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[1] Past sea surface water conditions of the western Iberian Margin were reconstructed based on biomarker
analyses of a marine deep sea core MD03‐2699 from the Estremadura Spur north off Lisbon, providing new
insights into orbital and suborbital‐scale climate variability between marine isotope stage (MIS) 15 to MIS 9
(580 to 300 ka). We use biomarker‐based proxy records such as the alkenone unsaturated index to estimate
sea surface temperature (SST), the total alkenone concentration to reconstruct phytoplankton productivity,
and terrestrial biomarkers to evaluate the continental input. The results extend the existing biomarker record,
namely the SST for the Iberian Margin, back to the sixth climatic cycle (580 ka). A general trend of stable
interglacials contrasts with glacial periods and glacial inceptions which are marked by high‐frequency
variability. Thus, several short‐lived climatic coolings were identified by large SST decreases, the occurrence
of ice‐rafted detritus and high percentages of the tetraunsaturated alkenone C37:4. Some of these events were
extremely cold and similar in their general trends to the well‐known Heinrich events of the last glaciation.
We identified eight Heinrich‐type events between 580 and 300 ka. The general deglaciation pattern detected
between MIS 15 and MIS 9 is similar in their general trends to that characterizing the more recent climatic
cycles, i.e., marked by two coolings separated by a short warming episode which may reflect the southward,
northward, and southward migration of the Polar Front.

Citation: Rodrigues, T., A. H. L. Voelker, J. O. Grimalt, F. Abrantes, and F. Naughton (2011), Iberian Margin sea surface
temperature during MIS 15 to 9 (580–300 ka): Glacial suborbital variability versus interglacial stability, Paleoceanography, 26,
PA1204, doi:10.1029/2010PA001927.

1. Introduction

[2] The Earth’s climate gradually cooled during the past
5 Ma [Lisiecki and Raymo, 2005; Zachos et al., 2001;
Shackleton, 1967; Maslin et al., 1998]. Within this long‐
term climate trend several orbital‐induced climate oscilla-
tions, with periodicities of 21 kyr, 41 kyr and 100 kyr have
been observed in numerous deep sea cores distributed
throughout the global ocean [Lisiecki and Raymo, 2005]. A
transition from prevailing symmetrical low‐amplitude and
high‐frequency ice volume variations (41 kyr) to prevailing
asymmetrical high‐amplitude and low‐frequency ice vol-
ume variations (100 kyr) is attributed to the climate transi-
tion called the Mid‐Pleistocene Revolution (MPR) [Imbrie
et al., 1993]. This change was in agreement with a varia-
tion in the mean state of the global climate system,
involving an evolution toward lower atmospheric tempera-
tures and higher global ice volume [Shackleton et al., 1990].
After this event (around 430 ka) the global climate became

mainly controlled by the 100 kyr cyclicity [Loutre and
Berger, 2003] and started to be characterized by relatively
short warm episodes during interglacials and longer cold
phases during glacial periods [Jouzel et al., 2007; Shackleton
et al., 2000].
[3] The Mid‐Brunhes interval between MIS 11 and MIS 9

is considered to be an unusual long warm period within the
last 1.0 Ma [Droxler and Farrell, 2000]. This period dis-
plays long‐lasting and perhaps intense warmth and is gen-
erally characterized by the highest sea level stands, unusual
far poleward penetration of warm waters and the increase of
carbonate accumulation on the seafloor. These character-
istics give MIS 11 a unique climate exhibiting warm inter-
glacial conditions for an interval of at least 30 ka, a duration
twice as long as the most recent interglacial stages [Loutre
and Berger, 2003; McManus et al., 2003; Desprat et al.,
2005; Loutre, 2003]. The beginning of MIS 11 is charac-
terized by the highest‐amplitude deglacial warming of the
past 5 Ma and is associated with higher sea levels than
present, maybe +2, +7 or +20 m above mean level, as
consequence of melting of the Greenland and West Ant-
arctic ice sheets [Bowen, 2009]. The orbital conditions of
interglacial MIS 11 were similar to those experienced during
the Holocene. Both interglacials occurred in times when
eccentricity was at its minimum, so that the amplitude of the
precessional cycle was dampened. Accordingly, MIS 11.3
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has often been considered a better analog for our current
climate conditions than any other of the more recent inter-
glacials [de Abreu et al., 2005; Droxler and Farrell, 2000;
Loutre, 2003; Loutre and Berger, 2003]. Both, the Holocene
and MIS 11.3, are characterized by small amounts of con-
tinental ice [Loutre and Berger, 2003].
[4] High‐resolution climate records are needed for the

understanding of the climate processes occurring in the past.
Recent studies on the EPICA Dome C (EDC) ice core have
described the history of the Antarctic temperature and the
atmospheric gas concentrations during the past 900 ka
[Jouzel et al., 2007; Loulergue et al., 2008; Lüthi et al.,
2008] which are similar to the oscillations revealed in
marine benthic oxygen isotopic records [Jouzel et al., 2007;
Shackleton et al., 2000]. In this respect, the atmospheric
CO2 record during the glacial‐interglacial cycles exhibits
remarkable differences prior to and after MIS 11 [Lüthi et
al., 2008; Siegenthaler et al., 2005] with lower CO2 levels
during the earlier warm phases.
[5] Marine sediment studies have shown that the western

Iberian Margin is a strategic area both for allowing high‐
resolution record of the rapid climate variability as well as
reflecting the influences of the processes that occurred both
in the Arctic and Antarctica [Shackleton et al., 2000]. The
climatic variability of the last four climate cycles in this area
has been described [see de Abreu et al., 2003; Desprat et al.,
2007; EPICA Community Members, 2004; Martrat et al.,
2004, 2007; Roucoux et al., 2006; Tzedakis et al., 2003].
However, high‐resolution marine data prior to MIS 11 or
even for the complete deglacial transition from MIS 12 to 11
is lacking and that makes it difficult to understand the North
Atlantic’s response to Mid‐Pleistocene climate variability.
[6] One of the major challenges in paleoclimate research

is the study of past abrupt climate changes. The most
extreme episodes noticed for the last glacial period are
known as “Heinrich events” and were identified by the
anomalous presence of ice‐rafted detritus (IRD) transported
to the North Atlantic, at latitudes between 40°N and 50°N,
by icebergs drifting from the Northern Hemisphere ice
sheets [Bond et al., 1992, 1999; Broecker, 1994; Hemming,
2004]. Besides the IRD deposition, iceberg melting con-
tributed to a substantial decrease in North Atlantic SST
[Cortijo et al., 1997]. These layers have also been detected
further south, in the Iberian Margin [e.g., de Abreu et al.,
2003; Bard et al., 2000; Chapman et al., 2000; Lebreiro
et al., 1996; Zahn et al., 1997]. Recently Hodell et al.
[2008] have recognized Heinrich‐like layers in the IRD
belt (Site U1308) during previous glacial periods such as
MIS 8, 10, 12 and 16. Yet, these layers have not been
detected either during MIS 6, MIS 14 or during glacial
periods prior to 640 ka or further south of the IRD belt.
[7] The aim of this work is, therefore, to understand the

climate variability that occurred before and after the Mid‐
Brunhes event and, in particular, to explore how North
Atlantic surface waters responded to pre‐MIS 11 climate
forcing, and if the frequency and amplitude of abrupt cli-
mate events were similar in their general trends to those
occurring during the last glacial period. For this, we have
performed the first high‐resolution (centennial‐scale) bio-
marker‐based climate reconstruction of core MD03‐2699

from the western Iberian Margin. The proxies analyzed
provide information on the past hydrographic conditions
such as SST, productivity determined from total organic
carbon (TOC) and alkenone concentrations, and transport of
terrestrial markers to this hemipelagic site.

