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38. PALEOCEANOGRAPHY OF THE WESTERN MEDITERRANEAN DURING THE PLEISTOCENE:
OXYGEN AND CARBON ISOTOPE RECORDSAT SITE 975!

Catherine Pierre,2 Paul Belanger,® Jean Francois Saliegélarie José Urrutiaguérand Anne Murdt

ABSTRACT

The Quaternary sedimentary sequence retrieved at Site 975, on the Menorca Rise in the West Balearic Basin, contains 36
sapropel layers that are considered to have been deposited under environmental conditions similar to those of the eastern Medi-
terranean sapropels. The oxygen and carbon isotope records of the planktonic foraminifer Globigerina bulloides are used to
establish the precise chronology of the sapropel events in this part of the western Mediterranean as well as for paleoceano-
graphic reconstructions.

Three major breaks at 1.7 Ma, 0.9 Ma, and 0.42 Ma are well identified in the 3'80 record of Site 975. The lower event
occurs above the Pliocene/Pleistocene boundary (1.83 Ma), while the other two younger events are approxi mately coincidenta
with the major augmentation events of the Northern Hemisphere ice sheets. The 1.9-m.y.-long 50 record in the West Balearic
Basin follows a pattern similar to that found in the open ocean; however, the signal is amplified because of restrictionsin circu-
lation between the Mediterranean and the Atlantic. The amplification of the glacia-interglacial oscillations was particularly
significant in the upper Pleistocene. After 0.42 Ma, compared to the previous period, the increase by Bt éhees dur-
ing glacial stages was caused both by surface waters cooling and by excess evaporation increasing over freshwater input,
thereby inducing increased surface salinities.

Thed®C variations ofG. bulloides at Site 975 reflect both the global ocean and local Mediterrai#wariations in sur-
face waters. During the Quaternary in the West Balearic Basin, the surface productivity levels were not only controlled by the
climate evolution but also by the thermohaline stratification.

The sapropels were principally deposited within interglacial stages, at times of the maximum values of the insolation cycles,
when surface productivity is also interpreted to be high. The random distribution of sapropels in the western Mediterranean
throughout the last 1.9-m.y. period indicates that these depositional events were not caused by regular climatic precesses. Fur
thermore, a few sapropel layers from the eastern Mediterranean as well as from the other western Mediterranean basins have no
equivalent in the West Balearic Basin, meaning that the hydrological and climatic controls on the export production budget
were not uniform within the Mediterranean.

INTRODUCTION not seem to require a characteristic climate because it might occur
during full interglacial or interstadial times or sometimes during full-

The main objectives of the Ocean Drilling Program (ODP) Legs glacial periods. Wetter conditions, however, are interpreted to be a
160 and 161 in the Mediterranean were to study the entire Pliocen&2nstant climatic constraint, possibly linked to precession minima
Quaternary sedimentary sequence to establish both the chronology‘%_ﬂd maximum insolation resultln_g in an increased intensity in the Af-
the sapropels and the associated changes in the hydrology and pig@n-Asian monsoon system (Hilgen, 1991). _
ductivity of the area. The primary source of these data comes from 1N€ continuous sedimentary records that were recovered during
the various records of micropaleontological and geochemical proxidse9s 160 and 161 have shown that sapropels started to be deposited
from planktonic foraminifers. A synthesis paper compiling andduring the early Pliocene in the eastern Mediterranean and during the
studying the results of the different teams involved in this researclgtest Pliocene in the western Mediterranean. In the eastern Mediter-
program can be found in the synthesis section (Comas et al., Chdgnean, a maximum of 80 sapropel units have been recognized, with
44, this volume). a maximum of 45 of these units deposited during the Quaternary. The

The current opinion is that sapropels were deposited under anoxigtél organic carbon (TOC) cont;ent in the eastern Mediterranean
bottom conditions during periods of enhanced rates of biological pro3@Propels may be as high as 30%. In the western Mediterranean, a
ductivity. Murat (Chap. 41, this volume) summarizes paleoceanoMaximum total of 68 sapropels have been recognized at Site 979 in
graphic models that have been proposed for sapropel formation: (ij& Alboran basin; their TOC content ranges from 0.8% to 6.4%, the
an increased stratification of lower salinity surface water resulting ifi'ghest values having been measured in the Tyrrhenian Basin
reduced circulation of bottom water; or (2) a combination of a moréEme_'S’ Robertson, Richter, et al., 1996; Comas, Zahn, Klaus, et al.,
thinly stratified surface layer preventing bottom-water circulation,1996; Murat, Chap. 41, this volume). _
and a shallower pycnocline within the photic zone causing increased 1ne goal of this paper is to present the oxygen and carbon isotope
productivity and greater accumulation of organic matter on the sedecords in planktonic foraminifers at Site 975 to establish the chrono-

floor creating these sapropels. Furthermore, sapropel deposition dol@gical framework of the sapropels and to propose paleoceanographic
reconstructions during the Pleistocene—Holocene in this part of the

western Mediterranean.

