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ABSTRACT

Oxygen and carbon isotope measurements were performed on the planktonic foraminifer Globigerina bulloides from Ocean
Drilling Program Site 963 in the Strait of Sicily and Site 964 in the Ionian Sea. Isotope records from both sites reflect regional
climate changes in the Mediterranean superimposed on a global climatic signal. The early to late Pleistocene δ18O record of
Site 963 indicates that major climatic coolings occurred at approximately 0.98 and 0.45 Ma. The Site 964 δ18O record extends
into the early Pliocene and indicates that significant decreases in temperature and/or global ice volume occurred at 2.6, 0.98,
and 0.46 Ma. Oxygen isotope records from both sites exhibit large amplitude fluctuations during the late Pleistocene associated
with the reduction of surface-water salinities because of regional changes in evaporation and precipitation. The magnitude of
these regional climate events appears to have been strongly influenced by the extent of global cooling and increases in ice vol-
ume. Carbon isotope records from both sites suggest (1) increased input of terrestrial organic matter, (2) higher nutrient concen-
trations within the photic zone, and (3) intensified surface-water stratification during the formation of sapropels. Data from both
sites indicate no difference in the frequency of the surface-water salinity reductions, despite the fact that the deeper site (Site
964) exhibits a higher frequency of sapropels. This suggests that the reduction of surface-water salinities in the Strait of Sicily
may have played a different role in the formation of sapropels at that site.
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INTRODUCTION

Many Mediterranean paleoceanographic studies have focused on
the formation of sapropels. These laminated sediments are usually
rich in organic matter and generally are believed to have formed un-
der anoxic or reducing conditions (Bradley, 1938; Olausson, 1961;
Vergnaud-Grazzini et al., 1977; Calvert et al., 1992; Rossignol-Strick
et al., 1982; among others). Most sapropel studies have focused on
the Eastern Mediterranean Basin (e.g., Olausson, 1961; Vergnaud-
Grazzini et al., 1977; Cita and Grignani 1982; Thunell et al., 1983;
Calvert, 1983; Anastasakis and Stanley, 1986; Howell and Thunell,
1992) and units found in land-based sections (e.g., Van der Zwaan
and Gudjonsson, 1986; Sprovieri et al., 1986; Howell et al., 1990;
Hilgen, 1991; Lourens et al., 1992; Van Os et al., 1994), although
sapropels have also been studied in the Western Mediterranean (Kas-
tens, Mascle, Auroux, et al., 1987).

A key goal of most sapropel studies is to understand the mecha-
nism by which these distinctive sediments formed. Many workers
have attributed the formation of Eastern Mediterranean sapropels to
the development of anoxic conditions in the Mediterranean, as a re-
sult of changes in basin hydrography (Olausson 1961; Rossignol-
Strick et al., 1982; Thunell et al., 1983; Sarmiento et al., 1988; among
others). The current circulation pattern in the Mediterranean can be
described as anti-estuarine, where because of excess evaporation
over precipitation, surface water from the North Atlantic flows in an
eastward direction with a westward return flow at depth (Wüst, 1
Béthoux, 1979). The deep water in the Eastern Mediterranea
formed north of the Levantine Basin and in the Adriatic S
(Béthoux, 1989), and a cessation of deep-water production in 
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regions could be the primary factor in developing bottom-water
oxia and the formation of sapropels. Distinctive “anomalies” in o
gen isotope signatures of planktonic foraminifers from sapro
(Emiliani, 1955, 1974; Stanley et al., 1975; Vergnaud-Grazzini et
1986; Rossignol-Strick et al., 1982; Ganssen and Troelstra, 1
Thunell et al., 1987; Sarmiento et al., 1988; Howell and Thun
1992; among others) have been used to conclude that sapropels
formed during periods of reduced surface-water salinities, at ti
when the Mediterranean water balance may have been conside
different than today. An estuarine water balance may have inhib
deep-water formation by preventing the oxygen-rich waters in
northern parts of the Eastern Mediterranean from sinking. Howe
others have questioned the feasibility of an estuarine circulation
tern in the Mediterranean and provide alternative models to exp
the formation of sapropels (e.g., Rohling and Gieskes, 1989; Roh
1991).

Alternatively, many workers have attributed the formation 
Mediterranean sapropels to enhanced productivity (Calvert, 1
Calvert et al., 1992; Howell and Thunell, 1992; among others). Un
this scenario, increased surface-water eutrophication leads to th
mation of reducing conditions, and enhanced organic matter pr
vation is the result of oxygen consumption rates exceeding ren
rates. Therefore, a key to understanding the origin of sapropels li
understanding the hydrographic changes that occurred during 
formation. Ocean Drilling Program (ODP) Leg 160 provided an 
portunity to recover a transect of continuous sapropel-bearing c
from the Eastern Mediterranean that would encompass major 
tions of the Pliocene and Pleistocene. Previous Deep Sea Dr
Project (DSDP) efforts (Ryan, Hsü, et al., 1973; Hsü, Montader
al., 1978) were limited in terms of recovering pre-Pleistocene s
ments from the Eastern Mediterranean. In addition, Leg 160 also
vided the opportunity to integrate paleontological, isotop
geochemical, and sedimentological studies that would facilita
deeper understanding of the mechanism by which sapropels fo
from spatial and temporal perspectives.

To achieve these objectives, information on temporal and sp
variations in salinity and sea-surface temperatures is necessary
a high-resolution stratigraphy. Isotope stratigraphy provides one
proach through which these objectives can be met, as this tech
has provided much information on the formation of sapropels in r
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tion to Mediterranean hydrography and climate. In this paper, we
present the preliminary results of stable isotope analyses of plankton-
ic foraminifers from Leg 160 Sites 963 and 964.

Geological Setting

Site 963 is located in the Strait of Sicily (Fig. 1), on a low ridge
between the Gela Basin and Adventure Bank (Emeis, Robertson,
Richter, et al., 1996). This ridge contains thick Pliocene–Pleistoc
deposits from a small series of intrashelf basins. At ~470 m w
depth, Site 963 represents the shallowest of the sites drilled du
Leg 160 and is located in a region of both compressional and ex
sional tectonism (see Emeis, Robertson, Richter, et al., 1996, f
complete description). Despite this, ~474 m of relatively continuo
Pliocene–Pleistocene section was recovered from this site.

The westward-flowing bottom waters in the Strait of Sicily com
primarily from the Mediterranean Intermediate Water (MIW), whic
forms from the sinking of dense surface waters (Béthoux, 198
Changes in surface-water hydrography in the Mediterranean du
sapropel formation may have had an impact on the formation of
MIW. Stable isotope studies of planktonic foraminifers from this s
should provide insight into the temporal variations in the surface 
ters at this location. Site 963 was also selected for the objective o
tending the Pliocene and lower Pleistocene land-based paleoce
graphic and climatic records (e.g., Rio et al., 1984; Thunell et 
1985; Sprovieri et al., 1986; Van der Zwaan and Gudjonsson, 19
into the upper Pleistocene.

Site 964 is situated on the Pisano Plateau, at the foot of the C
brian Ridge in the Ionian Abyssal Plain (Fig. 1). It is located at a wa-
ter depth of 3650 m on a small ridge of the South Calabrian Ri
~200 m above the Ionian Abyssal Plain (Emeis, Robertson, Rich
et al., 1996). This site represents the deepest in a transect of
drilled during Leg 160 for testing and evaluating various theories
sapropel formation. If sapropel formation depends primarily on 
development and establishment of bottom-water anoxia, sapr
formation in the deeper basins of the Eastern Mediterranean sh
precede the formation of these sediments in shallower settings. T
ing this hypothesis requires a high-resolution stratigraphic fram
work to constrain the timing of sapropel events at this site and to
cilitate correlation with sapropels from other sites and those stud
in Mediterranean land-based sections. The development of a det
isotope stratigraphy will be an important step toward achieving 
goal.

Figure 1. Location of Sites 963 and 964, Mediterranean Sea.
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METHODS

To facilitate the recovery of a complete sedimentary sequen
multiple holes were hydraulically piston cored at Sites 963 and 9
A meter composite depth (mcd) scale was established to elimin
coring-induced gaps and overlaps in the sedimentary record and t
cilitate correlation among cores from different holes for each site
the basis of gamma-ray attenuation porosity evaluator (GRAP
analyses, magnetic susceptibility, and color reflectance data (Em
Robertson, Richter, et al., 1996). Cores from Sites 963 and 964 w
sampled utilizing the splice tie points outlined in Emeis, Roberts
Richter, et al. (1996) to obtain a complete composite sequence. A
vised mcd (rmcd) scale for Site 964 was developed by Sakamot
al. (Chap. 4, this volume), and our sample depths for this site h
been adjusted to this scale. A rmcd model for Site 963 is still un
development, and the shipboard mcd scale is used for depth as
ments in this report.

Cores from holes drilled at Sites 963 and 964 were sampled at
cm intervals. Because of its high sedimentation rate (over 200 m
1.5 m.y.), Site 963 samples were analyzed at 40-cm (~3000 yr) inter-
vals in the interest of time and resources. Samples from Site 964 w
analyzed at 20-cm intervals. Samples were disaggregated and s
mens of the planktonic foraminifer Globigerina bulloides were iso-
lated from washed residues for isotopic analysis. Picked specim
were sonically treated in methanol for 2 min before 5−10 individuals
were picked for each analysis. All samples were analyzed at the U
versity of South Carolina Stable Isotope Laboratory using a VG O
TIMA stable isotope ratio mass spectrometer equipped with an I
carb preparation system. All stable isotope values are reported a
mil units (‰) relative to the PDB standard in δ notation. The standard
error of reproducibility for all samples was <0.05‰, with a standa
analyzed for every 15 samples.

Stratigraphic Control

Table 1 provides a listing of the depths and ages of the calcare
nannofossil and paleomagnetic events identified at Site 963. 
magnetostratigraphic framework described in Emeis, Roberts
Richter, et al. (1996) was utilized. Most of the Site 964 shipboard 
leomagnetic record was deemed unsuitable for age determinat
(see Emeis, Robertson, Richter, et al., 1996, for further discussi
Only the Brunhes/Matuyama boundary could be identified with co
fidence (A. Roberts, pers. comm., 1996) and was used for age co
at this site (Table 2).

