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ABSTRACT

Planktonic (Globigerina bulloides) isotope profiles were measured for the Pleistocene sections at Sites 976 and 977. Both
sites are in the Alboran Sea at key positions for monitoring the Atlantic-Mediterranean water exchange through the Strait of
Gibraltar. At Site 976 we used samples from composite depth sections of Holes 976B, 976C, and 976D. Site 977 is a single-
hole site and the isotope record was measured along Hole 977A. Age models for both sites were developed by using biostrati-
graphic marker events (de Kaenel et al., Chap. 13, this volume) and by graphical correlation with the benthic isotope record
from Atlantic Site 659. The time scales were fine-tuned by tuning the isotope records to the combined orbital target curves of
precession and obliquity. The isotope records can be well dated back to stage 35 at Site 976 and stage 57 at Site 977. Further
below, the structure of the isotope records is inconclusive but, based on biostratigraphy, the bases of the records have been ten-
tatively assigned to stage 57 (Site 976) and stages 61 or 63 (Site 977). According to the age models, sedimentation rates at both
sites are between 15–40 cm/k.y. Glacial-interglacial δ18O amplitudes are high during the past 450 k.y. at both sites (3.0‰ 
3.5‰), likely revealing a rapid change of both surface-water salinities and temperatures. Spectral analyses for three s
time windows reveal distinct changes in spectral character at the main orbital frequencies. Precession-related control onte
and hydrography played an important role during the middle and late Pleistocene, whereas high-latitude obliquity forcing
inated the middle Pleistocene. The mid-Pleistocene shift to a dominant 100-k.y. periodicity does not appear before 500
the Alboran Sea (i.e., 100 k.y. to 200 k.y. later than in the open ocean). High-amplitude δ18O variations occur also on sub-
Milankovitch time scales. Repeated deposition of organic-rich layers in the Alboran Sea was not only linked to insolation
ima and periods of planktonic δ18O minima, but they occurred also during full glacial conditions and moderate insolation lev
This pattern is different from that of sapropel deposition in the eastern Mediterranean Sea and may be more closely lin
North Atlantic climate change and associated changes in the Atlantic inflow and atmospheric circulation.
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INTRODUCTION

Understanding the water exchange between the Atlantic Ocean
and Mediterranean Sea is of interest for paleoclimatologists and pa-
leoceanographers. The water budget of the Mediterranean Sea is con-
trolled by climatic conditions in the Mediterranean region that deter-
mine the hydrography of Mediterranean waters which, in turn, con-
tribute to the North Atlantic salt budget by way of the saline
Mediterranean outflow (Madelain, 1970; Béthoux, 1979; Reid, 19
Zahn et al., 1987; Zenk et al., 1992). 

Past variations from the modern anti-estuarine circulation (s
face inflow, deep outflow) of Mediterranean water via the Strait
Gibraltar have been discussed since the early days of sapropel di
ery in the eastern Mediterranean (Kullenberg, 1952). Since then
merous studies have addressed the eastern Mediterranean sequ
but the climatic and hydrographic conditions that lead to the form
tion of sapropels are still under debate (e.g., Vergnaud-Grazzini e
1977; Cita et al., 1977, 1982; Rohling, 1994). Conceptual models
are discussed involve either enhanced surface productivity leadin
a surplus of organic matter at the seafloor (Calvert et al., 1992;
Os et al., 1994) or anoxic bottom water conditions that would 
hance organic carbon preservation (Olausson, 1961; Stanley, 1
Williams et al., 1978; Sarmiento et al., 1988).

1Zahn, R., Comas, M.C., and Klaus, A. (Eds.), 1999. Proc. ODP, Sci. Results, 161:
College Station, TX (Ocean Drilling Program).

2Paläontologisches Institut, Ludwig-Maximilians-Universität, München, Fede
Republic of Germany. Rita.Grafenstein@cip.geo.uni-muenchen.de

3GEOMAR Research Center for Marine Geosciences, Kiel University, Fede
Republic of Germany.

3Intechmer, BP 324, 50103 Cherbourg Cedex, France.
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Sediment cores close to the Strait of Gibraltar are well suited
monitoring the evolution of the Atlantic-Mediterranean water e
change during the past. Paleoceanographic studies in the Albora
and the Gulf of Cadiz so far have concentrated on the last glacia
terglacial period using mostly planktonic isotope profiles docume
ing glacial-interglacial δ18O amplitudes that are higher than the gl
bal mean δ18O change; distinct differences between glacial and int
glacial microfaunal patterns are inferred to document change
biological productivity (Vergnaud-Grazzini et al., 1986; Abrante
1988; Vergnaud-Grazzini and Pierre, 1991; Rohling et al., 19
Troelstra and van Hinte, 1995). However, these data do not serv
unambiguous proof for a current reversal at the Strait of Gibra
during the last deglaciation which has been proposed (e.g., Olaus
1961; Stanley, 1978). Caralp (1988) compared late-glacial to re
benthic foraminifer assemblages on both sides of the Strait of Gib
tar and inferred a general evolution from a well-oxygenated, nutrie
rich environment during the Last Glacial Maximum to a nutrie
poor, oxygen-depleted environment from 13 ka to the present. An
usual assemblage with reduced species diversity between 10 ka
7 ka, which is roughly coeval with sapropel S1 in the eastern Me
terranean, was assumed to indicate nutrient-poor, low-oxygen
conditions in the deeper parts of the Alboran basin (Caralp, 19
This indicates reduced water exchange, but it is not clear evidenc
a current reversal at the Strait of Gibraltar. 

