Fig.1a, Table 1) and covering the last 35 ky BP
(Kilo years before present). The geographical and temporal
coverage allows mapping summer sea surface temperature (SST)
and export productivity (Pexp) patterns and, in particular, identi-
fying the most productive areas along the Iberian margin under
different climatic and oceanographic contexts.

3.1. Chronostratigraphy

We used the published age models of cores SU92-03, MD03-
2697, MD99-2331, MD95-2039, MD95-2040, MD01-2446, MD95-
2042, M39029-7 and MD99-2339, which have been reconstructed
based on calibrated Accelerator Mass Spectrometry 14C ages and on
the correlation of the Globigerina bulloides d18O signal to the GISP2
d18O record (Table 1). Two different age models have been pub-
lished for cores MD03-2697 and MD99-2331 (Naughton et al.,
2007; Sanchez-Goni et al., 2008). One is based on calibrated 14C
ages (Naughton et al., 2007, 2009) while the second one is based on
14C ages back to 26 ka and the isotopic tuning to core MD95-2042
from 26 ky downwards, which chronology was obtained by peak-
to-peak correlation of the G. bulloides d18O with the GISP2 d18O
record (Bard et al., 2004; Sanchez-Goni et al., 2008). In this paper,
we use the Sanchez-Goni et al. (2008) age model.

Chronology for the remaining cores is based on calibrated 14C
ages combined with foraminiferal d18O tuning to the SPECMAP
(Imbrie et al., 1984; Martinson et al., 1987) or GISP2 ice-core d18O
records, and/or comparing G. bulloides d18O and %Neogloboquadrina
pachyderma (sinistral) with the respective high-resolution (~150
years) records of core MD95-2040 (itself partially tuned to GISP2;
de Abreu et al., 2003; Salgueiro et al., 2010). Another approach was
the alignment of limits for specific events (such as HS) on the basis
of other proxy indicators like abundance of detrital grains and
relative abundance of N. pachyderma (sinistral) (Shacketon, 2000;
de Abreu, 2000; Sch€onfeld et al., 2003; de Abreu et al., 2003;
Voelker et al., 2006; Eynaud et al., 2009; Naughton et al., 2009;
Salgueiro et al., 2010; Alberto, 2012). The age model of core
MD95-2041 is a combination of the one published by Voelker et al.
(2009) and tuning of G. bulloides d18O and percentages of
N. pachyderma (sinistral) records to those of core MD95-2040
(Figs. 2 and 3). Age models of cores PO200-10-28-1 and OMEXII-
9K are based on calibrated 14C ages, according to Abrantes et al.
(1998) and Hall and McCave (2000), respectively. However, we
adjusted both age models by aligning G. bulloides d18O and
N. pachyderma (sinistral) signals with those recorded in coreMD95-
2040 during HS2a,b and HS3 (Figs. 2 and 3). Age models of low-
resolution cores OMEXII-5K, N3KF24 and D11957P were estab-
lished by tuning the G. bulloides d18O data and N. pachyderma
(sinistral) percentage maxima with the respective records of core
MD95-2040. This correlation takes into account sedimentation
rates obtained for the primarily published stratigraphies, i.e. de
Abreu (2000) for OMEXII-5K and N3KF24; Lebreiro et al. (1997)
and de Abreu (2000) for D11957P (Figs. 2 and 3).

All data presented in this paper will be available on the PAN-
GAEA data server (www.pangaea.de).

3.2. Temperature and productivity reconstructions

Summer SST and Pexp were reconstructed based on the plank-
tonic foraminifera assemblages found within the >150 mm sedi-
ment fraction and modern analog databases. For the present-day
SST database, now extended to 1066 core tops, SST of 10 m water

http://www.pangaea.de/


Table 1
Detailed information on the studied cores.

Core Cruise Latitude
(�N)

Longitude
(�W)

d18O G. bulloides Plank foram. counts Age model AMS14C

SU92-03 PALEOCINAT II (1992) 43.196 10.113 Salgueiro et al. (2010) Salgueiro et al. (2010) Salgueiro et al. (2010) Yes
OMEXII-9K OMEX II (1997) 42.343 10.051 Hall and McCave 2000 This study Hall and McCave 2000; This

study
Yes

N3KF24 NORESTLANTE III (1989) 42.141 11.959 de Abreu (2000) de Abreu (1995) de Abreu (2000); This study No
MD03-2697 MD134/PICABIA (2003) 42.166 9.703 Naughton et al. (2007) Naughton et al. (2007) Naughton et al. (2007) Yes
MD99-2331 MD114/IMAGES V (1999) 42.150 9.683 Naughton et al. (2007) Naughton et al. (2007) Naughton et al. (2007,

2009); Sanchez Go~ni et al.,
2008

Yes

OMEXII-5K OMEX II (1997) 41.833 10.018 de Abreu (2000) de Abreu (2000) de Abreu (2000); This study No
PO200-10-28-1 PO200/10 (1993) 41.488 9.722 Abrantes et al. (1998) Abrantes et al. (1998) Abrantes et al. (1998); This

study
Yes

MD95-2040 MD101/IMAGES I (1995) 40.582 9.862 de Abreu et al. (2000,
2003); Sch€onfeld et al.
(2003)

de Abreu et al. (2000,
2003); Sch€onfeld et al.
(2003)

de Abreu et al. (2000,
2003); Salgueiro et al.
(2010)