The stratigraphic position and ages of the biostratigraphic eve
are based on postcruise analyses by Di Stefano (Chap. 8, this vol
of samples from Hole 963B. Post-cruise efforts by Sprovieri et 
(Chap. 12, this volume) also provided a revised biostratigraphy 
Site 964 that is used for age control in this study. The age assignm
for the Pliocene and Pleistocene bioevents are reported in Tab
We acknowledge that many of the age assignments used in this s
are different from those reported by other workers (e.g., Castrad
1993; Lourens et al., 1996). Additional work will be needed to ass
the differences in the biostratigraphic chronologies. Age associati
for samples from both sites were calculated through linear interpo
tion between the chronostratigraphic control points.

SITE 963: OXYGEN ISOTOPES

The results of the isotope analyses of G. bulloides for Site 963 are
provided in Table 3 and are plotted against depth in Figure 2. Cal
eous nannofossil and magnetic reversal stratigraphy indicates tha
basal section of the analyzed composite is somewhere between
and 1.25 Ma. The long-term features of the Site 963 G. bulloides δ18O
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signal reflect major global climatic changes overprinted by regional
climatic events. Fluctuations in the δ18O record of G. bulloides at Site
963 most likely reflect changes in temperature and global ice volume
as a result of the expansion and contraction of Northern Hemisphere
ice sheets.

To facilitate the chronological interpretation of this data, the δ18O
record of Site 963 has been plotted against time (Fig. 4). We must
stress that this age model is preliminary, and is provided only for the
purpose of discussing the δ18O data within the context of a chrono-
logical framework. A more sophisticated age model will be the sub-
ject of a forthcoming paper. From the bottom of the studied section
to the bottom of the C1r.1 magnetic event (0.98 Ma) δ18O values for
G. bulloides average 1.6‰ (Table 3). This interval includes a mixt
of moderate to low-amplitude fluctuations up to 178 mcd, wher
gradual decrease in δ18O occurs until 165 mcd. The highest freque
cies of sapropels occurs within this interval (Fig. 4). Between 1.4 and
0.98 Ma, the Mediterranean and the global ocean were under th
fluence of glacial-interglacial climate oscillations dominated prim
ily by variations in the Earth’s 41,000-year obliquity cycle. Howev
the amplitude of the Site 963 signal during this period is higher
to 1.5‰) than that reported in open-ocean records (e.g., Broe
1986) and may reflect local changes in evaporation and precipita
in addition to global climate changes.

A nearly 3.0‰ increase in the δ18O of G. bulloides that occurs just
after 0.98 Ma may reflect the intensification of Northern Hemisph
glaciation, which is reflected in δ18O increases in global ocea
records at this time (Shackleton and Opdyke, 1976; Ruddiman e
1986; Williams et al., 1988). Average δ18O values for G. bulloides in-
crease by ~0.22‰ and the amplitude of the signal also becomes
pronounced, as indicated by the increase in the average deviati
δ18O values from the mean (Table 4).

Another major increase in oxygen isotope values occurs at ~
mcd, between the extinction of the calcareous nannofossil Pseudo-
emiliana lacunosa (0.46 Ma) and the top of the section (0.038 M
where the δ18O signal increases by an average of 0.4‰ over the 
vious interval (Table 4). According to Ruddiman and Raymo (19
the power of the 100-k.y. eccentricity cycle in global climate reco
culminated in a very strong signal at this time, which resulted 
more pronounced contrast between glacial and interglacial 
surface temperatures. We interpret the increase to reflect the res
of the Strait of Sicily to this global climatic event. Similar observ
tions have been documented by Thunell et al. (1990) at ODP Site
in the Tyrrhenian Sea. The Site 963 δ18O record contains glacial-
interglacial fluctuations of up to 3.3‰, which are considerably lar
than the typical 1.5‰ glacial-interglacial changes in open-oc
records during this time period (e.g., Shackleton and Opdyke, 1
Broecker, 1986). We interpret the high amplitude of this isoto
record to reflect overprinting of the global climatic signal through 
reduction of surface-water salinities in the Strait of Sicily brought

Table 1. Site 963 biostratigraphic and magnetostratigraphic events.

Notes: Nannofossil data from postcruise study by Di Stefano (Chap. 8, this volume) of
Hole 963B. FO = first occurrence. LO = last occurrence.

Event
Depth 
(mcd)

Age 
(Ma) Source

Increase E. huxleyi 32.19 0.050 Castradori (1993)
FO E. huxleyi 88.31 0.260 Rio et al. (1990)
LO P. lacunosa 118.6 0.460 Rio et al. (1990)
LO Gephyrocapsa sp. 3 131.02 0.584 Castradori (1993)
Brunhes/Matuyama 149.23 0.780 Cande and Kent (1995)
Bottom C1r.1 164.39 0.980 Cande and Kent (1995)
FO Gephyrocapsa sp. 3 167.22 0.990 Sprovieri (1993)
Bottom C1r.1n 171.36 1.070 Cande and Kent (1995)
LO Gephyrocapsa sp. >5.5 189.34 1.250 Sprovieri (1993)
FO Gephyrocapsa sp. >5.5 210.83 1.500 Sprovieri (1993)
re
 a
-

 in-
r-
r,
up
ker,
ion,

re

 al.,

ore
n of

114

),
re-
8)
ds
 a
ea-
onse
-

653

er
an
76;
pe
e

on

by regional changes in precipitation and evaporation. Similar ob
vations have been made by other workers in studies of Eastern 
iterranean sapropels deposited during this time (Vergnaud-Gra
et al., 1977, 1986; Williams et al., 1978; Williams and Thunell, 19
Ganssen and Troelstra, 1987; Thunell et. al., 1990; among oth
This indicates that the reduction of surface-water salinities was
restricted to the Eastern Mediterranean, and therefore the δ18O record
of G. bulloides from the Strait of Sicily can provide an importa
record of global and regional climatic changes.

SITE 964: OXYGEN ISOTOPES

The results of the δ18O analyses of G. bulloides for Site 964 are
given in Table 5 and are plotted against depth in Figure 3. Identi
tion of the isotope stages is based on the biostratigraphy of Spro
et al. (Chap. 12, this volume). There are several intervals where
gaps exist in the isotope record because of an insufficient numb
specimens of G. bulloides for analysis. The oxygen isotope record 
G. bulloides for this site exhibits the characteristic long-term enric
ment in δ18O values associated with the establishment and inten
cation of cooler climatic conditions and glaciation during t
Pliocene/Pleistocene within the Mediterranean region (Keigwin 
Thunell, 1979; Thunell and Williams, 1983; Thunell et al., 199
Vergnaud-Grazzini et al., 1990) and glaciation during the Plioce
Pleistocene (Shackleton and Opdyke, 1976; Ruddiman et al., 1
Shackleton et al., 1995).

To facilitate the chronological interpretation of these data, 
δ18O record of Site 964 was plotted against time (Fig. 5). This pre
inary age model is provided only for the discussion of the δ18O data
within the context of a chronological framework, and a more sop
ticated age model will be the subject of a forthcoming paper. Tab
provides a summary of the average values and deviations from
mean in the δ18O record for selected intervals. To remove bias, val
lower than 1.0‰ from sapropel samples have been omitted in the
culating mean δ18O values for samples younger than 1.5 Ma. B
tween the lowermost part of the record and 3.6 Ma, the mean δ18O of
G. bulloides is ~0.92‰, with relatively low-amplitude fluctuations
However, these estimates may be an artifact of the relatively co
sampling resolution within this time interval. Between 3.5 and 
Ma, the mean δ18O values of G. bulloides decrease to 0.82‰. Medi
terranean climate at this time has been characterized as w
(Thunell et al., 1990), as indicated by relatively low δ18O values.
Therefore, the δ18O trends most likely reflect seasonal contrasts
temperature and changes in the overall balance of precipitation
evaporation in the Eastern Mediterranean. This interval of the 
964 record may reflect both, and additional information (e.g., paly
logical data) is required to confirm this.

The δ18O values of G. bulloides increase by 1.5‰ between 3.2 an
2.6 Ma (Fig. 5), with the mean values for δ18O increasing by 0.25‰
(Table 6). In addition, the amplitude of the isotope signal is alm
double that of the previous interval (Table 6). This may reflect
creased cooling in this region of the Eastern Mediterranean acco
nied by intensified contrasts in seasonal humidity. This may exp
why glacial δ18O values at Site 964 are ~0.4‰ higher during this ti
period, in comparison to global records (e.g., Tiedemann et al., 1
Shackleton et al., 1995). At 2.6 Ma, a short-term increase of alm
2‰ occurs in δ18O values of G. bulloides, and the mean values in
crease by an average of 0.4‰ over the preceding interval (Tab
We attribute these changes in δ18O to a major increase in global ic
volume resulting from intensified Northern Hemisphere glaciati
Faunal (Ciaranfi and Cita, 1973; Thunell, 1979), palynological (Z
win, 1974; Suc, 1984, 1986) and isotopic (Thunell et al., 1990; V
naud Grazzini et al., 1990) studies have documented a major co
event in the Mediterranean at this time. We conclude that the coo
169
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Table 2. Site 964 biostratigraphic and magnetostratigraphic events.

Notes: Biostratigraphic data from postcruise study by Sprovieri et al. (Chap. 12, this volume) of Site 964. FO = first occurrence. LO = last occurrence.