1Zahn, R., Comas, M.C., and Klaus, A. (Eds.), 1999. Proc. ODP, <i. Results, 161:
College Station, TX (Ocean Drilling Program).
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et de Climatologie, Université Pierre et Marie Curie, 4 Place Jussieu, 75252 Paris Cedex

05, France. Pierre: cat@lodyc.jussieu.fr . . .
3Department of Geological Sciences, University of Oregon, Eugene, OR 97403- ODP Site 975 is located on the Menorca Rise, between the South

1272, US.A. (Present address: 4429 Valerie St., Bellaire, TX 77401-5626, U.S.A) balearic Basin and the Algerian Basin {38.8N, 4°30.6E).
“Intechmer, BP 324, 50103 Cherbourg Cedex, France. Pliocene—Pleistocene sediments were continuously cored in 2415 m
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water depth, and 317 and 313 m were recovered in Holes 975B and Stable isotope analyses were performed on the planktonic fora-
975C, respectively. Coring stopped within the upper Messinian (Mio- minifer Globigerina bulloides, a species which has its maximum de-

cene) evaporites. The Pliocene/Pleistocene boundary was recognized velopment in late spring when the seasonal thermocline begins to be
in Core 13H of Hole 975B, at about 115 meters below seafloor (mbsf). established (Pujol and Vergnaud-Grazzini, 1995).
The average sedimentation rate at Site 975 is estimated to be 6.8 cm/ The upper part of the series down to 31.85 mcd (Sample 161-
m.y. for the Holocene—Pleistocene, or about twice the sedimentatidd?5B-4H-4, 140-142 cm) was analyzed in the isotope laboratory of
rate calculated at Site 974 in the Tyrrhenian Basin. and at Sites 9®&t. Rob Dunbar at Rice University, Houston, TX, USA. Approxi-
and 964 in the Levantine and lonian Basins. The sedimentation rateraately 10 crhisamples were dried in an oven at@0Samples were
Site 975, however, is only about one-third of the sedimentation rate dfien weighed, soaked in a 5% Calgon solution for a few hours,
the Alboran Basin Sites 976—979 (Emeis, Robertson, Richter, et alyashed on a 63-um sieve, filtered, and dr@doulloides were then
1996; Comas, Zahn, Klaus, et al., 1996). selected from the 250- to 355-um size fraction for analyses. Before
Sediments consist basically of nannofossil clay, nannofossil oozisotopic analysis, the picked. bulloides foraminifers were cleaned
and calcareous silty-clay. The sapropels, whose thickness ranges lrean ultrasonic bath to remove fine-fraction contamination. Roasting
tween 1 and 13 cm, have TOC contents between 0.84% and 2.98b samples before analysis was not performed or deemed necessary
(Table 1). This means that conditions favoring the deposition ofo remove volatile organics. Generally, between 25 to 35 foraminifers
sapropels were stable over a period of about 150 to 1500 years, ifagere used for each individual analysis. These carbonate samples
constant sedimentation rate is assumed. were dissolved in 100% phosphoric acid a&iG0Resulting CQand
H,O were separated by a series of three freezing/transfer steps. The
purified CQ, was analyzed in an on-line VG Micromass 602D mass
METHODS spectrometer. Isotopic results are referred to Peedee belemnite (PDB)
in the standard notation (Craig, 1957). Calibration to PDB was
achieved through intercalibration of three intermediate standards.
The samples were taken in Hole 975B at regular 20-cm intervaldgreement among all standards was * 0.05%.. Analytical precision
from the top of Core 161-975B-1H down to 14H to encompass thef carbonate standards run before and after each analytical session
Pliocene/Pleistocene boundary; a few disturbed portions of the coregas + 0.11 (&) for %0 and + 0.09 (&) for 3°C values. Replicates
were replaced by their depth-equivalent sections in Hole 975C. Thaere run on about 14% of the samples. Analytical precision for
entire data set, in which most, although not all, sapropels were sarferaminiferal replicates was about 0.09 8?0 and about 0.12 for
pled, represents 630 levels (Table 2 on CD-ROM, back pocket, thi&=C.
volume). The sampling resolution is about 3 k.y., which is high The lower part of the series down to 137.45 mcd (Sample 161-
enough to recognize the Milankovitch orbital cycles. The depth 0875B-14H-6, 130-132 cm) was studied in the Laboratoire d’'Océan-
samples was adjusted to that of meters composite depth (mcd) amgraphie Dynamique et de Climatologie (LODYC) at the Pierre and
cording to the shipboard observations (Comas, Zahn, Klaus, et aMarie Curie University, Paris, France. An average number of 10 to
1996). 12 individuals of each species was picked in the 250- to 355-um frac-

Table 1. Depth position, position on the oxygen isotopic curve, and extrapolated ages of the sapropel layers at Site 975.

