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Abstract

Detailed analysis of the planktonic foraminifera assemblages of ODP Site 977, situated in the Alboran Sea (36°1,9'N;
1°57,3'W), led us to recognize 42 planktonic foraminiferal events that occurred during marine isotope stages (MIS) 4 and 5.
These events were defined by changes in the abundances of Neogloboquadrina pachyderma (right and left coiling),
Turborotalita quinqueloba, Globorotalia scitula, Globorotalia inflata, Globigerina bulloides and Globigerinoides ruber (white
and pink varieties). Foraminiferal assemblages changed in response to glacial-interglacial and millennial climate variability
throughout the last 150 ka. Based on the estimation of sea surface temperatures (SST) using the modern analog technique and
the oxygen isotope data measured in G. bulloides, we inferred the oxygen isotopic composition of sea water (0w). SST
increased in the Alboran Sea during the main Dansgaard—Oeschger Interstadials, such as interstadial 19 to 24. Even though N.
pachyderma (left coiling) is very scarce before Heinrich Event (HE) 6, three cold pulses can be identified, between 65 and 85 ka
ago. Moreover, increases in abundance of 7. quinqueloba and G. scitula are recorded during D-O Stadials 20 and 21.

The maximum temperature, which was attained during the Last Interglacial, was about 2 °C higher than recent temperature
and that reached over the Holocene. Planktic foraminifera assemblages and paleotemperatures remained cold 3 ka after the
beginning of Termination II (T-II), 130 ka ago, probably in connection with the occurrence of Heinrich event 11 in the North
Atlantic.

The abundance of G. bulloides during the deposition of organic rich layers (ORLs) of MIS 5, accompanied by lower isotope
values in surface waters (dw), could indicate the presence of a fresher surface layer associated with an increase in marine
surface productivity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The Alboran Sea, situated in the western margin
of the Mediterranean basin, connects the Atlantic
Ocean with the Mediterranean Sea, providing an
exceptional site to record both Atlantic and Medi-
terranean paleoclimatic and paleoceanographic
events. In the Alboran Sea, the inflow Atlantic
Water (Modified Atlantic Water; MAW) forms two
anticyclonic gyres (Fig. 1) that fill the first 150-200
m (Parrilla, 1984; Heburn and LaViolette, 1990).
The Mediterranean Water is flowing westward
below the MAW, and is divided into two different
water masses: the Levantine Intermediate Water
(LIW), which is formed in the eastern Mediterra-
nean Sea, forms the main component of the
Mediterranean Outflow Water (MOW) at the Strait
of Gibraltar; and the Western Mediterranean Deep
Water (WMDW), which is formed in the Gulf of
Lyons, extends from around 600 m to the bottom of
the basin, and contribute sporadically to the MOW
(Kinder and Parrilla, 1987; Parrilla and Kinder,
1987).

Although the Mediterranean is an oligotrophic
Sea, due in part to its negative hydrological budget
(Bethoux, 1979), two areas of high productivity are
present in the Alboran Sea in connection with the
interaction between the MAW and LIW: one in the
north part of the western anticyclonic gyre (Barcena
and Abrantes, 1998; Garcia-Gorriz and Carr, 2001),
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and the other one in the eastern part of the basin,
the Almeria—Oran front (Fig. 1; Tintoré¢ et al.,
1988).

During the last glacial period, the Mediterranean
Sea underwent rapid oscillations in hydrographic
conditions owing to abrupt climatic changes recorded
in the Northern Hemisphere, known as Heinrich
events (HE) and Dansgaard—Oeschger (D—O) Stadi-
als (cold) and Interstadials (warm) (Heinrich, 1988;
Dansgaard et al., 1993). HE are linked with
maximum oceanic cooling during the rapid atmos-
pheric climatic fluctuations defined in ice cores from
Greenland (Dansgaard et al., 1993; Grootes et al.,
1993), known as D-O cycles. Cacho et al (1999)
proved that these variations in atmospheric temper-
ature over Greenland were linked to changes in sea
surface temperature (SST) of the Alboran Sea.
During marine isotpic stage (MIS) 3, the winter sea
surface temperature dropped to around 7 °C during
HE and rose to values close to 13 °C during the
most important D—O Interstadials (Cacho et al.,
1999). Furthermore, changes in the foraminiferal
assemblages of the Alboran Sea, especially during
MIS 3, were related to HE and D-O cycles (Pérez-
Folgado et al., 2003). In addition, deep-water
circulation in the Western Mediterranean was very
active during D-O Stadials and HE, but slowed
down during D-O Interstadials (Cacho et al., 2000).

Excellent climatic records for the last 110 ka have
been recovered in the GRIP as well as in the GISP2
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Fig. 1. Map showing the situation of ODP 977 in the Alboran Sea. The major paths of Modified Atlantic Water (MAW) in the Western

Mediterranean are also shown.
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Greenland ice cores. However, for older ages (MIS 5
and 6), there are no ice core records available for the
Northern Hemisphere. Nevertheless, some studies
carried out in deep-sea sediments from the North
Atlantic revealed that the millennial variability
recorded in Greenland during MIS 1 to 4 continued
during older isotopic stages (McManus et al., 1994;
Chapman and Shackleton, 1998; 1999; Sanchez-Gofii
et al., 1999; 2002; Oppo et al., 2001).

MIS 3 millennial changes have been recorded in
both Hemispheres (e.g., Dansgaard et al., 1993; Bond
et al., 1993; Hiils and Zahn, 2000; Little et al., 1997;
Kanfoush et al., 2000; Cacho et al., 1999), so they can
be considered very widespread events (see review in
Voelker et al., 2002 and in Rohling et al., 2003).
However, it is during marine isotopic stages 3 and 4
where this variability is best recorded, and not during
the Holocene or MIS 5. This could be due to the
smaller size of the ice sheets during interglacial
episodes (McManus et al., 1999).

The penultimate deglaciation took place around
130 ka ago (Martinson et al., 1987), but Termination
IT (T-II) structure, Last Interglacial stability, and the
influence of sub-Milankovitch variability are still
controversial aspects (GRIP members, 1993; McMa-
nus et al., 1994; Alley et al., 1995; Lauritzen, 1995;
Seidenkrantz et al., 1995; Oppo et al., 1997; Chap-
man and Shackleton, 1999; Sanchez-Goni et al.,
2000).