Yes

MD95-2039 MD101/IMAGES I (1995) 40.578 10.348 de Abreu (2000);
Sch€onfeld et al. (2003)

de Abreu (2000); Sch€onfeld
et al. (2003)

de Abreu (2000); Sch€onfeld
et al. (2003); Eynaud et al.
(2009)

Yes

D11957P Discovery 187 (1989) 39.050 12.583 Lebreiro et al. (1997) Lebreiro et al. (1997) Lebreiro et al. (1997); This
study

No

MD01-2446 VT100/AMOCINT INETI
(2008)

39.056 12.624 e Alberto (2012) Alberto (2012) Yes

MD95-2042 MD101/IMAGES I (1995) 37.811 10.150 Shackleton (2000) Chabaud et al., submitted to
The Holocene

Shackleton (2000);
Salgueiro et al. (2010)

Yes

MD95-2041 MD101/IMAGES I (1995) 37.833 9.518 Voelker et al. (2009)
Voelker and
de Abreu (2011)

Voelker et al. (2009)
Voelker and de Abreu
(2011)

Voelker et al. (2009), and
tuning to MD95-2040 for
age >30 ky

Yes

M39029-7 Cruise M-39 (1996) 36.050 8.233 (Loewemark, 2001) Reguera (2001) Colmenero-Hidalgo et al.
(2004)

Yes

MD99-2339 MD114/IMAGES V (1999) 35.886 7.528 Voelker et al. (2006) Voelker et al. (2006, 2009)
Voelker and de Abreu
(2011)

Voelker et al. (2006) No

Fig. 2. d18O G. bulloides (‰VPDB) and % N. pachyderma (sinistral) records for the 15
sediment cores used in this study, and their correlation with the GISP2 Greenland ice
core d18O records (Stuiver and Grootes, 2000).
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depth was retrieved from the World Ocean Atlas (WOA) 1998. The
present-day productivity database, now with 1039 top-cores, is
based on the oceanic primary productivity deducted from satellite
color data (8 year averages; Antoine et al., 1996) and converted into
Pexp following the published empirical equations (Eppley and
Peterson, 1979; Sarnthein and Winn, 1988). The former calibra-
tions display high correlation coefficients between estimated and
measured SST and Pexp of 0.995 and 0.9, respectively (Salgueiro
et al., 2010). The improved SST and Pexp modern analog database
includes indeed new core top data from regions with strong tem-
perature and productivity gradients due to upwelling cells off NW
Galicia and off NW Africa. The additional sites should help mini-
mizing no- or less-analog conditions observed with the regional
(Salgueiro et al., 2008) and North Atlantic calibrations (Salgueiro
et al., 2010). We calculated past SST and Pexp using the SIMMAX
non-distance-weighted option (SIMMAX ndw), similar to the
classical MAT technique, to estimate more realistic and robust SST
values (Telford et al., 2004).

The Holocene and Recent SST and Pexp reconstructions will be
compared with high temporal (12 year average) and spatial reso-
lution satellite data (R. O'Malley and M. Behrenfeld, personal
communication; http://www.science.oregonstate.edu/ocean.
productivity/; Behrenfeld and Falkowski, 1997, Fig. 1bed). Pexp
was derived from primary productivity calculations that include
MODIS surface chlorophyll concentrations, SST and photosynthet-
ically active radiation. Datasets are available at 8-day interval with a
spatial resolution of 9 km. For this reason, the data interpolated
from this database at each site allows to better identify the present-
day oceanographic features of the region than the Antoine et al.
(1996) data (Supplementary Fig. 1). However, both databases
show the same pattern and are correlated (Supplementary Figs. 1
and 2), just as are satellite SST and WOA 1998 data
(Supplementary Fig.3).

http://www.science.oregonstate.edu/ocean.productivity/
http://www.science.oregonstate.edu/ocean.productivity/


Fig. 3. Age versus depth plots for cores: OMEXII-9K; N3KF24; OMEXII-5K; PO200-10-28-1; D11957P; and MD95-2041.
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Fig. 4. Summer sea surface temperature (SST) (�C) and export productivity (Pexp) (gC/m2/y) records for the 15 sediment cores used in this study, and their correlation with the
GISP2 Greenland ice core d18O record (Stuiver and Grootes, 2000).
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3.3. Temperature and productivity mapping

SST and Pexp reconstructions of each site and time interval,
within the age boundaries defined for each time-slice, were aver-
aged in order to capture the mean state reaction to major climate
changes (Supplementary Table 1). Modern SST and Pexp conditions
in Fig. 5 were mapped for each core's position using the values of
the higher resolution satellite data (R. O'Malley and M. Behrenfeld,
personal communication; Fig. 1) with the satellite PP converted to
Pexp the same way as the Antoine et al. (1996) data (see Section
3.2).

3.3.1. Holocene
The Holocene reconstruction is represented by twomaps: 1) the

Recent time slice and 2) the longer term Holocene. The Recent time
slice, based on the core-top samples with ages�1000 years, is used
for validating our approach as it reveals differences and similarities
to the present-day SST and Pexp conditions (i.e., modern satellite
data). For the Holocene per se, SST and Pexp values were averaged
over the last 8.000 years in order to avoid changes related to the
8.2 ka cold event (Holocene <8 ky; Fig. 3).