Depth Age
TOC Depthtop bottom Agetop bottom Duration Insolation |sotopic
Sapropel (%) (mcd) (mcd) (ka) (ka) (ky.) cycle stage

501 154 9.65 9.76 12218 122.82 0.64 12 55
502 110 15.37 15415 16322 163.78 0.56 ? 6.5
503 115 15.81 1591 168.65 169.89 1.23 16 6.5
504 1.66 16.00 16.02 171.00 17123 0.23 16 6.5
505 152 16.40 1643 17562 175.96 0.35 16 6.5
506 172 17.72 17.80 193.84 195.83 1.99 18 7.1
507 0.92 20.20 2025 237.81 23849 0.68 22 75
508 0.97 27.94 28.01 33103 33125 0.22 30 9.3
509 142 35.46 3547 405.00 405.10 0.10 38 1.3
510 0.89 40.48 40.52 464.66  465.26 0.60 44 12.3
511 1.90 43.51 4358 481.00 482.00 1.00 46 1311
512 1.36 47.22 4735 52433 526.47 214 50 133
513 1.09 49.50 4953 574.00 574.55 0.55 54 151
514 290 50.77 50.87 596.47 598.18 171 56 153
515 154 51.79 51.83 61392 614.60 0.68 58 155
516 161 51.94 52.03 61649 617.54 1.05 58 155
517 110 54.70 54.75 64348 643.85 0.37 60 16.3
518 0.95 61.51 6155 73188 73251 0.64 68 18.3
519 220 73.24 7326 907.75 908.02 0.27 86 23
520 147 76.72 76.82 949.20 950.62 1.42 90 25
521 1.00 77.12 7717 956.78 957.81 1.03 90 25
522 1.00 78.32 7836 97828 978.94 0.66 92 27
523 259 79.60 79.66 999.52 1000.52 1.00 94 27
524 133 81.06 81.14 1027.60 1028.67 1.07 96 29
525 2.69 83.74 83.82 1072.44 1073.98 154 100 31
526 1.06 84.73 84.74 109153 1091.72 0.19 102 31
527 1.38 85.63 85.65 1112.75 1113.13 0.38 104 33
528 2.02 90.65 90.67 1184.88 1185.22 0.34 112 35
529 1.99 92.77 92.80 1221.44 1221.78 0.33 116 37
530 1.08 10152 101.55 133220 1332.60 041 128 41
531 159 10593 10595 139847 1398.79 0.32 134 45
532 0.84 106.63 106.65 1409.53 1409.84 0.32 136 46
533 099 113.02 11311 1524.19 1525.05 0.86 148 51
534 106 12611 126.12 171495 1715.08 0.13 168 60?
535 111 12790 12791 1737.79 1737.92 0.13 170 61
536 090 13118 131.20 1807.61 1808.09 0.48 176 65

Notes: The sapropel numbers and TOC contents were obtained from the Leg 161 Initial Reports volume (Comas, Zahn, Klaus, et d., 1996) and Murat (Chap. 41, this volume). The
insolation cycle numbering is based on the astronomica solution of Laskar (1990).
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tion to obtain the weight of ~200 pg that is necessary for stable iso-Table 3. Age control points used for the age extrapolation at Site 975.
tope analyses. All samples were roasted for 2 hr under vacuum at

