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INTRODUCTION

Holes 6O3C and 604 of DSDP Leg 93 were drilled on
the western Atlantic continental rise at water depths of
4633 m and 2364 m, respectively (Fig. 1). In Hole 603C,
a nearly continuous, undisturbed, and complete section
of Pliocene and lower Pleistocene sediments was recov-
ered by hydraulic piston coring; in Hole 604, a section
of uppermost Miocene to Pleistocene sediments was in-
completely recovered by rotary coring.

In order to reconstruct the Pliocene and Pleistocene
history of isotopic variations, 139 oxygen and carbon
isotope values were determined for planktonic and mono-
specific benthic foraminifer samples from these holes.
Large parts of the Pleistocene history could not, how-
ever, be documented because sample intervals were large
and sediments at Site 604 were redeposited. Time corre-
lation is based on magnetostratigraphic (Hole 603C) and
micropaleontologic (Hole 603C, Site 604) interpretation.

Stable isotope analyses were carried out on the plank-
tonic foraminiferal species Globigerinoides ruber, G. ob-
liquus, and Globorotalia inflata from Hole 603C (48
analyses) and from Site 604 (48 analyses); at Site 604,
the benthic foraminifer Uvigerina peregrina (43 analy-
ses) was also studied through the section. Age calibra-
tion for Hole 603C is based on the magnetostratigraphy
of Canninga et al. (this volume), which uses the time
scale of Lowrie and Alvarez (1981).

METHODS

Samples were boiled in a Calgon solution and washed through a
63-µm sieve (see Moullade, and Ma'alouleh and Moullade, this vol-
ume). Planktonic and benthic specimens from the > 160-µm fraction
were picked under a binocular microscope. Because the preservation
of benthic foraminifers differed between samples, we considered cleaning
some specimens ultrasonically before isotopic analysis. However, we
tested the effect of ultrasonic cleaning on the stable isotopic composi-
tion of U. peregrina from one sample in which there were both well-
preserved and badly preserved specimens and found that it had no ef-
fect and thus was unnecessary (Table 1). Most planktonic specimens
were excellently preserved and did not need ultrasonic treatment. Only
tests filled with fine calcareous material were ultrasonically cleaned for 1
min. in analytical grade methanöl. The carbonate was dissolved with
100% phosphoric acid in vacuum at 50° C. Isotopic analyses were car-
ried out offline on a MAT 251 mass spectrometer; 1 to 3 benthic and 5
to 20 planktonic tests provided a sufficient gas pressure.

Standard deviation (1 σ) of repeatedly measured specimens (8 mea-
surements) of U. peregrina is ± 0.12‰ for δ 1 8 θ and ± 0.04%0 for δ 1 3C

1 van Hinte, J. E., Wise, S. W., Jr., et al., Ink. Repts. DSDP, 93: Washington (U.S.
Govt. Printing Office).

2 Address: Instituut voor Aardwetenschappen, Vrije Universiteit Postbus 7161, 1007 MC
Amsterdam, The Netherlands.

(see Table 1). Analytical precision of continuously run standards
(Solnhofen limestone and "Merck" 100% CaCO3) was ±0.18%0 for
δ 1 8 θ and ±O.IO‰ for δ 1 3C (1 a) during the period of the measure-
ments.

RESULTS AND DISCUSSIONS

All measurements are listed in Table 2 and plotted in
Figures 2 and 3.

For resolution of the paleoclimatic and paleoceano-
graphic history of these holes, we have used the magne-
tostratigraphy of Canninga et al. (Hole 603C, this vol-
ume), and the biostratigraphic zones of Ma'alouleh and
Moullade, Moullade (planktonic foraminifers; Hole 603C,
Site 604, respectively), Muza et al., and Lang and Wise
(nannofossils; Hole 603C, Site 604, respectively).

Hole 603C

Stable isotopes of three planktonic foraminifers {Globi-
gerinoides ruber, G. obliquus, and Globorotalia inflata)
were analyzed from Hole 603C sediments. Three differ-
ent stratigraphic units can be distinguished in both oxy-
gen and carbon isotope values.