3.3.2. Last Glacial Maximum
Although the maximum extension of Northern Hemisphere ice

sheets and minimum sea-level occurred between 30 and 19 ka
(Lambeck et al., 2002), this interval was punctuated by a number of
GS/Greenland interstadials (GI), including HS. The LGM has been
identified as the interval between HS2 and HS1 when the warming
of GI 2 was undetectable (e.g., Elliot et al., 1998; Naughton et al.,
2007). That is, between 23 and 19 ka to avoid the GI 2 event in
several regions (Mix et al., 2001), or between 21 and 19 ka interval,
if based on the complex SST signal recorded along the Iberian
margin (Voelker et al., 2009). Here, we follow Voelker et al. (2009)
and use the 21 to 19 ka interval for the LGM time slice.

3.3.3. Younger Dryas
Since this particular cold event is not detectable in every Iberian

margin record, we have used the highest time resolution records
for delimiting the YD. Age limits of 12.9 to 11.8 ka BP (Fig. 3) are in
agreement with those proposed for the YD in the Iberian margin
(Naughton et al., 2007; Rodrigues et al., 2010) and with GS 1 as
recorded in the Greenland ice cores (Johnsen et al., 2001; Lowe
et al., 2008).

3.3.4. Heinrich Stadials
Previous studies on thewestern Iberianmargin have shown that

HS are characterized by a synchronous drop of SST and increases in
the percentage of the polar species N. pachyderma sinistral (e.g.,
Cayre et al., 1999; de Abreu et al., 2003; Eynaud et al., 2009;
Naughton et al., 2009; Salgueiro et al., 2010). We, therefore,
mostly delimited the different HS on the basis of the SST records
(Fig. 3). HS1 is then recorded between 18 and 15 ka BP, HS2a be-
tween 24.5 and 23.2 ka BP; HS2b between 26.1 and 25 ka BP, and
HS3 between 30.6 and 29.2 ka BP (Fig. 3). This is in agreement with
the age limits previously observed for this region (e.g., de Abreu
et al., 2003; Naughton et al., 2009; Salgueiro et al., 2010).

4. Results

4.1. Paleotemperature

In the fifteen cores recovered along the Iberia margin,
G. bulloides d18O and SST values vary between 0 and 3.5‰ and
4e24 �C, respectively, over the last 35 ky (Figs. 3 and 4).
The Holocene is marked by the lightest G. bulloides d18O and
highest SST averaged values reflecting interglacial warm conditions
(Figs. 3 and 4). The spatial distribution of SST over this period
clearly shows a latitudinal gradient along the western Iberian
margin, varying between 16 and 17 �C in the north and 20e23 �C in
the south. The same pattern as in the modern satellite data is
detected in the Recent reconstruction, as revealed by mean SST
values varying between 16e19 �C and 18e20 �C in the north and
23 �C in the south. Both the Recent and Holocene (8 ky) re-
constructions illustrate a tongue of colder SST (by 2e3 �C) close to
the coast that extends down to Sines (Fig. 5). Site PO200-10-28-1 is,
however, relatively warm compared to the neighboring sites in the
Holocene map (site not represented in the Recent reconstruction),
but still within the range of the satellite SST. Although the satellite
data record SST slightly warmer than the Holocene and Recent
reconstructions, this tongue is still reflected in the map. Assuming,
that a 12 year long satellite record is in general representative for
conditions during the last 1000 years, the transfer function is either
underestimating the SST in areas of lower SST or the planktonic
foraminifer fauna in these regions is biased towards periods of
upwelling. The larger difference between the Holocene Recent and
modern satellite conditions was in fact recorded in two sites
located close to the coast, MD03-2697 and MD95-2041 (Fig. 5) that
are more strongly influenced by cold and highly productive, upw-
elled waters. On the other hand, small differences are observed in
the offshore sites (SU92-03, N3kF24, OMEXII-5K, MD95-2039,
D11957P, MD95-2042).

The LGM is marked in every record by relatively stable d18O
G. bulloides values, varying from 2‰ in the south (MD99-2339,
M39029-7, MD95-2041 and MD95-2042) to 3‰ in the north
(MD99-2331 and OMEXII-5K), indicating cooler conditions (Fig. 3).
However, the almost absence of N. pachyderma (sinistral) and the
relatively high SST values (15.5 �C on average) suggest that the LGM
was indeed warm. Although warmer, the LGM was slightly colder
than the Holocene (<8 ky) (19.1 �C on average; Figs. 4 and 5). The
amplitude of SST changes between the LGM and Holocene is,
however, complex when comparing site to site, varying between 3
and 10 �C (Fig. 5). Most nearshore records along thewestern Iberian
margin have small LGM e Holocene SST differences (1.5 �C) while
very high differences (3e6 �C) are seen further offshore. Clear cold-
water conditions are detected around 42�N, in cores OMEXII-9K
(11.6 �C) and N3KF24 (11.3 �C).

The YD is marked by heavy G. bulloides d18O (1.5e2‰) values
and the presence of polar foraminifera species N. pachyderma
(sinistral) in most sites (Fig. 3), reflecting cold conditions in the
western Iberian Margin. The coldest conditions are recorded in the
most offshore records at 39�N, with SST values ranging between 8.6
and 12.5 �C (Figs. 4 and 6). Close to the coast SST varies between
14.1 and 19.1 �C being just lightly colder (1e4 �C) than the Holocene
(<8 ky) (Figs. 4e6).