350°C to remove any volatile organic component. This procedure Depth  Age Isotopic
was proved to be not fractionating since the carbonate decomposition (med) — (ka) ~ stage
begins at 500C. The CQ was extracted from the carbonate of fora- 118 19 22
minifers at 90C with 103% phosphoric acid on the automatic device, i-gg gg g%
coupled with a triple collector Optima Isogas mass-spectrometer. 517 65 42
With each twelve samples, two standard carbonates are included, giv- 6.45 80 51
: i, 6.75 86 5.2
ing a reproducibility of measurements made on the laboratory refer- 818 99 53
ence of = 0.02%o. for both*®0 andd**C values. The analytical preci- 962 12 55
sion was 0.01%.. Standard deviations of separated analyses of the nea 1m0 82
same foraminiferal species were + 0.10%03850 and + 0.05%o for 16 171 65
51C. 17.04 183 6.6
Because of the different analytical procedures used in the two lab- i;é? %?2 ;%
oratories, interlaboratory calibration between Rice University and 1968 228 74
LODYC was performed using selected samples, to check the good ggﬁ gig g;g
adjustment of isotopic measurements. The main causes of isotopic 2285 269 84
fractionation should come either from the quality of the phosphoric % =03
acid or from the temperature stability during the acid attack. 265 368 11
All analytical data from Holes 975B and 975C have been listed %ig igi i—’zlg
and mixed to obtain a single record of the oxygen and carbon isotope 20.9 471 124
variations with depth (Table 2 on CD-ROM, back pocket, this vol- 4351 481 131
ume) 4575 513 132
: 472 524 133
4305 538 142
495 574 151
50.1 585 152
THE OXYGEN ISOTOPE RECORD AT SITE 975 5197 617 155
53.2 628 162
54 631 1623
The oxygen isotope stratigraphy from the Holocene to the upper 2‘7‘?5 2&23 16732
Pliocene at Site 975 is based on the continuous rec@dofloides 59.15 688 173
allowing the identification of Isotopic Stages 1 to 69. The time-scale g(l):gg %(2) igés
calibration of the oxygen isotopic stages corresponds to the orbitally 6257 750 184
derived time scales of Shackleton et al. (1990), Bassinot et al. (1994), groz 1, B3,
Tiedemann et al. (1994), and Lourens et al. (1996). The age control 6951 837 21
points of the isotopic events used for this calibration are listed in ;gﬁ ggg gg
Table 3. Linear interpolation was applied between two adjacent age 7 018 24
control points, assuming a constant sedimentation rate within this 7679 950 25
time interval. The chronologies deduced from the oxygen isotope 3;;35 1882 gg
stratigraphy and from the nannofossil biostratigraphy (de Kaenel et 81.08 1028 29
al.,, Chap. 13, this volume) were carefully compared to correlate the gl e 2
two time scales. 8491 1095 32
The 380 record ofG. bulloides is shown as a function of depth 8564 1113 33
. ; X o 8.73 1127 34
(Fig. 1A) and as a function of age (Fig. 1B). Four major intervals can 893 1169 35
be recognized, based on the amplitude of the isotopic oscillations be- 90.66 118 35
tween glacial and interglacial stages and on the frequency of the gla- 8%:21 ggg g?
cial periodicity. The detailed®0-age records and the location of the 9498 1246 38
sapropels are reported in Figure 2A-C. Table 1 gives the age estima- oy e B
tions and location of sapropels for the oxygen isotope curve. 10495 1383 44
107.04 1416 46
10004 1462 48
. _ i 1116 1505 50
Interval I: Holocene—Upper Pleistocene 3 or o
(0-37 mcd, 0-0.42 Ma) 115 1543 52
11714 1563 53
117.94 1574 54
Interval |, isotopic stages 1 to 11, corresponds to the Holocene— 1207 1625 6
X ; : 12295 1656 58
upper Pleistocene period and has a very &b amplitude (average 12533 1705 60
2.9%0). All isotopic stages and substages are recognized, with the 1287 1748 62
shape of the peaks similar to those of the classical standard curve of %3%7 ggg %
Prell et al. (1986). The average maximum and mininti@ values 13497 1868 68
reach 3.5%0 and 0.6%o, respectively. The periodicity of the isotopic 117 189 69
oscillations is typically that of eccentricity (i.e., 100 k.y. cycle), as is
also evidenced by the data from Sites 976 and 977 (von Grafenstein ) . )
et al., Chap. 37, this volume). Interval II: Middle Pleistocene—Upper Lower Pleistocene
Nine sapropels are present in this interval. Although sapropels (37-72 mcd, 0.42-0.9 Ma)

501, 502, 503, 504, and 505 were not sampled, their age was estimat-

ed from their depth position, and they are tentatively located on the Ininterva Il, between isotopic stages 12 and 22, the amplitude of
oxygen isotope curve (Fig. 2A; Table 1). The sapropels of interval %0 variations decreases to 1.9%o; it includes the middle Pleistocene
occur in isotopic levels 5.5, 6.5, 7.1, 7.5, 9.3, and 11.3 (i.e., duringnd the upper part of the lower Pleistocene. Again, all the isotopic
warmer climatic episodes). stages are well recorded at Site 975. The average maximum and min-
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Figure 1. A. The 880 record of Globigerina bulloides as a function of depth
(mcd) a Site 975. B. The 80 record of Globigerina bulloides as a function
of interpolated age (ka) at Site 975. Numbers indicate isotopic stages.

imum 380 values reach 2.5%. and 0.6%o, respectively. The periodic
ity of the isotopic oscillations remains that of the eccentricity con-

trolled 100 m.y. cycles in this interval.