Over the past few million years, the Mediterra-
nean Sea has been very sensitive to orbital climate
change as demonstrated by the cyclic deposition of
organic-rich, laminated sediments, known as sapro-
pels (Bradley, 1938; Kullenberg, 1952; Ryan et al.,
1973; Hsii et al., 1978; Kidd et al., 1978; Rossignol-
Strick, 1985; Vergnaud-Grazzini et al., 1986; Gans-
sen and Troelstra, 1987; Bethoux, 1993; Rohling,
1994; 1999; Emeis et al., 1996; Comas et al., 1996;
Meyers and Negri, 2003; Sierro et al., 2003). The
most recent sapropels (S5-S1) are very well defined
and documented for the eastern Mediterranean
(Rohling, 1994), whereas in the western part (from
the Gibraltar Strait to Sicily), these events are not
recorded, but organic-rich, nonlaminated layers
(ORL) were deposited instead, sensu Comas et al.
(1996).

The present work has two principal objectives.
First, to attempt to define a high-resolution biostratig-

raphy based on planktic foraminiferal events, for MIS
4 and 5, in the Alboran Sea that could be useful for
elaborating a stratigraphic framework for the Western
Mediterranean. Second, to evaluate the oceanographic
and climatic changes that have occurred in this area of
water exchange between the Atlantic Ocean and the
Mediterranean. We report results on planktic fora-
miniferal assemblages, stable isotopes (5'%0 and
0'3C), paleotemperatures and dw records in 288
samples of the core ODP Site 977 recovered in the
Alboran Sea (Fig. 1).

2. Materials and methods

Site 977 is located South of the Cabo de Gata, in
the Western basin of the Alboran Sea (Fig. 1), halfway
between Spain and the Algerian coast (36°1,9'N;
1°57,3' W) at a water depth of 1984 m. The core (~600
m length) is divided into two units (I and II). In this
study, we analyzed the first 27.24 m of Unit 1. The
dominant lithologies are nannofossil and calcareous
silty clay and clay. Unit I is characterized by the
presence of discrete organic rich layers (ORLs), which
comprise 8.5% of the stratigraphic section of the first
253 m of core ODP 977. We found eight of these
ORLs in our samples (L1-L8), with TOC values
ranging around 0.8-1% (Types II and III). The
background TOC value is 0.55% for the whole core.
ORLs are greenish in color and exhibit low magnetic
susceptibilities (Comas et al., 1996).

We studied 288 samples—approximately one
sample per 10 cm—with an average resolution of
about 450 years. Some of the results concerning the
first 180 samples (mainly faunal results) are yet
published elsewhere (Pérez-Folgado et al., 2003),
and we here offer the planktic foraminiferal data for
the rest of the samples and some new results (e.g.,
paleotemperatures) for the total length.

Samples were prepared in the laboratory, using the
procedure described below.

The samples for the analysis of planktic foramini-
feral assemblages were washed through a 62-um sieve
and dry-sieved again through a 150-pum mesh. The
residues (>150 pm) were split the number of times
necessary to obtain an aliquot fraction of some 400
specimens (average of 431), which were counted and
identified. To calculate the abundance of Neoglobo-
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quadrina pachyderma left coiling (l.c.), an aliquot of
around 1000 specimens (average of 1037) was
analyzed. Oxygen and carbon isotope measurements
were performed on the planktic foraminifer Globige-
rina bulloides, on the 250-355-pum fraction. Samples
were measured on a Finnigan MAT 251 device at the
University of Kiel.

Seasonal paleotemperatures were obtained using
the modern analog method (MAT, Hutson, 1980;
Prell, 1985). This method uses a statistical distance
(in our case, the ‘squared chord distance’; Overpeck
et al., 1985) called the ‘dissimilarity index’, which
gives the relationship between fossil and current
assemblages. This index varies between 0.0 and 0.4.
Normally, a dissimilarity lower than 0.2 is taken as
the limit for a good reconstruction. The final paleo-
SST is the weighted mean of the 10 best analogs.
The database used here was that of Kallel et al.
(1997a) for the Mediterranean Sea, which comprises
253 coretop samples (128 from the Mediterranean
Sea and 123 from the North Atlantic Ocean). The
average ‘dissimilarity’ obtained was 0.13, and the
mean error for all the reconstructions was +2 °C.

3. Age model

Pérez-Folgado et al. (2003) first established an age
model from 0 to 70 ka for ODP 977, mainly based on
its correlation with the nearby well-dated core MD95-
2043 (Cacho et al., 1999). Moreover, there are two
"“C-AMS dating for the Late Holocene (Table 1).
However, since core MD95-2043 only extends to 54
ka ago, here we establish a new age model valid for
the entire interval studied (0-150 ka), based only in
part on previous one (Table 1).

To construct this new age model, we assumed that
the 6'%0¢ putioides Tecord mostly reflects sea surface
temperature variability in the Alboran Sea, which is
synchronous with millennial variability in air temper-
ature as recorded in Greenland. For the first 18 m of
the core (~80 ka), we correlated the 0806 pultoides
data with 6'®0 from ice cores in Greenland (Fig.
2A,B). However, Greenland ice core records are
controversial for ages older than ~100 ka (e.g., Alley
et al.,, 1995) and therefore for the older part of ODP
977 core we compared our 6'°0 curve with the
SPECMAP stack curve of Martinson et al. (1987), and

Table 1
Age model pointers for ODP core 977
Event Depth  Age Reference

ODP Specmap

977(m) (years)
4C-AMS 0.202 1159  Pérez-Folgado et al. (2003)
14C-AMS 0.605 4220 Pérez-Folgado et al. (2003)
Base B/A 2.900 14,836  Pérez-Folgado et al. (2003)
HE 1 3.144 16,320  Pérez-Folgado et al. (2003)