The heaviest G. bulloides d18O values (2e3.5‰) togetherwith the
highest N. pachyderma (sinistral) percentages (reaching 90% in the
northernmost core), and lowest average SST values (from 5 to
11 �C), mark the 3 well-known episodes of iceberg discharges into
the North Atlantic, i.e. HS1-3 (Figs. 3, 4 and 6). Every HS is marked
by a tongue of cold waters penetrating from north to the south
along the Iberian margin, producing a strong SST gradient of about
6 �C (Fig. 6). HS1 and HS3 are the coldest events with SST varying
between 5 and 11 �C whereas HS2a and HS2b are less cold
(8e11 �C). In general, the cold front extended from the Tore
seamount (offshore at 12�W) down into the Gulf of Cadiz. In
contrast, the cold front was located just south of Lisbon during H2b.
During HS2a, the front was in a position similar to that observed
during HS1 and 3, but only reached the latitude of Sines (38�N). The
coldest waters, in NNW-SSE direction, are best observed during



Fig. 5. Summer sea surface temperature (SST) (�C) and export productivity (Pexp) (gC/m2/y) reconstructions based on 15 sediment cores for the time-slices: Modern/Present-day conditions; Holocene (Recent and <8 ky); and Last
Glacial Maximum (LGM). The summer sea surface temperature (SST) and export productivity (Pexp) Modern conditions is the interpolation of satellite-derived SST and Pexp (http://www.science.oregonstate.edu/ocean.productivity;
Behrenfeld and Falkowski, 1997). Holocene Recent displays the planktonic foraminifera derived SST and Pexp from the uppermost sample for each core record. The other maps show planktonic foraminifera derived SST and Pexp and the
average values with standard deviations are available in the supplementary material. Scale for SST ranges from 11 to 24.5 �C and for Pexp from 20 to 134 gC/m2/y, except for the Modern Pexp map with a range from 47 to 171 gC/m2/y.
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Fig. 6. Summer sea surface temperature (SST) (�C) and export productivity (Pexp) (gC/m2/y) maps, based on data from 15 sediment cores, for the time slices: Younger Dryas (YD) and Heinrich stadials. The average values with standard
deviations are available in the supplementary material.Scale for SST ranges from 5 to 20 �C and for Pexp from 58 to 121 gC/m2/y.
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HS1, 2a, and 3 with the lowest SST values recorded at sites SU92-03
and MD95-2039.

4.2. Paleoproductivity

The modern satellite data map (http://www.science.
oregonstate.edu/ocean.productivity/; Behrenfeld and Falkowski,
1997) shows a latitudinal gradient along the western Iberian
margin with Pexp varying between 148 gCm2yr�1 in the N and
48 gCm2yr�1 in the south. In the Recent and Holocene (8 ky
average) reconstructions Pexp shows the same spatial pattern as
SST and latitudinal gradient along the western Iberian margin.
During the reconstruction for the Recent Pexp varied between 131
and 21 gCm2yr�1 while in the Holocene Pexp range from
121 gCm2yr�1 to 27 gCm2yr�1 from north to south, respectively.

In both reconstructions and the satellite data, high productivity
(�90 gCm2yr�1) with maximum Pexp values north of 40�N, co-
incides with the low SST tongue observed close to the coast down
to the Sines latitude. The higher values are defined by cores SU92-
03, MD99-2331, OMEXII-5K, OMEXII-9K PO200-10-28-1, MD95-
2040, and MD95-2042. On the other hand, low productivity values
occur further offshore (west of 10�W) and south of 41�N. The
Recent reconstruction, in general, records lower Pexp than the
modern satellite data, especially close to the coast. Like the SST
reconstructions, the Pexp transfer function seems to underestimate
the productivity. This might be the result of the higher resolution
grid (9 km) used in the interpolation of the modern satellite than
the one applied for reconstruct the Recent conditions. The large
difference between the Holocene-Recent and modern data was
observed for both SST and Pexp in cores MD03-2697 and MD95-
2041, and Pexp in core MD95-2039, which are located close to
the coast and under the influence of cold upwelled waters (Fig. 5).
In contrast, small differences were found in the offshore sites
(SU92-03, N3KF24, OMEXII-5K, D11957P), just as for SST.

Although not reflected in the Holocene averages, Pexp
decreased abruptly from 90 to 100 gCm2yr�1 to 40e50 gCm2yr�1

between 8 and 4 ka in the more offshore sites (MD95-2039, MD01-
2446 and MD95-2042; Fig. 4), while SST remained constant.

The spatial distribution of Pexp during the LGM (Fig. 5) shows in
general higher values (mean 98 gCm2yr�1) than those recorded
over the Holocene (Recent mean: 89 gCm2yr�1; Holocene mean:
86 gCm2yr�1), but with the same latitudinal north-south pattern,
although the northernmost site (SU92-03) only records
94 gCm2yr�1. Highest values (110e126 gCm2yr�1) are detected
between 40 and 42�N, at the Tore seamount (D11957P) and offshore
Sines (site MD95-2042) with values in the order of
113e115 gCm2yr�1. The lowest productivity values (between 70 and
95 gCm2yr�1) are associated with low SST in sites located at 42�N
(OMEXII-9K, N3KF24), and in the two sites from the Gulf of Cadiz
(M39029-7 and MD99-2339).