2. Modern Hydrologic Conditions

[8] The MD03‐2699 deep‐sea core was recovered from
the western Iberian Margin (39°02.20′N, 10°39.63′W;
Estremadura spur) at about 100 km offshore and from 1895 m
water depth (Figure 1a). This region is at present dominated
by the surface Portugal Current System (PCS), the eastern
recirculation of the North Atlantic’s subtropical gyre [Fiúza,
1983; Peliz et al., 2005], which is composed of a slow
equatorward current in the open sea and a fast, seasonally
reversing, coastal current [Ambar, 1994]. The Portugal
Current (PC) advects freshly ventilated surface and sub-
surface waters slowly southward. During winter, waters
from the eastern branch of the subtropical Azores Current
recirculate northward along the western Iberian Margin as
the Iberian Poleward Current (IPC) (Figure 1b) [Peliz et al.,
2005]. Coastal upwelling of subsurface cold and nutrient‐
rich waters occurs between May and September as a
response to the strong northerlies [Fiúza et al., 1982]. Under
these conditions, upwelling filaments are observed off
Peniche and Cape Roca [Fiúza et al., 1982].

3. Material and Methods

[9] Core MD03‐2699 was retrieved using a giant
CALYPSO piston corer during the PICABIA oceanographic
cruise on board the R/V Marion Dufresne II. This sedi-
mentary record, mainly composed of hemipelagic silty
clays, is 26.56 m long, and covers the last 580 ka (MIS 15 to
1). In this study, we will focus on the periods covering MIS
15–9 (580–300 ka) and MIS 1 (15–0 ka).
[10] Alkenones were used to reconstruct past SST (U37

k′

index), productivity and the possible advection episodes of
subpolar water masses, reflected by the relative proportion
of the tetraunsaturated alkenone (C37:4) to total C37 alkenone
concentration, considering that C37:4 is indicative of cold
surface waters, especially in conjunction with increased
meltwater input and thus reduction in surface water salinity
[Bard et al., 2000; Cacho et al., 2001; Rosell‐Melé et al.,
1998; Villanueva et al., 1997a]. To reconstruct the terrige-
nous input higher plant biomarkers, such as odd carbon
numbered C27–C31 n‐alkanes and even carbon numbered
C22–C30 alkan‐1‐ols, were quantified.
[11] The analytical procedure for determining the organic

biomarkers is described in detail elsewhere [see Villanueva
et al., 1997b] and was performed in the laboratory of
IDÆA‐CSIC, Barcelona. Sediment samples were freeze‐
dried and the organic compounds were extracted by soni-
cation using dichloromethane. The extracts were digested
with 6% potassium hydroxide in methanol to eliminate in-
terferences from wax esters, proteins and other hydrolysable
compounds. The neutral lipids were extracted with hexane,
evaporated to near dryness under a N2 stream and finally
derivatized with bis(trimethylsilyl)trifluoroacetamide. They
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were then analyzed with a Varian Gas chromatograph
Model 3400 equipped with a septum programmable injector
and a flame ionization detector. Selected samples were
examined by gas chromatography coupled to mass spec-

trometry for confirmation of the GC peak assignments. A
small (30) number of samples were analyzed at the bio-
geochemistry lab of the Marine Geology Unit (UGM) of
LNEG, after a rigorous calibration of the new Varian Gas
chromatograph Model 3800 equipped with a septum pro-
grammable injector and a flame ionization detector. The
comparison of the obtained results from the two laboratories
has shown deviations of less than 0.5°C. This value is
included in the error bars of the method as previously
suggested by Grimalt et al. [2001]. Transformation of U37

k′

indices into SST was performed using the global core top
calibration of annual SSTs [Müller et al., 1998].
[12] TOC was determined on aliquots (2 mg) of dried

and homogenized sediment samples collected at the same
levels as those used for biomarker determination. TOC was
analyzed in ground sediment with the UGM‐LNEG CHNS‐
932 Leco elemental analyzer using the difference between
total and inorganic carbon. The relative precision of
repeated measurements of both samples and standards
was 0.03 wt %.
[13] The abundance of lithic fragments, reflecting IRD

deposits, was determined in the sediment fraction >315 mm.
Benthic d18O analyses was performed in the epibenthic
C. pachyderma or C. wuellerstorfi specimens from the same
sediment fraction at MARUM (University Bremen, Ger-
many) using a ThermoFinnigan MAT 252 mass spectrom-
eter. The mass spectrometer is coupled to an automated
Kiel carbonate preparation system and the long‐term pre-
cision is ±0.07‰ for d18O.

4. Chronostratigraphy

[14] The benthic d18O record of core MD03‐2699 reflects
fluctuations between the prevailing deep water masses, i.e.,
North Atlantic Deep Water (NADW), Glacial North Atlantic
Intermediate Water (GNAIW) and Mediterranean Outflow
Water (MOW) [Voelker et al., 2007], and sometimes greatly
deviates from the global stack LR04 (Figure 2). Thus for
establishing the age model we chose to correlate the MD03‐
2699 record with the intermediate‐depth record of ODP
Site 980 [Flower et al., 2000; McManus et al., 1999; Oppo
et al., 1998] retrieved from the Feni Drift at 55°N from
2168 m water depth. To maintain the link to the LR04 stack
we used the ODP Site 980 record on its LR04 chronology
[Lisiecki and Raymo, 2005]. Both the MD03‐2699 and
ODP Site 980 records were directly correlated by using
primary control points between the two benthic d18O curves
(Figure 2 and Table 1). Subsequently, small adjustments in
the sedimentation rates resulting from the primary control
points were made by aligning local maxima and minima
values (Figure 2). Within the interval between 524 to 493 ka
no clear benthic signals were found, so that the age control
point here was added based on the G. inflata record [Voelker
et al., 2009]. We assume that the warming in the surface
waters at the end of MIS 13.2 should be contemporaneous in
the different sites from the midlatitudes North Atlantic
Ocean and therefore the G. inflata d18O signal from core
MD03‐2699 could be directly correlated to that from the
IODP Site U1313 [Voelker et al., 2009].