Event
Depth 
(rmcd)

Age 
(Ma) Source

Increase E. huxleyi 3.90 0.050 Castradori (1993)
FO E. huxleyi 14.24 0.260 Rio et al. (1990)
LO P. lacunosa 21.54 0.460 Rio et al. (1990)
LO Gephyrocapsa sp. 3 24.86 0.584 Castradori (1993)
Brunhes/Matuyama 29.44 0.780 Cande and Kent (1995)
FO Gephyrocapsa sp. 3 34.52 0.990 Sprovieri (1993)
LO Gephyrocapsa. >5.5/ L.O. H. sellii 40.71 1.250 Sprovieri (1993)
FO Gephryocapsa >5.5 49.72 1.500 Sprovieri (1993)
LO C. macintyrei 54.92 1.630 Sprovieri et al. (this volume)
FO medium size Gephyrocapsa 57.12 1.750 Sprovieri (1993)
Left N. pachyderma increase 58.12 1.810 Sprovieri (1993)
LO D. brouweri 61.30 1.950 Sprovieri et al. (this volume)
FO G. truncatulinoides 64.90 2.070 Sprovieri (1993)
FO G. inflata 66.86 2.130 Sprovieri (1993)
LO G. bononiensis 82.61 2.450 Sprovieri (1993)
LO D. pentaradiatus 84.74 2.510 Sprovieri (1993)
LO D. surculus 85.54 2.530 Sprovieri et al. (this volume)
LCO D. tamalis 98.38 2.820 Sprovieri (1993)
FO N. atlantica 98.82 2.830 Sprovieri (1993)
LO Sphaeroidinellopsis spp. 109.92 3.220 Sprovieri (1993)
LO G. puncticulata 112.24 3.570 Sprovieri (1993)
LO R. pseudoumbilicus 116.39 3.850 Sprovieri (1993)
Table 3. Site 963 stable isotope data (G. bulloides).  
Hole, core, section
Depth 
(mcd)

δ18O
 (‰, PDB) 

δ13C 
(‰, PDB) 

963B-1H-3 4.47 2.180 –0.933
963B-1H-4 4.80 3.499 –0.637
963B-1H-4 5.20 2.825 –1.086
963B-1H-4 5.59 3.083 –0.926
963B-1H-5 6.30 3.385 –0.712
963B-1H-5 6.70 2.836 –1.331
963A-2H-2 8.30 3.497 –0.963
963A-2H-2 8.70 3.051 –1.014
963A-2H-3 9.60 3.020 –1.245
963A-2H-3 10.00 3.320 –0.962
963A-2H-3 10.40 3.386 –1.112
963A-2H-4 11.70 3.081 –0.980
963A-2H-4 12.08 3.233 –0.639
963A-2H-5 12.40 3.219 –1.478
963B-2H-4 14.41 3.395 –1.695
963B-2H-5 15.91 2.836 –1.224
963A-3H-2 18.29 3.263 –1.005
963A-3H-2 18.69 2.981 –0.691
963A-3H-3 19.41 2.915 –1.024
963A-3H-3 19.79 2.773 –0.314
963A-3H-3 19.79 2.625 –0.772
963A-3H-3 20.19 3.188 –1.110
963A-3H-3 20.55 3.091 –1.216
963A-3H-5 22.39 3.324 –0.855
963B-3H-4 25.21 2.260 –1.229
963B-3H-5 25.99 2.459 –0.828
963B-3H-5 26.79 2.762 –0.615
963A-4H-3 29.76 2.781 –1.249
963A-4H-3 30.14 3.091 –0.879
963A-4H-4 30.48 3.588 –0.689
963A-4H-4 31.06 3.318 –0.568
963A-4H-4 31.48 3.452 –0.882
963A-4H-5 32.16 3.383 –0.938
963A-4H-5 33.14 3.456 –0.786
963A-4H-6 33.46 3.440 –1.118
963A-4H-6 34.06 3.101 –0.938
963A-4H-6 34.28 2.048 –0.836
963A-5H-1 36.77 2.592 –0.554
963B-4H-5 36.88 2.099 –0.833
963B-4H-5 37.27 2.239 –0.386
963A-5H-2 37.69 1.517 –1.312
963B-4H-5 38.10 1.797 –0.997
963B-4H-6 38.38 1.680 –0.840
963A-5H-3 39.57 2.068 –0.898
963A-5H-3 39.97 1.553 –1.816
963A-5H-3 40.37 1.387 –1.409
963A-5H-4 41.07 2.751 –0.259
963A-5H-4 41.47 2.526 –1.558
963A-5H-4 41.83 1.806 –0.997
963A-5H-5 42.96 2.228 –1.126
963A-5H-5 43.34 2.071 –0.538
963A-5H-5 43.34 2.132 –0.900
963B-5H-4 44.60 2.638 –0.639
963B-5H-4 44.98 1.499 –0.885
963B-5H-4 45.38 1.501 –0.769
963B-5H-4 45.78 1.221 –0.604
963A-6H-1 47.20 0.364 –2.066
963A-6H-2 48.70 1.248 –0.652
963A-6H-2 49.08 1.429 –0.840
963A-6H-3 49.38 1.887 –1.452
963A-6H-3 50.38 2.588 –0.913
963A-6H-4 51.08 2.638 –1.135
963A-6H-4 51.48 3.010 –1.177
963A-6H-4 51.88 2.924 –1.269
963A-6H-5 52.20 2.453 –0.758
963A-6H-5 52.58 3.313 –1.054
963A-6H-5 53.38 2.917 –1.718
963A-7H-2 58.97 1.483 –1.346
963A-7H-3 59.67 1.753 –1.137
963A-7H-3 60.07 1.805 –0.987
963A-7H-3 60.47 1.973 –1.344
963A-7H-4 61.17 2.199 –1.186
963A-7H-4 61.57 2.246 –0.945
963A-7H-5 62.67 1.304 –2.087
963B-7H-4 64.69 3.043 –1.132
963B-7H-4 64.69 3.078 –1.137
963B-7H-4 65.08 3.085 –1.014
963B-7H-4 65.49 2.312 –1.200
963A-8H-1 65.96 1.395 –1.582
963A-8H-1 66.40 0.413 –1.860
963A-8H-2 66.70 0.604 –0.783
963A-8H-2 67.08 0.435 –0.982
963A-8H-2 67.48 0.458 –1.427
963A-8H-2 67.90 0.098 –1.566
963A-8H-3 68.20 -0.244 –1.847
963A-8H-3 68.60 1.469 –1.507
963A-8H-3 68.98 2.171 –1.318
963A-8H-3 69.40 2.042 –1.276
963A-8H-4 69.70 1.998 –1.538
963A-8H-4 70.10 2.044 –1.029
963A-8H-4 70.48 2.337 –1.474
963A-8H-4 70.90 1.280 –1.362
963A-8H-5 71.58 1.470 –0.596
963A-8H-5 72.40 2.394 –0.366
963A-8H-6 72.70 1.675 –0.953
963A-9H-1 74.70 1.657 –1.251
963A-9H-1 75.10 -0.276 –1.524
963A-9H-1 75.50 0.190 –1.709
963A-9H-1 75.90 0.680 –0.842
963A-9H-2 76.20 0.331 –1.075
963A-9H-2 76.60 1.542 –1.710
963A-9H-2 77.00 1.254 –1.549
963A-9H-2 77.40 1.544 –1.004
963A-9H-3 77.70 1.626 –1.478
963A-9H-3 78.10 1.776 –1.234
963A-9H-3 78.90 1.042 –1.719
963A-9H-4 79.20 0.727 –1.590
963A-9H-4 80.00 1.438 –0.641
963A-9H-4 80.40 2.300 –0.777
963A-9H-5 80.70 2.409 –0.822
963A-9H-5 81.50 2.550 –1.485
963A-9H-6 82.20 2.466 –1.339

Hole, core, section
Depth 
(mcd)

δ18O
 (‰, PDB) 

δ13C 
(‰, PDB) 
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Table 3 (continued).
963A-9H-1 84.61 2.682 –1.335
963A-9H-1 85.00 2.688 –1.445
963B-9H-5 85.18 2.497 –1.049
963A-9H-1 85.40 2.886 –1.505
963B-9H-5 85.59 2.226 –1.439
963B-9H-5 85.59 2.302 –1.412
963A-10-2 85.70 2.389 –1.317
963A-10-2 86.10 3.164 –1.367
963A-10-3 87.18 3.214 –1.617
963A-10-3 87.58 3.193 –1.484
963A-10-3 87.99 3.337 –1.587
963A-10-3 88.39 3.191 –1.383
963A-10-3 88.39 3.171 –1.410
963A-10-4 89.49 2.501 –0.780
963B-10-4 90.29 1.573 –1.212
963B-10-4 90.68 1.624 –0.878
963B-10-4 91.48 2.168 –1.649
963B-10-5 92.64 2.920 –1.162
963B-10-5 92.98 2.650 –1.136
963B-10-6 93.29 2.057 –1.174
963B-10-6 93.67 1.375 –1.750
963A-11-1 94.09 1.294 –1.742
963B-10-6 94.14 2.083 –1.011
963B-11-1 95.89 1.265 –0.554
963B-11-2 96.57 0.824 –1.421
963B-11-3 98.07 0.534 –1.239
963B-11-3 98.89 1.535 –2.210
963B-11-4 99.57 2.572 –1.575
963B-11-4 99.98 3.436 –1.245
963B-11-4 100.39 3.003 –1.447
963B-11-5 101.48 3.392 –0.839
963B-11-5 101.89 3.006 –1.119
963A-12-2 104.69 2.408 –0.715
963A-12-4 106.90 1.433 –0.905
963A-12-5 108.40 0.943 –0.632
963A-12-5 109.19 1.038 –1.074
963A-13-1 111.78 1.373 –1.148
963A-13-1 112.18 1.912 –1.275
963A-13-2 113.28 2.376 –0.592
963A-13-2 113.68 2.405 –1.085
963A-13-3 114.58 1.293 –1.639
963A-13-3 114.98 2.257 –1.148
963A-13-4 117.08 2.050 –0.483
963A-13-4 117.48 1.972 –0.758
963A-13-5 117.78 2.977 –1.067
963A-13-5 118.18 3.137 –0.386
963A-13-5 118.58 1.896 –0.989
963A-14-1 118.60 1.958 –1.339
963A-14-1 119.00 2.249 –0.655
963A-14-1 119.40 2.113 –0.031
963A-14-1 119.80 1.367 –1.029
963A-14-2 120.10 1.209 –0.811
963A-14-2 120.50 1.263 –0.976
963A-14-2 120.90 1.401 –0.838
963A-14-2 121.30 1.103 –1.034
963A-14-3 121.60 1.594 –0.713
963A-14-3 122.00 1.273 –0.937
963A-14-3 122.40 1.009 –1.552
963A-14-3 122.80 0.948 –1.688
963A-14-4 123.10 1.411 –1.225
963A-14-4 123.50 2.236 –0.853
963A-14-4 123.90 1.915 –1.107
963A-14-4 124.30 1.551 –0.867
963A-14-5 124.60 1.540 –0.576
963B-14-4 124.90 1.661 –0.522
963B-14-5 126.62 2.448 –1.132
963B-14-5 127.00 0.855 –1.405
963A-15-1 128.51 1.326 –1.439
963B-14-6 128.71 1.577 –0.759
963A-15-1 128.91 2.161 –1.025
963A-15-1 129.31 1.938 –0.778
963A-15-1 129.71 0.792 –1.616
963A-15-2 130.01 0.756 –1.500
963A-15-2 130.81 1.719 –0.819
963A-15-3 131.51 1.367 –1.362
963A-15-3 132.31 1.833 –0.908
963A-15-3 132.71 1.809 0.085
963A-15-4 133.01 0.648 –1.724
963A-15-5 134.51 1.098 –0.867
963A-16-1 137.51 2.742 –1.089
963A-16-1 138.71 2.045 –1.559
963A-16-2 139.41 2.644 –1.673
963A-16-2 139.82 2.117 –1.428
963A-16-2 140.21 1.877 –1.496
963A-16-3 140.51 2.306 –1.212
963A-16-3 140.91 1.274 –1.931
963A-16-3 141.32 1.742 –0.851
963A-16-3 141.71 0.894 –1.389
963A-16-4 142.01 1.085 –1.032
963B-17-1 146.83 2.621 –0.876