During the YD Pexp is lower (mean 80 gCm2yr�1) than over the
LGM, with the lowest Pexp values (62e84 gCm2yr�1) observed at
the Tore seamount and in the Gulf of Cadiz. The highest Pexp
(>101 gCm2yr�1) were recorded off Vigo (MD03-2697, about 42�N)
and offshore of Sines (MD95-2042, about 38�N) (Fig. 6).

Coincidingwith the tongueof cold surfacewaters extending down
alongthewestern Iberianmargin, Pexpwasextremely reducedduring
each HS episode. Actually, in all northwestern records, the Pexp
minima during the last 35 kywere detected during the HS (Fig. 4). As
observed for the SST, a strong NeS Pexp gradient, between 25 and
35 gCm2yr�1, is clearly evident (Fig. 6). HS1 and HS3 recorded lower
Pexp (58e80 gCm2yr�1) thanHS2a and HS2b (71e80 gCm2yr�1), and
the Pexp boundary, just like SST, extended from the Tore seamount
(offshore at 12�W) down into the Gulf of Cadiz, with exception of
HS2b, when the front was located south of Lisbon.
Also the lower Pexp is coincident with the coldest waters during
HS1, 2a, and 3 but with the lowest Pexp values recorded in sites
SU92-03 and MD95-2039.

5. Discussion

The SST and Pexp reconstructions for key time slices (Holocene,
LGM, YD, HS) provide insights into the behavior of the upwelling
system and major hydrological changes over the last 35 ky
(Figs. 3e6).

5.1. Holocene

5.1.1. Recent
The Recent SST distribution pattern, i.e., SST deduced from the

uppermost samples in each core, and the map based on the modern
SST satellite data show the same patterns (Fig. 5), but with slightly
colder Recent SST north of 40� N and off Sines. Themajor differences
were found in the sites located closer to the coast, i.e. sitesmore likely
experiencing colder SST due to upwelling. Some of the temperature
difference might be related to the warming of the oceans during the
lastdecades (Levituset al., 2009).However, underestimationofSST in
relation to upwelling was already observed during the transfer
function calibration, although the residuals (SST observed e SST
estimated) are not significant (Supplementary Fig. 2) on the Portu-
guese margin (Salgueiro et al., 2010). In fact, the tongue of low,
coastal-upwelling related SST that extends down to Sines in the
Modern conditions map is easily identified in the reconstructions as
well as theNeStemperaturegradient. The reconstructedbandof cold
upwelled waters also fits well with faunal evidence recorded in the
surface sediments along the Iberian Margin, that is, increased
abundance of the upwelling-related diatom genus Chaetoceros and
planktonic foraminifera G. bulloides (Abrantes, 1988; Salgueiro et al.,
2008). Such features are the mark of the hydrology and of regional
coastal upwelling variability, with stronger and more persistent up-
welling north of 40�N extending well offshore (Haynes et al., 1993).
Lower SST occurs also between Lisbon and Sines, possibly reflecting
the presence of the important CapedaRocafilament.Warmerwaters
aredepictedwestof 10�Wandsouthof41�Nandalso in averycoastal
region along the SW coast and north of Lisbon, exactly as in the
Modern conditions, reflecting the presence of the Iberian Poleward
Current (Peliz et al., 2005).

As coastal upwelling brings colder waters rich in new nutrients
into the system (Dugdale andGoering,1967), primary productivity in
these regions is the highest of all the oceanic provinces and a sig-
nificant proportion consists of new production (Hill et al., 1998) and
consequently Pexp (portion of the net primary production that is
exported to thebottomocean). For this reason, theModernhighPexp
conditions coincide with the low SST. In the Recent record, the
presence of both a high Pexp tongue and its NeS gradient, confirm
that the high productivity generated by the nutrient input of the cold
subsurfacewatersupwellednear thecoast is sustained. Furthermore,
the association betweenwarmer, subtropical waters and lower Pexp
values observed for the Modern conditions is also maintained. The
larger decrease in Pexp is observed for the upwelling-influenced
sites. One has to keep in mind, however, that the satellite data used
in the calibration (Salgueiro et al., 2010), and the current re-
constructions, has a lower spatial resolution than the one plotted in
theModern conditions.Nevertheless, the patterns should remain the
same, because both data sets are correlated (Supplementary Figs. 2
and 3), and only the absolute values will differ.