Figure 1. (a) Maps showing the core locations MD03‐2699
(this study), ODP 980 [McManus et al., 1999], and IODP
U1313 [Stein et al., 2009] and major surface water currents in
the North Atlantic: GS, Gulf Stream; NAC, North Atlantic
Current; AzC, Azores Current; CC, Canary Current; PC,
Portugal Current; LaC, Labrador Current. (b) Close‐up of
Iberian Margin circulation after Peliz et al. [2005] (with
permission from Elsevier) with IPC, Iberian Poleward Cur-
rent, and STF, Subtropical front (adapted from Voelker et al.
[2009]). The Iberian Margin sediment cores mentioned in the
text. The core studied MD03‐2699 (39°02.20′N, 10°39.63′W
at −1865 m below sea level). Relevant paleoarchive of the
MD01‐2443 (37°52.85′N, 10°10.57′W, 2925 m below sea
level).
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[15] The age model thus obtained is supported by three
nannofossil biostratigraphic events. The last common
occurrence of Pseudoemiliana lacunosa was observed at
1895 cm (F. O. Amore et al., Coccolithophore record during
the middle Pleistocene in the North Atlantic: Paleoclimatic
and paleoproductivity patterns, submitted to Marine
Micropalenotology, 2010). Our age model shows that this
depth corresponds to an age of about 452.5 ka, being
therefore in agreement with the age limits proposed by Raffi
et al. [2006] for the presence of this specimen. Also, the
abundance increase of Gephyrocapsa caribbeanica was
detected at 2450 cm in core MD03‐2699 at 546.4 ka being
therefore in agreement with the timing of expansion of this
species suggested by Baumann and Freitag [2004] and

Flores et al. [2003]. Last, the first occurrence of Helico-
sphaera inversa was determined at 2170 cm which corre-
sponds to an age of 514.9 ka (Amore et al., submitted
manuscript, 2010).
[16] In this study, we focus on the core sections covering

MIS 1 (15–0 ka) and MIS 15 to MIS 9 (580 to 300 ka)
involving sedimentation rates between 11.5 cm/ka and
1.9 cm/ka in the deeper part of the record (Figure 2). Lowest
rates are associated with the glacial periods when the
MOW as stronger bottom current caused some winnowing.
[17] The age model of the last 23 ka, i.e., the upper 3 m of

the core, is based on AMS 14C dates [Rodrigues et al., 2010]
and the correlation of the MD03‐2699 SST record with that
of core MD01‐2444 [Martrat et al., 2007]. Sedimentation

Figure 2. Records used for reconstructing the age model at site MD03‐2699 from 580 to 300 ka. (a) The
benthic d18O of the North Atlantic sediment core ODP980 [McManus et al., 1999] on LR04 chronology.
(b) Benthic d18O MD03‐2699 (this study). (c) Benthic d18O profile of LR04 stack [Lisiecki and Raymo,
2005]. (d) Sedimentation rate of the core MD03 2699. Solid dots mark the primary control points, and the
open circles mark the alignments according to Table 1.
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rates were in the order of 10 cm/ka allowing an average
resolution of 168 years for the 2 cm sampling interval.

5. Results

5.1. Sea Surface Temperature Variability

[18] The alkenone‐derived SST record of core MD03‐
2699 shows that temperatures varied from 8°C to 20°C,
between 580 and 300 ka, in the midlatitudes of the eastern
North Atlantic (Figure 3). The warmest temperature values
were detected during the climatic optimum of MIS 9 (at
MIS 9.3) and the coldest at the end of MIS 12 during
Termination V (Figure 3e). In general, the increase of SST
during interglacials is synchronous with the northern lati-
tude ice sheets’ retreat as demonstrated by the lower d18O
values in the LR04 benthic stack (Figures 3e and 3i). In
contrast, during glacial periods the SST profile often
exhibits much warmer values than expected when compared
to the expansion of the northern ice sheets (Figures 3e
and 3i). Extreme cold conditions occurred preferentially
during both the pleniglacial and glacial inceptions and

during the first phase of Terminations V and IV (Figure 3e).
The second phase of Terminations V and IV are marked by
a sharp SST increase (9°C and 8°C, respectively) while
Termination VI is characterized by a smooth rise in tem-
peratures (2°C).
5.1.1. Interglacial Periods
[19] A gradual long‐term increase of the average SSTs

(16°C to 17°C and 19°C) is detected during the warmest
phases of the interglacial periods of MIS 13, 11 and 9,
respectively (Figure 3e). In contrast, the duration of opti-
mum interglacial conditions became shorter from MIS 13
to MIS 11 and finally to MIS 9 (Figure 3e). The MIS
13.1 optimum lasted 34.7 ka (514.7 to 480.06 ka), the MIS
11.3 one 30.7 ka (426.6 to 395.9 ka) and the MIS 9.3 one
20 ka (336.2 to 316.2 ka) (Figure 3e).
[20] The entire MIS 13 was a long, relatively stable period

of 61 ka (534.5 to 478.7 ka) with average SST values
around 16°C, however during MIS 13.1 and MIS 13.3 they
reached 17°C.
[21] The interglacial MIS 11.3 was also a long warm

period, from 426.6 to 395.9 ka with SST varying between
16.5°C and 18.5°C (Figure 3e). In close‐up, this interglacial
is actually subdivided into three phases: two warm SST
plateaus separated by a rapid relative cold episode. Mean
SST values of 18°C, occurring between 426.4 and 415.4 ka,
characterized the first warming phase. During the second
phase the SST dropped down to 16.5°C at 412.7 ka. Finally,
an increase of SST up to 18°C occurred between 410.8 and
397.7 ka during the third phase of MIS 11.3 (Figure 3e).
[22] MIS 9.3 is the warmest period detected in the studied

interval and is characterized by SST values of about 19°C
(Figure 3e). This interval shows, a decreasing trend to 16°C
at the end of MIS 9. The optimum SST conditions in
western Iberia occurred during the retreat of the Northern
Hemisphere ice sheets. However, sea surface maximal
warming leads the maximum ice retreat by some ka during
the last two interglacial periods (MIS 11 and MIS 9)
(Figures 3e and 3i).
5.1.2. Abrupt Climate Variability
[23] Extreme cooling of about 4°C–7°C was detected

during glacial periods and glacial inceptions, e.g., MIS 14,
MIS 12 and MIS 10 (Figure 3e).
[24] The transition between MIS 15.1 and MIS 14

(567.1 ka–563.7 ka) is marked by an abrupt SST cooling of
5°C. After this extreme cooling, SST increased up to 17°C
and dropped down again to 14°C between 562 ka and
555 ka. Following a SST increase at 550.5 ka the SST

Table 1. Age Model for Core MD03‐2699

Depth (cm) Age (ka) Comment

1135 301.54 primary control point
1158 305.75 primary control point
1205 314.88 alignment
1245 325.76 alignment
1270 331.36 primary control point
1293 340.64 primary control point
1428 365.66 alignment
1468 373.42 primary control point
1520 383.55 primary control point
1559 390 primary control point
1636 398.87 alignment
1662 402.87 alignment
1711 410.96 primary control point
1803 423.4 alignment of minima
1849 429.6 primary control point
1861 435.87 alignment
1938 473.48 primary control point
2034 492.88 primary control point
2123 509.9 primary control point based on G. inflata records
2258 524.37 primary control point
2393 536.06 primary control point
2407 537.34 primary control point
2483 553.33 primary control point
2576 566.24 alignment
2606 572.14 alignment
2645 578.74 primary control point