Trace-element patterns along sediment cores at both sides o
strait imply that the modern anti-estuarine circulation pattern pers
ed throughout the post-glacial sea-level rise (Grousset et al., 19
During full-glacial conditions, advection rates of the deep outflow
the Atlantic were reduced in response to the glacially lowered 
level that caused the strait geometry to narrow (Béthoux, 1984; B
den and Stommel, 1984). Isotope studies at the northeastern Atl
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continental margins further suggest that the Mediterranean waters
contributed to the North Atlantic hydrography during the last glacial,
with sporadic reductions in advection during post-glacial sea-level
rise (Zahn et al., 1987; Zahn et al., 1997). 

The paleoceanographic program of ODP Leg 161 was dedicated
to establish a long time series of paleoenvironmental records in the
western Mediterranean Sea that would allow researchers to decipher
its climatic and oceanographic evolution back to the Miocene. Al-
boran Sea Sites 976 and 977 were drilled to monitor the Pleistocene
history of the Atlantic-Mediterranean water exchange. Site 976 is at
a watchdog position ~110 km east of Gibraltar; Site 977 in the eastern
Alboran Sea tracks the hydrography of Atlantic waters as they enter
the southern Balearic Sea.

Herein, we present planktonic foraminiferal isotope records of
Sites 976 and 977 that span the Pleistocene back to 1.4 Ma (Site 976)
and 1.7 Ma (Site 977). The age models for both sites were developed
using the biostratigraphic marker events of de Kaenel et al. (Chap. 13,
this volume) and the benthic δ18O record from eastern subtropical
North Atlantic Site 659 of Tiedemann et al. (1994) for fine-tuning.
High sedimentation rates up to 15–40 cm/k.y. permit detection
high-amplitude isotope variability both on Milankovitch (glacia
interglacial) and sub-Milankovitch time scales and to determine 
stratigraphic position of organic-rich layers (ORL) at both sit
(Murat, Chap. 41, this volume) in relation to orbital insolation cycl
Ultimately, this enables us to determine the timing of ORL format
in the westernmost Mediterranean Sea in relation to the timing
sapropel formation in the eastern Mediterranean and to draw con
sions regarding paleoceanographic conditions during ORL dep
tion.

SITE LOCATION AND OCEANOGRAPHIC SETTING

Site 976 is located in the western Alboran Sea, about 110 km 
of the Strait of Gibraltar (36°12.3′N, 04°18.7′W) at a water depth of
1110 m. It is in the immediate neighborhood of DSDP Site 121 (R
et al., 1973). Three offset holes (Holes 976B, 976C, 976D) were u
to construct a meter composite depth scale using color reflect
and magnetic susceptibility records (Comas, Zahn, Klaus et 
1996). Site 977 is located in the eastern Alboran Sea (36°01.9′N, 01°
57.3′W), south of Cabo de Gata, at a water depth of 1984 m. Site
is a single-hole site that penetrated 598.5 m of Miocene/Pliocen
Holocene sediments.

Paleoceanographic objectives at both sites included retrieva
complete Pliocene–Pleistocene sedimentary sequences and Mio
deposits in the westernmost Mediterranean Sea near the Gibr
Strait gateway. Paleoceanographic records from this region were
pected to help monitor the hydrography of incoming Atlantic surfa
waters in relation to global climate. In particular, we hoped that 
data would allow us to document the Atlantic-Mediterranean wa
exchange during the late Cenozoic and to decipher current pat
(i.e., potential switching between anti-estuarine and estuarine w
flow through the Strait of Gibraltar). 

Surface circulation of the Alboran Sea is dominated by two m
soscale gyres. The circulation in the western gyre (3°–5°W) is anti-
cyclonic and mainly driven by bottom topography (Donde Va Gro
1984). The eastern gyre (1°–3°W) is mostly anticyclonic, but occa-
sional cyclonic circulation has also been observed (Millot, 1987)
strong density front (Almería-Orán front) along its eastern bound
forces the Atlantic inflow to the south, forming a strong eastward
through a narrow zone along the Algerian coast (Tintoré et al., 19
Geostrophic forcing along the jet stimulates small-scale upwelling
deeper, nutrient-enriched waters that increase nutrients regiona
the surface layer, thus resulting in the development of regional h
productivity cells.

The hydrography of the Alboran Sea is determined by the lo
salinity Atlantic surface inflow (S = 36.5) and the colder high-salin
(S > 38) outflow to the Atlantic at depth (Lacombe and Richez, 19
470
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La Violette, 1990). Changes in temperature and salinity of inflow
waters can be initially attributed to hydrographic changes in 
North Atlantic (La Violette, 1990). Inflowing Atlantic water forms 
low-density surface layer of 100–200 m thickness, the so-ca
Modified Atlantic Water (MAW; La Violette, 1994). Winter cooling
in conjunction with enhanced evaporation resulting from an 
creased thermal offset between surface waters and air leads to a
crease in MAW density.

Deeper water masses in the Alboran Sea are derived from sou
in the western and eastern Mediterranean. Cold winds in late w
cause deep convection of waters in the Gulf of Lions (Lacom
1984) and the Liguro-Provençal Basin (Gascard, 1978) that form 
jor contributions to the Western Mediterranean Deep Wa
(WMDW; MEDOC-Group, 1970). WMDW is present throughou
the western Mediterranean Sea at depths between 800 and 30
(La Violette, 1994) and can be easily traced for its high salinity up
38.4 (Rohling and Bryden, 1992). In the eastern Mediterranean, d
convection occurs in the Rhodes Gyre of the Levantine Sea and i
Adriatic Sea. In the Rhodes Gyre, dense Levantine Intermediate 
ter (LIW, T ≈15.5°C, S ≈39, potential density ≈28.95) is formed in
response to enhanced evaporation and concomitant increase in
face salinity (Lascaratos et al., 1993; Wu and Haines, 1996). Eas
Mediterranean Deep Water (EMDW, T ≈13.6°C, S ≈38.7, potential
density ≈29.13; Wu and Haines, 1996) is formed in the North Ad
atic Sea, where LIW mixes with cold overlying subsurface wat
EMDW formation occurs predominantly in winter, when cold an
dry northeasterly “Bora” winds prevail (Wüst, 1961; Rohling, 199
Wu and Haines, 1996). This water flows out via the Strait of Otra
into the Ionian Basin, where it sinks to below 2000 m and spread
the south and east into the Levantine Basin (Wüst, 1961; Roh
1994; Wu and Haines, 1996). LIW also comprises an important c
tribution to WMDW.

