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ABSTRACT 

Planktonic foraminiferal oxygen and carbon isotope analyses from Tyrrhenian Sea Ocean Drilling Program (ODP) 
Site 653 provide a continuous record of the Pliocene-Pleistocene paleoceanographic history of the Mediterranean. 
Long-term trends in oxygen isotopes primarily reflect changes in global climatic conditions, with a more local or re
gional signal superimposed on this record. For example, significant enrichments in 180 due to decreases in surface water 
temperature and/or increases in continental ice volume occurred at 3.1, 2.7, 2.1, 1.6, and 0.4 Ma. 

In contrast to most open-ocean results, the early Pliocene 6lsO record of Site 653 exhibits high-amplitude fluctua
tions indicative of very unstable climatic conditions in this region. Another unique aspect of this Mediterranean 6180 
record is the pronounced cooling at the Pliocene/Pleistocene boundary. The carbon isotope record for Site 653 also ex
hibits high-amplitude variability throughout the Pliocene-Pleistocene. This variability most probably reflects changes in 
the carbon isotopic composition of the source of Mediterranean surface waters. 

INTRODUCTION 

Despite two previous Deep Sea Drilling Project (DSDP) legs 
in the Mediterranean Sea (Legs 13 and 42A), only a very general 
picture exists regarding the post-Messinian paleoenvironmental 
history of this region. This is due largely to poor core recovery 
and sediment mixing caused by rotary drilling. Ocean Drilling 
Program (ODP) Site 653 in the Tyrrhenian Sea was hydraulically 
piston cored in an attempt to rectify this situation. One of the 
primary scientific objectives of this site was to collect a continu
ous Pliocene-Pleistocene pelagic sequence that would serve as a 
deep-sea type section for both stratigraphic and paleoenviron
mental studies, and also provide a basis for correlating the deep-
sea and land-based marine records of the Mediterranean region. 

Prior to ODP Leg 107, DSDP Site 132 from the Tyrrhenian 
Basin represented the most complete Pliocene-Pleistocene record 
available for the Mediterranean. Micropaleontological (Ciaranfi 
and Cita, 1973; Thunell, 1979), sedimentological (Chamley, 1975) 
and stable isotopic studies (Keigwin and Thunell, 1979; Thunell 
and Williams, 1983a) of this site have contributed significantly 
to our understanding of the paleoclimatic and paleoceanographic 
evolution of this region. In particular, the oxygen isotopic study 
of Thunell and Williams (1983a) documented the response of 
the Mediterranean Sea to major global climatic changes at ap
proximately 3.2 Ma and 2.4 Ma. With the exception of numer
ous isotopic studies of upper Pleistocene piston core material 
(Vergnaud-Grazzini, 1975; Vergnaud-Grazzini et al., 1977 and 
1986; Thunell et al., 1977; Thunell and Williams, 1983b; Buck
ley et al., 1982), there have been relatively few isotopic studies 
of the longer term Pliocene-Pleistocene history of the Mediter
ranean. Vergnaud-Grazzini (1983, 1985) has reported data for 
several early Pliocene samples from Mediterranean DSDP Sites 
134, 374 and 375, while Thunell et al. (1985) and Van der 
Zwaan and Gudjonsson (1986) have presented oxygen isotopic 
records for the Pliocene land-based marine sequence from the 
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Capo Rossello region of southern Sicily. These latter two studies 
were significant in that they demonstrated the potential of such 
land-based sections for paleoenvironmental reconstructions. 

In this paper we present Pliocene-Pleistocene oxygen and 
carbon stable isotopic records for ODP Site 653 from the Tyr
rhenian Sea, and use these records to evaluate the paleoceano
graphic evolution of the Mediterranean during the last 5 m.y. 
The semi-isolated nature of the Mediterranean Sea combined 
with the prevailing climatic regime (evaporation exceeds precipi
tation) are responsible for the present day lagoonal circulation 
(inflow at surface and outflow at depth). It is important to un
derstand how and when this hydrographic regime was estab
lished. Specifically, we will consider three important problems 
pertaining to the paleoceanographic history of the Mediterra
nean: (1) the nature of marine conditions reestablished in the 
earliest Pliocene following the Messinian salinity crisis; (2) changes 
in water exchange with the Atlantic through time; and (3) the 
importance of global climatic events in regulating oceanographic 
conditions within the Mediterranean. 

METHODS 
ODP Site 653 is located in the western Tyrrhenian Sea (40°15'N, 

11°26'E; 2820 m water depth) close to DSDP Site 132. The present 
study is based primarily on material recovered from Hole 65 3A (Cores 
107-653A-1H through -23X) which contained 196 m (93% recovery) of 
Pliocene-Pleistocene nannofossil ooze (Mascle et al., this volume). In 
addition, Core 107-653B-23X was studied in order to provide better cov
erage of the basal Pliocene. 

Stable isotope analyses were carried out following the procedures de
scribed in Williams et al. (1977). All samples were analyzed using a VG 
Isogas Sira 24 isotope ratio mass spectrometer and the data are pre
sented in delta notation (5) with respect to the PDB standard. Orbulina 
universa was selected for analysis because it was stratigraphically the 
most continuous species. Specimens of O. universa from the 355-425 
/*m size fraction were analyzed from all samples except those from Core 
107-653A-1H. Within this core, O. universa was absent and specimens 
of Globigerina bulloides were substituted. 

Calcium carbonate content was determined for the earliest Pliocene 
interval of Site 653 (Cores 107-65 3A-23X and -653B-23X) using a gaso-
metric technique similar to that described in Jones and Kaiteris (1983). 

STRATIGRAPHY A N D BIOCHRONOLOGY 
Planktonic foraminifers and calcareous nannoplankton have 

been used to subdivide biostratigraphically the sequence from 
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Site 653. Several different planktonic foraminiferal (Cita, 1975; 
Spaak, 1983) and nannofossil zonations (Martini, 1971; Raffi 
and Rio, 1979; Okada and Bukry, 1980) are commonly used for 
Pliocene-Pleistocene material from the Mediterranean, provid
ing good stratigraphic resolution. In addition, the recent studies 
of Rio et al. (1984 and in press), Zijderveld et al. (1986), Hilgen 
(1987) and Channell et al. (this volume) have calibrated the vari
ous biostratigraphic events used in these zonations to an abso
lute time scale, thus establishing a biochronologic framework 
for the Pliocene-Pleistocene of the Mediterranean. In the present 
study we are using the recently proposed age of approximately 
4.84 Ma for the Miocene/Pliocene boundary (Zijderveld et al., 

Table 1. Calcareous plankton biostratigraphic datum levels iden
tified in Site 653. 