Figure 3. Comparison between the MD03‐2699 Iberian record and others to other climate records from 580 ka to 290 ka.
(a) Daily insolation at 65°N during the summer solstice [Berger, 1978]. (b) The ODP‐980 relative proportion of ice‐rafted
detritus (IRD) >150 mm record events when the ice shelves reached a critical extension [McManus et al., 1999]. (c) The
MD03‐2699 relative proportion of IRD >315 mm (this study). (d) The percentage tetraunsaturated alkenone (C37:4) to total
alkenones is indicative of Arctic surface waters of MD03‐2699 (this study). (e) U37

k′ ‐sea surface temperature in a core
MD03‐2699 with the interstadial events number on top and the stadials on bottom. The gray bars show the transitions
between glacial and interglacial periods (terminations/deglaciations), the dashed lines mark abrupt SST decreases, and the
blue bands mark Heinrich‐type ice‐rafting events. (f) U37

k′ ‐SST in IODP Site U1313 (41°N) from 470 to 310 ka [Stein et al.,
2009]. (g) The percentage of Polar planktic foraminifera species N. pachyderma (s.) at ODP Site 980 [Oppo et al., 1998].
(h) Planktonic d18O (‰VPDB) of ODP Site 980 [McManus et al., 1999]. (i) Benthic d18O LR04 stack [Lisiecki and Raymo,
2005]. (j) The temperature (°K) profile from the EPICA Dome C ice core [Jouzel et al., 2007].
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declined to 14°C during the glacial maximum of MIS 14.2.
The transition of MIS 14 to MIS 13 (at around 533.4 ka) is
marked by a SST increase of about 3°C (attaining up to
17°C during MIS 13.3) in 5 ka (539.5–534.5 ka). During the
glacial inception into MIS 12, the SST decreased 5°C from
478 to 473.5 ka. A second cooling episode with tempera-
tures close to 12°C occurred at 450 ka. Then, after a
warming up to 16°C, SST dropped abruptly (during 3.7 ka)
to 8°C at 427.9 ka (the coldest values recorded in the

studied section of the core). The transition to the subse-
quent interglacial MIS 11 was been recorded by a SST
increase from 8°C to 18°C in 2.4 ka (425.5–427.9 ka).
[25] The end of MIS 11.3 is also characterized by a SST

drop of 4°C from 394.2 ka to 390 ka followed by a rapid
increase back to 16°C at 388.6 ka. This warm episode, MIS
11.3, lasted 2.3 ka and ended in a strong cooling to 12°C at
383 ka (lasting 2.4 ka) followed by a rapid increase back to

Figure 3
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16°C at 381.1 ka (within 1.9 ka). This glacial inception was
marked by an additional SST drop to 13°C at 374.2 ka.
[26] The final transition into MIS 10 is characterized by

an interval of time around 12.3 ka with SST close to 14°C
and variations of about 1°C (374–356 ka; Figure 3e). Then,
there is a SST increase up to 16°C at 351.2 ka and a drop to
11.7°C during the glacial maximum at 341.6 ka. The tran-
sition to MIS 9 involved a SST increase from 12°C to 19°C
(close to the maximum values characterizing the interglacial
period) between 340.6 ka and 336.2 ka (Figure 3e). The
interglacial period was marked by rapid SST oscillations of
2°C (Figure 3e). MIS 9.2 is recorded by a drop of 2°C
between 317 ka and 313.5 ka followed by an increase of
SST up to 17°C which lasted for 10 ka.

5.2. Advection of Subpolar Water Masses

[27] The advection of subpolar water masses can be
identified by low SST values, high percentages of hepta-
triatetraenone (C37:4) and high ice‐rafted detritus abun-
dances. Indeed, studies performed in more recent periods in
both the western Iberian Margin and the Alboran Sea have
shown that low SST values were associated with high per-
centages of C37:4 and that SST minimum values were
connected to episodes of subpolar waters arrival into those
regions [Bard et al., 2000; Cacho et al., 1999; Martrat

et al., 2004, 2007]. Others have shown that the presence
of IRD in western Iberian Margin sediments during the last
glacial period was associated with the southward displace-
ment of the Polar Front down to the midlatitudes of the
North Atlantic favoring therefore the arrival of subpolar
water masses into that region [e.g., de Abreu et al., 2003;
Eynaud et al., 2009]. Our record also shows that the high
percentages of C37:4 occurred synchronously with low SST
values (Figures 3e and 4) during Terminations IV, V and VI
and during glacial inceptions (Figure 4). The highest percent
of C37:4 are detected during the extreme cold episodes
of MIS 12. Episodes of high %C37:4 are also observed in
the cold phases of MIS 14 and in the two cooling events of
MIS 11 (Figure 3d).
[28] During most of the interglacial warm periods the

concentrations of C37:4 were negligible with the exception of
a long section of MIS 13 (Figure 3d). This suggests that the
arrival of subpolar waters off western Iberia occurred pref-
erentially during the cold phases of the MIS 15–MIS 9
interval.
[29] Although the IRD abundance curve does not match

perfectly with the SST and %C37:4 records they can provide
some additional information in some cases (Figures 3d and
3e). The high IRD abundances occurred synchronously with
high %C37:4 and low SST during part of MIS 12, especially

Figure 4. Close‐ups of deglacial intervals associated with Terminations IV, V, and VI in the records of
core MD03‐2699, showing the U37

k′ ‐SST, the percentage of tetraunsaturated alkenone to total alkenones,
and the daily insolation at 65°N during the summer solstice [Berger, 1978].
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during Termination V (Figures 3c and 3d). In contrast, high
IRD abundances occurred in the older phase of MIS 10,
during the beginning of the SST decrease but not in parallel
with the high %C37:4 (Figures 3d and 3e). The highest
abundances of IRD occurred during Termination V syn-
chronously with the most extreme sea surface cooling
(Figures 3d and 3e). Although there is an extreme sea sur-
face cooling during Terminations IV and VI, IRD was
virtually absent (Figures 3d and 3e). The virtual absence of
IRD during some extreme cold episodes does not signify
that icebergs did not reach the western Iberian Margin. It
could be possibly the result of the methodology employed
here. IRD counting was performed in the >315 mm fraction
rather than >150 mm, the standard size for semiquantitative

IRD analysis [Hemming, 2004], or icebergs reaching the site
had already lost their sediment load.

5.3. Variations in Concentrations of Terrigenous and
Marine Biomarkers and of Organic Carbon Content

[30] The two terrigenous biomarkers, n‐alkanes and
n‐akane‐1‐ols (Figures 5d and 5e), reveal the same vari-
ability, with a correlation coefficient of 0.77 in the MD03‐
2699 record. The highest concentrations of both proxies
were detected during the MIS 13 and 10 but also being
abundant at the beginning of MIS 13, 11 and 9.
[31] The concentrations of total C37 alkenones (Figure 5c)

and TOC (Figure 5b), which are the common proxies used
to quantify the marine productivity; follow the same patterns
as the n‐alkanes and n‐akane‐1‐ols (Figures 5d and 5e). The

Figure 5. Results of organic matter content in the sediment core MD03‐2699 (this study). (a) U37
k′ ‐SST.