The deep Mediterranean outflow layer in the Alboran Sea is lar
ly derived from the upper layer of WMDW. The outflowing wate
follow two separate paths, a deeper one at a more southerly pos
close to the Moroccan slope and a shallower one in the northern
of the Alboran Basin (Donde Va Group, 1984). The inflow-outflo
exchange occurs in a three-layer flow system that has an active i
face layer with variable thickness between the upper inflow and l
er outflow layers (Bray et al., 1995). Mean volume transports ar
the order of 1.04 Sv for inflowing Atlantic and 0.76 Sv for outflowin
Mediterranean waters, the difference being attributed to evapora
water loss to the atmosphere (Bryden and Kinder, 1991a).

MATERIALS AND METHODS

We have generated planktonic isotope records for the Pleisto
sediment sections of Sites 976 and 977. The isotope measurem
were carried out on 15–25 specimens of Globigerina bulloides d’Or-
bigny 1826 from the size fraction 250–355 µm. We chose this spe
because it is the only faunal constituent that is continuously avail
in sufficient numbers across glacial and interglacial sediment s
tions at both sites. All isotope samples were washed in methan
an ultrasonic bath before isotope analysis. The isotope measurem
were performed at the isotope laboratories of Bremen Univer
(Site 976) and at GEOMAR (Site 977) on Finnigan MAT 251 a
252 mass spectrometers with single-sample “CARBO KIEL” carbo
ate preparation devices. The mass spectrometers at both labora
are intercalibrated using the same internal carbonate standard (
hofen limestone). External precision of the measurements was b
than 0.06‰ for δ18O and better than 0.04‰ for δ13C, as shown by
routine repeated analysis of the internal laboratory standard. All 
ues were converted to the Pee Dee Belemnite (PDB) scales for
bonate δ18O and δ13C. 

For Site 976, the isotope record was established using sam
from offset holes 976B, 976C, and 976D. Sampling of the three h
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followed the composite depth scheme given in Table 10 of the “S
976” chapter in the Leg 161 Initial Reports volume (Comas, Zahn,
Klaus, et al., 1996). The use of composite depth sections from 
three holes helped to ensure continuity of the recovered sedimen
sequences and of the isotope record. Site 977 was a single-hole
but there are only two minor gaps in the isotope record. To cover 
Pleistocene sections at both sites, the upper 352.73 mcd (meters 
posite depth; equivalent to 348 mbsf, meters below seafloor) at S
976 and the upper 271 mbsf at Site 977 were continuously samp
at 1-m intervals on average. Such a large sampling interval appea
sufficient for initial isotope analysis because shipboard biostratig
phy indicated that sedimentation rates are high at both sites (Com
Zahn, Klaus et al., 1996), which is confirmed by postcruise refin
ment of the biostratigraphy (de Kaenel et al., Chap. 13, this volum
These estimates are largely confirmed by the isotope stratigrap
(see below). Mean sampling intervals in the upper 60 mbsf of H
976B, which was sampled on board JOIDES Resolution, was 40 cm.
To establish the Pleistocene isotope records 367 and 291 iso
analyses were conducted on Sites 976 and 977, respectively. The
tope data from Sites 976 and 977 are available in Tables 1 and 2
the CD-ROM, back pocket, this volume.

STRATIGRAPHY

Time Domain

The age models for Sites 976 and 977 were developed in th
steps. As a first step, the depths and ages of biostratigraphic ma
events from de Kaenel et al. (Chap. 13, this volume) were used as
fix points for the isotope records (Figs. 1, 2; Table 3). In a seco
step, the isotope records at Sites 976 and 977 were graphically co
lated to the benthic isotope record and the astronomically calibra
time scale of Site 659 (Fig. 3; time scale from Tiedemann et a
1994). For the graphical correlation we used the AnalySeries time
ries routine of Paillard et al. (1996). According to this correlation a
the biostratigraphic marker events, isotope stages can be firmly
signed to the isotope records back to stage 35 (~1.23 Ma) at Site
and stage 57 (~1.64 Ma) at Site 977 (Figs. 1–3). A recovery gap
Site 976 from 280 to 295 mcd was probably caused by sediment 
caused by gas expansion of the sediments when the core was w
drawn from the seafloor. Between 295 and 320 mcd, the isoto
ite
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record at Site 976 does not display the characteristic isotope fluc
tions that are seen in the Site 659 record (Fig. 3). Below this sec
the two isotope minima between 320 and 340 mcd (Fig. 1) have b
correlated with isotope warm stages 51 and 53. The δ18O minimum at
the base of the record, between 350 and 355 mcd, has been tenta
assigned to isotope stage 57, largely on the basis of the marker
for the first occurrence of Gephyrocapsa spp. (>5 µm; 348.63 mcd)
at 1.61 Ma, the last occurrence of Calcidiscus macintyrei (349.32
mcd) at 1.619 Ma, and the first occurrence of G. oceanica (>4 µm;
361.05 mcd) at 1.718 Ma (de Kaenel et al., Chap. 13, this volum