Hole, core, section
Depth 
(mcd)

δ18O
 (‰, PDB) 

δ13C 
(‰, PDB) 
963B-17-2 147.32 1.641 –1.317
963B-17-2 147.74 2.918 –0.849
963B-17-2 148.54 2.175 –0.326
963A-17-2 148.91 1.905 –0.935
963A-17-2 149.71 0.904 –1.748
963A-17-3 150.01 1.512 –1.561
963A-17-3 150.41 2.223 –1.290
963A-17-3 150.81 2.563 –1.447
963A-17-3 151.21 2.970 –0.928
963A-17-4 151.51 3.217 –1.484
963A-17-4 151.91 2.650 –0.883
963A-17-4 152.69 1.930 –0.558
963B-18-1 153.30 1.568 –1.136
963B-18-1 153.70 1.544 –1.028
963B-18-2 154.10 1.499 –1.017
963B-18-2 154.50 0.893 –1.367
963B-18-2 154.91 2.057 –0.779
963B-18-4 157.11 1.775 –1.317
963B-18-4 157.40 2.786 –1.738
963B-18-4 158.21 3.139 –1.510
963B-18-5 159.41 2.079 –1.018
963B-18-6 160.21 1.570 –1.439
963B-18-6 160.61 1.841 –1.281
963B-18-6 160.99 1.227 –1.838
963B-18-6 161.38 1.667 –1.496
963A-19-2 162.81 0.311 –1.790
963A-19-3 163.21 2.162 –0.907
963A-19-3 163.61 1.614 –1.142
963A-19-3 164.01 2.095 –0.788
963B-19-2 164.32 0.250 –1.287
963B-19-2 164.72 1.451 –1.261
963B-19-3 165.12 1.203 –1.361
963B-19-3 165.52 1.260 –0.934
963A-20-2 169.09 2.260 –0.731
963A-20-3 169.51 1.521 –1.154
963A-20-3 169.91 0.853 –1.943
963A-20-3 170.31 1.965 –1.387
963A-20-3 170.71 1.766 –1.728
963A-20-4 171.11 1.774 –1.090
963A-20-5 172.31 0.870 –0.755
963A-20-5 173.31 0.952 –1.261
963A-21-1 174.51 2.486 –0.698
963A-21-1 174.91 1.997 –1.026
963A-21-1 175.31 2.101 –0.907
963A-21-1 175.71 1.233 –1.180
963A-21-2 176.02 1.122 –1.357
963A-21-3 177.41 2.631 –1.609
963A-21-3 177.82 2.747 –1.200
963A-21-3 178.21 1.920 –1.558
963A-21-3 178.61 2.093 –1.100
963A-21-4 179.01 2.218 –1.133
963A-22-2 183.10 1.705 –1.694
963A-22-2 183.52 1.945 –1.661
963A-22-3 183.92 2.024 –1.494
963A-22-3 184.32 1.979 –1.338
963A-22-3 184.82 1.499 –0.832
963A-22-5 187.02 1.870 –1.151
963A-22-5 187.42 1.605 –1.090
963A-22-5 187.82 1.695 –1.105
963A-22-6 188.52 1.479 –1.250
963A-22-6 188.92 1.786 –0.907
963A-22-7 189.82 1.751 –0.573
963A-22-1 190.52 0.880 –1.816
963A-22-1 190.52 0.933 –1.593
963A-22-7 190.62 1.783 –0.880
963A-23-1 190.92 1.338 –1.681
963A-23-1 190.92 1.091 –1.782
963A-23-1 191.30 1.661 –0.466
963A-23-1 191.30 1.571 –0.748
963A-23-1 191.52 1.961 –1.080
963A-23-2 191.82 2.440 –0.536
963A-23-2 192.22 2.638 –0.448
963A-23-2 192.62 1.557 –0.877
963A-23-2 193.22 1.740 –0.582
963A-23-3 193.92 1.090 –1.331
963A-23-3 194.32 1.448 –0.889
963A-23-3 194.72 1.544 –0.848
963A-23-4 195.42 1.723 –0.847
963B-23-1 195.64 0.857 –0.966
963B-23-2 196.39 0.326 –2.196
963B-23-2 196.73 1.042 –0.592
963B-23-2 197.14 1.644 –0.774
963A-24-1 197.62 1.546 –1.670
963A-24-2 197.92 2.181 –1.038
963A-24-2 199.12 1.984 –0.647
963A-24-3 199.62 1.263 –0.529
963A-24-3 200.02 1.074 –1.186
963A-24-3 200.78 1.017 –1.361
963A-24-4 201.12 1.126 –1.180

Hole, core, section
Depth 
(mcd)

δ18O
 (‰, PDB) 

δ13C 
(‰, PDB) 
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event that began at ~2.6 Ma in the Site 964 δ18O record was most
likely a response to the same processes responsible for the formation
of ice-rafted debris in the North Atlantic at 2.5 Ma as described by
Backman (1979), Ruddiman et al. (1987) and Shackleton et al.
(1984).

Between 2.6 and 1.5 Ma, average δ18O values increase over the
previous interval by 0.15‰ (Table 6). At 0.95 Ma, a 1.75‰ increa
in δ18O occurs that most likely reflects the further intensification o
Northern Hemisphere glaciation (Fig. 5). Another major increase
the oxygen isotope record at this site occurs at 0.45 Ma, and is
largest glacial-interglacial shift occurring in this part of the reco
(Table 6). As at Site 963, this increase in glacial δ18O values marks
the response to the global predominance of the 100-k.y. eccentr
cycle at this time (Ruddiman and Raymo, 1988), which resulted
colder temperatures during glacial periods. In addition, the relativ
high amplitude of the δ18O signal reflects the presence of saprope
and represents changes in surface-water salinities in addition
changes in the global continental ice volume and sea-surface tem
atures.

CARBON ISOTOPES

The present-day Mediterranean does not exhibit a large surfac
bottom-water gradient in the distribution of δ13C, and the overall en-

Figure 2. Site 963 oxygen isotope record of G. bulloides plotted against com-
posite depth (mcd). The stratigraphic positions of the paleomagnetic rever-
sals are indicated on the right. The lines on the left mark the stratigraphic
positions of the sapropels.
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richment in δ13C is on the order of 0.5‰ (Duplessy, 1972; Pierre
al., 1986). This has been attributed to a combination of relativ
short residence time (on the order of 100 years, Lacombe et al., 1
and low surface-water productivity (Thunell et al., 1987; Vergnau
Grazzini et al., 1990). This appears to be a relatively recent fea
According to Thunell et al. (1987), the surface to bottom-water δ13C
gradient was as great as 3.0‰ during the early Pliocene, decrea
to ~1.5‰ during the late Pliocene and gradually into the Pleistoc
until modern-day values are reached. They concluded that the la
surface to bottom-water δ13C gradient reflected an estuarine circula
tion pattern with Atlantic water entering at depth, as opposed to
present anti-estuarine flow.

Vergnaud-Grazzini et al. (1986) reported a mean δ13C range of
−0.6‰ to −0.7‰ for G. bulloides in the present-day Mediterranea
on the basis of analyses of plankton tow samples. They obse
that G. bulloides does not precipitate its calcite in full equilibrium
with the ambient ΣCO2 and that its δ13C reflects the regeneration o
nutrients at shallow depths (Vergnaud-Grazzini et al., 199
Thunell (1978) classified this species as a member of the c

Figure 3. Site 964 oxygen isotope record of G. bulloides plotted against
revised composite depth (rmcd). The lines on the left mark the stratigraphic
positions of the sapropels. The planktonic foraminiferal zonations are after
Cita (1975).
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subtropical assemblage in the Mediterranean, and it has been asso-
ciated with upwelling environments in other localities (Thiede,
1978; Thunell and Reynolds, 1984). In their analyses of G. bul-
loides from Hole 653A and Site 654 in the Tyrrhenian Sea, Verg-
naud-Grazzini et al. (1990) concluded that relative fluctuations in
the δ13C of this species could be utilized for estimating the magni-
tude of changes in surface-water stratification. Low δ13C values re-
flect episodes of strong stratification in which nutrient-rich and iso-
topically light water can be regenerated at relatively shallow depths.
The δ13C values of G. bulloides may also reflect changes in the δ13C
of the ΣCO2 in the surface waters resulting from the introduction
and remineralization of terrestrial organic matter during episodes of
freshwater input into the Mediterranean (Howell et al., 1990;
Thunell et al., 1990). No attempt has been made to reconstruct ma-
jor circulation patterns at Site 963 from the G. bulloides δ13C data.
Additional studies will be required to understand the impact of the
surface-water changes on the formation of the MIW and its impli-
cation for sapropel formation.