Datum 

FO E. huxleyi 
FO P. lacunosa 
Base of small Gephyrocapsa 
Base of large Gephyrocapsa 
LO G. oceanica 
LO D. brouweri 
FO G. inflata 
LO D. pentaradiatus 
LO D. tamalis 
FO G. bononiensis 
LO R. pseudoumbilica 
FO D. assymetricus 
FO G. puncticulata 
FO G. margaritae 

Depth 
(mbsf) 

15.6 
29.12 
64.97 
73.80 
85.50 
88.70 
98.60 

111.49 
119.22 
138.80 
156.60 
169.90 
186.20 
209.60 

Age 
(Ma) 

0.26 
0.46 
1.10 
1.32 
1.62 
1.89 
1.99 
2.41 
2.60 
3.03 
3.56 
3.84 
4.15 
4.66 

Reference 

Thierstein et al. (1977) 
Thierstein et al. (1977) 
Rio et al. (in press) 
Rio et al. (in press) 
Rio et al. (in press) 
Rio et al. (in press) 
Hilgen (1987) 
Rio et al. (1984) 
Rio et al. (1984) 
Hilgen (1987) 
Rio et al. (in press) 
Rio et al. (in press) 
Channell et al., 1988 
Channell et al., 1988 

Note: FO = first occurrence and LO = last occurrence. 

1986; Thunell et al. 1987; Channell et al., 1988). According to 
these studies the Miocene/Pliocene boundary is positioned 
within the lowermost reversed interval of the Gilbert chron, just 
below the Thvera subchron. This age is considerably younger 
than the 5.3 Ma assigned to the boundary by Berggren et al. 
(1985). 

The calcareous plankton biostratigraphic events recognized 
in Site 653, and their associated ages, are listed in Table 1. An 
age vs. depth plot of these datum levels indicates that Site 653 
contains a very complete Pliocene-Pleistocene sequence (Fig. 1). 
Sedimentation rates average approximately 42 m/m.y. below the 
Calcidiscus macintyrei last occurrence (1.45 Ma) and increase to 
an average of 60 m/m.y. above this datum. 

RESULTS 
The oxygen and carbon isotopic data for Site 653 are listed in 

Table 2 and plotted to depth in Figure 2. An examination of the 
6180 record (Fig. 2) reveals a number of very distinctive features: 

1. A long-term enrichment of nearly 3%o occurs from the 
base of the Pliocene to the top of the Pleistocene. Early Plio
cene 5160 values fluctuate between 0 and - 2%o, while late Pleis
tocene values vary from l%o to 3%o. 

2. The lower Pliocene (below 160 m) is characterized by 
high-amplitude (2%0-3%o), long-period (200,000-300,000-year) 
fluctuations. 

3. The 2%o enrichment at 140 m results in a shift to generally 
heavier values above this depth. 

4. A 2%o enrichment occurs across the Pliocene-Pleistocene 
boundary (~ 83 m), and glacial values above this level are con
sistently 1.0%o heavier than those below. 

250 n 

G. puncticulata f.o. 

D. asymetricus fa 
R. pseudoumbilica lo. 

G. bononiensis fa 

G. margaritae f.o. 

D. tamalis lo. 
D. pentaradiatus lo. 

G. inflata fo. 
D. brouweri lo. 

Base large Gephyrocapsa 
Base small Gephyrocapsa 

P. lacunosa lo. 
E. huxleyi lo 

T — i — i — i — | — i — i — i — r 
0.0 1.0 2.0 

i — i — i — i — i — i — i — i — i — i — i — i — i — i 
3.0 4.0 5.0 

Time (Ma) 
Figure 1. Age vs. depth plot for ODP Site 653. The biostratigraphic datum levels used to construct this plot are indicated. The depths and 
ages of each datum are given in Table 1. 
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Table 2. Site 653 stable isotope data. Table 2 (continued). Table 2 (continued). 

Core, section, 
interval (cm) 

107-653A-3 

1H-1, 60 
1H-1, 101 
1H-1, 120 
1H-2, 25 
1H-2, 100 
1H-2, 120 
1H-3, 25 

107-653A-b 

2H-1, 25 
2H-1, 
2H-1, 
2H-2, 
2H-2, 
2H-2, 
2H-3, 
2H-4, 
2H-4, 
2H-5 
2H-5 
2H-6 
2H-6 
3H-1 
3H-1 
3H-2 
3H-2 
3H-3 
3H-3 
3H-4 
3H-4 
3H-5 
3H-5 
3H-6 
3H-6 
4H-1 
4H-1 
4H-2 
4H-2 
4H-3 
4H-3 
4H-4 
4H-4 
4H-5 
4H-5 
4H-6 
5H-1 
5H-2 
5H-2 
5H-3 
5H-3 
5H-4 
5H-4 
5H-5 
5H-5 
5H-6 
5H-7 
6H-1 
6H-2 
6H-3 
6H-3 
6H-4 
6H-5 
6H-5 
6H-6 
7H-1 
7H-1 
7H-2 
7H-2 
7H-3 
7H-3 
7H-4 
7H-4 
7H-5 
7H-5 
7H-6 
7H-6 

60 
118 
25 
60 
99 
60 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
120 
120 
60 
118 
60 
120 
60 
120 
60 
114 
60 
60 
60 
60 
60 
120 
60 
62 
120 
62 
56 
120 
60 

, 120 
, 60 
, 120 
,65 
, 120 
, 60 
, 120 
, 59 
, 120 

Depth 
(mbsf) 

0.60 
1.01 
1.20 
1.75 
2.50 
2.70 
3.25 

3.95 
4.30 
4.88 
5.45 
5.80 
6.19 
7.30 
8.80 
9.40 

10.30 
10.90 
11.80 
12.40 
13.80 
14.40 
15.30 
15.90 
16.80 
17.40 
18.30 
18.90 
19.80 
20.40 
21.30 
21.90 
23.30 
23.90 
24.80 
25.40 
26.30 
26.90 
27.80 
28.40 
29.30 
29.90 
31.40 
33.40 
34.30 
34.88 
35.80 
36.40 
37.30 
37.90 
38.80 
39.34 
40.30 
41.80 
42.20 
43.70 
45.20 
45.80 
46.70 
48.22 
48.80 
49.72 
51.56 
52.20 
53.10 
53.70 
54.60 
55.20 
56.15 
56.70 
57.60 
58.20 
59.09 
59.70 

5 l sO 

2.24 
3.31 
2.82 
3.38 
2.03 
2.69 
3.03 

1.10 
1.44 
1.74 
0.70 
1.57 

-0 .36 
2.94 
2.70 
0.61 
2.24 
2.02 
0.51 
0.95 
2.07 
1.96 
2.66 
1.18 
1.76 
0.65 
0.12 
1.46 
1.57 
1.71 
0.43 
1.03 
1.22 
1.08 
1.03 
0.47 
0.48 
0.55 
0.61 
0.66 
2.21 
0.64 
1.01 
1.16 
0.35 
0.18 
1.15 
0.52 

-1 .95 
0.85 
0.70 
1.21 

-0 .53 
-0 .41 

1.39 
0.59 
1.36 
0.58 
0.24 
0.76 
0.48 
0.43 
0.82 
1.23 
1.52 
1.06 
1.41 
0.93 
0.53 
0.47 

-0 .96 
-0 .29 

1.19 
0.35 

513C 

-0 .57 
-1 .16 
-1 .67 
-0 .97 
-1 .74 
-1 .19 
-0 .06 

1.30 
1.84 
2.05 
0.73 
1.37 
0.52 
1.68 
1.48 
1.25 
1.64 
1.48 
1.57 
1.31 
1.83 
1.29 
1.36 
1.66 
2.04 
1.50 
1.16 
1.14 
1.19 
1.19 

-0 .02 
1.30 
1.45 
1.70 
1.18 
1.59 
1.04 
0.90 
0.75 
0.66 
1.38 
1.84 
1.22 
1.12 
2.10 
1.31 
1.61 
0.92 
0.47 
1.11 
1.58 
1.36 
0.40 
0.66 
0.95 
0.91 
1.09 
0.80 
1.48 
1.33 
1.47 
1.27 
1.30 
1.64 
1.10 
0.91 
0.84 
1.37 
0.72 
1.08 
0.69 

-0 .61 
1.29 
0.43 

Core, section, 
interval (cm) 

Depth 
(mbsf) 

107-653A-b (Cont.) 