Base IS 8-Al 7.615 37,010 (%)
Base IS 12-A2  9.460 42,8380  (*)
Base IS 14-A3  11.058 50,350 (%)
Base IS 17-A4  11.885 57,050 (%)
MIS 4.0 12.135 58,960  Martinson et al. (1987)
Base IS 19-A5  14.083 67,700 (%)
Base IS 20-A6  15.736 70,800 (%)
MIS 5.0 16.150 73,910  Martinson et al. (1987)
Base IS 21-A7 18.123 79,260 (%)
MIS 5.2/5.3 19.396 93,145  Martinson et al. (1987)

MIS 5.31 19.514 96,210  Martinson et al. (1987)
MIS 5.33 20.848 103,290  Martinson et al. (1987)
MIS 5.4/5.5 22.070 117,300  Martinson et al. (1987)
MIS 5.53 23.593 125,000  Martinson et al. (1987)
MIS 6.0 24339 129,840  Martinson et al. (1987)
MIS 6.2 25277 135,100  Martinson et al. (1987)
MIS 6.2/6.3 26.305 139,020  Martinson et al. (1987)
MIS 6.3 26.645 142,280  Martinson et al. (1987)

(*) Sowers et al. (1993); Schwander et al. (1997); Blunier and
Brook (2001).

See Table 2 for details. B/A: Bolling-Allerod. HE: Heinrich Event.
IS: Greenland Interstadial. A1-A7: Antarctic warmings. MIS:
marine isotopic stage.

recognized some age pointers (Table 1; Fig. 2D). In
order to maintain the coherence between the lower
and the upper part of our age model, we converted the
ice ages into SPECMAP ages (Tables 1 and 2), using
the procedure described below.

Sowers et al. (1993) estimated SPECMAP ages
for the Vostok (Antarctica) ice core. They compared
the 0'%0 age of O, included in ice air bubbles with
the 6'%0 record obtained in the benthic foraminifer
Uvigerina senticosa in a deep-ocean core (Table 2).
They took into account 2 ka for the mixing time of
the oxygen in the atmosphere. Blunier and Brook
(2001) correlated methane records (CHy4) in ice air
bubbles between Antarctica (Byrd ice core) and
Greenland (GRIP and GISP2 ice cores). They
assumed that these methane records must be iso-
chronous, owing to the rapid diffusion of this gas in
the atmosphere (~1 year). The correlation revealed
that the warmings in Antarctic ice cores during MIS
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Fig. 2. Proposed age model for first 28 m of ODP Site 977. Curves (A) and (B) are from Blunier and Brook’s (2001) comparison of ice cores.
(C) 6'%0 data from ODP 977 and (D) 630 SPECMAP curve of Martinson et al. (1987). See text for details concerning the age model.

3 (A1-A7; Fig. 2, Table 2) coincided with termi-
nations of Dansgaard-Oeschger Stadials in Green-
land, and not with the Interstadials (Blunier and
Brook, 2001). In the "0 puuoides data of our core
ODP 977, as in the alkenones SST paleo-record
(Lopez et al., in preparation) and in the planktic
foraminifera fauna (Pérez-Folgado et al., 2003), D-O
cycles were identified. We assigned SPECMAP ages
to these cycles through their synchronization with

Table 2
Steps to obtain SPECMAP ages of the Interstadials D-O 8 to 21 as
recorded in ODP977

A B C D E F

Al IS 8 7.615 36.5 0.51 37.01
A2 IS 12 9.460 424 0.48 42.88
A3 IS 14 11.058 49.9 0.45 50.35
A4 IS 17 11.885 56.5 0.55 57.05
A5 IS 19 14.083 67.3 0.40 67.70
A6 IS 20 15.736 70.4 0.40 70.80
A7 IS 21 18.123 79.0 0.26 79.26

A: A1-A7 Antarctic warmings of Blunier and Brook (2001) B: base
of the equivalent Greenland Interstadial (IS). C: ODP 977 depth (m)
for these events. D: Vostok SPECMAP gas age (Sowers et al.,
1993). E: Aage (Schwander et al., 1997). F: SPECMAP ages for Al
to A7 (D+E). All ages are in kiloyears.

events Al to A7 recorded in Vostok, using the
SPECMAP ages of Sowers et al. (1993) (Tables 1
and 2). However, there is an age offset (Aage)
between the gas age and the ice age, because the air
is trapped in bubbles normally lying 50-100 m
below the ice surface; hence, the trapped air is
younger than the surrounding ice (Schwander et al.,
1997). Accordingly, the final step to transform Al-
A7 ice ages into SPECMAP ages was to add this
Aage (Schwander et al., 1997) to the SPECMAP gas
age (Table 2).

4. Results
4.1. Faunal results

In ODP 977, all the planktic foraminifera species
were identified and counted, included the coiling
types of N. pachyderma (left and right coiling), and
both varieties of Globigerinoides ruber (white and
pink). Thus, we finally obtained eight significant
types (Fig. 3). Pérez-Folgado et al. (2003) previously
defined faunal bioevents in the upper part of this core,
based in part on those of Pujol and Vergnaud-Grazzini
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(1989). All these bioevents, together with those
reported here for MIS 4, 5 and part of MIS 6, are
shown in Fig. 3. In Table 3, we show the age intervals
for each event, according to our age model. Benthic
foraminifera are almost absent during part of sub-
stages 5e, 5d, 5a and MIS 4. During the Holocene,
benthics are also very scarce. However, they reach
higher percentages (a maximum of 21% of the total
foraminifera) during MIS 3 and some parts of MIS 4,
5 and 6 (Fig. 4).

4.1.1. Neogloboquadrina pachyderma (right coiling)

During the last 150 ka, this species has been the
principal component of the planktic foraminiferal
assemblage in the Alboran Sea, with an average
abundance of 44.8%. However, in the current Alboran
Sea, and as from ~5 ka ago, this species is only a
minor component (3%). Today, its abundance is the
lowest from the Last Interglacial, when it reached only
2% of the total assemblage (Fig. 3a).