(b) The wt % of total organic carbon given a quantification of the organic matter in the site. (c) Total alke-
none concentration (ng/g) of 37 carbon atoms reflect the coccolithophore productivity. (d) Concentration of
total n‐alkane‐1ol (ng/g). (e) Concentration of total n‐alkanes (ng/g). Figures 5d and 5e provide an estima-
tion of the continental material that arrives to the site. (f) The relative proportion of n‐hexacosan‐1‐ol
(C26OH) to the sum of n‐hexacosan‐1‐ol (C26OH) plus n‐hexacosane (C29) providing an oxygenation
marker of the deep seafloor. The dashed lines mark abrupt SST decreases.
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correlation coefficients between total C37 alkenones and n‐
alkane‐1‐ols and n‐alkanes are 0.79 and 0.66, respectively.
In general, the higher concentrations of organic biomarkers
(close to 2500 ng/g for C37 alkenones and for n‐akane‐1‐ols
and 1200 ng/g for n‐alkanes) were recorded during MIS 10
and during the first warm phases that followed the termi-
nations (Figure 5). In general, there is no correspondence
between changes in these proxies and the variability of the
n‐hexacosan‐1‐ol index (Figure 5f) indicating that the
observed variations in the markers of terrigenous and marine
origin were not related to changes in the bottom water
ventilation. The longest periods with high values of both
terrigenous and marine productivity proxies occurred during
MIS 13 and 10, encompassing interglacial and glacial
stages, respectively.
[32] Abrupt variability is also recorded in the profiles of

C37 alkenones, n‐alkan‐1‐ols and n‐alkanes. SST drops are
generally coincident with rapid concentration decreases of
these proxies (Figures 5a, 5c, 5d, and 5e).

6. Discussion

6.1. Rapid Climate Changes and Surface Water
Mass Variability

[33] The periods covering the MIS 15–MIS 9 (580–300
ka) and the MIS 1 (15–0 ka), recorded in core MD03‐2699,
are characterized by a general trend of warm and relative
stable interglacial periods which contrast with high‐
frequency variability during glacial inceptions and glacials
(Figure 3). The transition from relatively stable interglacials
to unstable glacial conditions occur when the benthic
threshold value for ice sheet instability was passed, coin-
ciding with the increase of continental ice volume
[McManus et al., 1999], higher‐amplitude changes in Ant-
arctica, and decrease of greenhouse gas concentrations
(Figures 3 and 6).
[34] Superimposed on the glacial‐interglacial oscillations,

suborbital millennial‐scale climate variability was detected
in the western Iberian Margin (Figure 3). Thus, we have
identified 21 cold, stadial‐type SST oscillations. Five
occurred during the interval from MIS 15.1 to MIS 14, eight
during MIS 13–MIS 12 and finally, eight during MIS 11–
MIS 10 (Figure 3e), suggesting that the SST shifts were
more frequent during the more recent climatic cycles
(Figure 6). Some of these events were extremely cold and
probably associated with episodes of iceberg melting in the
western Iberian Margin, as demonstrated by the extreme
cold SST values, the highest tetraunsaturated alkenone
percentages and sometimes by the presence of IRD rich
layers in core MD03‐2699 (Figures 3c, 3d, and 3e). These
events are similar in their general trends to those detected
in the midlatitudes of the eastern North Atlantic during the
last glacial period, known as Heinrich events [de Abreu et al.,
2003; Bard et al., 2000; Eynaud et al., 2009; Martrat et al.,
2007; Naughton et al., 2009; Pailler and Bard, 2002; Voelker
et al., 2006]. We therefore associated the extreme cold phases
occurring between 580 and 300 ka (MIS 15–9) with Heinrich‐
type events. It is also known that during Heinrich events
extreme SST coolings and reduction in Atlantic Meridional
Overturning Circulation (AMOC) favored the southward

displacement of the Polar Front down to the midlatitudes of
the North Atlantic [López‐Martínez et al., 2006; Naughton
et al., 2009; Voelker et al., 2006; Eynaud et al., 2009].
[35] Regarding in detail alkenone‐based SST records from

the western Iberian Margin (MD01‐2444 [Martrat et al.,
2007]; MD95‐2042, MD95‐2040 [Pailler and Bard,
2002]; and MD99‐2331 [Naughton et al., 2009]) that
cover the last glacial period we observe a gradual pattern of
SST decrease from south to north during Heinrich events.
Salgueiro et al. [2010] based on foraminifera‐derived
summer SST, also detected the same latitudinal gradient
pattern along the Iberian Margin and demonstrated that the
northern Iberian Margin was more affected by the subpolar
water masses than the southern part which was more
influenced by the subtropical water masses from the Azores
current. Core MD03‐2699 is located at or close to the
boundary between these areas and being affected by both
water masses. The study area is therefore highly sensitive to
the water mass fluctuations and changes in the position of
the subtropical and subpolar hydrographic fronts that
occurred in the past.
[36] We identified eight Heinrich‐type (Ht) events

between 580 and 300 ka (MIS 15–9) in core MD03‐2699
(Figure 3). Ht8 was detected during the glacial inception of
MIS 14 and is marked by a drop of SST down to 12°C
(reaching values colder than those recorded during the gla-
cial MIS 14) and high percent of C37:4 (Figures 3d and 3e).
This suggests that during this event the Polar Front reached
the southern Iberian Margin favoring the advection of sub-
polar waters into the study area. Ht7 (within MIS 12) was
the coldest event detected within pleniglacial periods and
shows high %C37:4 (Figure 3) suggesting therefore that the
studied area was mainly under the influence of subpolar
waters. During Ht6 (within MIS 12), the subtropical water
masses had, probably, a strong influence on the site because
the SST were not as cold and the %C37:4 not so high as that
characterizing the previous Ht events (Figure 3). The core
site also seems to have been highly influenced by the sub-
polar waters during Ht5 (MIS 12.2). Ht4 is the most extreme
cold event detected between MIS 15 and MIS 9 and
occurred at the beginning of Termination V (Figure 3). This
event is however, complex and composed of three phases:
two coolings separated by a warming (Figure 4). The first
phase is marked by a drastic SST drop and, extremely high
percentages of C37:4; the second by an increase of SST
of about 4°C and a decrease of %C37:4 and the third phase
is characterized by the returning to cold conditions, high
%C37:4 and high IRD content. This suggests that during both
the first and third phases of Ht4 the Polar Front was probably
displaced south of 39°N and therefore the studied area was
mainly under the influence of the subpolar water masses
and, that during the second phase of Ht4 the Polar Front
was slightly displaced further north. A similar complex
pattern was recorded in the Iberian Margin during extreme
cold events within the last glacial period and last glacial‐
interglacial transition [Bard et al., 2000;Martrat et al., 2007;
Naughton et al., 2009; Rodrigues et al., 2010; Voelker et al.,
2006] being associated to changes in the position of the Polar
Front. During Ht3 and Ht2 (within the glacial inception of
MIS 10) the subtropical water masses probably affected the
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hydrological conditions at the study site again as cooling was
less pronounced. Finally, the youngest Ht event recorded in
core MD03‐2699, is Ht1. This event occurred during Ter-
mination IV and is marked by a SST decrease down to 12°C,
moderate percent of C37:4 and virtual absence of IRD
(Figures 3 and 4). This suggests that besides the influence of
subpolar water masses, as revealed by the %C37:4, the studied
area was probably also affected by the advection of sub-
tropical water masses.
[37] Similar events, characterized by the deposition of