7H-7, 60 
8H-1, 122 
8H-2, 60 
8H-2, 120 
8H-3, 60 
8H-3, 120 
8H-4, 58 
8H-4, 120 
8H-5, 60 
8H-5, 118 
8H-6, 60 
8H-6, 120 
9H-1, 60 
9H-1, 120 
9H-2, 60 
9H-2, 120 
9H-3, 60 
9H-3, 120 
9H-4, 60 
9H-4, 120 
9H-5, 60 
9H-5, 120 
9H-6, 60 
9H-6, 120 
9H-7, 60 
10H-1, 60 
10H-1 
10H-2 
10H-2 
10H-3 
10H-3 
10H-4 
10H-4 
10H-5 
10H-5 
10H-6 
10H-6 
11H-1 
11H-1 
11H-2 
11H-2 
11H-3 
11H-3 
11H-4 
11H-4 
11H-5 
11H-5 
11H-6 
11H-6 
12H-1 
12H-1 
12H-2 
12H-2 
12H-3 
12H-4 
12H-4 
12H-5 
12H-5 
12H-6 
13H-1 
13H-2 
13H-2 
13H-3 
13H-3 
13H-4 
13H-4 
13H-5 
13H-5 
13H-6 
13X-6 
14X-1 
14X-1 
14X-2 
14X-2 
14X-3 
14X-3 

120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
60 
120 
56 
120 
56 
120 
56 
120 
56 
120 
60 
124 
60 
119 
60 
60 
120 
60 
120 
60 
120 
60 
120 
58 
120 

, 58 
, 120 
, 58 

120 
58 
120 
60 
120 
60 
120 
60 
120 

60.60 
61.72 
62.60 
63.20 
64.10 
64.70 
65.58 
66.20 
67.10 
67.68 
68.60 
69.20 
70.60 
71.20 
72.10 
72.70 
73.60 
74.20 
75.10 
75.70 
76.60 
77.20 
78.10 
78.70 
79.60 
80.20 
80.80 
81.70 
82.30 
83.20 
83.80 
84.70 
85.30 
86.20 
86.80 
87.70 
88.30 
89.60 
90.20 
91.10 
91.70 
92.56 
93.20 
94.06 
94.70 
95.56 
96.20 
97.06 
97.70 
98.80 
99.44 

100.30 
100.89 
101.80 
103.30 
103.90 
104.80 
105.40 
106.30 
108.90 
109.80 
110.40 
111.28 
111.90 
112.78 
113.40 
114.28 
114.90 
115.78 
116.40 
117.90 
118.50 
119.40 
120.00 
120.90 
121.50 

5 1 8 0 

-0 .20 
1.72 

-0 .28 
-1 .84 

0.67 
0.84 
0.45 
0.05 

-2 .38 
-0 .34 

0.36 
0.32 
0.15 
0.05 
0.16 
0.44 
1.13 
0.11 
1.31 
1.78 
0.34 
1.03 
1.11 
0.75 
0.07 
1.83 
0.26 
1.57 
1.03 
1.06 
0.60 

-0 .36 
0.14 

-0 .24 
-0 .54 
-0 .01 
-0 .04 

0.31 
-1 .09 

0.54 
0.15 
0.11 
0.21 

-0 .10 
0.67 

-1 .08 
-0 .43 
-0 .13 
-0 .32 
-0 .71 

0.90 
-1 .27 
-0 .72 
-1 .18 
-0 .66 
-1 .07 
-0 .34 
-1 .10 
-1 .32 
-1 .15 

1.49 
-0 .14 

1.03 
0.21 

-0 .10 
0.15 
0.59 
0.15 

-0 .25 
-0 .25 
-0 .01 
-0 .02 
-0 .51 

0.07 
-0 .01 

0.45 

513C 

0.43 
0.89 

-0 .06 
-1 .24 

1.48 
1.54 
0.67 
1.07 

-0 .86 
0.22 
0.93 
0.64 
0.41 
1.27 
1.02 
0.81 
1.29 
1.65 
1.46 
0.85 
1.25 
0.71 
1.31 
1.44 
0.83 
1.33 
0.54 
1.02 
1.48 
1.28 
1.06 
1.24 
1.21 
0.23 
0.26 
1.05 
0.68 
0.90 

-0 .27 
0.69 
0.67 
0.75 
1.27 
1.28 
1.62 
1.48 
1.34 
1.04 
0.92 
1.04 
0.89 
1.20 
0.59 
0.34 
0.17 
0.78 
0.82 
1.20 
1.19 
0.81 
1.27 
1.03 
1.26 
0.60 
1.18 
1.31 
1.49 
1.77 
1.04 
0.61 
1.11 
1.23 
0.65 
1.39 
1.12 
1.31 

Core, section, 
interval (cm) 

Depth 
(mbsf) 

107-653A-b (Cont.) 

14X-4, 60 
14X-4, 120 
14X-5, 60 
14X-5, 120 
14X-6, 60 
14X-6, 120 
15X-1, 60 
15X-1, 120 
15X-2, 60 
15X-2, 120 
16X-1, 60 
16X-1, 120 
16X-2, 60 
16X-2, 120 
16X-3, 60 
16X-3, 120 
16X-4, 60 
16X-4, 120 
16X-5, 60 
16X-5, 118 
16X-6, 60 
17X-1, 60 
17X-1, 120 
17X-2, 60 
17X-2, 120 
17X-3, 60 
17X-3, 120 
17X-4, 120 
17X-5, 60 
17X-5, 120 
17X-6, 60 
18X-1, 60 
18X-1, 120 
18X-2, 60 
18X-2, 120 
18X-3, 60 
18X-3, 120 
18X-4, 60 
18X-4, 120 
18X-5, 60 
18X-5, 120 
18X-6, 60 
19X-1, 60 
19X-1, 120 
19X-2, 60 
19X-2, 120 
19X-3, 63 
19X-3, 120 
19X-4, 60 
19X-5, 60 
19X-5, 120 
20X-1, 60 
20X-1, 120 
20X-2, 60 
20X-2, 120 
20X-3, 60 
20X-3, 120 
20X-4, 60 
20X-4, 120 
20X-5, 60 
20X-5, 120 
21X-1, 60 
21X-1, 120 
21X-2, 120 
21X-3, 60 
21X-3, 120 
21X-4, 60 
21X-4, 120 
21X-5, 60 
21X-5, 120 
22X-1, 60 
22X-1, 120 
22X-2, 60 
22X-2, 120 
22X-3, 60 
22X-3, 120 