Different bioevents have been defined by Pujol
and Vergnaud-Grazzini (1989) (Pm, P1-P4) and by
Pérez-Folgado et al. (2003) (Pm2, Pm3, P5, P6 and
SFDZ-Small Foraminifera Dominance Zone). From
P6 downward, we define two new minima (Pm4 and
Pm5) and four new maxima (P7, P9, P10 and P11)
as seen in Fig. 3a and Table 3. Between Pm4 and
PmS5 (i.e., between 120 and 75 ka ago), N
pachyderma (r.c.) increased its abundance, from an
interval with an average of ~29% up to an interval
with an average of ~60% (Fig. 3a). P8 marks, at
around 100 ka, this change in the tendency.

4.1.2. Globigerina bulloides

\This species is relatively abundant in the present
assemblages (~40%), but during the last six
isotopic stages the average abundance was around
25%, some maxima reaching 65%. Apart from the
events described previously (Pujol and Vergnaud-
Grazzini, 1989; Pérez-Folgado et al., 2003), we
define nine significant changes in the abundance of

this species (B7-B15), during MIS 4 and 5 (Fig.
3b, Table 3).

4.1.3. Turborotalita quinqueloba

The average abundance of this species is only
8.6% along the samples studied, although most of
the variability is centered in MIS 3, with maxima
higher than 50% (event Q6; Pérez-Folgado et al.,
2003), and an average of 24% for this isotopic stage.
First, we lengthen the event Q8 of Pérez-Folgado et
al. (2003) because the new samples considered in
our work show that Q8 continued down. We define
Q9, Q10, Q11 and only the top of QIl2, since a
downcore study could change the definition of Q12
limits (Fig. 3c).

4.1.4. Globorotalia scitula

The highest abundances of this species do not
surpass 20% of the total assemblage (Fig. 3d).
However, variations are particularly interesting dur-
ing MIS 3 (e.g., SFDZ; Pérez-Folgado et al., 2003).
From MIS 4, we define two new faunal events (Sc7
and Sc8, Table 3) and only the beginning of Sc9, for
the same reason that Q12.

4.1.5. Globorotalia inflata

G. inflata is currently one of the principal
components of the planktic foraminiferal assemblage
in the Alboran Sea, but in the Late Pleistocene the
average was only 5.7%. Thus, in general, this species
is not very abundant, except in some periods where
its abundance increases, defining 11 bioevents for
the last two climatic cycles. Of these, here we report
those from 16 to 111, during MIS 5, and part of MIS
6 (Fig. 3e, Table 3). The first five prominent events
were defined by Pujol and Vergnaud-Grazzini (1989)
and by Pérez-Folgado et al. (2003).

4.1.6. Neogloboquadrina pachyderma (left coiling)
Pérez-Folgado et al. (2003) identified six charac-
teristic variations in the abundance of this polar

Fig. 3. Quantitative variations in planktonic foraminiferal assemblages in core ODP 977. The first column at the right of the figure marks the
presence and the number of the different Organic-Rich Layers identified in the core (Murat, 1999). The second column shows the different
marine isotopic stages and substages of the last 150 ka. The biological zones identified for each species in the core for MIS 4 and 5 are delimited
by solid gray bands (maxima in abundance) or striped gray bands (minima in abundance). Events and zones defined by Pérez-Folgado et al.
(2003) and Pujol and Vergnaud-Grazzini (1989) (in italics) are also shown. SFDZ: small foraminifera dominance zone. (a) N. pachyderma (right
coiling); (b) G. bulloides; (c) T. quinqueloba; (d) G. scitula; (e) G. inflata; (f) N. pachyderma (left coiling). Between 62 and 140 ka, the
horizontal scale is exaggerated in order to better show the small increases. (g) G. ruber white; (h) G. ruber pink.
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Table 3

Planktic foraminifera zones identified in core ODP 977

G. bulloides
zones (figure 3b)

N. pachyderma r.c.

zones (figure 3a)

G. inflata

zones (figure 3e)

G. ruber white
zones (figure 3g)

T.quinqueloba

zones (figure 3¢)

G. scitula
zones (figure 3d)

G. ruber pink
zones (figure 3h)

B7  Top 56.7

P7  Top 67.3

16 Top 77.9

Ra4 Top 63.7

Q8 Top 59.1

Sc7 Top 62.7

R2b  Top 118.3

B13  Top 99.4

Bottom 141.1

Max. 100.3

Bottom 102.3

Max. 108.6

B14 Top 106.5

Bottom 119.6

Max. 128.0

BIS Top 124.5

Bottom 129.8

Max. 59.3 Max. 68.4 Max. 78.6 Max. 69.5 Max. 60.2 Max. 64.1 Max. 120.9
Bottom  60.2 Bottom  71.1 Bottom  79.3 Bottom  72.5 Bottom  65.6 Bottom  65.6 Bottom 123.0
B8  Top 62.7 Pm4  Top 71.1 17 Top 82.3 RaS  Top 77.7 Q9  Top 70.7 Sc8  Top 70.5 R2a  Top 124.0
Max. 63.7 Min. 73.2 Max. 85.4 Max. 78.8 Max. 73.2 Max. 72.5 Max. 125.0
Bottom  64.3 Bottom  73.9 Bottom  86.4 Bottom  79.3 Bottom  74.4 Bottom  74.4 Bottom 126.2
B9 Top 64.9 P8 100.1 18 Top 89.5 Ra6  Top 96.2 Q10  Top 102.3 Sc9  Top 142.3
Max. 67.3 Pm5 Top 120.4 Max. 90.6 Max. 98.8 Max. 104.3 Max. 144.2
Bottom  67.7 Min. 125.0 Bottom  94.5 Bottom  99.4 Bottom 116.2
B10 Top 71.1 Bottom 126.2 19 Top 97.8 Ra7 Top 101.2 Qll Top 126.2
Max. 73.2 P9 Top 128.7 Max. 102.3 Max. 101.8 Max. 128.7
Bottom  74.2 Min. 129.8 Bottom 105.4 Bottom 106.5 Bottom 131.0
B11  Top 79.0 Bottom 131.4 110 Top 124.0 Ra8  Top 117.3 QI2  Top 140.5
Max. 79.3 P10 Top 133.1 Max. 125.0 Max. 123.5 Max. 1451
Bottom  81.3 Max. 136.0 Bottom 129.3 Bottom 127.4
B12 Top 92.6 Bottom 136.7 111 Top 131.0 Ra9 Top 138.8
Max. 94.5 P11 Top 137.7 Max. 133.1 Max. 1423
Bottom  97.3 Max. 138.5 Bottom 134.6 Bottom 144.2

All ages are in kiloyears.