The δ18O stage assignments at Site 977 (Fig. 2) are much be
constrained because the structure of the early Pleistocene iso
record fits better to that of the Site 659 isotope record. Minor discr
ancies between the Site 977 isotope curve and the Site 659 refe
record exist between 1.2 and 1.3 Ma, where isotope warm stage 
not well developed in the Site 977 record. However, the δ18O deple-
tion during stage 37 at Site 659 is reduced compared to stage 37
tope shifts documented at Pacific Sites 677 (Shackleton et al., 1
and 849 (Mix et al., 1995) and, thus, the differences in isotope am
tudes likely are because of regional effects of temperature and/or
water δ18O in surface waters at Site 977. Accepting the biostra
graphic ages of 1.364 Ma for the base of the Pseudoemiliania lacun-
osa acme zone at 211.31 mbsf and of 1.512 Ma for the f
occurrence of G. oceanica (>6.5 µm) at 231.48 mbsf (de Kaenel et a
Chap. 13, this volume; see Table 3), we infer a coring gap imm
ately above core break 24X/25X that spans isotope stages 47 an
which are apparently missing from the Site 977 isotope record. 
low 256 mbsf, the structure of the isotope record is inconclusive. 
ing the biostratigraphic age of 1.719 Ma for the first occurrence oG.
oceanica (>4 µm) at 262.73 mbsf, the δ18O minimum at 264 mbsf
may represent isotope warm stages 61 or 63. 

In a third step, we refined the age models for Sites 976 and 97
tuning the oxygen isotope records to two astronomically derived 
get curves. These curves (Fig. 3) were constructed by adding the
malized orbital signal of precession to one-half of that of obliquity

, (1)

where P is precession and T is tilt or obliquity. The target curves
were derived from the astronomical solution La90(1.1) (Laskar et al.,
1993), which was shown by Lourens et al. (1996) to be the mos
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Figure 1. δ18O profile of G. bulloides at Site 976. The depth scale is in meters composite depth (mcd). Switching between the three offset holes is indicated
along the depth axis. Also shown are biostratigraphic marker events from de Kaenel et al. (Chap. 13, this volume). Between 181 and 204 mcd (Hole 976B) and
329 and 352 mcd (Hole 976C), core breaks are indicated above the isotope record. Numbers below the isotope record give oxygen isotope stage assignments.
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Table 3. Biostratigraphic ages used to develop the initial age models at Sites 976 and 977.

Notes: Biostratigraphic marker events are from de Kaenel et al. (Chap. 13, this volume). Marker events were determined for Hole 976B only. Comparison of the magnetic susceptibility
records of Holes 976B and 976C, which were both used for the composite depth scheme, shows that the depth offset between the two holes remains nearly constant throughout the
records. Hole 976B marker events may thus be readily transferred to Hole 976C by applying the depth offsets between both holes also to cores that are not in the composite depth
scheme.

Hole 976B Hole 977A

Event code Biostratigraphic event
Depth
(mcd)

Age
(ka)

Depth
(mbsf)

Age
(ka)

F Eh > Geph 1 FO E. huxleyi > Gephyrocapsa spp. 27.53 72.3 13.55 69.6
Fc Eh FcO E. huxleyi 58.96 218.3 35.48 213
F Eh FO E. huxleyi 76.55 270.54 43.55 268.5
L Pl LO P. lacunosa 116.11 423.65 68.07 428.8
L Pll LO P. lacunosa lacunosa (>7 µm) 119.75 438.8 70.3 454
aL Pl acme LO P. lacunosa 194.48 747.29 120.29 752.8
L Ca LO C. asanoi (cir.; >6.5 µm) 203.62 777.67 125.3 776.7
F Gom FO G. omega (>4 µm) 244.31 962 159.03 976
F Ca FO C. asanoi (cir.; >6.5 µm) 268.57 1121.73 183.08 1122
L Geph 2 LO Gephyrocapsa spp. (>6.5 µm) 195.71 1235
L Hs LO H. sellii 202.24 1276
aF Pl acme FO P. lacunosa 299.51 1361 211.31 1364
F Goc 1 FO G. oceanica (>6.5 µm) 318.375 1493 231.48 1512
F Gc FO G. caribbeanica (>6.5 µm) 322.92 1516 233.55 1529
F Goc 2 FO G. oceanica (>6.3 µm) 322.92 1516 233.55 1529
F Goc 3 FO G. oceanica (>5.5 µm) 339.98 1569.7 239.81 1568
F Geph 3 FO Gephyrocapsa spp.(>5 µm) 348.63 1613 247.51 1614
L Cm LO C. macintyrei (cir.; >11 µm) 349.32 1619 248.17 1619
F Goc 4 FO G. oceanica (>4 µm) 361.05 1718 262.73 1719
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curate solution over the past 5.3 m.y. A second target record was
generated by combining the normalized obliquity signal with one-
half of the normalized precession signal

. (2)

Inversion of the signals by factor –1 was needed to make both
bital signals climatically coherent. Before combining both signa
precession was lagged by 5 k.y. and obliquity by 8 k.y., apply
phase lags between orbital insolation and ice volume response a
ferred by Imbrie and Imbrie (1980) for the late Pleistocene. Howe
as discussed by Hilgen et al. (1993) and Lourens et al. (1996), t
response times imply that the cyclic variations in the oxygen-isot
record are mainly driven by changes in global ice volume, wh
might not be true for the planktonic oxygen-isotope signal in 
Mediterranean. They estimated a shorter precessional δ18O lag time
of Mediterranean surface-waters relative to precessional forcing
only 2–3 k.y. A shorter response time in the precessional δ18O fre-
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quency band would reflect a predominant low-latitude climate fo
ing (e.g., by way of varying freshwater input from rivers in the Me
iterranean borderlands). A presumed smaller phase difference in
precession band would result in only minor shifts of the tuned ti
scale, but that would impose more severe constraints on cross-s
tral comparisons with high-latitude paleoceanographic records.