Unit I (Samples 603C-40-4, 90-94 cm to 603C-24-3,
90-94 cm, CN9-llb, Plla-3)

The deepest sediments recovered in Hole 603C (Core
40) are of earliest Pliocene age and show a shift to higher
δ 1 8 θ values also observed in isotopic curves from plank-
tonic foraminifera in the Panama Basin (DSDP Site 157;
Keigwin, 1979) and on the Sierra Leone Rise (DSDP
Site 366; Stein, 1984). The lowest values found by these
authors for the latest Miocene are not reached in Hole
603C and are assumed to occur in the sediments just be-
low total depth of the hole. The top of this unit is iden-
tified at the shift to lower values in Core 24. Results
from Cores 39 to 24 show a δ 1 8 θ variation of 1.5%o max.
that can be interpreted as changes in the Antarctic ice
volume, in the temperature of surface waters, or in both.

The carbon isotope values of this unit are character-
ized by a gradual change from + 1.5 to + 3.O%o, indicat-
ing a slow, continuous change in the CO 2 budget of the
surface waters. The variation of the values up to 1.5%o
indicates temporal fluctuations in surface-water produc-
tivity.

Unit II (Samples 603C-23-3, 90-94 cm to
603C-15-4,CC, CNllb-12a, P13-4)

Oxygen isotope values become higher in two steps,
one between 3.7 and 3.5 Ma (Cores 23 and 22) and one
at 3.0 Ma (Core 15), defining the top of this unit. This
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Figure 1. Location of DSDP Sites 603 and 604.

Table 1. Effect of ultrasonic cleaning on the
stable isotopic composition of U. peregrina
from Sample 604-19,CC.

Preservation (‰PDB)

Good Poor

Treatment δ 1 8 θ

No cleaning

# 1 = min.
ultrasonic
cleaning

+ 2.88
+ 3.05

+ 3.00
+ 3.15

+ 0.17
+ 0.22

+ 0.25
+ 0.17

+ 2.96
+ 3.12

+ 3.13
+ 2.80

+ 0.14
+ 0.26

+ 0.26
+ 0.21

Note: The mean values of the 8 analyses are 3.01 ±
0.12‰ (lσ) for δ 1 8 θ and 0.20 +0.04%0 for δ 1 3 C .

Stepwise change in the Atlantic Ocean is commonly in-
terpreted as the onset of Northern Hemisphere glacia-
tion (Shackleton and Kennett, 1975; Shackleton and Ci-
ta, 1979; Stein, 1984). However, Prell (1984), who stud-
ied the interval between 3.6 and 2.8 Ma, found these
shifts in oxygen isotopes only in benthic, not in plank-

tonic, foraminifers from different DSDP sites and pis-
ton cores from the Pacific and Indian oceans and the
Caribbean Sea. He concluded that these shifts do not
mark the onset of Northern Hemisphere glaciation, but
rather reflect a cooling of high-latitude surface waters,
resulting in the production of colder bottom waters. It
seems, however, that all the North Atlantic surface wa-
ters were cooled, because Thunell (1979) and Stein (1984)
also observed a shift to higher δ 1 8 θ values in planktonic
foraminifers in subtropical/tropical cores in the Medi-
terranean Sea and off West Africa, respectively. This
agrees with the results of Backman (1979), who observed
the first appearance of ice-rafted material in the North
Atlantic Ocean at about 2.5 Ma. Also, Shackleton et al.
(1984) report that the first major ice-rafting horizon oc-
curs at about 2.4 Ma at DSDP Site 522A (Rockall Pla-
teau).

Between 3.7 and 3.0 Ma the mean of the δ13C values
stays relatively constant, with short-term fluctuations of
about l%o. At 3 Ma there occurs a sharp change of near-
ly 2%o to higher values, indicating a change in surface-
water productivity.
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Table 2. Oxygen and carbon iso-
tope composition of plank-
tonic foraminiferal species
from Holes 603 and 604, and
one benthic species from Hole
604.

CENOZOIC STABLE ISOTOPE STRATIGRAPHY, SITES 603 AND 604

Table 2 (continued).