122.40 
123.00 
123.90 
124.50 
125.40 
126.00 
127.20 
127.80 
128.70 
129.30 
136.70 
137.30 
138.20 
138.80 
139.70 
140.30 
141.20 
141.80 
142.70 
143.28 
144.20 
146.20 
146.80 
147.70 
148.30 
149.20 
149.80 
151.30 
152.20 
152.80 
153.70 
155.80 
156.40 
157.30 
157.90 
158.80 
159.40 
160.30 
160.90 
161.80 
162.40 
163.30 
164.70 
165.30 
166.20 
166.80 
167.73 
168.30 
169.20 
170.70 
171.30 
174.30 
174.90 
175.80 
176.40 
177.30 
177.90 
178.80 
179.40 
180.30 
180.90 
183.80 
184.40 
185.90 
186.80 
187.40 
188.30 
188.90 
189.80 
190.40 
193.50 
194.10 
195.00 
195.60 
196.50 
197.10 

5 l sO 

-0 .24 
-0 .98 
-0 .60 
-1 .36 
-1 .08 

0.14 
0.07 

-0 .58 
0.28 

-0 .17 
0.02 

-0 .14 
0.68 
0.59 

-0 .22 
-0 .14 
-1 .51 
-1 .27 
-0 .10 
-1 .70 
-0 .85 
-0 .44 
-1 .54 
-0 .94 
-0.45 
-1 .85 

0.57 
-1 .34 
-1 .21 

0.03 
-1 .26 
-1 .96 
-1 .37 
-1 .11 
-1 .03 
-0 .90 
-1 .79 
-1 .24 
-0 .64 
-1 .88 
-0 .74 
-0 .65 
-1 .26 
-0 .12 

0.04 
-1 .71 
-0 .99 
-0 .10 

0.38 
-0 .29 
-0 .12 
-2 .36 
-1 .21 
-0 .61 
-1 .82 
-0 .12 
-1 .30 
-0 .50 

0.08 
-0 .62 

0.03 
0.58 

-1 .48 
-0 .90 

0.19 
0.15 

-1 .00 
-0 .24 
-1 .26 
-1 .07 

0.38 
-0 .80 
-0 .31 
-1 .45 
-1 .49 
-1 .52 

513C 

0.80 
0.59 
0.69 
1.02 
0.71 
1.34 
1.26 
0.70 
1.37 
1.13 
1.02 
0.58 
0.74 
0.55 
0.33 
0.77 
0.16 
1.01 
1.15 
1.10 
0.83 
1.43 
0.36 
1.53 
1.46 
0.62 
1.21 
0.68 
0.22 
1.09 
0.51 
0.22 
0.42 
1.01 
1.01 
0.86 
0.91 
1.30 
0.96 
0.98 
1.29 
1.38 
1.16 
1.61 
0.68 
0.45 

-0 .63 
1.79 
2.11 
1.25 
1.36 
0.76 
1.30 
0.72 
0.16 
0.81 
0.83 
0.64 
0.92 
0.28 
0.74 
1.51 
1.34 
1.04 
1.24 
1.54 

-0 .08 
0.86 
0.45 
0.48 
1.34 
0.92 
1.18 
1.30 
1.00 
0.13 
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Table 2 (continued). 

Core, section, 
interval (cm) 

Depth 
(mbsf) 

107-653A-b (Cont.) 

22X-4, 64 
22X-4 
23X-1 
23X-1 
23X-1 
23X-1 
23X-2 
23X-2 
23X-2 
23X-2 
23X-3 
23X-3 
23X-3 
23X-3 
23X-4 
23X-4 
23X-4 
23X-4 
23X-5 
23X-5 
23X-5 
23X-5 
23X-6 
23X-6 
23X-6 
23X-6 
23X-7 

120 
25 
60 
100 
120 
25 
60 
100 
120 
25 
60 
100 
120 
25 
60 
100 
120 
25 
60 
100 
120 
25 
60 
100 
120 
25 

107-653B-b 

23X-1, 15 
23X-1 
23X-1 
23X-1 
23X-1 
23X-1 
23X-2 
23X-2 
23X-2 
23X-2 
23X-2 
23X-2 
23X-2 
23X-3 
23X-3 
23X-3 
23X-3 
23X-3 
23X-3 
23X-4 
23X-4 
23X-4 
23X-4 
23X-4 
23X-4 
23X-4 
23X-5 
23X-5 
23X-5 
23X-5 

25 
60 
75 
120 
146 
15 
25 
60 
75 
100 
120 
146 
15 
25 
60 
75 
100 
120 
15 
25 
60 
75 
100 
120 
146 
15 
25 
60 
75 

a Data from G. 
b Data fro m O. 

198.04 
198.60 
202.65 
203.00 
203.40 
203.60 
204.15 
204.50 
204.90 
205.10 
205.65 
206.00 
206.40 
206.60 
207.15 
207.50 
207.90 
208.10 
208.65 
209.00 
209.40 
209.60 
210.15 
210.50 
210.90 
211.10 
211.65 

206.85 
206.95 
207.30 
207.45 
207.90 
208.16 
208.35 
208.45 
208.80 
208.95 
209.20 
209.40 
209.66 
209.85 
209.95 
210.30 
210.45 
210.70 
210.90 
211.35 
211.45 
211.80 
211.95 
212.20 
212.40 
212.66 
212.85 
212.95 
213.30 
213.45 

bulloides. 
universa. 

51 80 

-0 .60 
-1 .05 

0.26 
-0 .26 

0.24 
0.07 

-0 .13 
-0 .76 
-0 .48 
-0 .88 
-0 .17 
-0 .58 
-0 .23 
-0 .74 
-0.55 
-0 .47 
-0 .86 
-2 .47 
-1.05 
-1 .07 
-1 .87 
-0 .26 
-0 .88 
-1 .31 
-0 .01 
-1 .17 
-2.05 

-0 .72 
-1 .08 
-0.77 

0.25 
-0 .02 
-0 .72 

0.62 
0.39 

-0 .68 
0.42 

-0 .54 
-1 .07 

0.34 
0.09 

-0 .66 
-0 .57 

0.59 
0.22 

-1 .30 
-0 .44 

0.36 
-0 .64 
-0 .05 

1.07 
-0 .82 
-1 .42 

0.07 
-1 .64 
-1 .00 
-1 .58 

513C 

0.23 
1.44 
1.43 
0.45 
0.65 
0.29 
1.11 
0.25 
1.15 
1.07 
0.85 
0.68 
1.56 
1.66 
0.12 
0.10 
0.91 
0.27 

-0 .74 
0.97 

-0 .20 
1.59 

-0 .19 
0.84 
1.38 
1.09 

-1 .25 

1.31 
1.32 
0.92 
2.38 
0.05 
1.43 
1.61 
0.94 
0.94 
2.21 
2.06 
1.32 
0.57 
0.46 
1.17 
0.61 
1.14 
1.37 
0.99 

1.3 
1.54 
1.29 
1.14 
1.87 
1.55 
0.96 
1.05 
1.65 
0.49 
1.28 

5. Pleistocene sapropels (indicated by " S " in Fig. 2) are 
marked by anomalously low 5180 values ( — 0.5%o to -2.4%o). 

6. A 2.5%o enrichment centered at approximately 17 m (up
per Pleistocene) results in another shift to heavier glacial values. 
The glacial/interglacial 5180 amplitude in this interval is ap
proximately 2.5%o. 