The orbital target records derived from Equations 1 and 2 (Fig
were used alternatively depending on the variable stratigraphic re
lution along both δ18O records. The complete list of time scale fi
points for both sites is given in Table 4.

Frequency Domain

To determine the spectral characteristics of the isotope reco
we have run power spectra on the δ18O records of Sites 976 and 977
Spectral analysis followed standard techniques described in Imbr
al. (1992) using the ARAND spectral routines that were availab
from P.J. Howell at Brown University. The isotope records we



PLANKTONIC δ18O RECORDS
0

1

2

3

4

( a )   S i t e   9 7 6 

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

0

1

2

3

4
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

2.5

3

3.5

4

4.5

5

5.5
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

-4

-2

0

2

4 ( d )   P + (-1 * 1/2 T)

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

-4

-2

0

2

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

A g e   ( k a )

δ 1 8
 O

 ‰
  

P
 D

 B
δ 1 8

 
O

 ‰
  

P
 D

 B
δ 1 8

 
O

 ‰
  

P
 D

 B

( b )   S i t e   9 7 7 

( c )   S i t e   6 5 9 

( e )   T + (-1 * 1/2 P)

C. wuellerstorfi

G. bulloides

G. bulloides

A g e   ( k a )

A g e   ( k a )

A g e   ( k a )

A g e   ( k a )

Figure 3. Planktonic δ18O profiles for Sites 976 (A) 
and 977 (B) on an age scale. The isotope record of Site 
659 (C) of Tiedemann et al. (1994) has been used for 
graphical correlation. The orbital target curves (D, E) 
have been used for fine tuning of the age scales. For 
discussion see text. 
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sampled at constant 3-k.y.-age intervals and linearly detrended be-
fore spectral analysis. Spectra were run separately on three sections
of the records to account for differences in quality and character of
the records that would distort the spectra if run on the entire records.
The sections follow:

1. 0–430 k.y.; the isotope records show high-amplitude (>2‰
>3‰) glacial-interglacial δ18O fluctuations that occur at 100-
k.y. periods; mean time step in the isotope records is 2.8 k
at Site 976 and 5.7 k.y. at Site 977;

2. 430-870 k.y.; δ18O amplitudes are decreased (1.5–2.5‰) a
are not as clearly bundled into 100 k.y. cycles as in the up
core section; mean time step in the isotope records is 4.5 
at Site 976 and 5.4 k.y. at Site 977; and
to

.y.

d
er
.y.

3. >920 k.y.; δ18O amplitudes remain below 1.5‰ and the
records show higher-frequency changes that are character
for the pre-Brunhes chronozone; for Site 976, the time interv
920–1210 k.y. (mean time step 5.9 k.y.) was analyzed, for S
977 the time interval 920–1416 k.y. (mean time step 6.5 k.y
The structure in the earlier sections of both isotope records
inconclusive with respect to the global isotope stratigraph
and the time models for the earliest parts of the records h
been established by using biostratigraphy only i.e., it was n
possible to apply orbital tuning.

Numbers of lags for the three time intervals were set to 2/3 of 
number of data points in each interval to enhance the resolution of
spectra. Confidence levels of the spectral signals are 80%. 
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Concentration of variance is highest at the main orbital frequen-
cies at Sites 976 and 977 (Fig. 4). The spectral evolution since 1.6
Ma, however, displays interesting differences in the distribution of
spectral variance between the eccentricity, obliquity and precession
bands. The spectrum of the last 430 k.y. is dominated by the 100-k.y.
eccentricity peak in both records. This indicates that cyclic changes
in the planktonic oxygen isotope records responded primarily to
high-latitude climate forcing associated with a repeated glacial ex-
pansion in northern hemisphere ice sheets and sea level variation at
the 100-k.y. rhythm. Significant power occurs also at obliquity and
precessional periods. At Site 977, the spectral variance is higher at or-
bital obliquity, whereas the spectral power at orbital precession is
higher at Site 976. This difference in spectral character may be a re-

Table 4. Fixpoints for age calibration at Sites 976 and 977.

Site 976 Site 977

Depth
(mcd)

Age
(ka)

Depth
(mbsf)

Age
(ka)

0.00 0.00 2.08 11.50
1.32 4.00 6.76 31.00
2.50 9.00 12.20 57.00
3.30 9.70 13.55 69.60
4.00 11.50 19.73 104.00
5.16 15.60 23.85 124.00
6.40 18.44 30.55 173.00

24.86 63.00 33.00 195.00
27.53 72.30 35.48 213.00
29.46 79.00 39.23 239.00
36.06 113.00 42.10 264.00
43.66 136.00 43.55 268.50
49.66 181.00 52.76 332.00
54.46 205.00 68.07 428.80
58.96 218.30 70.30 454.00
65.26 237.00 71.35 462.00
73.47 260.00 77.34 503.00
76.55 270.54 79.97 517.00
81.07 286.00 81.55 525.00
84.27 310.00 84.75 553.00
92.67 329.00 89.76 575.00

107.07 393.00 92.32 597.00
116.11 423.65 94.69 618.00
118.28 431.00 103.62 666.00
119.75 438.80 109.02 689.00
125.68 470.00 118.59 731.00
143.08 525.00 120.29 752.80
150.48 552.00 123.73 765.00
154.28 573.00 125.30 776.70
168.89 628.00 141.03 862.00
174.09 676.00 148.01 916.00
184.69 719.00 153.81 934.00
194.48 747.29 156.81 962.00
202.10 763.00 159.03 976.00
203.62 777.67 163.32 998.00
205.90 783.00 170.97 1028.00
217.90 822.00 174.26 1048.00
225.30 871.00 177.24 1070.00
228.10 890.00 183.08 1122.00
244.31 962.00 186.20 1150.00
252.31 1006.00 189.40 1169.00
268.57 1121.73 194.20 1186.00
273.71 1172.00 195.71 1235.00
279.51 1186.00 202.24 1276.00
299.51 1361.00 202.95 1281.00
313.12 1473.00 204.64 1298.00
318.38 1493.00 206.52 1315.00
322.92 1516.00 210.00 1343.00
328.32 1533.00 210.80 1349.00
339.98 1569.70 211.31 1364.00
348.63 1613.00 215.16 1397.00
349.32 1619.00 223.19 1428.00