[EI-€IT ($002) TI 4801020 autivpy / v 19 0pp3|0-2249d ‘W

11



122

a
) 8'%0 G bulloides
3 2 1

M. Pérez-Folgado et al. / Marine Geology 212 (2004) 113—131

) Sw (% vs SMOW)

MIS

.....................................

TL1

i
(=]
oy

=N
S
.

Sa

Calendar kiloyears
g 3

©
S
s

L4
5b

100

L5
5ctp6

1ot ‘<,{

5d7

130

se | L7
L8

150 i 1 —
b 0 05 -1 -15 -2

83C G. bulloides

0 5 10 15 20
d

% Benthic foraminifera

Fig. 4. (a) Oxygen isotope data obtained from G. bulloides shells. (b) Carbon isotope data obtained from G. bulloides shells. (c) §'*0 data of the
sea water (0w). (d) Benthic foraminiferal abundance in ODP 977 (numbers refer to Dansgaard—Oeschger Interstadials).

species (Psl1-Ps6, Fig. 3f), and these can be
correlated with the Heinrich Events of North Atlantic
Ocean (Heinrich, 1988). From 70 to 150 ka, N.
pachyderma (l.c.) variations are generally between
0% and 2%. However, at 143.2 ka, we emphasize a
small increase of ~3% (Fig. 3f).

4.1.7. Globigerinoides ruber white

This warmer-water species only appeared in the
Alboran Sea when the surface conditions allowed its
growth during the warm stages and substages of the
last 150 ka (Fig. 3g). Below Ra3, the last event
defined by Pérez-Folgado et al. (2003), we found
another six zones (Ra4-Ra9, Table 3). The greatest
increase in abundance is seen during the Last
Interglacial (event Ra8; Fig. 3g).

4.1.8. Globigerinoides ruber pink

This colored variety usually lives in warmer
surface waters than the white one, and it only
occurred during the warmest periods of the last
150 ka: the Holocene and the Eemian in the Last
Interglacial (Fig. 3h). The events recorded during the
Holocene have been defined by Pujol and Vergnaud-

Grazzini (1989) and by Pérez-Folgado et al. (2003).
Here we define events R2a and R2b, during substage
Se (Fig. 3h, Table 3).

4.2. Isotope results

For the last 150 ka, §'%0 data on G. bulloides vary
between values near zero, during the Last Interglacial
(substage 5e), to higher than 3.5%c0 during cold
isotopic stages 2 and 4 (Fig. 4). The record shows
all the global climatic changes that occurred during
the last two glacial-interglacial episodes. Moreover,
the data reflect millennial climatic variability first
recorded in the Greenland ice cores (Dansgaard et al.,
1993), as may be inferred from the great similarity
between the 6'®0 and the SST records. This
variability was used to establish the age model (Fig.
2). Termination II is recorded by a 2%o decrease in
8'80. After this abrupt change, 6'%0 values increase
again (less than 0.5%o) for a short time (1.3 ka), after
which they decrease toward the lowest values (near
zero) typical of substage Se. These Eemian values (0—
0.6%o0) are lower than those recorded in Termination I
and the Holocene (between 0.6%o0 and 1%o; Fig. 4).
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Carbon isotope data (6'°C; Fig. 4) do not reflect
such marked changes as the oxygen data. For the last
150 ka, 6'3C varies between —2%o (at 125 ka) and
0.1%0 (at 50 ka). This record is also influenced by
millennial variability, especially during MIS 3 (Fig.
4). Generally, 6'°C decreases when 6'%0 decreases
(Fig. 4). However, this is not the case at Termination
II, where a sharp decrease in 6'°C data is recorded at
about 127 ka: around 3 ka after the 9'%0 change (at
~130 ka).

4.3. Record of SST in ODP 977

Sea surface temperatures (SST) obtained using
the modern analog technique (MAT) in the ODP
977 samples are shown in Fig. 5. The average
dissimilarity index is 0.13, which is well below the
0.2 limit recommended for a good estimation
(Overpeck et al., 1985; Kallel et al., 1997a). Values
higher than 0.2 are only found in certain intervals
of the past 150 ka (Fig. 5): (i) in the Holocene,
around the faunal change between N. pachyderma
(rc.) and G. inflata (event I; Fig. 3; Pujol and
Vergnaud-Grazzini, 1989; Pérez-Folgado et al.,
2003), which occurred in the Alboran Sea around
7.7 ka ago; (ii) during MIS 3, mainly in samples
with high numbers of 7. quinqueloba (Q6 event
and SFDZ; Fig. 3; Pérez-Folgado et al., 2003),
which have no analogs in the modern database.
These maxima in 7. quinqueloba occurred during
the major Dansgaard—Oeschger Stadials (Pérez-
Folgado et al.,, 2003); (iii) during MIS 5, in the
second half of substage 5e (Last Interglacial). Since
the main component of planktic foraminiferal
assemblages in these samples is G. ruber white,
it should be possible to find analogs in the current
Eastern Mediterranean assemblage or in the sub-
tropical Atlantic Ocean. However, some of the
samples of substage 5e are also rich in other
species such as N. pachyderma (r.c.) and G. inflata,
explaining their high dissimilarity. The modern
analogs for these samples appear in the central
Atlantic, in the Gulf of Biscay, and in the Gulf of
Lyons.

The average error of our paleotemperature recon-
structions is 2.1 °C, and the standard deviation is
+0.8 °C. By secasons, average winter (February SST)
error is 1.8 °C; for spring (April-May SST), it is 1.9

°C; 2.6 °C for summer (August SST), and 2.2 °C for
autumn (October—November SST). The mean annual
temperature, which is very similar to the autumn
temperature (see Pérez-Folgado et al., 2003), was
calculated from the mean of seasonal temperatures,
and drawn as a dotted line in Fig. 5.