The nine sapropels present in this interval have all been sample
They occur in isotopic levels 12, 13.11, 13.3, 15.1, 15.3, 15.5, 16.
and 18.3 (Fig. 2B; Table 1). These sapropels were deposited durii
warmer climatic episodes, mostly during interglacial stages. Two ex
ceptions, sapropels 510 and 517, were deposited during warmer e

sodes of glacial stages 12 and 16.

Interval I11: Lower Pleistocene
(72-127 mcd, 0.9-1.7 Ma)

Ininterval 111, between isotopic stages 23 and 60, the amplitude

slight decrease of the maximum and minimd#® values, which av-

interglacial cycles becomes that of the obliquity at 40 m.y.
Fifteen sapropels are present in this interval. They are located Pulloides during the period 11002000 ka.
isotopic stages 23, 25, 27, 29, 31, 33, 35, 37, 41, 45, and 51 on the
isotopic curve (i.e., again during warm interglacial episodes Fig. 2CThe Pliocene/Pleistocene boundary is placed at 1.83 Ma, and thusis
included within interval IV. This interval is characterized by the
small amplitude (1.0%o) of th&8O variations, which is caused most-
ly by a weak decrease by 0.3%. of the maximdfi® values (aver-
aging 1.8%o) and by a weak increase by 0.3%. of the minidén

Table 1).

Interval IV: Lowermost Pleistocene—Uppermost Pliocene

(127-136 mcd, 1.7-1.9 Ma)

The upper limit of interval 1V corresponds to isotopic stage 61;
isotopic stage 69 was identified a the base of the sampled section.
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Figure 2. A. The 6*0 record of Globigerina bulloides during the period 0—

of 380 variations decreases slightly to 1.6%o; this is because of 500 ka. The values measured in the sapropel layers are marked by the solid
circles. The sapropel numbers are those given in the LetnittBil Reports

erage 2.1%o and 0.5%o, respectively. The periodicity of the glacial (Comas, Zahn, Klaus, et al., 1998). The 50 record ofGlobigerina bul-
loides during the period 400-1200 k&. The 0O record ofGlobigerina

values (averaging 0.8%o).

The three sapropels within this interval (534, 535, and 536) corre-
spond to the deepest layers at Site 975. They were not sampled, but



their age estimations deduced from their depth position indicate that
they were deposited at the onset of Pleistocene during the interglacial
isotopic stages 61 and 65 (Fig. 2C; Table 1).

THE CARBON ISOTOPE RECORD AT SITE 975

The 83C record of G. bulloides at Site 975 is shown as afunction
of depth (Fig. 3A) and as afunction of age (Fig. 3B). Detailed 6'3C-
agerecordswith the location of sapropelsare also represented in Fig-
ure 4A-C.

The carbon isotope variability throughout the Pleistocene, al
though somewhat noisy, exhibits positive and negative peaks that c.
be roughly correlated with the oxygen isotope stages (Fig. 3A, B;
The highes®'*C values are generally coeval with the high#%D
values of the glacial stages, and the low8%E values are coeval
with the lowes'®0 values of the interglacial stages. This means tha
surface productivity was higher during glacial times than during in-
terglacial times, a conclusion which has been already verified in th
global ocean as well as in the Tyrrhenian Basin (Vergnaud-Grazzir
et al., 1990). However, looking in more detail, the covariatiay®f
andd'®C values at Site 975 is not fully verified for the entire Quater-
nary, meaning that a local Mediterranean overprint is superimpose
on the global signal.

Four intervals may be distinguished by their mode and amplitud
of &'°C variations; their age boundaries match well with those de
fined from the oxygen isotope curve.

Interval I: Holocene—Upper Pleistocene
(0-37 mcd, 0-0.42 Ma)

The 3%C values oscillate between —0.15%0 and —1.35%. through
out the Holocene—upper Pleistocene period, giving a maximum an
plitude of 1.2%. for thed3C variations (Fig. 4A). ThéC values
measured in the sapropels are low (—1.55%0 to —1.17%o), except
sapropel 506 where the value is moderately low (—0.5%o).