223.39 1479.00
231.48 1512.00
233.55 1529.00
239.81 1568.00
242.19 1588.00
247.51 1614.00
248.17 1619.00
255.78 1652.00
261.78 1677.00
261.98 1710.00
262.73 1719.00
474
sult of differences in stratigraphic resolution between the two isotope
records. 

Spectra for the time interval 430–870 k.y. are dominated by 
41-k.y. obliquity peak, followed by the 100-k.y. eccentricity pea
The 23 and 19-k.y. cycles play only a minor role. This implies th
eccentricity signals did not yet dominate western Mediterranean 
mates during this period. The isotope records at Sites 976 and 97
stead show that the eccentricity period became dominant after 
k.y. (i.e., 100-200 k.y. later than is observed in isotope records fr
the open ocean). There, the 100-k.y. power doubled during the pe
from 780–400 k.y. to 400–0 k.y., with fastest changes around 70
600 k.y. (Ruddiman et al., 1989; Imbrie et al., 1992). The dominan
of the 41-k.y. cyclicity suggests that the Mediterranean δ18O variabil-
ity was mainly linked to high-latitude climate change (Imbrie et a
1992).

The frequency spectra for the Pleistocene time interval older th
920 ka are dominated by the 100-k.y. eccentricity period, contrary
the spectral character of isotope records from the open ocean (Ru
man et al., 1989; Imbrie et al., 1992). This signal is unexpected, a
at least for Site 976, statistically not well constrained in view of t
short time interval of only 290 k.y. that was used for spectral analy
However, for Site 977 the analyzed time interval is 500 k.y., and
this case, spectral density at the 100-k.y. period is even stron
However, we cannot exclude the possibility that insufficient sa
pling resolution mimics a stronger contribution of low-frequency si
nals that otherwise would fall into the periodicities of obliquity an
precession. This would also explain the apparent lack of spec
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Figure 4. Pleistocene frequency spectra of planktonic isotope records from
Sites 976 (thick line) and 977 (thin line) for three time intervals: (A) 0–430
k.y., (B) 430–870 k.y., (C) older than 920 k.y. Vertical lines indicate centra
frequencies of orbital eccentricity (100 k.y.), obliquity (41 k.y.) and prece
sion (23 k.y., 19 k.y.). To enable a comparison between the three spectra
number of lags was set to 2/3 of the number of data points (n). See tex
discussion.
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power at the precession periods of 23 k.y. and 19 k.y. for both isotope
records. 

DISCUSSION

The Mediterranean Sea as a semi-enclosed basin has only limited
water exchange with the open ocean. Volume transports through the
Strait of Gibraltar are largely driven by the Mediterranean’s wa
budget and are limited by the internal hydraulics of the Strait 
Gibraltar (Madelain, 1970; Béthoux, 1979; Bryden and Stomm
1984; Armi and Farmer, 1985; Bryden and Kinder, 1991b). Thus, 
Mediterranean acts as a concentration basin in which climate sig
become less diluted and are documented in the sediments at m
higher resolution than in the open ocean (Thiede, 1978; Thunell 
Williams, 1989). Because of the restricted gateway connection w
the Atlantic, global sea-level variations exert additional control 
the Mediterranean’s hydrography (Bryden and Kinder, 1991b). 

δ18O amplitudes in the planktonic isotope records at Site 976 a
977 are high compared to those observed along isotope records 
the open ocean. For instance, planktonic isotope records from
Portuguese margin that have been measured using the same plan
ic foraminiferal species (G. bulloides) display a glacial-interglacial
amplitude of δ18O of 2.6‰ (Bard et al., 1989; Zahn et al., 1997). Gl
cial-interglacial δ18O shifts at Sites 976 and 977 are between 3.0
and 3.5‰ during the past 450 k.y., pointing to an amplification of c
mate signals in conjunction with glacial-interglacial sea level chan
es. These signals likely contain a combination of changing surf
water temperature and salinity that was driven by varying rates
precipitation and temperature-salinity variations of inflowing Atlan
tic waters. Coeval changes of planktonic foraminiferal communit
(Linares et al., Chap. 35, this volume; Serrano et al., Chap. 14, 
volume) and dinoflagellate evidence at Site 976 (Combour
Nebout et al., Chap. 36, this volume) support the contention of d
tinct changes in surface water hydrography.

Thunell and Williams (1989) estimated glacial maximum salini
in the western Mediterranean Sea to be higher than today by 1.2
addition to the mean ocean salinity increase of ~1 associated with
glacial sea level lowering of 120 m. Using the modern relation b
tween δ18O of seawater (δw) and salinity of 0.27 for Mediterranean
waters (Pierre, in press), a glacial salinity increase of 1.2 transla
into a δw increase by some 0.3‰. That is, 0.3‰ of the observed g
cial-interglacial planktonic δ18O change of 3.0‰–3.5‰ is a result o
changes in δw and salinity of the western Mediterranean. Subtracti
a mean-ocean δ18O shift of 1.2‰ to account for glacial-interglacia
changes in global ice-volume (Labeyrie et al., 1987; Fairbanks, 19
from the remaining 2.7‰–3.2‰ leaves 1.5‰–2.0‰ for local chan
es in surface temperature at Site 976 and 977. Assuming a temp
ture effect on foraminiferal δ18O of 0.25‰ per 1°C (O’Neil et al.,
1969; Shackleton, 1974), one arrives at a local sea surface temp
ture change of some 6°–8°C at Sites 976 and 977. This amount of gla
cial cooling is in good agreement with estimates of 5°C < ∆T < 8°C
er
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which are derived from planktonic foraminiferal census counts at S
976 (Donoso, pers. comm., 1997). 