Figure 4. Site 963 oxygen isotope record of G. bulloides plotted vs. time.

Table 4. Site 963 oxygen isotope averages (G. bulloides).

Time interval
 (Ma)

Mean δ18O 
(‰) 

δ18O avg. 
deviation (‰) 

Holocene-0.46 2.23 0.75
0.46-0.98 1.82 0.54
0.98-1.25 1.60 0.43
Table 5. Site 964 stable isotope data (G. bulloides). 

Hole, core, 
section

Depth 
(rmcd)

δ18O
 (‰, PDB) 

δ13C
 (‰, PDB) 

964A-1H-1 0.90 2.39 –1.02
964A-1H-1 1.30 3.67 –0.38
964A-1H-1 1.48 3.03 –0.35
964A-1H-2 2.00 2.96 0.31
964A-1H-2 2.20 3.36 0.33
964A-1H-2 2.40 3.69 –0.02
964A-1H-2 2.80 3.34 –0.55
964A-1H-2 2.98 3.31 –0.21
964A-1H-2 2.98 3.39 –0.31
964A-1H-3 3.10 2.92 –0.52
964A-1H-3 3.30 2.72 –0.59
964A-1H-3 3.50 3.07 –0.24
964A-1H-3 3.50 3.23 –0.04
964A-1H-3 3.90 2.98 –0.49
964A-1H-3 4.30 3.39 0.04
964A-1H-3 4.48 3.90 0.05
964A-1H-4 4.60 3.70 –0.37
964A-1H-4 5.00 3.06 –0.20
964A-1H-4 5.20 2.22 –0.61
964A-1H-4 5.80 3.56 –0.11
964B-1H-5 6.68 2.44 –0.85
964B-1H-5 6.74 1.08 –0.87
964B-1H-5 6.88 0.94 –1.22
964D-2H-1 7.42 2.83 0.10
964D-2H-1 7.66 2.81 –0.92
964D-2H-1 7.91 1.22 –1.02
964D-2H-1 8.14 1.60 –0.59
964A-2H-1 8.30 2.54 –0.74
964A-2H-1 8.30 2.83 –0.73
964D-2H-1 8.37 3.20 –0.86
964A-2H-2 8.50 3.07 –0.24
964D-2H-1 8.69 3.28 –0.71
964A-2H-2 8.70 3.58 –0.14
964A-2H-2 8.90 3.16 –0.12
964D-2H-1 8.95 3.69 –0.41
964A-2H-2 9.10 3.24 –0.82
964D-2H-2 9.28 2.37 –0.78
964A-2H-2 9.30 2.77 –0.38
964A-2H-2 9.50 2.69 –0.81
964D-2H-2 9.50 2.66 –0.79
964D-2H-2 9.65 2.11 –0.72
964D-2H-2 9.81 2.25 –1.21
964A-2H-2 9.88 2.07 –0.21
964D-2H-2 10.00 3.28 –0.82
964D-2H-2 10.19 3.58 –0.55
964A-2H-3 10.20 3.48 –0.58
964A-2H-3 10.40 2.99 –0.10
964A-2H-3 10.60 1.27 –1.05
964A-2H-3 10.70 0.22 –1.04
964A-2H-3 10.90 0.47 –1.17
964A-2H-3 11.00 0.87 –0.87
964A-2H-3 11.16 0.48 –1.06
964A-2H-3 11.38 2.11 –0.78
964A-2H-3 11.38 2.09 –0.81
964A-2H-4 11.50 2.01 –0.16
964A-2H-4 11.70 2.14 0.26
964A-2H-4 11.90 2.26 0.22
964A-2H-4 12.30 2.34 0.26
964A-2H-4 12.50 1.54 0.07
964A-2H-4 12.80 0.21 –1.07
964A-2H-4 12.80 0.66 –1.04
964A-2H-4 12.88 0.38 –1.00
964A-2H-5 13.00 2.29 –0.45
964A-2H-5 13.22 1.33 –0.74
964A-2H-5 13.40 0.41 –1.52
964A-2H-5 13.60 1.84 –0.52
964A-2H-5 13.80 2.52 –1.29
964A-2H-5 14.00 3.34 –0.42
964A-2H-5 14.24 2.85 –1.00
964A-2H-5 14.24 3.13 –0.43
964A-2H-6 14.70 3.19 –0.02
964A-2H-6 14.70 3.38 –0.89
964A-2H-6 14.90 3.26 –0.48
964A-2H-6 14.90 2.90 –0.27
964A-2H-6 15.10 2.20 –0.25
964A-2H-6 15.30 1.79 –0.10
964A-2H-6 15.30 2.10 –0.07
964A-2H-6 15.50 2.20 –0.60
964B-2H-4 15.61 2.92 –0.27
964A-2H-6 15.74 2.75 –0.69
964A-2H-6 15.74 2.71 –0.51
964B-2H-4 15.83 1.64 –1.01
964B-2H-4 16.01 2.00 –0.39
964B-2H-4 16.20 1.74 –0.44
964B-2H-4 16.38 1.34 0.25
964B-2H-5 16.70 1.26 –0.49
964B-2H-5 16.90 1.51 –1.00
964B-2H-5 16.90 1.76 –0.95
964B-2H-5 17.10 2.11 –0.09
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964B-2H-5 17.30 2.94 –0.84
964B-2H-5 17.50 3.43 –0.12
964B-2H-5 17.70 3.34 –0.61
964B-2H-5 17.88 2.75 –0.64
964B-2H-6 17.90 2.26 –1.06
964A-3H-1 17.97 2.89 –0.69
964A-3H-1 18.38 2.15 –0.35
964A-3H-1 18.45 1.58 –0.12
964A-3H-2 19.25 0.88 –0.82
964A-3H-2 19.45 1.35 –0.26
964A-3H-2 19.66 -0.61 –1.84
964A-3H-2 19.84 1.29 –0.69
964A-3H-2 20.04 1.97 –0.27
964A-3H-2 20.04 1.90 –0.61
964A-3H-3 20.16 2.15 –0.74
964A-3H-3 20.36 1.69 –0.54
964A-3H-3 20.56 1.91 –0.65
964A-3H-3 20.76 2.73 –0.34
964A-3H-3 20.96 2.45 –0.43
964A-3H-3 21.16 1.70 –0.80
964A-3H-3 21.36 2.88 0.27
964A-3H-3 21.54 2.31 0.19
964A-3H-3 21.54 2.44 0.19
964A-3H-4 21.66 2.03 0.02
964A-3H-4 21.86 1.60 –0.09
964A-3H-4 22.06 1.21 –0.44
964A-3H-4 22.26 1.52 –0.40
964A-3H-5 22.36 1.81 –0.35
964A-3H-4 22.46 0.94 –1.58
964A-3H-4 22.58 1.39 –1.32
964A-3H-4 22.58 1.02 –1.51
964A-3H-4 22.66 1.61 –0.77
964A-3H-4 22.86 1.86 –0.20
964A-3H-4 23.04 1.88 –0.52
964A-3H-5 23.16 1.79 –0.74
964A-3H-5 23.36 1.54 –0.61
964A-3H-5 23.56 1.74 –1.00
964A-3H-5 23.76 2.42 –1.07
964A-3H-5 23.98 0.70 –1.45
964A-3H-5 23.98 0.50 –1.73
964A-3H-5 24.16 1.96 –1.12
964A-3H-5 24.36 2.30 –0.72
964A-3H-5 24.54 1.81 –0.04
964A-3H-6 24.66 1.06 –0.35
964A-3H-6 24.86 2.03 –0.71
964A-3H-6 25.06 2.09 –0.75
964A-3H-6 25.26 1.15 –1.48
964B-3H-5 25.64 0.85 –1.55
964B-3H-5 25.85 1.51 –0.47
964B-3H-5 26.06 2.93 –0.73
964B-3H-5 26.06 2.66 –0.78
964B-3H-5 26.26 1.93 –1.25
964B-3H-5 26.69 1.10 –1.57
964B-3H-5 26.87 2.62 –1.15
964B-3H-5 27.03 2.74 –0.83
964B-3H-6 27.13 2.86 –0.70
964B-3H-6 27.31 2.63 –0.82
964B-3H-6 27.48 1.65 –0.90
964B-3H-6 27.74 1.74 –0.67
964B-3H-6 27.96 0.87 –1.44
964B-3H-6 28.16 2.10 0.01
964B-3H-6 28.36 2.40 –0.71
964B-3H-6 28.56 2.53 –0.28
964B-3H-7 28.64 3.02 –0.35
964D-4H-1 29.84 2.08 –0.58
964D-4H-1 30.02 1.94 –0.10
964D-4H-2 30.14 1.22 –0.50
964D-4H-2 30.38 1.95 –0.83
964D-4H-2 30.54 2.93 –0.70
964D-4H-2 30.76 2.56 –0.60
964D-4H-2 30.76 2.48 –0.70
964D-4H-2 30.94 1.73 –0.44
964D-4H-2 31.14 1.82 –0.86
964D-4H-2 31.34 1.63 –1.08
964D-4H-2 31.52 1.62 –0.83
964D-4H-3 31.64 1.93 –0.44
964D-4H-3 32.04 2.07 –0.75
964D-4H-3 32.24 2.91 –1.39
964D-4H-3 32.44 2.77 –0.98
964D-4H-3 32.64 2.49 –0.81
964D-4H-3 32.84 1.86 –1.29
964D-4H-3 33.02 2.14 –0.99
964D-4H-3 33.02 2.44 –0.69
964D-4H-4 33.14 2.70 –0.70
964D-4H-4 33.34 2.20 –0.77
964D-4H-4 33.54 1.88 –0.79
964D-4H-4 33.76 1.35 –1.25
964D-4H-4 33.76 1.45 –1.35

Hole, core, 
section

Depth 
(rmcd)

δ18O
 (‰, PDB) 