Sample

(interval in
cm)

Hole 603B

δ 1 8 θ δ 1 3 c

(‰ PDB)

Globigerinoides ruber

2-3, 146-150
3-3, 100-104
4-3, 90-94
5-3, 90-94
6-3, 90-92
7-3, 90-92
8-3, 90-93
10-3, 90-94
11-2,90-94
14-3, 90-94
15,CC

+ 2.03
-0.14
+ 0.11
+ 0.49
-0.61
+ 0.09
+ 0.02
-1.02
-0.70
+ 0.22
-0.56

+ 3.13
+ 1.67
+ 1.50
+ 2.71
+ 2.28
+ 1.94
+ 2.32
+ 2.82
+ 3.15

—
+ 3.34

Globigerinoides obliquus

11-2, 90-94
13-2, 90-94
14-3, 90-94
15cc
16-3, 90-94
17-3, 90-94
18-3, 90-94
20.CC
21-3, 90-94
22-3, 90-94
23-3, 90-94
24-3, 90-94
24.CC
25-3, 90-94
26-3, 90-94
26.CC
27-3, 90-94
28-3, 90-94
28.CC
29-2, 90-94
30-2, 90-94
30,CC
31-3, 90-94
32.CC
33-3, 90-94
34.CC
35-3, 90-94
36-3, 90-94
36.CC
37-3, 90-94
38-3, 90-94
39-3, 90-94
40-3, 90-94

-1.32
-0.48
-0.46
+ 0.16
-1.67
-0.56
-1.11
-1.52
-0.77
-0.64
-1.70
-2.07
-0.78
-1.40
-1.06
-1.54
-1.38
-1.28
-1.01
-1.83
-1.47
-1.43
-1.37
-0.83
-1.56
-1.62
-0.50
-1.81
-2.03
-1.82
-1.16
-0.83
-2.05

Globorotalia inßata

2-3, 146-150
3-3, 100-104
4-3, 90-94
5-3, 90-94

Hole 604

+ 1.82
+ 2.54
+ 1.39
+ 1.53

Globigerinoides ruber

1-1,0-1
3-2, 25-26
4,CC
5,CC
6-5, 56-58
11-3, 90-94
13cc

-0 .80
-0 .03
-0 .37
-0 .77
-0 .15
+ 0.04
-0 .60

+ 1.92
+ 1.97
+ 3.10
+ 3.32
+ 1.50
+ 2.77
+ 1.91
+ 2.41
+ 2.83
+ 2.05
+ 2.31
+ 1.99
+ 2.81
+ 3.11
+ 2.22
+ 2.24
+ 2.64
+ 2.71
+ 2.30
+ 1.91
+ 2.72
+ 2.10
+ 1.46
+ 1.40
+ 2.20
+ 2.53
+ 1.30
+ 1.07
+ 2.16
+ 1.96
+ 1.25
+ 1.59
+ 2.16

+ 1.79
+ 2.43
+ 1.62
+ 2.55

+ 4.21
+ 1.98
+ 1.52
+ 2.17
+ 4.05
+ 3.06
+ 3.13

Sample
(interval in

cm)

Hole 604 (Cont.)

δ 1 8 θ δ ! 3 C

(‰ PDB)

Globigerinoides ruber (Cont.)

14-3, 90-94
18.CC
19-4, 90-94

-0.33
-0.01
-0.89

Globigerinoides obliquus

19-4, 90-94
20-2, 90-94
20.CC
21-1, 90-94
22-1, 90-94
23-1, 90-94
23-3, 90-94

Globorotalia inflata

1-1, 0-4
1-1, 11-12
1-1, 90-94
1-3, 90-94
5-1, 90-94
5,CC
6-3, 90-94
6-5, 56-58
7,CC
8-1, 90-94
8,CC
9-1, 90-94
9,CC
11-3,90-94
11,CC
12-1, 90-94
12.CC
13-2, 90-94
13.CC
14-3, 90-94
14,CC
15.CC
16-1, 90-94
16-2, 90-94
16-3. 90-94
16-4, 90-94
16.CC
17-1, 90-94
17-2, 90-94
17-3, 90-94
17-4, 90-94

Uvigerina peregrina

1-1, 11-11
5.CC
8.CC
9-1, 90-94
12-1, 90-94
12.CC
14-3, 90-94
15.CC
16-2, 90-94
16,CC
17-1, 90-94
17-3, 90-94
17.CC
18-1, 90-94
18-2, 90-94
18-3, 90-94
18.CC
19-2, 90-94
19.CC
19.CC
19.CC
19.CC