The major features of the Pliocene-Pleistocene S13C record 
for Site 653 (Fig. 2) are as follows: 

1. The entire record is marked by considerable amplitude 
variability, but no distinctive long-term change. A possible ex
ception to this observation is the slight trend to heavier values in 
the upper 50 m. 

2. Sapropels are typically characterized by low 513C values 
(-1.0%o). 

DISCUSSION 
In order to facilitate a discussion of the data in terms of the 

Pliocene-Pleistocene paleoenvironmental history of the Medi
terranean, the isotope records have been plotted with respect to 
time (Fig. 3) using the biostratigraphic datum levels and ages 
listed in Table 1. Data from the sapropel samples have been 
eliminated in order to preclude possible distortion of the funda
mental patterns. The discussion of the isotope records is pre
sented in chronologic order beginning with the long-term trends 
and followed by an evaluation of specific time intervals from the 
earliest Pliocene through the late Pleistocene. 

Long-Term Trends in Oxygen and Carbon Isotopes 
The most distinctive feature of the Site 653 5180 record is the 

long-term trend to heavier values with decreasing age, over the 
last 2.5 Ma (Fig. 3). This pattern has been previously recognized 
in Mediterranean oxygen isotope records (Keigwin and Thunell, 
1979; Thunell and Williams, 1983a). A comparison of a smoothed 
Site 653 record with that for DSDP Site 132 reveals very strong 
similarities in both large and small scale features (Fig. 4). In 
both Site 132 and Site 653 there is an enrichment of about 2.5%o 
from the basal Pliocene to the upper Pleistocene. This trend is 
not unique to the Mediterranean, but rather reflects global cli
matic change that has been reported from all of the major 
ocean basins (Shackleton and Opdyke, 1977; Keigwin, 1979, 
1982 and 1987; Shackleton and Cita, 1979; Prell, 1982; Shackle
ton et al., 1984; Ruddiman et al., 1987). The long-term trend to 
heavier <5180 values, particularly above 2.5 Ma, can be attrib
uted to periodic increases in the size of Northern Hemisphere 
ice sheets. 

The 513C of O. universa (Figs. 2 and 3) is considered to be a 
measure of the EC02 of near-surface waters (Williams et al., 
1977; Berger et al., 1978; Shackleton and Vincent, 1978). Anal
yses of O. universa (350-400 /xm size fraction) from western 
Mediterranean plankton tows (upper 200 m) and surface sedi
ments yield an average 513C of 1.42%0 (Table 3). This value is in 
good agreement with the value of 1.5%o obtained for the EC02 
of western Mediterranean surface waters (Duplessy, 1972) which 
is controlled by the carbon isotopic composition of surface wa
ters entering the Mediterranean from the Atlantic. The modern 
Mediterranean is somewhat unique in that there is virtually no 
surface-to-bottom 613C gradient (Duplessy, 1972; Vergnaud-Graz-
zini, 1983). This is due to the fact that Mediterranean bottom 
waters are derived from Mediterranean surface waters, and that 
the residence time of these bottom waters is relatively short (ap
proximately 100 years; Lacombe et al., 1981). The short resi
dence time combined with the oligotrophic nature of Mediterra
nean surface waters, prevents Mediterranean deep waters from 
becoming enriched in 13C-depleted C0 2 . In contrast, the adja
cent North Atlantic presently has a surface to bottom 513C gra
dient of about 1.0%o (Kroopnick, 1985). 

The Pliocene-Pleistocene 513C record for Site 653 is charac
terized by fairly large amplitude oscillations, with values pri
marily fluctuating between 0.0 and 1.5%o (Fig. 3). The upper 
end of this range corresponds to the present day 513C value of 
western Mediterranean surface waters (Duplessy, 1972), indicat
ing that in the past surface waters were commonly much lighter 
than at present. The variability in 513C through time at Site 653 
may document changes in the carbon isotopic composition of 
North Atlantic surface waters that enter the Mediterranean, or 
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Figure 2. Site 653 oxygen and carbon isotopic data for the planktonic foraminifer Orbulina universa plotted vs. depth. The position of sapropel 
samples are indicated by an "S." All data are listed in Table 2. 

it may reflect a more fundamental change in the pattern of water 
exchange between the Mediterranean and the Atlantic (Thunell et 
al., 1987). In the latter situation, there may have been times dur
ing the Pliocene-Pleistocene when the Mediterranean had a pos
itive water budget (inflow at depth and outflow at the surface). 

The Basal Pliocene—Restoration of Open Marine 
Conditions 

The sharp lithologic contact between Messinian evaporites 
and Zanclean deep-sea marls that typifies the Miocene/Pliocene 
boundary in the Mediterranean region is an obvious conse
quence of a sudden and major change in paleoenvironmental 
conditions. The isolation and desiccation of the Mediterranean 
during latest Miocene time and the resultant accumulation of 
massive evaporite deposits are topics that have generated a great 

deal of interest and controversy (Cita and Ryan, 1973; Adams et 
al., 1977; Hsu et al., 1977; Van Couvering et al., 1976; among 
others). An equally intriguing and important problem is the res
toration of open marine conditions in the Mediterranean at the 
beginning of the Pliocene. Unfortunately, most lower Pliocene 
(biozone MPL1 of Cita, 1975) stratigraphic sequences from the 
Mediterranean, both on land and from the deep sea, are marked 
by a hiatus with the basal Pliocene being absent (Sprovieri, 
1976). 

The Site 653 sedimentary sequence appears to contain a rela
tively complete MPL1 interval and should provide insight into 
the paleoenvironment that existed as marine conditions were re
established in the Mediterranean. Oxygen and carbon isotopes, 
carbonate accumulation rates and benthic foraminiferal number 
(number of benthic foraminifers per gram of sediment) are used 
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Figure 3. Site 653 oxygen and carbon isotopic data for Orbulina universa plotted vs. time. The time scale is based on the biochronology given in 
Table 1. Data for the sapropel samples have been eliminated from this plot in order to remove the effect of anomalously light values on the overall 
pattern of the oxygen and carbon records. 

to assess paleoenvironmental conditions during the earliest Pli
ocene (Fig. 5). Each of these indices shows some distinctive dif
ferences between biozones MPL1 and MPL2. The number of ben
thic foraminifers greater than 150 ^m is uniformly low throughout 
MPL1 (average of less than 15 specimens per gram of sedi
ment), and increases considerably in MPL2 (average of 60 speci
mens per gram of sediment). In contrast, the number of benthic 
foraminifers in the 63-150 /xm size fraction is variable but gen
erally rather high in MPL1 (average of 620 specimens per gram), 
and then decreases somewhat in MPL2 (average of 440 speci
mens per gram). The high number of small benthic foraminifers 
and low number of large benthic foraminifers during MPL1 
may be indicative of a highly stressed environment. According 
to Boltovskoy and Wright (1976), an assemblage dominated by 

small individuals is the result of environmental conditions ap
proaching the tolerance limits of the population. More specifi
cally, the low numbers of large benthic foraminifers during 
MPL1 may be due to low levels of surface productivity which 
resulted in a low flux of organic matter to the seafloor and a 
low standing stock of benthic foraminifers. This interpretation 
seems to be supported by the carbonate accumulation record 
which is uniformly low (1.9 gm/cm2/1000 yr) during MPL1 and 
increases to 3.2 gm/cm2/1000 yr during MPL2 (Fig. 5). The cal
culation of carbonate accumulation rates removes the effect of 
variation in non-calcareous input, and therefore the change in 
carbonate accumulation between MPL1 and MPL2 cannot be 
attributed to dilution. The carbonate accumulation record is in
terpreted here as indicating that productivity was low during-
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Figure 4. Comparison of ODP Site 653 and DSDP Site 132 oxygen isotope records. The Site 653 record has been smoothed using a three-
point running average to facilitate easier correlation with the Site 132 record which has a much larger sampling interval. The Site 132 re
cord is from Thunell and Williams (1983a). The stratigraphic distribution of the three members of the Globorotalia inflata group (G 
puncticulata, G. bononiensis, and G inflata) in Site 653 is indicated. 