δ13C
 (‰, PDB) 
964D-4H-4 33.94 1.25 –0.69
964D-4H-4 34.14 0.89 –1.08
964D-4H-4 34.14 1.88 –0.74
964D-4H-4 34.36 1.98 –0.11
964D-4H-4 34.48 0.68 –2.04
964D-4H-4 34.52 1.56 –0.99
964D-4H-5 34.84 2.44 –0.07
964D-4H-5 35.04 1.68 –0.75
964D-4H-5 35.26 1.99 –0.50
964D-4H-5 35.44 2.08 –0.67
964D-4H-5 35.64 1.60 –0.63
964D-4H-5 35.84 1.47 –1.11
964D-4H-5 36.02 2.19 –0.82
964D-4H-6 36.08 1.94 –0.97
964D-4H-6 36.14 1.86 –1.03
964D-4H-6 36.34 1.86 –1.08
964D-4H-6 36.34 1.95 –0.97
964D-4H-6 36.54 2.23 –0.64
964D-4H-6 36.72 1.32 –0.85
964B-4H-3 37.16 1.56 –0.66
964B-4H-3 37.56 2.31 –0.51
964B-4H-3 37.76 1.20 –0.76
964B-4H-3 37.84 0.88 –1.87
964B-4H-3 37.96 2.10 –1.33
964B-4H-3 38.14 2.22 –1.16
964B-4H-4 38.26 1.87 –0.68
964B-4H-4 38.46 1.47 –0.69
964B-4H-4 38.66 1.64 –0.45
964B-4H-4 38.86 0.71 –1.04
964B-4H-4 39.12 1.40 –0.90
964B-4H-4 39.26 1.17 –0.77
964B-4H-4 39.46 1.85 –1.08
964B-4H-4 39.64 2.27 –0.80
964B-4H-5 39.76 2.00 –0.99
964B-4H-5 40.00 1.64 –0.95
964B-4H-5 40.16 1.61 –0.71
964B-4H-5 40.16 1.65 –0.53
964B-4H-5 40.36 1.28 –0.46
964B-4H-5 40.36 1.64 –0.53
964B-4H-5 40.56 1.13 –0.94
964B-4H-5 40.56 1.37 –0.58
964A-5 -1 40.71 1.05 –1.02
964A-5 -1 40.71 0.80 –0.78
964A-5 -1 40.88 2.34 –0.93
964B-4H-5 40.98 2.46 –0.74
964B-4H-5 40.98 2.67 –0.74
964A-5H-1 41.10 2.45 –0.77
964B-4H-5 41.14 2.27 –1.19
964B-4H-5 41.14 2.12 –1.26
964B-4H-6 41.20 2.46 –0.22
964B-4H-6 41.26 2.43 –0.44
964A-5H-1 41.32 2.37 –0.33
964B-4H-6 41.46 2.03 –0.57
964B-4H-6 41.46 2.15 –0.35
964A-5H-1 41.52 1.79 –0.22
964A-5H-1 41.64 1.32 –0.42
964B-4H-6 41.68 1.04 –1.78
964B-4H-6 41.68 0.96 –1.57
964A-5H-1 41.72 0.86 –1.25
964B-4H-6 41.74 1.15 –1.07
964B-4H-6 41.74 1.02 –1.49
964A-5H-1 41.87 2.49 –0.37
964B-4H-6 41.88 2.05 –1.04
964B-4H-6 41.88 2.18 –1.12
964A-5H-1 42.10 2.38 –0.71
964A-5H-2 42.22 1.64 –0.03
964A-5H-2 42.22 1.63 –0.46
964A-5H-2 42.42 1.44 –0.60
964A-5H-2 42.62 1.78 –0.33
964A-5H-2 42.82 1.90 –0.48
964A-5H-2 43.18 0.01 –1.80
964A-5H-2 43.22 1.62 –1.17
964A-5H-2 43.42 2.06 –0.59
964A-5H-2 43.42 2.16 –0.26
964A-5H-2 43.60 1.69 –0.27
964A-5H-3 43.72 1.04 –0.52
964A-5H-3 44.12 1.45 –0.52
964A-5H-3 44.12 1.48 –0.85
964A-5H-3 44.52 1.65 –0.66
964A-5H-3 44.52 1.59 –0.76
964A-5H-3 44.72 2.12 –0.36
964A-5H-3 44.94 2.07 –0.35
964A-5H-4 45.22 1.31 –0.42
964A-5H-4 45.44 1.30 –0.92
964A-5H-4 45.62 1.64 –1.16
964A-5H-4 45.82 2.28 –0.18
964A-5H-4 46.02 1.86 –0.21
964A-5H-4 46.22 1.11 –0.43

Hole, core, 
section

Depth 
(rmcd)

δ18O
 (‰, PDB) 

δ13C
 (‰, PDB) 
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Table 5 (continued).
964A-5H-4 46.44 1.09 –0.55
964A-5H-4 46.60 1.00 –0.82
964A-5H-5 46.72 0.85 –1.10
964A-5H-5 46.93 1.24 0.06
964A-5H-5 47.08 0.37 –1.15
964A-5H-5 47.28 2.17 0.47
964A-5H-5 47.47 1.57 –0.09
964A-5H-5 47.66 1.23 0.06
964A-5H-5 47.88 1.05 –0.21
964A-5H-5 48.04 1.22 –0.28
964A-5H-5 48.04 1.21 –0.60
964A-5H-6 48.14 1.54 –0.79
964A-5H-6 48.32 2.23 –0.01
964A-5H-6 48.51 2.04 0.24
964A-5H-6 48.70 1.67 0.20
964A-5H-6 48.89 1.71 0.16
964A-5H-6 49.08 1.72 –0.37
964A-5H-6 49.28 1.93 –0.31
964A-5H-6 49.28 1.91 –0.05
964D-6H-1 52.40 1.19 –1.03
964D-6H-2 54.10 1.78 –0.46
964D-6H-2 54.32 1.23 –0.61
964D-6H-2 54.48 1.12 –0.56
964D-6H-2 54.54 1.49 –0.17
964D-6H-2 54.72 2.26 –0.15
964D-6H-2 54.92 2.07 –0.46
964D-6H-2 55.10 2.23 –0.15
964D-6H-2 55.30 1.70 –0.44
964D-6H-3 55.42 1.62 –0.46
964D-6H-3 55.60 1.64 –0.13
964D-6H-3 55.82 1.68 –0.79
964D-6H-3 55.88 1.39 –1.51
964D-6H-3 55.98 2.27 –0.35
964D-6H-3 56.24 1.36 –1.14
964D-6H-3 56.42 1.73 –0.66
964D-6H-3 56.48 0.60 –1.90
964D-6H-3 56.48 0.89 –1.87
964D-6H-3 56.64 1.97 –0.76
964D-6H-3 56.80 1.53 –1.09
964D-6H-4 56.92 1.58 –0.88
964D-6H-4 57.12 1.50 –1.23
964D-6H-4 57.32 1.46 –0.48
964D-6H-4 57.32 1.15 –0.67
964D-6H-4 57.48 1.87 –0.35
964D-6H-4 57.50 1.19 0.15
964D-6H-4 57.72 1.41 0.13
964D-6H-4 57.92 1.50 –0.04
964D-6H-4 58.12 1.77 –1.06
964D-6H-4 58.30 2.30 0.07
964D-6H-5 58.42 2.11 –0.17
964D-6H-5 58.62 1.94 –0.01
964D-6H-5 58.80 1.55 –0.41
964D-6H-5 58.98 1.60 –0.52
964D-6H-5 59.20 1.26 –0.28
964D-6H-5 59.52 1.26 –0.11
964D-6H-5 59.62 1.51 –0.41
964D-6H-5 59.80 1.42 –0.47
964D-6H-6 59.92 1.59 –0.23
964D-6H-6 60.12 1.52 –0.19
964D-6H-6 60.32 1.65 0.25
964D-6H-6 60.48 1.50 0.17
964D-6H-6 60.74 1.67 –0.58
964D-6H-6 61.02 1.06 –1.42
964B-6H-5 61.07 2.06 –0.46
964B-6H-5 61.07 2.19 –0.15
964D-6H-6 61.14 2.22 –0.18
964D-6H-6 61.14 2.25 –0.30
964B-6H-5 61.30 1.71 0.26
964B-6H-5 61.30 1.50 –0.48
964B-6H-5 61.58 2.20 0.43
964B-6H-5 61.58 1.99 0.16
964B-6H-5 61.98 1.43 0.15
964B-6H-5 61.98 1.92 0.53
964B-6H-5 62.16 1.20 –0.14
964B-6H-5 62.16 1.29 0.17
964D-7H-1 62.95 1.76 0.67
964D-7H-1 63.14 1.12 0.01
964D-7H-1 63.14 1.25 0.46
964D-7H-1 63.34 1.36 0.15
964D-7H-1 63.34 1.39 0.29
964D-7H-1 63.74 1.55 –0.62
964D-7H-1 63.94 1.66 –0.58
964D-7H-1 64.12 1.21 –0.36
964A-7H-1 64.28 1.88 0.06
964D-7H-1 64.32 1.78 –0.23
964A-7H-1 64.73 1.25 0.10
964A-7H-1 64.83 1.14 0.19
964A-7H-1 64.90 1.32 0.43

Hole, core, 
section

Depth 
(rmcd)

δ18O
 (‰, PDB) 