High-amplitude δ18O variations are also observed at the orbit
precession period (Fig. 4), demonstrating that the fluctuations of s
face hydrography at Sites 976 and 977 are not only driven by lon
term glacial-interglacial changes but also by precession-contro
variations of western Mediterranean climate. Abundant evidence 
ists from eastern Mediterranean core sites and from outcrops in 
abria and Sicily (Southern Italy) that orbital precession exerted p
mary control on climates and hydrography of the eastern Medite
nean during Pliocene–Pleistocene times (Hilgen, 1991a; Hilg
1991b; Lourens et al., 1992; van Os et al., 1994). Together with d
from long pollen records from Greece (Mommersteg et al., 1995
was concluded that the principal climate signal at this orbital per
is a change from cold/dry to warm/wet conditions (Rossignol-Stric
1985; Rohling, 1991; Rohling and Bryden, 1994). The fact that si
ilar cyclicities are observed at Sites 976 and 977 in the far wes
Mediterranean provides clear evidence for the influence of prec
sion on Mediterranean-wide climate and surface hydrography. Y
climate forcing likely was different for the eastern and western Me
iterranean region. In the east, precession-driven variations in m
soonal strength are believed to be the primary climatic compon
that determines the regional freshwater flux, both by way of e
hanced runoff of the Nile river (Rossignol-Strick, 1985) and by stro
ger precipitation over the northern Mediterranean borderlands du
periods of precession minima (Rohling and Gieskes, 1989; Roh
and Bryden, 1994).

In the western Mediterranean Sea, climate change is more clo
linked to North Atlantic climates. Varying rates of convective ove
turn in the northern North Atlantic determine the rate of oceanic h
transport from the tropical-subtropical to the high-latitude North A
lantic, thereby defining the state of regional climate (Broecker et 
1990; Lehman and Keigwin, 1992; Mikolajewicz and Maier-Reime
1994; Sarnthein and Altenbach, 1995; Macdonald and Wuns
1996; Seidov and Maslin, 1996; Yu et al., 1996). The δ18O record at
the higher-resolution Site 976 shows considerable variability on s
Milankovitch time scales (i.e., faster than what would be expec
from precessional forcing alone [Fig. 5]). This is best documented
the upper part of the record where sample resolution was high
Sub-Milankovitch changes of ocean circulation are also documen
for the northern North Atlantic. Abrupt changes of conveyor-belt c
culation punctuated North Atlantic circulation during the last glac
and resulted in rapid oscillations between polar and subpolar/bo
conditions, as is documented in Greenland ice core records (D
gaard et al., 1993; Grootes et al., 1993; Taylor et al., 1993) and in
leoceanographic proxy records from open North Atlantic sedim
cores (Bond et al., 1993; Grousset et al., 1993; Sarnthein et 
1994; Fronval et al., 1995; Rasmussen et al., 1996;  Zahn et 
1997). Part of the climatic and oceanic variability conceivably 
driven by varying zonality of low-latitude winds and associate
changes in advection of subtropical waters and oceanic heat to
northern North Atlantic (McIntyre and Molfino, 1996). In addition
varying rates of glacial ice melt runoff in conjunction with varyin
0
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Figure 5. δ18O record at Site 976 for the last 870 k.y. 
The isotope record shows considerable variability on 
sub-Milankovitch scales that are not caused by orbital 
forcing. The stippled curve is the orbital target curve 
consisting of normalized precession and one-half nor-
malized obliquity (see Fig. 3).
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modes of ice sheet stability (Alley and MacAyeal et al., 1994) would
exert additional control on thermohaline overturn in the North Atlan-
tic (Maslin et al., 1995; Zahn et al., 1997). 

Climate signals from the North Atlantic region would influence
western Mediterranean climates through two pathways: by way of in-
flowing North Atlantic surface waters whose T-S structure is deter-
mined by the thermal history and the history of evaporation and pre-
cipitation of the North Atlantic region; and through changes of atmo-
spheric circulation driven by changes in atmospheric pressure
gradients over the North Atlantic. Glacial-interglacial changes of sur-
face hydrography along the western Iberian margin are documented
in sediment cores from beneath the Portugal current. They show that
glacial-maximum surface waters there were colder by 12°C and more
saline by 2 salinity units (Bard et al., 1989; Zahn et al., 1997). During
mean glacial conditions before the glacial-maximum period, temper-
ature was 4°C lower than today and salinity close to the modern level.
The abrupt anomalies that punctuated North Atlantic climate during
the last glacial were associated with temperature and salinity decreas-
es of 8°C and 1–2 salinity units, respectively, in the Portugal curre
Today, and most likely also during glacial periods, the Atlantic 
flow to the Mediterranean is driven from the Portugal current a
thus, the hydrographic signals that are documented at the we
Iberian margin likely were advected into the Alboran Sea with the 
lantic surface inflow. 