MPL1 and increased during MPL2. An alternative explanation 
would be that the higher carbonate accumulation rates during 
MPL2 were due to increased input of allochthonous carbonate 
detritus. 

The carbon isotope record is relatively stable during MPL1 
(average value of 1.25%o; Fig. 5). This stability probably reflects 
a uniform source for Mediterranean surface waters during this 
period. Within MPL2, the 513C record becomes more variable 
and the values are, on average, somewhat lighter. The difference 
in the character of the 613C record between MPL1 and MPL2 
may also be indicative of productivity differences. The relatively 
stable 513C record during MPL1 may be due to a consistent in

put of nutrient-depleted waters from the Atlantic, which in turn 
would result in low levels of productivity in the Mediterranean. 
The more variable nature of the MPL2 513C record may be a 
function of alternating input of nutrient-rich and nutrient-de
pleted Atlantic waters, which would at least periodically result 
in higher levels of productivity. This increased productivity would 
have resulted in higher carbonate accumulation rates and a higher 
standing stock of benthic foraminifers. 

Early Pliocene (MPL2-MPL3)—Stable Climate? 
The oxygen isotope results for Site 653 indicate highly varia

ble conditions in the Tyrrhenian Sea during much of the early 
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Table 3. Stable isotopic data for Orbulina 
universa from plankton tows and core top 
samples from the western Mediterranean. 

Sample 

Plankton 

1 
2 
3 
4 
5 

Latitude 

tow samplesa 

37°57'N 
37°20'N 
36°35'N 
36°25'N 
41°20'N 

Surface sediment samp 

TR171-6 
TR171-9 
V10-73 

38°47'N 
38°18'N 
38°18'E 

Longitude 

1°57'E 
0°32'E 
0°44'W 
2°28'W 
7°37'E 

es: 

4°02'E 
9°15'E 
8°40'E 

S180 

0.45 
0.49 
0.48 

-0 .39 
0.03 

1.32 
1.12 
0.76 

513C 

1.76 
1.39 
1.36 
1.55 
1.27 

1.32 
1.20 
1.50 

1 Plankton tow material collected in June 1969 and 
described by Cifelli (1974). 

Pliocene (Fig. 3). In particular, the interval from 4.7 to 3.5 Ma 
is marked by high amplitude (1.5%o), quasi-periodic fluctua
tions in the <5180 record (Fig. 6). A similar signal is not seen in 
the Site 132 5180 record (Fig. 4) and may be attributable to two 
factors. First, the Site 132 record only extends to 4.2 Ma, and 
second, the record for the 4.2 to 3.4 Ma interval of Site 132 has 
a 50,000-year sample spacing. In comparison, the spacing be
tween samples for the equivalent interval in Site 653 is 12,000 
years. 

The magnitude of the early Pliocene fluctuations in the Site 
653 record are very similar to typical late Pleistocene glacial/in
terglacial 5180 cycles in the Mediterranean. It is difficult to in
terpret this variability in light of the open-ocean <5lsO record. 
While there is evidence for significant ice volume and sea-level 
changes in the late Miocene (Keigwin et al., 1987), most open-
ocean studies have concluded that the early Pliocene was a time 
of relatively warm, stable climatic conditions (Keigwin, 1982; 
Hodell and Kennett, 1986). However, these studies had coarse 
sample spacing as did studies at DSDP Site 132. Oxygen isotope 

records for North Atlantic DSDP Sites 552 (Shackleton et al., 
1984) and 606 (Keigwin, 1987) show that the early Pliocene is 
marked by fluctuations of approximately 0.5%o. Thus, the 1.5%o 
changes in 5lsO observed for Site 653 cannot be readily attrib
uted to ice volume changes. The assumption that at least 1.0%o 
of this variability is related to temperature would require surface 
temperature fluctuations of nearly 5°C during the early Plio
cene. Fluctuations of this magnitude are comparable to previ
ously estimated temperature changes for the last glacial/inter
glacial transition in the western Mediterranean (Thiede, 1978). 
Therefore, it would appear that a considerable amount of the 
variability in the early Pliocene 5180 record must be due to sa
linity changes in the Tyrrennhian Sea. 

Mid-Late Pliocene Paleoenvironments (MPL4-MPL6) 
The interval from approximately 3.6 Ma to the Pliocene/ 

Pleistocene boundary contains a number of very distinctive pa
leoclimatic or paleoceanographic events (Fig. 3). Most of bio
zone MPL4 (3.65 to 3.05 Ma) is characterized by relatively low 
5180 values (Figs. 3 and 4) which are interpreted as indicating 
relatively warm surface temperatures. This interpretation is sup
ported by the absence of Globorotalia puncticulata in the upper 
part of biozone MPL4 (Fig. 4). This species is a member of the 
Globorotalia inflata lineage (G. puncticulata, G. bononiensis, 
and G. inflata) and its presence is considered to reflect cool, 
temperate conditions (Zachariasse and Spaak, 1983). At ap
proximately 3.1 Ma, a rapid 1.5%o enrichment occurs, with val
ues above this level typically being heavier than those below. A 
similar enrichment has previously been reported for the Medi
terranean (Keigwin and Thunell, 1979; Thunell and Williams, 
1983a) and the open ocean (Shackleton and Opdyke, 1977; 
Keigwin, 1982; Hodell et al., 1983; Leonard et al., 1983; Prell, 
1984; among others). Most of these studies have concluded that 
this <5180 increase is due primarily to a climatic cooling and not 
a significant growth of continental ice. Recent planktonic fora
miniferal faunal studies in the North Atlantic support this inter
pretation by documenting a surface water cooling (Ehrmann 
and Keigwin, 1987) and southward displacement of the North 
Atlantic Drift (Raymo et al., 1987) at this time. 