high quantities of IRD, were identified in the IODP

Site U1313 record, based on the dolomite content analysis
(reflecting a Canadian source of icebergs) [Stein et al.,
2009]. However, it is possible that some of these Heinrich
type layers had a main contribution from the European ice
sheets rather than the Laurentide ice shield [Stein et al.,
2009]. Two of these Heinrich‐type episodes, identified in
the Iberian Margin record (MD03‐2699) as Ht2 and Ht3,
coincided with two extreme events, marked by IRD peaks
and extreme sea surface coolings (% N. pachyderma peaks),
noticed for ODP Site 980, located close to the British ice
sheet (Figures 1 and 3d) [McManus et al., 1999; Oppo et al.,

Figure 6. Iberian Margin sea surface record for the last 580 kyr in comparison to paleoarchive records
over the last six climate cycles. (a) The eccentricity, (b) the obliquity, and (c) the precession of the Earth’s
orbit [Berger, 1978] are external triggers of the climate system. (d) Daily insolation at 37°N during the
summer solstice. (e) Spliced alkenone‐based SST records of cores MD01‐2443 and MD01‐2444 [Martrat
et al., 2007] and of core MD03‐2699 (this study). (f) Benthic d18O LR04 stack [Lisiecki and Raymo,
2005]. (g) EDC CO2 greenhouse gas concentrations [Siegenthaler et al., 2005]. (h) Temperature (°K)
profile of the EPICA Dome C ice core (EDC) [Jouzel et al., 2007] with the marine isotopic stages (MIS).
Gray bands mark terminations, and the dashed horizontal lines indicate Holocene levels.
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1998]. These episodes occurred also in synchrony with
episodes of substantial iceberg discharges recorded at IODP
Site U1308 (Figure 1), also located close to the British ice
sheet [Hodell et al., 2008]. Far away from the British ice
sheet, IODP Site U1313 [Stein et al., 2009] (Figure 1) did
not detect the presence of IRD layers during Ht2 and Ht3.
Thus, only the records located next to the British ice sheets
are characterized by IRD deposition, suggesting that the
British ice sheet was probably the main source of IRD and
freshwater during the Ht2 and Ht3. One additional Ht event
than those recorded in core MD03‐2699 was detected in
IODP Site U1313 at around 355 ka [Stein et al., 2009], but it
did not have a great impact on the SST decrease in the
western Iberian Margin.
[38] Ht events are also imprinted in the continental bio-

markers records of MD03‐2699 between MIS 15 and MIS 9
(Figures 5d and 5e). During most of the Ht events (Ht7 to
Ht1), the terrigenous biomarkers’ concentrations were very
low (Figures 5d and 5e). The decrease of terrigenous bio-
markers concentrations in marine sediments can be due to
(1) changes in the prevailing wind patterns from easterlies to
westerlies which preclude the transfer of cuticles from
vascular plants to the sea and/or (2) temperate forest con-
traction in the neighboring continent. It is known that during
last glacial Heinrich events the westerly prevailing winds
preclude the transfer of high quantities of sediment into the
deep sea [Sánchez Goñi et al., 2002]. One could speculate
that those environmental conditions had also prevailed
during the previous Ht events within the MIS 15–MIS 9
interval. Also, the decrease of terrigenous biomarkers con-
centrations during Ht3 and Ht2 in the western Iberian
Margin were contemporaneous with the two episodes of
temperate and humid forest reduction in the Iberian Penin-
sula over MIS 11.23 and 11.24 [Desprat et al., 2007] and
increase of ice volume as documented by the benthic d18O
[de Abreu et al., 2005; Tzedakis et al., 2003].
[39] The marine productivity inferred from the total

alkenones concentration and TOC content of core MD03‐
2699 was very low during most Ht events (Ht7 to Ht1)
(Figure 5b). Reduced productivity was also noticed for the
last glacial Heinrich events in the northwestern Iberian
Margin [Salgueiro et al., 2010] and in the open North
Atlantic and Norwegian Sea [Nave et al., 2007]. A con-
trasting pattern has been detected during Ht8 which reveals

high concentration of continental biomarkers and substantial
marine productivity (Figures 5b and 5c) suggesting that
exceptional environmental conditions associated with pre-
vailing easterlies favored the input of continental nutrients
into the ocean.
[40] In order to compare the suborbital climate variability

detected in core MD03‐2699, between 580 and 300 ka, with
that characterizing more recent climatic cycles we combine
our SST‐U37

k′ data with that of MD01‐2443 [Martrat et al.,
2007]. The spliced SST‐U37

k′ profile of cores MD03‐2699
and MD01‐2443 clearly shows that suborbital‐scale climate
variability occurred in the Iberian Margin as far back in time
as the sixth Pleistocene climate cycle (Figures 6 and 7). The
SST‐U37

k′ record of core MD03‐2699 overlaps that obtained
in core MD01‐2443 between MIS 11 and the mid‐MIS 9
(Figures 6 and 7) and extends it further back in time until the
end of MIS 15. Both records show the same pattern during
the overlapping period and similar SST values during
interglacial optimums. However, they do not show either the
same SST values or amplitude of SST fluctuations within
MIS 10 and late MIS11 (Figure 6). SST was a few degrees
colder and the amplitude of suborbital oscillations was
higher in the southernmost core (MD01‐2443) than in core
MD03‐2699. This suggests that site MD01‐2443 might
have experienced of stronger upwelling conditions reflected
by colder SST than at site MD03‐2699.
[41] The composed Iberian Margin SST record (Figures 6

and 7) reveals that colder SSTs were recorded during
MIS 8 than during MIS 12, even though the ice volume
was higher during the latter glacial. This composed record
also shows that the pattern of the last deglaciation (two
cold phases coincided with Heinrich event 1 and Younger
Dryas separated by a warming episode, the Bølling‐Allerød)
also occurred during deglaciations of MIS 8 and MIS 6
(Figures 6 and 7). The abrupt climatic shifts of those
deglaciations were likely the result of changes in the posi-
tion of the Polar Front and can be traced back at least to
Termination V. This suggests that the deglacial pattern
changed after the Mid‐Brunhes event, associated with var-
iations in the climate forcing.
[42] Glacial MIS 14 was warmer (14°C) than any of the

later glacials (Figure 6), in agreement with what has been
recorded in other regions, such as in North Atlantic (ODP
Site 982 [Wright and Flower, 2002]), the subtropical North