Interval II: Middle Pleistocene—Upper Lower Pleistocene
(37-72 mcd, 0.42-0.9 Ma)

Before 0.42 Ma and down to 0.9 Ma, the maximum amplitude of
O13C variations reached 1.6%o, tB&C values displaying regular os-

cillations between 0.1%. and —1.5%o. (Fig. 4B). In this evolution, most

of the lowes®**C values are attributed to the sapropel occurrences.

Interval I11: Lower Pleistocene
(72-127 mcd, 0.9-1.7 Ma)

During thelower Pleistocene, the amplitude of &'3C variations de-
creased to about 1.3%o, and the maximum and minid'd@values
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Figure 3. A. The 33C record of Globigerina bulloides as a function of depth
(mcd) a Site 975. B. The **C record of Globigerina bulloides as a function
of interpolated age (ka) at Site 975. Numbers indicate isotopic stages.

DISCUSSION

At Site 975, the amplitude of thE2O oscillations increased by
steps from the uppermost Pliocene up to Holocene, from about 1.0%o
prior to 1.7 Ma, to 1.6%. between 1.7 Ma and 0.9 Ma, to 1.9%. be-
tween 0.9 Ma and 0.42 Ma, to reach 2.9%. during the upper Pleis-
tocene. Synchronous shifts, but of less amplitudes, were also ob-
served at Sites 976 and 977 in the Alboran Basin (von Grafenstein et

increased progressively by about 1.0%. throughout the whole periogy ' chap. 37, this volume) and at Site 653 in the Tyrrhenian Basin

(Fig. 4C). This increase, as well as the increasing trend in the tot

N/ergnaud-Grazzini et al.,, 1990). Outside the Mediterranean, the

carbonate content (Comas, Zahn, Klaus, et al., 1996), indicates a mgisg yariation by about 1.2%. records the cyclic changing of ice vol-

jor change toward a more productive regime in the surface waters.

e in the Northern Hemisphere during glacial and interglacial peri-

similar behavior was observed at ODP Site 653 in the Tyrrhenian Bgjyg (Fairbanks, 1989). Superimposed on this global ice effect, the ad-

sin for the same time interval (Vergnaud-Grazzini et al., 1990). Th

Bitional 580 changes in the foraminifer records are a result of either

3*C values recorded in the sapropels within this time interval correhermal effects with °C cooling resulting in &0 increase by

spond mostly to the lowest values of the oscillations.

Interval IV: Lowermost Pleistocene—Uppermost Pliocene
(127-136 mcd, 1.7-1.9 Ma)

The amplitude of the 3*3C oscillations remained at the level of

0.24%o (Craig, 1965) or to local variations in the freshwater budget.
For instance, in the modern Mediterranean, an increase by 1%. of the
surface wated'®O values corresponds to a 4%. increase of the salin-
ity (Pierre, in press).

In the West Balearic Basin, the global increase of the amplitude
of the 80 oscillations from the uppermost Pliocene up to the Ho-

1.3%o in the lowermost Pleistocene, but it decreased slightly belowocene was caused by a multi-step drift by 1.7%. of the gla&ial
the Pliocene/Pleistocene boundary where the maximum and mimalues, that registers the effects of major climatic or hydrological

mum &%C values became stable at 0.5%. and —0.4%o, respectivel
(Fig. 4C).

ghanges (Fig. 1A, B). In the other parts of the western Mediterranean,
a similar drift is observed in the glaci@O values but it is only of
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Figure 4. A. The 8°C record of Globigerina bulloides during the period 0-
500 ka. Thed values measured in the sapropel layers are marked by the fill
circles. The sapropel numbers are those given in the Le¢nittBil Reports
(Comas, Zahn, Klaus, et al., 1998). The 6**C record ofGlobigerina bul-
loides during the period 400-1200 k&. The &3C record ofGlobigerina

bulloides during the period 1100-2000 ka.

At about 1.7 Ma, the glaci@®O values increased by 0.3%. and
the interglaciab®O values decreased by 0.3 at Site 975. These vari-
ations are thought to register weak climatic changes toward dryer/
cooler glacial stages, and wetter/warmer interglacial stages at the on-
set of Pleistocene.

Near 0.9 Ma, the glaci@®O values were again shifted by 0.4%o
while the interglacial values remained at similar levels. This shift is
also recorded in the Alboran Basin at Sites 976 and 977 with a similar
amplitude, while it appears weaker at Site 653 in the Tyrrhenian Ba-
sin. Converting thé'0 variation to temperature variation indicates
that, in the period 0.42-0.9 Ma, the surface temperatures during gla-
cial stages were lower by’@ compared to those during the glacial
stages before 0.9 Ma. Alternatively, this variation might be caused by
higher rates of evaporation, in turn a result of increasing dryness in
the glacial Mediterranean area.