E 
F 

CaC03 accumulation rate 
(g/cmVl03y) 

0.0 1.0 2.0 3.0 4.0 5.0 

Benthic foraminiferal 
number (>150/um) 

Benthic foraminiferal 
number (63-150/Lim) 

500 1000 1500 

Figure 5. Oxygen and carbon isotopes, carbonate accumulation rate and benthic foraminiferal number for the basal Pliocene (MPL1 and lower 
MPL2) of Site 653. Samples from Holes 653A and 653B have been combined since Hole 653A did not recover the lowermost part of MPL1. The dots 
indicate Hole 653A samples and the triangles represent Hole 653B samples. The position of the MPL1-MPL2 boundary (G. margaritae FO) is indi
cated. 
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Within the Mediterranean, this cooling at approximately 3.1 
Ma resulted in a major turnover in both planktonic (Zacha-
riasse and Spaak, 1983) and benthic foraminifers (Sprovieri, 
1978; van der Zwaan, 1983). Coincidental with this 3.1 Ma 
event is the reintroduction of the cool water G. inflata group 
(i.e., G. bononiensis) into the Mediterranean (Fig. 4). Pollen 
studies of Sicily and southern Italy (Bertoldi et al., in press) in
dicate that vegetational changes occur synchronously with these 
foraminiferal faunal changes. The pollen results suggest that a 

cool, humid climate was established in the south-central Medi
terranean at this time. 

Two other rapid increases in S180 at approximately 2.7 and 
2.1 Ma are separated by an interval of relatively light values 
from 2.3 to 2.1 Ma (Figs. 3 and 4). In our previous isotopic 
study of Site 132 we reported an abrupt enrichment in 5180 at 
approximately 2.5 Ma (Thunell and Williams, 1983a). Applying 
the biochronologic scheme of this study (Table 1) to the Site 132 
record results in a revised age estimate of approximately 2.6 Ma 
for this event (Fig. 4). We conclude that the enrichment dated at 
approximately 2.7 Ma in Site 653 is probably equivalent to the 
event dated at 2.6 Ma in Site 132 (Fig. 4). 

Although these ages are slightly older than the date of 2.5 
Ma for the first occurrence of ice-rafted debris in the North At
lantic (Backman, 1979; Shackleton et al., 1984; Ruddiman et 
al., 1987), we feel that the enrichment event recorded in the 
Mediterranean at 2.6-2.7 Ma is the result of significant growth 
of Northern Hemisphere glaciation and that the age discrep
ancy may be an artifact of the use of different time scales. The 
climatic cooling associated with this glacial expansion resulted 
in a southerly migration of the subpolar province down the east
ern side of the North Atlantic (Thunell and Belyea, 1982). This 
migration in turn allowed the introduction of a temperate-sub
polar assemblage into the Mediterranean at this time (Ciaranfi 
and Cita, 1973; Thunell, 1979; Zachariasse and Spaak, 1983). 

The relatively light <5180 values between 2.3 and 2.1 Ma 
(Figs. 3 and 4) are interpreted as a warming of Tyrrhenian Sea 
surface waters, possibly associated with a decrease in Northern 
Hemisphere ice volume. The benthic isotope record for North 
Atlantic DSDP Site 552 indicates that following the major build
up of ice between 2.4 and 2.3 Ma, a significant decrease in ice 
volume occurred during the following 200,000 years (Shackle
ton et al., 1984). The disappearance of the temperate G. bono
niensis from the Mediterranean during this time interval is a 
further indication of surface-water warming (Fig. 4). 

The 1.5%o 5180 enrichment at approximately 2.1-2.0 Ma 
(Figs. 3 and 4) is due to an increase in Northern Hemisphere ice 
volume and a cooling of Mediterranean surface waters. Using 
the oxygen isotope record from North Atlantic DSDP Site 552 
(Shackleton et al., 1984) as an ice-volume indicator, it is evident 
that a significant glacial advance occurred around 2.1 Ma. Sur
face-water cooling at this time in the Mediterranean is also re
flected in the reintroduction of the G. inflata group (Fig. 4). The 
oxygen isotopic record above 2.1 Ma is characterized by high-
amplitude (1.5%o-2.0%o) and high frequency glacial-interglacial 
oscillations (Fig. 3). 

Pliocene/Pleistocene Boundary Event 
The stratigraphic recognition and paleoclimatic significance 

of the Pliocene/Pleistocene boundary have been topics of con
siderable debate over the years (see Pelosio et al., 1980 and Rio 
et al, 1984 for reviews). Hopefully, most of these problems have 
now been resolved with the general acceptance of the Vrica sec
tion (Calabria, southern Italy) as the stratotype for the Plio
cene/Pleistocene boundary (Selli et al., 1977; Colalongo et al., 
1982; Pasini et al., in press). The boundary marker bed at Vrica 
has been Paleomagnetically dated at 1.6 Ma (Tauxe et al., 1983), 
with the first appearance of Gephyrocapsa oceanica occurring 
just above this level (Backman et al., 1983; Rio et al., in press). 

In a study of the Le Castella section (Calabria, southern It
aly), Emiliani et al. (1961) reported that the Pliocene/Pleisto
cene boundary was not marked by any distinctive oxygen iso
topic signature. However, recent work of Rio et al. (in press) has 
demonstrated that the boundary marker bed at Le Castella is 
younger than 1.3 Ma, and that a considerable part of the upper
most Pliocene and lowermost Pleistocene is missing from this 
section. 
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The <5180 record for Site 653 shows a significant enrichment 
(~ 1.5%o) across the Pliocene/Pleistocene boundary with glacial 
values above the boundary being significantly heavier than those 
below (Figs. 3 and 4). A similar feature is also present in the Site 
132 5180 record (Fig. 4). It is unclear if this climatic change at 
the Pliocene/Pleistocene boundary is global in nature, or if it is 
peculiar to the Mediterranean region. According to Pasini et al. 
(in press) the Pliocene/Pleistocene boundary marker bed at 
Vrica is "penecontemporaneous to the first appearance of the 
'northern guest' Arctica islandica in the Mediterranean." The 
entry of this boreal, shallow-water mollusk has traditionally 
been interpreted as representing a climatic cooling in the Medi
terranean (see Pelosio et al., 1980 for a review). Thus, at least 
within the Mediterranean, the Pliocene/Pleistocene boundary is 
marked by a climatic cooling. This cooling, however, is not to be 
confused with the climatic deterioration that began nearly near 
one million years earlier with the growth of the Northern Hemi
sphere ice sheet and the beginning of glacial/interglacial cli
matic oscillations. 

Isotopic Signature of Pleistocene Sapropels 
Within the Pleistocene 518C» record of Site 653 five levels cor

responding to sapropels are marked by anomalously light values 
(Fig. 2). This part of the record, both in terms of stratigraphic 
position and isotopic signature of the sapropels, is strikingly 
similar to that previously reported for Site 132 (Thunell and 
Williams, 1983a) (Fig. 4). 

The initial work of Emiliani (1955, 1974) clearly demon
strated that the amplitude of the Mediterranean glacial/inter
glacial <5180 signal is considerably larger than that recorded in 
the open ocean. More recent isotopic studies have demonstrated 
that at least part of this large-amplitude signal is the result of 
very light values associated with the formation of sapropels 
(Thunell et al., 1977, 1983, and 1984; Vergnaud Grazzini et al., 
1977 and 1986; Williams et al., 1978; Rossignol-Strick et al., 
1982; Ganssen and Troelstra, 1987; among others). These au
thors are in general agreement that the anomalously light 5180 
values reflect decreased surface-water salinity due to freshwater 
input during sapropel formation. 