Atmospheric circulation over the North Atlantic is modulated 
the North Atlantic Oscillation (NAO), which is driven by meridiona
pressure gradients between the boreal North Atlantic region and 
antarctic latitudes (Hurrell, 1995). Changes in atmospheric circu
tion associated with changes of the NAO index determine the la
dinal position of North Atlantic depression tracks that carry enhan
amounts of moisture to the east. In the event of strong latitud
pressure gradients (high NAO index), the depression tracks follo
more northerly path across central and northern Europe. Decre
latitudinal pressure gradients (low NAO index) drive the depress
tracks along a more southerly position across the Mediterranean

Diversion of atmospheric moisture flux from northern Europe a
Scandinavia to southern Europe and the Mediterranean thus is a
ble mechanism to alter the Mediterranean’s freshwater budget
476
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this point it is not possible to distinguish in detail between the sign
that are driven by the Atlantic inflow and those that result fro
changes in North Atlantic atmospheric circulation. In spite of this, w
use the high-amplitude δ18O fluctuations at Site 976 and 977 that oc
cur primarily at the orbital precession period as an indication 
rhythmic incursions of periods with excess precipitation. These pe
ods were not strictly linked to glacial-interglacial climates but we
driven by changes in atmospheric circulation in conjunction w
changes similar to today’s North Atlantic Oscillation. 

Comparison of the planktonic δ18O records at Sites 976 and 977
with the orbital insolation curve (Laskar et al., 1993) shows that 
negative δ18O excursions closely correlate with periods of maximu
northern hemisphere summer insolation (Fig. 6). Insolation maxi
occur at a period of the orbital precession and were used to infer
matic conditions that were favorable for the formation of sapropels
the eastern Mediterranean ( Rohling and Gieskes, 1989; Emeis e
1991; Hilgen, 1991a; Lourens et al., 1992; Rohling, 1994; van Os
al., 1994). At Sites 976 and 977, some organic-rich layers (ORLs;
fined as containing organic carbon concentrations above backgro
see Murat, Chap. 41, this volume) indeed occur during or close to
riods of maximum summer insolation and minimum planktonic δ18O.
However, detailed stratigraphic correlation suggests that most OR
at Sites 976 and 977 are not related to insolation maximum but t
stratigraphic distribution appears to be unsystematic in that they w
deposited during full glacial and deglacial periods (Fig. 6). This su
gests that, in addition to orbital forcing, independent mechanisms
isted in the Alboran Sea that stimulated primary productivity and
enhanced organic carbon preservation at both sites. Variable stre
of the Atlantic jet-like inflow and local upwelling fronts that are as
sociated with it (Tintoré et al., 1994) are likely candidates for perio
ic enhancement of biological productivity.

SUMMARY AND CONCLUSIONS

Planktonic δ18O profiles measured on G. bulloides were estab-
lished for the Pleistocene sections of Sites 976 and 977. The site
in the Alboran Sea, close to the gateway for Atlantic-Mediterrane
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Figure 6. The δ18O records at Sites 976 (top panel) and 
977 (bottom panel) and the orbital insolation record after 
Laskar et al. (1993). Full dots indicate the position of 
organic rich layers (ORL; Murat, Chap. 41, this volume). 
The occurrence of the ORLs is not exclusively linked to 
insolation maxima and δ18O minima. ORLs apparently 
occur irregularly and likely are linked to shifts in position 
of the Atlantic jet-like inflow that generates local 
upwelling fronts in the Alboran Sea. See text for discus-
sion. 
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water exchange. Both sites are at the westernmost extension of the
Legs 160/161 trans-Mediterranean drilling transect that was designed
to extend our knowledge about the paleoclimatic and oceanographic
history of the Mediterranean Sea. 

The age models were developed using biostratigraphic marker
events (de Kaenel et al., Chap. 13, this volume) and graphical corre-
lation to the Site 659 isotope curve of Tiedemann et al. (1994). For
final fine-tuning, two insolation target curves were constructed with
variable inputs of precession and obliquity components. According to
the age models, the δ18O records reach back to 1.4 Ma (Site 976) and
1.7 Ma (Site 977). Sedimentation rates are 15–40 cm/k.y., allow
for high-resolution paleoclimate records. Glacial-interglacial amp
tudes of δ18O are 3.0-3.5‰ and are amplified above the global av
age, thus pointing to significant variation of regional temperature 
salinity. High-frequency variations on sub-Milankovitch time sca
occur throughout the records and point to additional forcing outs
orbitally modulated climate change. 

Power spectra of the δ18O records show variable dominance of th
main orbital cycles over time. From 0 to 430 k.y. the 100-k.y. cy
of eccentricity is dominant at both sites, but significant power a
occurs for the obliquity cycle of 40-k.y. and the precession cycle
20 k.y. Between 430 and 870 k.y. the 40-k.y. cycle is dominant, w
the 100-k.y. cycle plays only a minor role. The mid-Pleistoce
strong influence of the eccentricity cycle seems to start some 10
200 k.y. later in the Mediterranean than elsewhere. Before 920 ka
100- and 40-k.y. cycles show the strongest power, but the domin
of 100-k.y. cycles in the early Pleistocene sections of both reco
likely is a result of insufficient time resolution, so that precessio
signals not resolved adequately.

Horizons of enhanced organic carbon concentrations (orga
rich layers [ORLs]; Murat, Chap. 41, this volume) do not strictly co
relate with periods of minimum planktonic δ18O and maximum inso-
lation. Comparison with the orbital insolation record demonstra
that most ORLs at Site 976 and 977 were deposited during perio
only moderate or even minimum insolation. Only a few ORLs dire
ly correlate with insolation maxima. This pattern is different fro
that of type sapropels in the eastern Mediterranean that closely c
late with periods of moist and warm climates (i.e., insolation ma
ma). At Sites 976 and 977, variable strength or shifts in position
local upwelling fronts that are associated with the jet-like Atlantic 
flow may have played a primary role in causing the deposition of
ganic-rich facies. Such variations were conceivably linked to chan
in North Atlantic climates and concomitant changes in the Atlan
inflow and atmospheric circulation.
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