After 0.42 Ma, thed®O values ofG. bulloides at Site 975 were
similar to those measured at Site 653 in the Tyrrhenian Basin (Verg-
naud-Grazzini et al., 1990), except for the fact that they were more
positive by about 0.5%o. than at Sites 976 and 977 in the Alboran Sea
(von Grafenstein et al., Chap. 37, this volume). This may be fully ex-
plained by the3®O variability of the Mediterranean surface waters
whereG. bulloides precipitated their shells. In the modern Mediter-
ranean, thé&®0 values of the surface waters in the Balearic Basin are
enriched by about 0.4%. to 0.5%o relative to those from the Alboran
Basin because of the increasing evaporation over the Mediterranean,
an effect that is also responsible for the ~1.5%. increase in surface-
water salinity between the Alboran Basin and the Balearic Basin
(Pierre, in press). The fact that th8O gradient was similar to the
present day during the upper Pleistocene means that at this time the
surface salinity gradient between these parts of the western Mediter-
ranean was not significantly different from today’s salinity gradient.
During this period, the glaci@lO values increased by 1.0%. at Site
975, a value higher by 0.5%. than at Sites 976 and 977 in the Alboran
Basin (von Grafenstein et al., Chap. 37, this volume) and at Site 653
in the Tyrrhenian Basin (Vergnaud-Grazzini et al., 1990). The
change by 0.5%0 may be attributed to cooler glacial conditions in the
surface waters during the upper Pleistocene than before; a tempera-
ture decrease by aboft®may thus be estimated between the middle
and the upper Pleistocene. If we assume that the thermal response to
the glacial conditions was rather uniform in the surface waters of the
western Mediterranean, then the remaining 0.5% variation at
Site 975 has to be attributed to a local effect. It might have corre-
sponded to an increased freshwater deficit in the West Balearic Basin
during glacial times of the upper Pleistocene. Assuming that the slope
betweerd'®0 and salinity was not different from the modern value of
0.25 (Pierre, in press), salinities of surface waters in the West Bale-
aric Basin were thus higher by 2%. during the glacial stages of the up-
per Pleistocene, compared to those during the glacial stages of the
middle to lower Pleistocene. An alternative should be that before 0.42
Ma, the salinity gradient in the western Mediterranean was similar to
the modern one but the glacial surface water temperatures were high-
er by 2C in the West Balearic Basin compared to those of the Albo-
ran and Tyrrhenian Basins.

During the whole Pleistocene, the amplitudes of¥f@ oscilla-
tions became, thus, more and more higher in the Mediterranean com-

ﬁ?ared to those of the open ocean, a characteristic of the restricted

Mediterranean basin that amplified the global oceanic signal when
the terms of the evaporation-precipitation budget were modified,
even weakly. During the glacial stages, the increased dryness over the
Mediterranean, combined with the restriction of the Atlantic water
advection at the Gibraltar strait due to the global sea level lowering,

1.0%o in the Alboran Basin (von Grafenstein et al., Chap. 37, this volacted together to increase surface salinities to much higher levels than
ume) and in the Tyrrhenian Basin (Vergnaud-Grazzini et al., 1990)n the open ocean. In addition, from the lower Pleistocene to Holo-

This indicates that the climatic and hydrological changes during theene, the interglacial Mediterranean temperatures were rather stable
Pleistocene were not exactly similar within the western Mediterrawhile the glacial Mediterranean temperatures became progressively

nean.
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cooler by about 4C to 5°C in response to the global climatic deteri-



oration, as evidenced by the development of extensive ice sheetsin
northern Europe and in the Alps and Pyrenees.

The &'3C variations of G. bulloides throughout the Pleistocene at
Site 975 show that in the West Baearic Basin, asin the global ocean,
the glacial periods were generally more productive than the intergla-
cial periods. The detailed examination of the 83C curve shows that
the glacial-interglacia transition is often accompanied by a rapid
drop (more negative) in 6'°C values; during full interglacial stages,
013C oscillates between low vaues and high values that may reach
those of glacid stages. This meansthat in addition to the effect of the
globa ocean 3'°C variation, the 3*3C record in the west Mediterra-
nean registers also specific responses to loca changes in the hydro-
logical conditions controlling productivity, mostly the thermohaline
stratification of the surface waters.