δ13C
 (‰, PDB) 
964A-7H-2 65.18 1.46 0.68
964A-7H-2 65.18 1.49 0.80
964A-7H-2 65.62 1.59 –0.33
964A-7H-2 65.81 1.79 0.49
964A-7H-2 66.02 1.46 –0.16
964A-7H-2 66.17 1.35 –0.28
964A-7H-2 66.37 1.79 –0.05
964A-7H-3 66.48 2.09 –0.17
964A-7H-3 66.68 1.94 –0.38
964A-7H-3 66.86 2.22 –0.11
964D-7H-4 67.64 1.86 –0.46
964D-7H-4 67.84 1.35 –0.72
964D-7H-4 68.04 1.46 –0.46
964D-7H-4 68.26 1.34 0.03
964D-7H-4 68.26 1.29 –0.40
964D-7H-4 68.44 0.99 –1.03
964D-7H-4 68.62 1.65 –0.20
964D-7H-4 68.82 1.15 –0.31
964D-7H-5 68.92 1.12 –0.35
964D-7H-5 69.16 1.18 –0.48
964D-7H-5 69.20 1.33 –0.64
964D-7H-5 69.36 1.84 –0.72
964B-7H-2 69.52 2.18 –0.60
964B-7H-2 69.52 2.01 –0.82
964B-7H-2 69.72 1.83 –0.48
964B-7H-2 69.72 2.02 –0.68
964B-7H-2 69.92 2.01 0.04
964B-7H-2 70.12 1.90 –0.04
964B-7H-2 70.12 1.73 –0.15
964B-7H-2 70.30 1.49 –0.26
964B-7H-3 70.42 1.25 0.00
964B-7H-3 70.42 1.24 –0.16
964B-7H-3 70.42 1.34 –0.21
964B-7H-4 72.92 1.17 –0.37
964B-7H-4 73.12 1.62 –0.14
964B-7H-4 73.31 1.74 –0.34
964B-7H-5 73.43 1.31 –0.40
964B-7H-5 73.64 1.28 –0.50
964B-7H-5 73.64 1.36 –0.35
964B-7H-5 73.86 1.10 –0.61
964B-7H-5 73.86 1.31 –0.44
964E-4H-2 74.51 1.31 –0.38
964B-7H-5 74.51 1.06 –0.35
964B-7H-5 74.52 1.39 –0.06
964E-4H-2 75.17 1.01 –0.36
964E-4H-3 75.70 1.71 –0.81
964E-4H-3 75.91 1.55 –1.18
964E-4H-3 76.14 1.62 –0.50
964E-4H-3 76.32 1.51 0.41
964E-4H-3 76.52 1.28 0.50
964E-4H-3 76.73 1.45 0.09
964E-4H-4 77.62 1.67 –0.50
964E-4H-4 77.82 2.05 –0.60
964E-4H-4 78.01 1.24 –0.21
964E-4H-4 78.19 1.09 –0.23
964E-4H-4 78.37 0.88 –0.52
964E-4H-5 78.64 1.37 0.01
964E-4H-5 78.84 1.26 –0.28
964E-4H-5 79.20 1.80 0.10
964E-4H-5 79.37 1.58 –0.25
964E-4H-5 79.55 1.07 0.01
964E-4H-6 79.85 1.58 0.05
964E-4H-6 80.03 1.46 –0.45
964E-4H-6 80.21 1.54 –0.54
964C-8H-2 80.36 1.88 –0.25
964C-8H-2 80.52 1.39 0.40
964C-8H-2 80.69 1.05 –0.17
964C-8H-2 80.87 1.29 –0.13
964C-8H-2 81.04 1.66 0.38
964C-8H-2 81.20 1.72 0.97
964C-8H-3 81.68 1.20 –0.22
964C-8H-3 82.11 1.07 0.33
964C-8H-4 82.61 1.66 –0.34
964C-8H-4 82.80 1.21 0.74
964C-8H-4 82.97 1.59 0.25
964C-8H-4 83.15 1.81 –0.40
964C-8H-4 83.33 1.09 –0.29
964C-8H-4 83.51 1.52 0.17
964C-8H-4 83.70 1.10 –0.18
964C-8H-4 83.88 1.29 –0.34
964C-8H-4 83.88 1.10 –0.47
964C-8H-5 84.00 1.65 –0.89
964E-5H-2 84.33 2.04 –0.52
964E-5H-2 84.50 1.49 –0.23
964E-5H-2 84.74 1.51 –0.42
964E-5H-2 84.94 1.47 –0.59
964E-5H-2 85.32 1.95 –1.06
964E-5H-2 85.54 1.97 –0.91

Hole, core, 
section

Depth 
(rmcd)

δ18O
 (‰, PDB) 

δ13C
 (‰, PDB) 
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Table 5 (continued).
964E-5H-2 85.72 2.14 –0.37
964E-5H-3 86.32 1.69 –0.70
964E-5H-3 86.59 1.08 –0.59
964E-5H-3 87.06 1.32 0.07
964E-5H-3 87.27 1.42 –0.20
964E-5H-3 87.47 1.33 –0.53
964E-5H-4 87.59 1.18 –0.36
964E-5H-4 87.78 1.12 –0.70
964E-5H-4 87.98 0.85 –0.47
964C-9H-1 88.79 0.58 –1.12
964C-9H-1 89.02 1.33 –0.73
964C-9H-1 89.22 1.49 –0.53
964C-9H-1 89.42 1.57 0.14
964C-9H-1 89.62 1.63 –0.18
964C-9H-1 89.62 1.60 –0.41
964C-9H-1 89.80 1.15 –0.18
964C-9H-2 89.92 1.14 0.22
964C-9H-2 90.16 0.93 –0.31
964C-9H-2 90.32 1.28 –0.59
964C-9H-2 90.72 0.97 –0.39
964C-9H-2 90.92 0.86 –0.04
964C-9H-2 91.12 0.97 –0.73
964C-9H-2 91.30 1.53 –0.49
964C-9H-3 91.42 1.39 –0.67
964C-9H-3 91.62 1.19 –0.92
964C-9H-3 91.82 1.45 –0.29
964C-9H-3 92.02 1.15 –0.62
964C-9H-5 94.82 1.81 –0.32
964C-9H-5 95.04 1.60 –0.23
964C-9H-5 95.14 1.59 –0.47
964C-9H-5 95.28 1.14 0.08
964C-9H-5 97.27 0.88 –0.09
964C-9H-5 97.44 0.92 –0.13
964C-9H-6 97.55 1.29 0.15
964C-9H-6 97.75 1.35 0.40
964C-9H-6 98.09 0.58 0.54
964E-6H-2 98.38 1.51 0.60
964E-6H-2 98.38 1.50 0.52
964E-6H-2 98.47 1.47 0.42
964E-6H-2 98.60 1.53 0.46
964E-6H-2 98.83 1.11 0.14
964E-6H-2 98.83 1.39 0.12
964E-6H-2 99.04 0.83 –0.29
964E-6H-2 99.04 1.01 0.23
964E-6H-2 99.24 1.27 0.09
964E-6H-2 99.44 1.37 –0.21
964E-6H-2 99.44 1.40 –0.35
964E-6H-3 99.56 1.33 –0.29
964E-6H-3 99.79 1.17 –0.47
964E-6H-3 100.48 1.14 0.25
964E-6H-3 100.70 1.22 –0.95
964E-6H-3 100.86 1.02 –0.65
964E-6H-4 101.21 0.97 –0.22
964E-6H-4 101.42 0.84 –0.35
964E-6H-4 101.85 1.06 –0.77
964E-6H-4 102.09 0.74 –0.68
964E-6H-4 102.24 0.55 –0.29
964E-6H-4 102.56 1.08 –0.26
964E-6H-4 102.78 1.27 –0.36
964E-6H-4 102.78 1.16 –0.35
964E-6H-5 102.95 1.08 –0.79
964E-6H-5 103.43 0.82 –0.51

Hole, core, 
section

Depth 
(rmcd)

δ18O
 (‰, PDB) 

δ13C
 (‰, PDB) 
964E-6H-5 103.63 0.54 –0.79
964E-6H-5 104.04 0.90 –0.81
964E-6H-5 104.24 1.07 –0.45
964E-6H-5 104.42 0.73 –0.53
964E-6H-6 104.72 0.86 –0.40
964E-6H-6 104.96 0.61 –0.10
964E-6H-6 105.16 0.83 –0.39
964B-10-1 105.27 0.88 –0.68
964B-10H-1 105.27 0.69 –0.39
964B-10H-1 105.27 0.94 –0.21
964E-6H-6 105.40 0.92 –0.62
964E-6H-6 105.40 0.98 –0.43
964B-10H-1 105.46 0.90 –0.36
964B-10H-1 105.65 0.61 –0.80
964B-10H-1 105.84 0.95 –0.74
964B-10H-1 106.07 0.84 –0.72
964B-10H-3 108.30 0.77 –0.70
964B-10H-3 108.50 0.41 –0.67
964B-10H-3 108.91 0.45 –0.58
964B-10H-3 109.07 0.53 0.07
964B-10H-3 109.22 0.87 –0.34
964B-10H-3 109.40 0.66 –0.07
964B-10H-4 109.52 0.52 –0.34
964B-10H-4 109.92 0.72 –0.01
964B-10H-4 110.12 0.64 –0.24
964B-10H-4 110.32 0.56 –0.36
964B-10H-4 110.52 0.83 –0.27
964B-10H-4 110.52 0.54 –0.37
964B-10H-4 110.72 0.92 –0.30
964B-10H-4 110.90 1.03 –0.28
964B-10H-5 111.02 0.78 –0.05
964B-10H-5 111.22 0.84 –0.19
964B-10H-5 111.42 0.65 –0.39
964B-10H-5 111.62 0.86 –0.11
964B-10H-5 111.82 1.01 –0.20
964B-10H-5 112.03 0.96 –0.24
964B-10H-5 112.03 0.93 –0.37
964B-10H-5 112.24 1.11 –0.46
964B-10H-5 112.24 0.80 –0.47
964B-10H-5 112.41 0.96 –0.60
964B-10H-6 112.52 1.00 –0.29
964B-10H-6 112.70 0.84 –0.49
964A-10H-5 112.78 0.76 –0.61
964B-10H-6 112.88 0.86 –0.56
964A-10H-5 112.98 0.92 –0.62
964A-10H-5 113.16 1.25 –0.52
964B-10H-6 113.30 1.22 –0.70
964B-10H-6 113.49 1.15 –0.62
964B-10H-6 113.69 1.04 –0.30
964B-10H-6 113.91 1.05 –0.68
964B-10H-6 114.09 1.00 –0.34
964B-10H-6 114.29 0.83 –0.38
964D-11H-1 114.97 0.74 0.22
964D-11H-1 115.14 0.78 –0.41
964D-11H-1 115.52 0.93 –0.88
964D-11H-1 115.70 0.99 –0.62
964D-11H-1 115.95 1.00 –0.50
964D-11H-1 116.19 0.80 –0.25
964D-11H-2 117.16 0.85 –0.26
964D-12H-5 131.02 0.68 –0.44
964D-12H-5 131.17 0.80 –0.13