5.1.2. Last 8 ky
In the studied records, the Holocene is marked by lower

G. bulloides d18O (Fig. 2) and high SST values (Fig. 4) reflecting warm

http://www.science.oregonstate.edu/ocean.productivity/
http://www.science.oregonstate.edu/ocean.productivity/
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interglacial conditions, in agreement with previous studies (e.g., de
Abreu et al., 2003; Rodrigues et al., 2010; Salgueiro et al., 2010). The
spatial SST distribution along the western Iberian margin clearly
shows SST increases from north to south and east to west. The cold
waters in the north and close to the coast reflect the prevailing
influence of the colder Paleo-Portugal Current and Paleo-Portugal
Coastal Current in the north, and of the subtropical Paleo-Azores
Current in the south and offshore (Fig. 5). As discussed for the
Recent, colder SSTs closer to the coast clearly demonstrate the in-
fluence of coastal upwelling centers. In general, the pattern in the
Holocene and Recent map follows the one observed for modern
conditions, emphasizing the quality of the planktonic foraminifera
reconstructions (Salgueiro et al., 2010). The lowest SST values are
coincident with highest Pexp, except for site PO200-10-28-1, and
located in the north off Galicia and along of the coast until Sines. All
sites in the north are likely to be recording the lasting presence of
the filaments, with consistently high productivity (Fig. 4). Similarly,
core MD95-2041 on the Sines coast is recording the southward
extension of the Cabo da Roca (close to Lisbon) upwelling filament.
The lowest Pexp values are observed in the oligotrophic waters
offshore and in the Gulf of Cadiz (Fig. 5). Such distribution re-
sembles the present-day oceanography linked to the Iberian Pole-
ward and Azores Currents and thus indicate that in general the
actual conditions have been maintained throughout the Holocene.

One peculiar feature of Holocene climate variability in the three
offshore sites MD95-2039, MD01-2446 and MD95-2042 (Fig. 4) is
the strong Pexp decrease between 8 and 4 ka, at times of constant
SST. The same feature has been observed in the coccolith produc-
tivity record of core MD03-2699 at 39�N 10.4�W (Palumbo et al.,
2013), confirming the occurrence of less productive conditions as
a whole. Such conditions may be due to a decrease in nutrient
availability mainly in the northernmost offshore waters, which
might be related to a decrease in nutrient levels of the Paleo-
Portugal Current waters. To disentangle the causes of this occur-
rence further work is needed.

5.2. Last Glacial Maximum

Atlantic Ocean-basin wide SST reconstructions for the LGM
show a strong cooling in latitudes north of 40�N (Pflaumann et al.,
2003; Kucera et al., 2005) that led to a 30e40% reduction in the
Atlantic Meridional Overturning Circulation (McManus et al., 2004)
Cooling was stronger in the western than in the eastern Atlantic
basin, and, for the three sites on the Iberian margin, reconstructed
SST differences between modern and LGM are in the range of 2 �C
(Kucera et al., 2005; MARGO project members, 2009) to 4 �C
(Pflaumann et al., 2003). Previous studies already showed that SST
remained relative warm on the Iberian margin (Abrantes, 1988; de
Abreu et al., 2003; Voelker et al., 2009; Salgueiro et al., 2010;
Penaud et al., 2011; Voelker and de Abreu, 2011). Our data con-
firms the presence of warm conditions during the LGM, although
relatively colder than those characterizing the Holocene and
present-day (Figs. 2, 4 and 5). The spatial LGM SST distribution is,
however, more complex: 1) the inshore sites record small ampli-
tude differences between the LGM and Holocene, whereas 2) the
offshore sites experienced larger differences. Furthermore, 3) there
is a clear cold-water tongue around 42�N (Fig. 5). The cold-water
tongue could represent an eastward extension of the much colder
SST observed in the open North Atlantic by Kucera et al. (2005) and
Pflaumann et al. (2003). The lower inshore SST gradient may reflect
a stronger and more coastal influence of subtropical waters from
the Paleo-Iberian Poleward Current. Indeed, Voelker et al. (2009)
and Salgueiro et al. (2010) observed that during the LGM the
winter circulation off the western Iberian margin was similar to
that of present-day. The relative higher SST accompanied by the
presence of the subtropical planktonic foraminifera Globigerinoides
ruber (white), as previously shown by Salgueiro et al. (2010), is
another indication that Paleo-Iberian Poleward Current waters
reached the northernmost site SU92-03. The high thermal gradient
observed between the North and the South, on the other hand, can
be explained by the southward displacement of the Polar Front and
associated stronger advection of subpolar waters by the Paleo-
Portugal Current.

Pexp is in general higher during the LGM than during the Ho-
locene and present-day. The high values between 40 and 42�N,
offshore of Sines and at the Tore seamount seems to result from the
strengthening of northerly alongshore winds and the sea-level
minimum, favoring the intensification and displacement of the
coastal upwelling centers further west. Indeed, climate simulations
have shown the prevalence of either northerly alongshorewinds on
the Iberian margin (at least in winter; Hosletler et al., 1999) and
strengthened trade winds in NWAfrica (Broccoli et al., 2006). High
dust content, leading to the strengthening of the trade winds, was
detected during the LGM in the northwestern Africa (Jullien et al.,
2007). Also, the high Pexp in western Iberian margin is also sup-
ported by previous works on the area (Abrantes, 2000), which
shows an increase of diatom fluxes in the area during the LGM. The
highest Pexp was recorded in the cores close to the coast, sup-
porting the existence of an upwelling situation similar to the
present-day. The slightly reduced value of Pexp in core SU92-03
might indicate a reduction of the upwelling off Cape Finisterra
rather than an enhancement as in all the other upwelling cells
along the margin. The high Pexp at Tore seamount is in the range of
the one observed in the upwelling cells to its north and south,
which strengthens the idea that the upwelling front might have
been extended to this offshore location (Lebreiro et al., 1997). The
lowest productivity is detected in the cold-water tongue around
42�N pointing to a causal link between both.