The coldest temperatures occurred during MIS 4,
around 60 ka ago, where values below 7 °C were
reached during winter, while the warmest SST were
observed in the Last Interglacial during the Eemian.
Throughout the year, the paleotemperatures in sub-
stage Se were warmer (by 1-2 °C) than those of the
Holocene.

A remarkable offset of around 3 ka is seen
between Termination II as inferred from the oxygen
isotope record and the warming of Mediterranean
surface waters as inferred from the MAT record
(Figs. 4 and 5).

4.4. Estimates of sea surface water 5'°0 (5w)

Paleotemperature data were used, together with
the oxygen isotope data obtained in G. bulloides, to
estimate past variations in 0w (Fig. 4). We solved
the paleotemperature equation of Shackleton (1974)
and followed the method of Duplessy et al. (1991)
to obtain dw. Spring SST (April-May average) were
used because they are the most similar to the
current optimum temperature of G. bulloides in the
Mediterranean Sea (Kallel et al., 1997a). The
accuracy of 0w estimates depends primarily on that
of SST estimates. An error of 1 °C in SST estimates
would result in a 0.23%o error in the calculated ow.
An additional error is associated with the mass
spectrometric measurements of foraminiferal §'%0
(Kallel et al., 1997a). The mean spring error is
1.9+£0.8 °C; this implies a total error of
0.44+0.18%0 in our dw estimates. Sea water o'°0
data can be used to obtain paleosalinities, but the
high error associated with this method led us to use
the 0w record as an approach to salinity variations
(Rohling, 2000). Fig. 4 shows that ow in the
Western Mediterranean Sea changed between
—1.5%0 and 3%o, for the period from 0 to 150 ka.
The lowest values are recorded during substages Sc
and Se, associated with ORLs L5 and L8 (Fig. 4),
while the highest values occur during MIS 3, cold
substage S5b and MIS 6.
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5. Discussion

5.1. Response of planktic foraminiferal assemblages
to climatic variability in the Alboran Sea during MIS
4 and MIS 5

Planktic foraminiferal assemblages in the Alboran
Sea were mainly dominated by N. pachyderma (r.c.),
G. bulloides, G. ruber (white and pink varieties), G.
inflata, and, in warmer periods, some tropical and
subtropical species (arranged in the SPRUDTS group;
Globigerinella siphonifera, Hastigerina pelagica,
Globigerina rubescens, Orbulina universa, Globiger-
ina digitata, Globigerinoides tenellus and Globiger-
inoides sacculifer; Jorissen et al., 1993). This
SPRUDTS group can reach around 20% of the
association (not represented). Broadly speaking,
species abundances vary according to the warm and
cold stages and substages of the last 150 ka. Hence,
bioevents Ra5 to Ra8 occurred during warm sub-
stages 5a, Sc and Se. G. ruber pink maxima (R2a and
R2b) only occurred in the warmest epochs, i.e.,
during the Last Interglacial (Fig. 3), which was also
characterized by a prominent minimum in the
abundance of N. pachyderma r.c. (Pm5). By contrast,
Q10 (maximum in 7. quinqueloba) occurred during
cold substage 5d (Fig. 3) associated with an increase
in G. bulloides (B14). Moreover, both benthic and
planktic forams were more abundant, and assemb-
lages were more diverse, during warm periods (sub-
stages 5a, 5S¢ and 5e) than during cold ones (substages
5b and 5d).

Abrupt changes in air temperature have been
reported to occur in Greenland between 60 and 110
ka (Dansgaard et al., 1993). Dansgaard—Oeschger
events 18 to 24 have been recognized during MIS 4
and the younger part of MIS 5, but unfortunately the
quality of the ice core records is poor for older ages,
preventing the recovery of climatic records for the
older part of MIS 5. However, in the North Atlantic,
good records of millennial climatic variability extend
to MIS 5 and 6 (e.g., Heinrich, 1988; Chapman and
Shackleton, 1998; 1999; Cayre et al., 1999; Oppo et
al., 2001) and even go back to MIS 12 (McManus et
al., 1999).

During MIS 5, below HE 6, several widespread
North Atlantic episodes of ice-rafting have been
recognized. Heinrich events 8 to 11 were reported

by Heinrich (1988) and later identified by Lehman et
al. (2002), Chapman and Shackleton (1998, 1999),
Eynaud et al. (2000), Oppo et al. (1997) and
Lotoskava and Ganssen (1999). Cayre et al. (1999)
defined five coolings (C7 to C11) older than HE 6 in a
paleoceanographic reconstruction off the Iberian
margin and Chapman and Shackleton (1999) identi-
fied seven episodes of ice rafting (C19-C25) between
70 and 126 ka.

Below Heinrich event 6, minor but significant
increases of N. pachyderma (l.c.) were observed at
65, 70 and 85 ka, which could be related to ice-
rafting episodes C19 to C21, defined by Chapman
and Shackleton (1999). Other small increases of
about 1% between 130 and 132 ka, linked to cold
surface waters, can be correlated with HE 11
(Heinrich, 1988), while the small event at 143 ka,
although the most pronounced of the period 65-150
ka, does not seem to be related to cool surface
temperatures (Fig. 3f, 5).

As already reported for MIS 2 and 3 (Cacho et al.,
1999; Pérez-Folgado et al., 2003), the short periods
with cool SST temperatures and high 6'*0 in the
ODP 977 are linked with cooling events in the
Northern Hemisphere, either with Heinrich events or
with D-O Stadials. According to the age model, the
Mediterranean events of cool surface waters shown in
Fig. 5 between ~60 and 105 ka would be correlated
with D-O Stadials 19 to 24. Within the relatively cold
MIS 4, two intervals of warm temperatures are
recorded (Fig. 5). First, SST increased by several
degrees (up to 8 °C during summer and only 3 °C
during winter) at the beginning of the stage, and a
second, lower-amplitude, warm event can be recog-
nized in the middle of MIS 4. These two events are
related to Interstadials D—O 20 and 19, as can also be
seen in the stable isotope record (Figs. 4 and 5).
During substages 5a, 5b and 5c, parallel changes in
temperature and oxygen isotopes are recorded, prob-
ably reflecting D—O Interstadials 24 to 21. The
relatively cold temperatures during substage Sc¢ would
be due to the occurrence of a cooling event in the
Northern Hemisphere (D-O Stadial 24). This temper-
ature decrease was between 3 and 5 °C, whereas the
subsequent warming during D-O Interstadial 23
reached 4 °C in winter and up to 7 °C in summer.
D-O Interstadial 22 is not clearly defined either in the
paleo-SST or in the isotope data (Figs. 4 and 5).
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Some of the faunal events are unambiguously
related with this D-O variability: events Q10 and Sc8
are contemporaneous and developed during Stadial 21
(Fig. 3c,d), while events Q9 and Sc7 occurred at
Stadial 20. Similar increases in 7. quinqueloba and G.
scitula occurred during younger D—O Stadials (Pérez-
Folgado et al., 2003). Both species are also abundant
during glacial stage 6 (around 140-150 ka; Q13 and
Scl1; Fig. 3) and at Termination II (Q12).