Figure 7. Zooming in the Iberian Margin alkenone‐based SST records for the last 600 ka. Direct com-
parison of the interglacial temperature profiles.
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Atlantic (ODP Site 1058 [Billups et al., 2006]), off north-
west Africa (ODP Site 658 [Eglinton et al., 1992]), the
southeast Atlantic Ocean [Chen et al., 2002], and the eastern
equatorial Pacific (ODP Site 849 [Mix et al., 1995]). Voelker
et al. [2009] suggest that a different circulation pattern was
probably in place during this glacial period and that the
subtropical waters of the Azores current had a substantial
influence on the Iberian Margin. Also, both the terrestrial
input and marine productivity were higher and different
from what has been recorded in other glacial periods
(Figures 5c, 5d, and 5e) supporting the idea that different
circulation patterns prevailed during MIS 14.
[43] The transition of MIS12 to MIS11 and MIS 10 to

MIS 9 is very similar reflecting the increase in biomarker
concentrations contemporaneous with warmer SST, espe-
cially during the deglaciation, followed by an abrupt decline
during the warm conditions and a gradual increase to the
next glacial period. The transition of MIS 14 to MIS 13 is
similar in their general trends to MIS12‐MIS11 and MIS
10‐MIS 9 deglaciations, with an abrupt increase of bio-
marker concentrations during the termination. However,
biomarker concentrations remained high during most of
MIS 13 before declining early in MIS 12. During the later
MIS 12 the biomarker concentrations and thus productivity
oscillated, in a similar way as during MIS 14, but maxima of
MIS 12 and 14 only reached values as high as the late
MIS 13.1 and never those from MIS 10 (Figures 5c, 5d,
and 5e). This clearly indicates that climatic conditions such
as the wind conditions reflected by the terrigenous bio-
markers were different prior and after the mid‐Brunhes
event. The high productivity during MIS 13, i.e., during
54 ka, and the SST values lower than the more recent
interglacial periods, could help explain the lower atmo-
spheric CO2 concentrations during MIS 13, in particular
because also the planktonic foraminiferal d13C data imply
lower nutrient concentrations or high nutrient consumption
(high d13C values [Voelker et al., 2009]).
[44] In general, the total concentration of biomarker

compounds in the marine sediments is characterized by
low content during glacial periods and increased during
the deglaciations (Figure 5).
[45] Within the chronological constraints the millennial‐

scale oscillations observed during glacials (MIS 14, 12 and
10) and glacial inceptions, appear to have counterparts in the
EPICA dD record where the same number of cooling events
for each glacial interval is also identifiable (Figures 3 and 6).
However, event Ht8 was very likely contemporary with the
subsequent Antarctic major warming event labeled 14.3
in the work by Jouzel et al. [2007] and not with the cold
phase like it is with the current age model. If this is true, it
is consistent—in agreement with the response of Ht 4 as
well—with the last ice age observation for the Greenland
interstadials duration being correlated with the Antarctica
warming amplitude [EPICA Community Members, 2004].

6.2. Interglacial Climate Conditions

[46] Interglacial periods, i.e., MIS 9.3, MIS 11.3, MIS
13.3 and 13.1, are detected in the SST profile of core
MD03‐2699 (Figure 7). Interglacial MIS 9.3 is warmer than
the present interglacial in agreement with what has been

noticed in other records from the Iberian Margin [Desprat
et al., 2007; Martrat et al., 2007] and by the EPICA ice
core temperature record [Jouzel et al., 2007]. Our SST
record, however, also highlights that the interglacials prior
to MIS 9.3 lasted longer and had more stable mean annual
surface temperatures. Interglacials following Terminations
IV and VI are marked by an abrupt SST increase which
parallels the increase of Northern Hemisphere summer
insolation while that of Termination V occurred during the
maximum of insolation (Figure 4).
[47] MIS 13, was a long, relative warm period experi-

encing some small‐scale oscillations and was 2°C colder
than the subsequent interglacial period. The two more stable
interglacial periods, marked by the absence of C37:4 alke-
nones, lasted 5 ka and occurred during MIS13.3 (around
510 ka) and MIS 13.1 (around 495 ka). However, only small
SST variations were recorded for a period of about 54 ka
making MIS 13 the longest interglacial for the last 580 ka, at
least on the Iberian Margin. MIS 13 is also characterized by
relatively low d18O values indicating a lower sea level than
during the subsequent interglacials and maximum d13C
levels both at the surface and in the deep ocean [Hodell et al.,
2003; Lisiecki and Raymo, 2005]. In the Southern Hemi-
sphere the existing data indicates cooler Antarctic tem-
peratures [Jouzel et al., 2007], lower CO2 and CH4

concentrations [Lüthi et al., 2008; Siegenthaler et al., 2005],
and lower summer sea surface temperatures in the South
Atlantic [McClymont et al., 2005]. Conditions that coincided
with extremely strong Asian, Indian and African summer
monsoons, weakest Asian winter monsoon and lowest Asian
dust and iron fluxes [Guo et al., 2009]. Pervasive warm
conditions were also evidenced by the records from the
Asian monsoon zone [Yin and Guo, 2007] and the northern
high‐latitude regions [de Vernal and Hillaire‐Marcel,
2008]. Accordingly, Guo et al. [2009] conclude that a
strong asymmetry of hemispheric climates existed during
MIS 13 with a warmer Northern Hemisphere and a cooler
Southern Hemisphere. Nevertheless, our record in the Ibe-
rian Margin shows a MIS 13 cooler than the subsequent
interglacials contrarily to this recent consideration (Figures 6
and 7).
[48] The warmest phase of MIS 11, MIS 11.3, lasted 30 ka

on the Iberian Margin and was synchronous with the major
forest expansion episodes documented for the northwestern
Iberian Peninsula [Desprat et al., 2005, 2007]. During this
interval, maximum SSTs of 18°C were interrupted by a
short cooling event (1°C) around 412 ka (Figure 3). A
similar pattern was registered in core MD01‐2443, south of
MD03‐2699, and at the midlatitude North Atlantic IODP
Site U1313 (Figure 3). At the latter site the minimum
between the two plateaus within MIS 11.3 occurred at
413 ka and was more pronounced probably due to more
variable conditions in the western North Atlantic and
admixing of subpolar surface waters at that time [Stein et al.,
2009; Voelker et al., 2009]. On the other hand, IODP
Site U1313 shows a temperature maximum of 19°C during
MIS 11.3 related to the stronger influence of the Gulf
Stream/North Atlantic Drift at the site.
[49] The pattern reflected by the terrigenous biomarkers

during MIS 11, with maxima during the early phase, is
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similar to the dust record off northwestern Africa, ODP Site
958 [Helmke et al., 2008]. Thus, the strengthening of the
trade winds over northwestern Africa occurred synchro-
nously with the increase of terrestrial input in the western
Iberian Margin suggesting also a strengthening of the
westerly winds in that region. The strong northerly winds
led to a higher nutrient availability, either through upwelling
or as continental coastal input, and thus to an increase in
coccolithophores production as reflected by the higher
concentration of total alkenones during the early phase of
MIS 11.3. The total biomarker concentration started to
decline with the onset of the humid period in Africa, that is
before the first SST plateau ended, indicating that the shift in
atmospheric circulation over Africa also impacted Iberia.
[50] In general terms MIS 11.3 and MIS 9.3 show similar