In the Gulf of Cadiz, the observed warm SST and high Pexp
(Fig. 5) indicate that this region has been continually influenced by
the subtropical Paleo-Azores Current, in agreement with the pro-
posed extension of the Azores Front into the Gulf of Cadiz
(Rogerson et al., 2004). Nevertheless, Pexp values are higher than
during the Holocene, suggesting that productive conditions have
also occurred in the region either due to frontal upwelling or as a
reflection of the closer position to the Portuguese coastal upwelling
filaments that, caused by the lower sea-level, extended further
offshore than today.

5.3. Younger Dryas

In the North Atlantic, the YD (GS1) is generally marked by
surface-water cooling linked to an almost full return to glacial
conditions and a reduction in the Atlantic Meridional Overturning
Circulation (Labeyrie and Party, 1992; McManus et al., 2004; Brauer
et al., 2008). Records off NW Africa also recorded high upwelling-
related productivity (e.g., Romero et al., 2008; Penaud et al., 2010,
2011). In the Iberian margin, the YD is well recorded off Lisbon
with cold temperatures (8 �C; Rodrigues et al., 2010) but less severe,
although identifiable, in other records (Figs. 2 and 4), in agreement
with previous observations (e.g., Abrantes et al., 1998; Bard et al.,
2000; Hall and McCave, 2000; Sch€onfeld and Zahn, 2000; Turon
et al., 2003). The cooling is, however, less than expected in com-
parison to other GS and not obvious in all records. The time slice
map sheds some light into the problem because it clearly shows an
influx of warmer Paleo-Azores Current waters (14e19 �C) into the
southern margin and then extending to the northern slope (Fig. 6).
As a result, at the sites influenced by the warmer waters, SST only
dropped by about 2 �C. This water mass may also have pushed
colder waters offshore, where the real impact of the YD cooling



E. Salgueiro et al. / Quaternary Science Reviews 106 (2014) 316e329 327
would then have been felt, mainly north of 39�N, by large ampli-
tude changes.

In the offshore region, Pexp was relatively low, as expected for
nutrient-poor subtropical waters. However, there are two regions
with relatively high Pexp: at the northernmost west coast, off Vigo
(about 42�N), and offshore of Sines (about 38�N). The NW Iberian
region coincides with the present-day position of the stronger and
more persistent coastal upwelling center (Haynes et al., 1993; Fiúza
et al., 1998) that is also fed by nutrients supplied by river runoff
(Abrantes and Moita, 1999). River supply of nutrients is likely to
have been high during the YD, as observed for the Tagus River
(Rodrigues et al., 2010). Offshore Sines, Pexp shows the second
highest values (after LGM) consistent with biomarker and organic
carbon data (Pailler and Bard, 2002). Given the SST evidence for a
strong influence of subtropical waters along the inner coast, such as
under modern conditions, we suspect that the increased produc-
tivity might be a mark of the productivity associated to the Cape da
Roca filament (not clearly defined due to a lack of spatial resolution,
but clearly seen in the modern data).

5.4. Heinrich Stadials

During HS the Polar Front was pushed south to the latitudes of
the Iberian margin thereby greatly impacting climate in this region
(e.g., Bard et al., 2000; Pailler and Bard, 2002; de Abreu et al., 2003;
Voelker et al., 2006; Naughton et al., 2009; Salgueiro et al., 2010).
Although HS2a, 2b and 3 with durations of 1.3 ky, 1.1 ky and 1.4 ky,
respectively, lasted only half as long as HS1, similar features are
seen in the SST and Pexpmaps of all four events (Fig. 6). A tongue of
cold, subpolar waters extended along the margin producing a
strong SST gradient of about 10 �C (Fig. 6) that is believed to reflect
the path of the Paleo-Portugal Current. Indeed, the southward
penetration of iceberg-laden meltwaters generated a substantial
drop not only in SST but also in Pexp (Figs. 4 and 6). Another
identical feature is the establishment of a front off the southern
margin separating the subpolar waters in the north from the
transitional to subtropical ones in the south. During HS1 and HS3
the front extended from the Tore seamount (offshore at 12�W)
down into the Gulf of Cadiz. However, a latitudinal front was
located just south of Lisbon during HS2b. Through HS2a, the front
was in a position similar to the one observed in HS1 and 3, but
warm waters also stretched northward as a slope current, most
likely a Paleo-Iberian Poleward Current (Fig. 6) and an extension
into this region of a paleo-version of the Azores Front during the
Last Glacial (Rogerson et al., 2004; Voelker and de Abreu, 2011). The
warmwaters and related front (Paleo-Azores Front) at the southern
margin clearly contradict the climate model results of meltwater
hosing experiments that due to a strong eastern boundary current
(Portugal Current combined with Canary Current) have the tongue
of cold surface waters extending further south than the Canary
Islands (e.g., Prange et al., 2004; Kageyama et al., 2010; Mariotti
et al., 2012).

Although Pexp was reduced in the subpolar waters, the mean
values were still in the range of those observed in the offshore
region during the Holocene (Figs. 5 and 6). In these waters pro-
ductivity was likely related to spring and fall blooms as in the
modern subpolar regime (Levy et al., 2005). During HS2a, Pexp was
slightly higher in the coastal band under warmer water influence,
maybe indicating that the subtropical surface and subsurface wa-
ters were nutrient-richer than their subpolar counterparts during
the HS (in reverse to themodern situation). Nutrient refurbishment
in the subpolar waters is likely to have been hampered by the sea
ice cover and shallower mixed layer depth (Mariotti et al., 2012).
During all HS, Pexp was high near and south of the observed front
(Fig. 6) indicating that frontal upwelling, as typical along the Azores
Front today (Fasham et al., 1985), most likely caused this increase in
productivity.