5.1.1. The last interglacial and Termination II in the
Alboran Sea

Oceanographic conditions equivalent to those
existing in the present ocean occurred between 127
and 117 ka ago, during the Last Interglacial period.
Greenland records show that climate in the northern
hemisphere has remained very stable throughout the
Holocene; however, the same records for the Last
Interglacial point to great variability (Dansgaard et al.,
1993; GRIP members, 1993; Grootes et al., 1993).
Traditionally, substage Se has been associated with a
warm stable period (the Eemian), but Greenland ice
core records (GRIP members, 1993; Grootes et al.,
1993) have led to controversy that remains to be
settled. GRIP ice core records seem to indicate
considerable variability within the Eemian (GRIP
members, 1993). However, in core GISP2, these rapid
climate fluctuations do not appear and both cores
show evidence of ice deformation in some parts of the
core length (Alley et al.,, 1995). From that time
onwards, many studies have been carried out on both
continental (mainly from Europe) and oceanic records
(especially in the North Atlantic), although with
unequal results (Seidenkrantz et al., 1995; Field et
al., 1994; Fronval and Jansen, 1996; Adkins et al.,
1997; McManus et al., 1994; Chapman and Shackle-
ton, 1998; Frogley et al., 1999). Although the extreme
variability of Greenland ice core during substage 5e is
difficult to identify in other records, it seems evident
that the Eemian climate was not as stable as
previously thought.

Lototskaya and Ganssen (1999) divided Termi-
nation II into two stages, T-Ila and T-IIb, with a T-II
“pause” in between. This T-II pause lasted for 3 ka,
and the total process lasted around 10 ka. This break
in the penultimate deglaciation has also been
described by other authors (Lauritzen, 1995; San-
chez-Goili et al., 2000; Calvo et al., 2001).

Based on our oxygen isotope data, substage Se
would have taken place in the Alboran Sea between
~117 and 130 ka (Fig. 4). The isotopic drop at 130 ka
is interrupted at 128 ka by a short event of slight
isotopic enrichment (~0.4%o) (Fig. 4). After 127.4 ka,
0'"%0 decreased again to reach the lowest values,
between 125.6 and 119.4 ka. From 119 ka upwards, a
progressive increase is recorded, defining the tran-
sition between substages 5e/5d.

However, the response of the assemblages of
planktic foraminifera to deglaciation is different from
that recorded in the isotopes. Planktonic foraminifera
were still dominated by the cold-water species during
most of the deglaciation (Figs. 3-5). Characteristic
taxa of interglacial times, such as G. ruber, G.
inflata or the SPRUDTS group (Jorissen et al.,
1993), became abundant at 127 ka; that is, once most
of the isotope decrease had been completed (Fig. 4).
Annual paleo-SST fluctuate around 10-11 °C
between 130 and 127 ka, and then increase sharply
to values close to 20 °C (slightly higher than the
average recent and Holocene annual temperatures;
database of Kallel et al., 1997a). This temperature
increase of around 10 °C should be recorded by a
2.3%0 0'%0 isotope decrease, but the amplitude of
the isotope change is only 0.6%o. This small change
can be explained in terms of a contemporaneous
reduction in the isotope composition of Mediterra-
nean surface waters (Fig. 4). Spring paleotemper-
atures increased by around 8 °C during the
deglaciation, from 9 to 17 °C. Kallel et al. (2000)
studied planktic foraminiferal assemblages and esti-
mated MAT paleotemperatures in two cores from the
Thyrrenian Sea off Italy. The temperature rise is
similar to that recorded in our sediments. Their
results also seem to indicate that the isotopic drop
during T-1I took place before the temperature rise
and the faunal change (Kallel et al., 2000). The delay
in the SST increase at T-II is due to the occurrence
of a prominent cold event between 133 and 128 ka,
possibly associated to the influence of the Heinrich
interval HE11 (Heinrich, 1988). Although with small
fluctuations, the isotope and temperature records
remained relatively stable during the Eemian, the
highest temperatures and the lowest oxygen isotope
values of the last 150 ka being reached at around
122 ka ago, when SST began to decrease progres-
sively towards substage 5d.
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5.2. Organic-rich layers in the Western Mediterra-
nean, and their paleoceanographic implications

The ORL (sensu Comas et al., 1996) layers
discovered during ODP Leg 161 in the Western
Mediterranean were not considered as true sapropels,
although their organic carbon content was generally
higher than the average content of the overlying and
underlying levels. In ODP Site 977, 52 ORLs were
found (Murat, 1999), of which the uppermost eight
(L1 to L8) are included in this study. The average
organic matter content and location of each ORL is
shown in Table 4. L1 occurs between MIS 1 and 2, L2
and L3 during MIS 3 (Fig. 3), and the rest (L4 to L8)
during MIS 5. Organic matter percentages are not very
high (maximum 1.13%) but are considerably higher
than the background percentage for the whole core
(0.55%; Comas et al., 1996; Murat, 1999).

Sapropels S3, S4 and S5 in the Eastern Mediterra-
nean are recorded during substages S5a, Sc and Se,
respectively (see review in Cramp and O’Sullivan,
1999). In agreement with previous correlations
reported by Capotondi and Vigliotti (1999), we relate
ORL L4 in ODP 977 with sapropel S3, L5 and L6
with S4 and finally L7 and L8 with sapropel S5.