Hole, core, 
section

Depth 
(rmcd)

δ18O
 (‰, PDB) 

δ13C
 (‰, PDB) 
 in-
e

 or-
No overall long-term trends can be seen in the carbon isotope
records at Site 963 (Fig. 6) or Site 964 (Fig. 7). At both sites, fluctu-
ations between periods of isotopic enrichment and depletion can be
seen in the δ13C records of G. bulloides. The G. bulloides δ13C record
at Site 963 indicates that for at least the past 1.25 Ma, values have
been lower than those reported for this species in the present-day
Mediterranean (Fig. 6). This implies that the surface waters of the
Strait of Sicily have been either (1) more productive and/or nutrient
rich than the other sections of the Mediterranean or (2) that a shoaling
of a deeper water mass relatively rich in nutrients into the photic zone
and increased surface-water stratification occurred throughout most
of the last 1.5 m.y. at this site. However, the lower mean δ13C of G.
bulloides at Site 963 through this time period may also reflect the in-
creased input of isotopically lighter terrestrial organic matter into the
surface waters as a result of increased land-derived sedimentation at
this site. Vergnaud-Grazzini (1983) has noted that near continents,
the δ13C of the surface-water ΣCO2 is affected by runoff, which trans-
ports meteoric waters enriched in terrestrial compounds with low
δ13C values. This may also explain the apparent difference in the δ13C
of G. bulloides between the sites featured in this study, as the δ13C
values of this species at Site 963 are on the average lower than Site
964 (Table 7).

The difference between modern and fossil δ13C values of G. bul-
loides from Site 964 exhibits distinct patterns within two depth-time
intervals. Between 120 and 60 rmcd (~1.9 Ma), δ13C values are gen-
erally higher than the modern average, with lower values occurring
during the formation of sapropels (Fig. 7). Between 60 rmcd (~1.9
Ma) and the top of the Site 964 composite section (~0.18 Ma), G. bul-
loides exhibits a higher frequency of δ13C values lower than the mod-
ern-day average (Fig. 7). As in the preceding interval, minimum δ13C
values are generally associated with sapropels (see the following sec-
tion, “Sapropels,” for further discussion). This suggests that the
tensification of productivity through the input of nutrients into th
photic zone, surface-water stratification, and/or input of terrestrial
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ganic matter may have intensified as a result of climatic cooling dur-
ing the Pleistocene.

SAPROPELS

A distinguishing feature of the oxygen isotope records from Sites
963 and 964 is the relatively large excursions that are associated with
many of the sapropels at the sites. As discussed previously, these ex-
cursions (up to 3‰) have been previously observed by many wor

Figure 5. Site 964 oxygen isotope record of G. bulloides plotted vs. time.

Table 6. Site 964 oxygen isotope averages (G. bulloides).

Time interval
 (Ma)

Mean δ18O 
(‰) 

δ18O avg. 
deviation (‰) 

Recent-0.47 2.53 0.60
0.47-0.95 2.03 0.44
0.95-1.51 1.75 0.36
1.51-2.10 1.61 0.27
2.10-2.60 1.49 0.27
2.60-3.20 1.07 0.27
3.20-3.60 0.82 0.15
3.60-3.90 0.92 0.13
ers

(Emiliani, 1955, 1974; Williams et al., 1978; Vergnaud-Grazzin
al., 1977; Rossignol-Strick et al., 1982; Thunell et al., 1987; am
others) and have been attributed to the reduction of surface-wat
linities during sapropel formation rather than large increases in
face-water temperatures and decreasing ice volume (although c
sapropel intervals do not exhibit the characteristic large-ampli
decreases in the δ18O of G. bulloides). Oxygen isotope data for som
sapropels were unavailable because of lack of sample materia
therefore the record may not reflect the true signal in these case

The δ18O record of G. bulloides from Site 963 indicates that no
all reductions in surface-water salinities are accompanied by ev
of sapropel formation in the Strait of Sicily (Fig. 2). This is notew
thy, as the magnitude and (apparent) timing of the isotope anom
are strikingly similar to those observed at Site 964, which conta
higher frequency of sapropels with greater organic carbon con
(see Emeis, Robertson, Richter, et al., 1996, for Site 963 and Sit
sapropel data). This suggests that surface-water hydrography p
a different role in establishing the necessary surface-product
and/or bottom-water reducing conditions at the two sites. This in
pretation is reasonable, given that the difference in depth betwee
two sites is greater than 3 km.

The frequency of (known) sapropel occurrence at Site 963 
gressively decreases with decreasing age (Fig. 2). The highes

Figure 6. Site 963 carbon isotope record of G. bulloides plotted against com-
posite depth (mcd). The stratigraphic positions of the paleomagnetic rever-
sals are indicated on the right. The solid lines on the left mark the
stratigraphic positions of the sapropels. The shaded area represents the
present-day range of Mediterranean G. bulloides δ13C values.
177
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quency of sapropels was found below the approximate level of the
Cr.1r1 paleomagnetic event (0.98 Ma), after which a major cooling
event occurs. Only two sapropel events occur between the Brunhes/
Matuyama boundary and the last occurrence (LO) of the calcareous
nannofossil P. lacunosa (0.46 Ma) at 117 mcd. As previously dis-
cussed, the δ18O of G. bulloides at Site 963 indicates an additional
cooling phase in the Mediterranean that is associated with the domi-
nant 100-k.y. cycle of changes in global ice volume. The distribution
of sapropels within the Site 963 δ18O record of G. bulloides suggests
that there may be an inverse relationship between the intensity of gla-
ciations and the frequency of sapropel formation.

Figure 7. Site 964 carbon isotope record of G. bulloides plotted against
revised composite depth (rmcd). The solid lines on the left mark the strati-
graphic positions of the sapropels. The planktonic foraminiferal zonation
scheme is after Cita (1975). The shaded area represents the present-day range
of Mediterranean G. bulloides δ13C values.

Table 7. Mean δ13C values (G. bulloides). 

Site 963 Site 964

–1.13‰ –0.48‰
178
At Site 964, the magnitude of the δ18O anomalies associated with
sapropels generally increases with decreasing age (Fig. 5). This most
likely reflects how this site responded to changes in the global cli-
mate regime. The impact of glaciation most likely intensified the sea-
sonal contrasts in the local water balance as seen in the progressively
larger amplitude shifts in the δ18O of G. bulloides with decreasing
age.

As previously discussed, sapropels at Site 963 and Site 964 gen-
erally occur in intervals when δ13C values for G. bulloides are lower
than present day and most likely reflect increased surface-water strat-
ification and/or input of terrestrial organic matter or nutrients into
surface waters (Figs. 6, 7). However, this is not meant to imply that
sapropels are primarily the result of increased terrestrial organic mat-
ter into the Mediterranean. Previous studies (e.g., Sutherland et al.,
1984; Smith et al., 1986; ten Haven et al., 1987) and shipboard anal-
yses from this leg (Emeis, Robertson, Richter, et al., 1996) indicate
that the organic matter in sapropels is primarily from a marine source.
In addition, large increases in terrestrial organic carbon input would
have most likely been accompanied by increases in nonorganic ter-
rigenous sediments, thus resulting in the dilution of the organic car-
bon content. At Site 963, shipboard analyses of sapropels indicate the
presence of marine organic matter under a regime of high rates of
sedimentation (Emeis, Robertson, Richter, et al., 1996). Thunell et al.
(1990) conclude that the low δ13C values exhibited by planktonic for-
aminifers from sapropels argue against the idea that sapropels are en-
tirely the result of increased surface-water productivity (Calvert,
1983; Calvert et al., 1992). However, the organic carbon content of
sapropels reported by Emeis, Robertson, Richter, et al. (1996) from
Site 964 (up to 25%) would be difficult to achieve without a major
increase in productivity. In their study of the Bannock Basin, Eastern
Mediterranean Sea, Howell and Thunell (1992) concluded that the
presence of anoxic conditions alone, while sufficient to form sedi-
ments ≥2% organic carbon under current productivity levels, would
have been insufficient to form a sapropel of higher organic content
within a reasonable time frame. As shown in Figures 6 and 7, many
of the sapropels from Site 963 and most of the sapropels from Site
964 were formed during periods where the δ13C values of G. bul-
loides were lower than the present-day average of −0.7‰ to −0.6‰
reported in Vergnaud-Grazzini et al. (1990). Our data support 
concept that sapropels may have been formed during periods of
face-water stratification when shoaling of the nutricline into the ph
ic zone fostered increased primary production, while the stratificat
of the surface waters enabled this layer to reside at shallower de
resulting in decreased δ13C values of G. bulloides.

A comparison of organic carbon data from selected saprop
from Hole 964A does not exhibit any systematic relationship b
tween organic carbon richness and the δ13C of G. bulloides (Fig. 8).
In this study we conclude that the δ13C cannot solely be used to esti
mate the magnitude of productivity increases and/or organic car
sedimentation rates. However, isotopic analyses of other specie
conjunction with G. bulloides may provide a more definitive assess
ment of these parameters.

No specific age assignments have been established for the 
963 or Site 964 sapropels. At Site 964, linear interpolation of datu
<0.78 Ma yields sapropel ages that are significantly different th
those previously observed in the Mediterranean (e.g., Ryan, 19
Lourens et al., 1996). As previously mentioned, the age models
both sites will require further revision before sapropel ages can be
curately determined.

CONCLUSIONS

An isotope stratigraphy based on analyses of G. bulloides has
been developed for ODP Sites 963 and 964. The isotope records 
both sites provide an excellent record of major climate changes in
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Mediterranean. These changes were driven by global increases in ice
volume and decreasing temperatures. The regional impact of these
events can be seen in the high (glacial-interglacial) amplitude of the
oxygen isotope records from both sites, which reflect reductions in
Mediterranean surface-water salinities resulting from changes in the
rates of evaporation/precipitation and fluvial runoff within the re-
gion. The formation of organic-rich sapropels is linked to these
changes in the regional water budget, and the changes in surface-
water hydrography are associated with the development of bottom-
water anoxia and/or enhanced productivity.
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