6. Conclusions

Time slice mapping of SST and Pexp based on fifteen cores
distributed along the Iberia margin reveals patterns of SST and
productivity during periods marked by climatic and oceanographic
re-organizations, such as: Holocene (Recent and last 8 ky), the LGM,
YD, and HS.

SST and Pexp in the Holocene (Recent and 8 ky) show the
presence of low SST/high Pexp waters all along the western Por-
tuguese margin, as well as a latitudinal SST gradient of 6 �C from
north to south. This pattern can easily be explained as a record of a
coastal upwelling system similar to the modern one.

The LGM was only slightly colder than the Holocene and
present-day (mean: 15.5 �C), but a complex spatial SST distribution
suggests a circulation pattern of the western Iberian margin similar
to their modern counterpart, with an offshore southward flow of
subpolar waters by a Paleo-Portugal Current and an inshore pole-
ward inflow of subtropical waters, a Paleo-Iberian Poleward Cur-
rent. In terms of productivity, the LGM was the most productive of
all the investigated periods, with a Pexp spatial distribution that is
likely to reflect a westward displacement of the coastal upwelling
centers lead to the strengthening of winds and sea-level minima.

During the YD a longitudinal thermal front is located at 10�W
with colder transitional waters offshore and warmer subtropical
waters inshore, suggesting a stronger northward influence of the
subtropical current (Paleo-Iberian Poleward Current) that also
forces the colder waters offshore.

During the HS events, the southward penetration of icebergs-
derived meltwater generated a substantial cooling and a drop in
productivity. HS1was the coldest followed by HS3 and HS2. Besides
the extreme cold conditions, a strong NeS SST gradient of about
6 �C also marks the Iberian margin during these episodes. Pro-
ductivity was generally very low, but slightly higher near and south
of the SST subtropical front, which is separating the colder waters in
the north from the subtropical ones in the south. The higher pro-
ductivity in the south is possibly linked to nutrient advection along
an Azores-like Frontal system.

Acknowledgments

This studywas funded by the Portuguese Foundation for Science
and Technology (FCT) fellowships SFRH/BPD/26525/2006 and
SFRH/BPD/36615/2007 to E. Salgueiro, and F. Naughton, respec-
tively. The authors alsowish to thank R. O'Malley andM. Behrenfeld
for the summer satellite average data used in Modern Conditions
images. ES and AV also acknowledge funding support from EU COST
Action ES0907 “INTIMATE: INTegrating Ice core, MArine and
TErrestrial records (60 000 to 8000 years ago)”.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.quascirev.2014.09.001.

References

Abrantes, F., 1988. Diatom productivity peak and increased circulation during Latest
Quaternary e Alboran Basin (Western Mediterranean). Mar. Micropaleontol. 13,
79e96.

Abrantes, F., 1991. Increased upwelling off Portugal during the last glaciation:
diatom evidence. Mar. Micropaleontol. 17, 285e310.

Abrantes, F., 1992. Paleoproductivity oscillations during the last 130 ka along the
Portuguese and NW African margins. In: Summerhayes, C.P., Prell, W.L.,

http://dx.doi.org/10.1016/j.quascirev.2014.09.001
http://dx.doi.org/10.1016/j.quascirev.2014.09.001
http://refhub.elsevier.com/S0277-3791(14)00342-4/sref1
http://refhub.elsevier.com/S0277-3791(14)00342-4/sref1
http://refhub.elsevier.com/S0277-3791(14)00342-4/sref1
http://refhub.elsevier.com/S0277-3791(14)00342-4/sref1
http://refhub.elsevier.com/S0277-3791(14)00342-4/sref1
http://refhub.elsevier.com/S0277-3791(14)00342-4/sref2
http://refhub.elsevier.com/S0277-3791(14)00342-4/sref2
http://refhub.elsevier.com/S0277-3791(14)00342-4/sref2
http://refhub.elsevier.com/S0277-3791(14)00342-4/sref3
http://refhub.elsevier.com/S0277-3791(14)00342-4/sref3


E. Salgueiro et al. / Quaternary Science Reviews 106 (2014) 316e329328
Emeis, K.C. (Eds.), Upwelling Systems: Evolution since the Early Miocene. The
Geological Society, London, pp. 499e510.

Abrantes, F., 2000. 200 000 yr diatom records from Atlantic upwelling sites reveal
maximum productivity during LGM and a shift in phytoplankton community
structure at 185 000 yr. Earth Planet. Sci. Lett. 176, 7e16.

Abrantes, F., Baas, J., Haflidason, H., Rasmussen, T., Klitgaard, D., Loncaric, N.,
Gaspar, L., 1998. Sediment fluxes along the northeastern European Margin:
inferring hydrological changes between 20 and 8 kyr. Mar. Geol. 152, 7e23.

Abrantes, F., Moita, M.T., 1999. Water column and recent sediment data on diatoms
and coccolithophorids, off Portugal, confirm sediment record of upwelling
events. Oceanol. Acta 22, 319e336.

Alberto, A.I.M., 2012. Variaç~oes da temperatura de superfície e produtividade
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