The carbon isotopic composition of specimens of Orbulina 
universa deposited during sapropel formation is also generally 
very light (Fig. 2). This association of light planktonic 513C val
ues and sapropels has previously been reported by Vergnaud-
Grazzini et al. (1977, 1986), Thunell and Williams (1983b), 
Thunell et al. (1983), and Ganssen and Troelstra (1987). The 
light 513C values can best be explained by the introduction of 
isotopically light terrestrial organic matter ( - 25%o) during sa
propel formation. Remineralization of a portion of this organic 
matter in the upper water column would reduce the 513C of sur
face waters, and in turn would be recorded by near-surface 
dwelling planktonic foraminifers. The observed relationship be
tween low 513C values and sapropels argues against the idea that 
the high organic carbon content of sapropels is due solely to in
creased surface productivity (Calvert, 1983). Such an increase in 
primary productivity would enrich surface waters in 13C, but 
such an enrichment is not recorded in the carbon isotopic com
position of planktonic foraminifers. 

Pleistocene Paleoenvironments 
Several aspects of the Site 653 Pleistocene S180 and 513C rec

ords lend themselves to a discussion of: (1) the recognition of 
oxygen isotope stages in the upper Pleistocene; (2) the shift to 
heavier glacial 5180 values during the last 400,000 years; and (3) 
the gradual increase in 513C values during the last 1 m.y. 

Thierstein et al. (1977) have demonstrated the global syn
chroneity of several late Pleistocene nannofossil datums and 
have established the stratigraphic position of these datums with 

respect to oxygen isotope stratigraphy. These datums include: 
(1) the last occurrence of Pseudoemiliania lacunosa within gla
cial stage 12, approximately 466,000 years ago; (2) the first ap
pearance of Emiliania huxleyi in glacial stage 8, approximately 
268,000 years ago; and (3) the reversal in dominance between 
Gephyrocapsa caribbeanica and E. huxleyi in the upper part of 
interglacial stage 5, approximately 85,000 years ago. Utilizing 
these datums, glacial/interglacial oxygen isotopic stages have 
been preliminarily identified for the last 500,000 years in the 
Site 653 record (Fig. 7). Recognition of these stages, as defined 
in the open ocean (Emiliani, 1966; Shackleton and Opdyke, 
1973), is not always straightforward in Mediterranean records 
because of the overprint of local hydrographic conditions on the 
shape and amplitude of individual stages. For example, the gla
cial/interglacial amplitude in this part of the record is frequently 
2.0%o-3.0%o or more, in comparison to 1.6%o-1.8%o for the 
open ocean (Broecker, 1986). No attempt has been made to 
identify stages prior to 500,000 years ago because of distortion 
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Figure 7. Oxygen isotopic record for the last 1.0 million years at Site 
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tums are indicated. Oxygen isotopic stages have been identified for the 
last 500,000 years using these datums and their established correlation 
to the oxygen isotope record (Thierstein et al., 1977). 
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created by sapropels, inadequate sampling resolution and lack 
of biostratigraphic check-points. 

In the open ocean, there is a distinctive change in the charac
ter of the 5180 record between 800,000 and 900,000 years ago 
(Shackleton and Opdyke, 1976; Van Donk, 1976). Prior to this 
time, the periodicity of glacial/interglacial ice volume change 
was dominated by the 41,000-year obliquity cycle, while the 
100,000-year precession cycle dominated late Pleistocene ice-vol
ume change (Pisias and Moore, 1981; Ruddiman et al., 1986). In 
addition, the amplitude of early Pleistocene ice volume change, 
as reflected in the 5180 record, is smaller than in the late Pleisto
cene. This is reflected in a shift to larger glacial S180 values be
ginning with isotope stage 22 (Shackleton and Opdyke, 1976; 
Ruddiman et al., 1986; Williams et al., 1988). 

This intensification of Northern Hemisphere glaciation around 
800,000 years ago is not apparent in the Site 653 5180 record 
(Fig. 3). Instead, a general increase in glacial 5180 values begins 
at the level we have identified as glacial stage 12 (Fig. 7). With 
the exception of stage 10, the glacial stages of the last 460,000 
years have maximum values of 2.5%o-3.4%o. Although we have 
not identified individual glacial/interglacial stages below stage 
12, the heaviest values (presumably glacial intervals) between 
0.5 and 1.0 Ma are 1.0%o-1.5%o. A similar increase in glacial 
5180 values 400,000-500,000 years ago is also evident in the Site 
132 record (Fig. 4). Thunell and Williams (1983a) originally 
considered this event in the Site 132 record to occur in the mid
dle Pleistocene, approximately 900,000 years ago. However, our 
revised biostratigraphy and the recognition of a significant hia
tus in the upper Pleistocene of Site 132 clearly places this event 
at a much younger age. 

Ruddiman and Raymo (1988) have recently demonstrated that 
the influence of the 100,000-year eccentricity cycle on the earth's 
climate system became predominant approximately 450,000 years 
ago. At this time, there was a considerable increase in the ampli
tude of glacial/interglacial sea surface temperatures in the North 
Atlantic, with glacial values becoming significantly colder. Rud
diman and Raymo (1988) have speculated that this modification 
of the climate system was a response to the development of the 
present-day planetary wave pattern, which in turn was controlled 
by tectonic uplift of the continents. The Mediterranean seems to 
have responded to this change in climatic regime around 450,000 
years ago in a manner similar to the North Atlantic. 

SUMMARY 
The major features of the Pliocene-Pleistocene paleoenvi

ronmental history of the Mediterranean, as deduced from oxy
gen and carbon isotope records from ODP Site 653, are as fol
lows: 

1. A long-term increase of nearly 2.5%o occurs in the 5180 
record from the early Pliocene to the late Pleistocene. Signifi
cant enrichments in 180 occur at 3.1, 2.7., 2.1, 1.6 and 0.4 Ma, 
and are related to decreases in surface water temperature and/or 
increases in global ice volume. 

2. Sedimentological, micropaleontological and geochemical 
results indicate that productivity was low in the basal Pliocene 
as open marine conditions were reestablished. 

3. Large-amplitude oscillations in the early Pliocene (MPL2 
and MPL3) 5180 record indicate that climatic conditions in the 
Mediterranean at this time were quite variable. In contrast, 
most open-ocean studies have considered the early Pliocene to 
be a time of very stable climate. 

4. A comparison of the stratigraphic distribution of the G. 
inflata group with the 5180 record clearly indicates that the pres
ence or absence of the various members of this group is con
trolled by surface water temperature. The first appearances of 
G. bononiensis and G. inflata are associated with coolings, 

while the last occurrences of G. puncticulata and G. bononien
sis coincide with warmings. 

5. A 1.5%o increase in 5180 occurs across the Pliocene/Pleis
tocene boundary. This isotopic event corroborates other evi
dence that, at least within the Mediterranean region, this bound
ary is marked by a climatic cooling. The cooling recognized in 
the 5180 record is stratigraphically equivalent to the first ap
pearance of the "northern guest" Arctica islandica in the Medi
terranean. 

6. Pleistocene sapropels are characterized by very light 5180 
and 513C values. This isotopic signature reflects decreased sur
face water salinity and the input of isotopically light terrestrial 
organic matter. 

7. A shift to heavier glacial 5180 values occurs between 
400,000 and 500,000 years ago. This change in the nature of the 
late Pleistocene <5lsO record may be related to an increase in the 
influence of the 100,000-year eccentricity cycle on the earth's 
climate system. 
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