The estimated dw record reflects large decreases
in sea-water 6'°0 values throughout the deposition
of most of the ORLs (Fig. 4). These changes are
necessarily linked to drops in the dw of the inflowing
Atlantic waters or to variations in the hydrological
budget of the basin (Kallel et al., 1997b); that is, an
increase in rainfall or runoff, which would produce a
decrease in sea surface salinity. Lower sea surface
salinities would have enhanced water stratification
throughout the water column, which in combination
with relatively high surface water productivities

Table 4

Organic-rich layers found in ODP 977 samples

ORL Depth (m) Age (kiloyears) TOC (%)
L1 1.95-2.24 11.1-12.3 0.87

L2 5.73-7.70 28.3-37.2 1.02 (max)
L3 8.93-9.05 41.2-41.5 1.07 (max)
L4 18.08-18.24 79.3-81.3 0.93

LS 19.39-19.57 92.6-96.2 1.13

L6 20.28-20.63 100.3-102.3 0.88

L7 23.32-23.61 123.5-125.0 1.13

L8 23.85-24.30 126.8-129.8 0.79

would explain the higher contents of organic matter.
G. bulloides, which typically thrive in cold, high-
productivity waters (Hemleben et al., 1989; Pujol and
Vergnaud-Grazzini, 1995), is relatively scarce within
interglacial stage MIS 5 with the exception of glacial
substage 5d. However, significant increases in abun-
dance occur in all ORLs as illustrated by the
correspondence of biological events B11, B12, B13
and B15, defined in this study, with ORLs L4, L5, L6
and L8, respectively (Fig. 3b). The combination of
high percentages of G. bulloides during these
episodes with low values of dw in surface waters
seem to be related with events of high primary
productivity at surface and stratification in the water
column which results in the formation of the ORLs.

Cane et al. (2002) obtained high-resolution records
in four cores from the Eastern Mediterranean sapropel
S5. They demonstrated that some planktic foramini-
feral events that occurred at the time of the deposition
of S5 were remarkably isochronous throughout the
Eastern Mediterranean. Events f 9 (a marked increase
in the abundance of G ruber pink) and f 8 (a reduction
in the abundance of G. inflata) may be related to
events R2a (125 ka) and the top of zone I11 (124 ka)
in our study. Using the age model proposed by
Rohling et al. (2002), events f 9 and f 8, which
immediately predate and postdate the onset of
sapropel S5, have an age of ~124.4 and ~123.6 ka,
respectively. Assuming that events R2a and I11,
which during deposition of ORL 7 in the Alboran
Sea are nearly isochronous with events 9 and f 8 and
the base of S5, the onset of sapropel S5 in the Eastern
Mediterranean occurred about 5 ka later than the onset
of ORL 8 in the Alboran Sea. Sierro et al. (1998)
identified and dated the youngest organic-rich layer of
the Alboran Sea in core MD95-2043 (Fig. 1). These
authors gave an age of 14.5 cal ka to the base of this
sapropel-like layer. However, sapropel S1 is normally
dated at ~9.5.ka (Aksu et al, 1999). The ages
attributed by Rossignol-Strick and Paterne (1999) to
the same events in the lonian Sea, using the monsoon
index, are also consistently younger than the sapropel-
like layers in the Alboran Sea.

Bar-Matthews et al. (2000) analyzed the isotopic
record of speleothems from the Soreq cave (Israel)
and deduced five prominent low 6'*0 events, related
to periods of enhanced rainfall in the Eastern
Mediterranean. The independently obtained (U-Th
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dating) ages of four of these events correlated well
with sapropel layers S5, S4, S3 and S1. The ages
reported by Bar-Matthews et al. (2000) for S3 and S4
are 85-79 and 108-100 ka, respectively, whereas the
ORLs are dated at about 79-81 and 92-102 Kka,
respectively (Table 4). Therefore, sapropels S1 and
S5 are probably younger than their equivalent ORLs
in the Western Mediterranean, L1 and L7-LS8,
whereas S3 and S4 seems to be slightly older than
their equivalent ORLs, L4 and L5-L6. Nevertheless,
the framework are not good constrained for S3 and
S4, there are no good biosratigraphic patterns, and the
offset could vary largely depending on the age
models applied. The different hydrography and
oceanography of the Western Mediterranean, which
was strongly influenced by Atlantic signatures, and
the Eastern basin could be an important factor to
explain the age differences. Nevertheless, more
studies and very accurate age models are needed,
especially in the Western part, to elucidate the reasons
of these time lags.

6. Conclusions

A micropaleontological study was carried out in
hole ODP 977, drilled out in the Alboran Sea.
Quantitative changes in abundance of eight planktic
foraminiferal species have led us to recognize 42
biostratigraphic faunal events, between 60 and 150
ka. The results confirm that the cores retrieved from
the Alboran Sea record the paleoclimatic and
paleoceanographic changes of both, Atlantic Ocean
and Mediterranean Sea. Rapid SST fluctuations
during MIS 4-6 are related with Dansgaard—Oeschger
and glacial-interglacial climatic variability. In partic-
ular, significant warmings occur during Interstadials
19 to 24 both during glacial and interglacial stages. A
time lag of about 3 ka was found between the
initiation of Termination II, 130 ka ago, and the
warming inferred form the planktic foraminiferal
assemblages. This could be related to the contempo-
raneous occurrence of a cold event, associated to the
presence of the Heinrich interval HEI1.

The deposition of ORLs L4 to L8, which occurred
during MIS 5, seem to be related with sapropels S3
(L4), S4 (LS and L6) and S5 (L7 and L8) in the
Eastern Mediterranean. Depletions in 0w during some

of the ORLs and high percentages of G. bulloides in
most of them suggest that these ORLs would be
related with a fresher surface layer associated with
increased surface productivity. Detailed biostrati-
graphic correlations between Eastern and Western
Mediterranean cores allow us to conclude that
deposition of sapropels S1 and S5 started 5 ka earlier
in the Western Mediterranean. However, more studies
are needed to understand the different behavior of
sapropels and ORLs along the Mediterranean transect.
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