conditions, but a major difference is noted in the ventilation
of the surface to subsurface water masses and their impact
on the meridional overturning circulation [Voelker et al.,
2009]. This difference is corroborated by the MD03‐
2699’s SST and biomarker signals during MIS 9.3 when
productivity decreased earlier than in the previous inter-
glacials (Figure 5). In detail, the MIS 9.3 SST record reveals
a warmer interval at the beginning of the interglacial with
temperatures close to 20°C, i.e., 2°C warmer than during
MIS 11.3, followed by a decreasing trend associated with
millennial‐scale variability of 2°C in amplitude during the
second half of MIS9.3 until 320 ka (Figure 7) and prior to
the onset of the next glacial inception that started with sta-
dial MIS 9.2. The productivity increase was contemporary
with maxima in the terrigenous markers suggesting that, as
during the early MIS 11.3, stronger winds and an additional
supply of nutrients from the continent sustained the pro-
ductivity near the studied site (Figure 4). The productivity
patterns observed in core MD03‐2699 differ from those
recorded at IODP Site U1313, where productivity during
interglacials was minimal and high during the glacial peri-
ods [Stein et al., 2009] highlighting the different responses
of open ocean productivity (U1313) and upwelling‐related
productivity (MD03‐2699) to the respective climate forcing.

6.3. Holocene Versus MIS 11

[51] The parallelism of the climate evolution between MIS
11.3 and the Holocene is not straightforward and extra-
polations of past to present conditions leads to different
perspectives on the length of the current interglacial
depending on which parameter is used for chronological
alignment [Tzedakis, 2009]. Synchronization according to
precession shows that the present day should be analog to
MIS 11 at 398 ka [Loutre and Berger, 2003]. In contrast,
synchronization based on obliquity, i.e., Terminations I
and V, shows that present day would correspond to 407 ka
in MIS 11 [EPICA Community Members, 2004; Masson‐
Delmotte et al., 2006].
[52] In the composed Iberian SST records for the last sixth

climate cycles (Figures 6 and 7) the warmer interglacials
were MIS 5.5 (Eemian) with 21°C, followed by MIS 9.3
(20°C) and MIS 7.5 (19°C), while maximum temperatures
during MIS 11.3 (18°C) were similar to SST values found
for the Holocene (Figure 7). This observation is not sur-
prising because the orbital parameters of MIS 11.3 and the

present interglacial, the Holocene, are also rather similar.
Eccentricity was at minimum during MIS 11 and in the
Holocene while insolation at 65°N and precession were
similar as well. Sea level reconstructions based on benthic
d18O values suggest that sea level 410 ka ago was also at a
level similar to the one reached 10 ka ago (Figure 6).
[53] Holocene maximum SST values, close to 19°C,

occurred between 10.5 and 9.7 ka while the MIS 11.3 record
reveals two warmer phases: the first with maximum SST
close to 18°C (427 to 412 ka) and a second with tempera-
tures close to 19°C (407 to 395 ka). Both periods display a
SST decrease following the maximum temperature values.
However, in the case of MIS 11 that decreases was inter-
rupted by the second SST increase along with the sea level
highstand. A long‐term decrease of 1.5°C in SST, is also
similar in both periods at the Estremadura site MD03‐2699
implying that the SST record of the first part of MIS 11 (427
to 412 ka) and the last 10.5 ka record reflect similar
hydrographic conditions during both periods. In terms of
duration of the two interglacials, the fact that interglacial
duration changed toward shorter periods after the Mid‐
Brunhes event prevents further estimations.

7. Conclusion

[54] Our results allowed the reconstruction of climate
variability, surface oceanic circulation, productivity and
wind conditions, in the western Iberian Margin between
MIS 15 to MIS 9. This study extends the existing biomarker
record of core MD01‐2443 back in time to the sixth climatic
cycle (580 ka). The new results for the period between 580
and 300 ka show a general trend of warm and relative stable
interglacial periods and high‐frequency variability during
the glacial inceptions and glacials. The SST profile shows
warmer interglacial conditions after the Mid‐Brunhes event
with a 2°C increase from MIS 13 to MIS 11.3 and MIS 9.3,
respectively. However, in terms of duration interglacial
periods were longer prior to the Mid‐Brunhes event, with
MIS 13 reflecting the longest relative stable period (54 ka
length) of the last 580 ka. MIS 11.3 was recorded as a long
warm period with SST close to 18°C, similar to the present
interglacial, the Holocene. The warmest interglacial, MIS
9.3, shows a 15.8 ka interval with SST around 19°C, but the
second half of this interglacial, after 329 ka, was marked by
2°C amplitude millennial‐scale variability.
[55] The composed record (MD03‐2699 and MD01‐

2443) of SST‐U37
k′ shows colder periods during MIS8 than

during MIS 12, even though the ice volume was higher
during the latter glacial.
[56] A change in the deglaciation pattern detected before

and after Termination V can be likely the result of a change
in the climate forcing after the Mid‐Brunhes event. More-
over, the climatic conditions and namely the wind condi-
tions reflected by the terrigenous biomarkers and the
productivity were different prior to and after the Mid‐
Brunhes event.
[57] Our results also show that superimposed on the

glacial‐interglacial oscillations, suborbital millennial‐scale
climate variability occurred in the western Iberian Margin as
far back in time as the sixth climate cycle. Thus, we have
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identified 21 stadial‐type SST oscillations. The most
extreme coolings were associated with episodes of ice-
berg melting as demonstrated by the extreme cold SST
values, the highest tetraunsaturated alkenone percentages
and sometimes by the presence of IRD rich layers and
were related to Heinrich‐type events. We identified eight
Heinrich‐type events between 580 and 300 ka: Ht1 during
MIS10.2; Ht2, Ht3 during the glacial inception of MIS 11;
Ht4 at the onset of Termination V; Ht5 (MIS 12.2); Ht6 and
Ht7 over the glacial inception of MIS 12; and Ht8 (MIS
15.1). Ht4 is the most extreme cold event and shows a
complex pattern (two cold phases separated by a relatively
warm phase) similar to some last glacial Heinrich episodes,
that was associated to changes in the position of the Polar
Front.
[58] The study area is highly sensitive to the water mass

fluctuations and changes in the position of the subtropical
and subpolar hydrographic fronts, during both the glacial
and glacial inceptions. This variability is imprinted in the
MD03‐2699 SST record and is related to the southward and
northward migration of the Polar Front. Thus, during most
of the extreme cold episodes the Polar Front moved south-
ward favoring the entry of subpolar water masses in the
midlatitudes of the North Atlantic and therefore the reduc-
tion of the AMOC. Other Ht events were not so extreme and

indicating an influence of the subtropical Azores Current at
the study site.
[59] Also, during glacial MIS14, a retreat of the Polar

Front led to the advection of subtropical water masses with
temperate SST values suggesting a strong influence of the
subtropical Azores Current.
[60] The mid‐depth location of our core site did not allow

us to study interhemispheric linkages but the sites to be
drilled off Iberia in water depths deeper than 2000 m during
one of the proposed IODP expeditions will hopefully solve
this issue in the near future. Only then will we be able to
place our findings for the intervals prior to the Mid‐Brunhes
event, especially during MIS 13, into a more global context.
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