During periods of high primary production and strong stratifica-
tion in the surface waters, the upper waters become enriched in *3C
because the *2C-depleted CO, is preferentially used by phytoplank-
ton; the resulting increased rate of remineralization causestherelease
of 12C-depleted CO, in the underlying waters, which are then up-
mixed by homogenization of the water column during the winter con-
vection. As a result, G. bulloides that are living in spring blooms
where the upper water layers are fertilized by the recycled nutrients,
would exhibit low &C values.

The hypothesis of shoaling pycnocline, related either to sea-level
lowering during glacial times or to decreased excess evaporation dur-
ing sapropel deposition was evoked by Ganssen and Troelstra (1987)
and Rohling (1994) to explain the fertilization of surface waters and
the enhanced fluxes of export production that is preserved in the sed-
iment at the time of sapropel deposition. The deepening of the pyc-
nocline, which may occur by the decrease of the temperature and/or
sdinity vertical gradient, would stop the supply of deep nutrients to
the surface where oligotrophic conditions prevail .

The sapropel layers were deposited during interglacia stages or
warm episodes of glacial stages; afew layers occurred during glacial
stages, but at times of transition from cold to warmer conditions.
They are mostly characterized by low &3C values of G. bulloides, in-
dicative of enhanced nutrient supply to the depth of the pycnocline
and thus of high levels of primary production in the surface waters.

The deposition of sapropels at Site 975 was not aregular process
since the time span between two sapropels can range between 1 k.y.
and 189 k.y. (Table 1). All sapropels are correlated with the maxi-
mum values of the 65°N summer insolation curve, and each of them
may be ascribed to one insolation cycle (Table 1), following the cod-
ification of Laskar (1990). Most of the sapropels identified in the
West Balearic Basin are synchronous to the sapropel layers of the
eastern M editerranean; the first sapropel (536) at 1809 kais contem-
poraneous of sapropel C6 defined by Verhallen (1987) and the last
sapropel (501) at 123 ka is equivaent to sapropel S5 (Ryan, 1972).
Sapropels S1, S2, S3, $4, and S8 arelacking at Site 975, but low 8°C
values of G. bulloidesat 8 ka, 55 ka, 80 ka, 102 ka, and 217 ka, which
are the times of their deposition in the eastern Mediterranean, might
indicateincreasing rates of organic matter remineralization at subsur-
face depths in the West Balearic Basin; however, deep ventilation
would have been strong enough to prevent the preservation of the
sinking particul ate organic matter. The recent results obtained in the
eastern Mediterranean cores from ODP Leg 160 will make the corre-
| ation between the stagnation eventsin the different parts of the Med-
iterranean more precise.

CONCLUSIONS

At Site 975, four major periods—Intervals |-IV—have been de-
fined by the amplitude of variations 8O values. The lower inter-
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icant ice volume increase in the Northern Hemisphere; the upper
interval boundary at 0.42 Ma, is synchronous to the time when the
permanent ice sheet in the Northern Hemisphere reached its maxi-
mum dimensions. The glacial-interglacial cycles show the typical
100 k.y. eccentricity period after 0.9 Ma and the 40 k.y. obliquity pe-
riod before 0.9 Ma. The link between the western Mediterranean and
the open ocean is clearly demonstrated because the major paleocli-
matologic events, as well as the astronomical periodicity, are record-
ed by the planktonié*O values.

The specificity of the Mediterranean is revealed by the higher am-
plitudes of the>'®O oscillations at Site 975, compared to those of the
open ocean. Starting from the lower Pleistocene, part of this increase
is explained by the progressive cooling of the surface waters during
the glacial times by°Z at 0.9 Ma and then again b$Cat 0.42 Ma.

The other part of th&®0 increase during glacial times after 0.42 Ma,

is better explained by the increase of excess evaporation over fresh-
water inputs, which resulted in an increase by 2%o of the surface sa-
linities, rather than by a local additional cooling BYC24n the West
Balearic Basin.

The variations of thé'*C values ofG. bulloides record both the
03C global change, part of which is related to variations of ocean
productivity, characterized by high glacial levels and low interglacial
levels, and the local modifications of the productivity, which are con-
trolled by the thermohaline stratification of the surface waters.

The sapropel layers were mostly deposited during interglacial ep-
isodes where high levels of surface productivity existed. The syn-
chronism of these events with the sapropel deposition in the eastern
Mediterranean is verified, but a few layers are not present at the same
time in the western and eastern Mediterranean. A precise comparison
of the recent results obtained from ODP Legs 160 and 161 is thus
necessary to define the interconnections which existed between the
western and eastern Mediterranean during the Quaternary.
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