-1.60
-1.84
-1.73
-1.55
-1.52
-1.70
-1.36

+ 1.42
+ 1.54
+ 1.68
+ 3.11
+ 2.84
+ 3.29
+ 2.21
+ 2.77
+ 2.58
+ 2.45
+ 2.41
+ 2.60
+ 2.26
+ 2.61
+ 2.52
+ 2.58
+ 2.79
+ 1.98
+ 1.92
+ 2.09
+ 1.83
+ 1.76
+ 1.99
+ 2.11
+ 2.04
+ 2.08
+ 2.02
+ 2.33
+ 2.45
+ 2.30
+ 2.36

+ 3.44
+ 4.11
+ 4.47
+ 3.49
+ 4.19
+ 3.93
+ 3.88
+ 3.40
+ 4.60
+ 3.76
+ 4.04
+ 3.52
+ 4.50
+ 4.26
+ 3.96
+ 4.22
+ 4.49
+ 3.88
+ 3.13
+ 2.80
+ 3.00
+ 3.15

+ 1.43
+ 3.54
+ 2.85

+ 3.10
+ 2.90
+ 2.88
+ 3.18
+ 2.32
+ 2.33
+ 2.72

+ 2.62
+ 2.73
+ 2.57
+ 2.05
+ 1.90
+ 2.31
+ 2.19
+ 2.06
+ 2.08
+ 2.50
+ 1.99
+ 0.90
+ 1.17
+ 2.01
+ 1.95
+ 1.88
+ 1.82
+ 0.95
+ 2.03
+ 1.78
+ 1.66
+ 2.31
+ 2.27
+ 1.33
+ 2.13
+ 1.18
+ 1.62
+ 1.78
+ 1.82
+ 1.88
+ 1.85

+ 1.60
+ 0.16
+ 0.04
+ 0.24
+ 0.56
+ 0.89
+ 0.64
+ 0.21
+ 0.93
+ 0.40
+ 0.31
-0.40
+ 0.37
+ 0.10
+ 0.72
-0.26
+ 0.59
+ 0.77
+ 0.20
+ 0.21
+ 0.25
+ 0.17
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Table 2 (continued).

Sample
(interval in

cm)

Hole 604 (Cont.)

18
o U o C

(‰ PDB)

Globigerinoides obliquus (Cont.)

19.CC
19,CC
19.CC
19,CC
20-1, 90-94
20-2, 90-94
20,CC
21-2, 90-94
21-3, 90-94
21.CC
22-1, 90-94
22-3, 90-94
22-5, 90-94
22,CC
23-1, 90-94
23-2, 90-94
23-3, 90-94
23-4, 90-94
24-1, 2-4
24,CC
25-1, 90-94

+ 2.88
+ 3.05
+ 2.96
+ 3.12
+ 3.75
+ 2.39
+ 3.00
+ 3.29
+ 2.89
+ 2.94
+ 3.37
+ 3.29
+ 2.87
+ 3.70
+ 3.10
+ 3.14
+ 3.00
+ 3.28
+ 3.22
+ 2.94
+ 3.00

+ 0.22
+ 0.14
+ 0.26
+ 0.26
+ 0.26
+ 0.07
+ 1.00
+ 0.74
+ 0.86
+ 0.30
+ 0.21
+ 0.91
-0.40
+ 0.60
+ 0.83
+ 0.69
-0.02
+ 0.22
-0.01
+ 0.39
+ 0.83

Unit III (Samples 603C-14-3, 90-94 cm to 603C-2-3,
146-150 cm, CN 12a to the Helicosphaera sellii Zone)

In the last cores of this hole typical glacial/intergla-
cial oxygen isotope variations of 1.5-2%o can be only
partly documented because of the large sampling inter-
vals.

The carbon isotope values gradually decrease to about
+ 1.5%o at the end of the section, pointing to a slow,
continuous change in the CO 2 budget of surface waters.

Site 604

Stable isotopes of Uvigerina peregrina and three plank-
tonic foraminifers {Globigerinoides ruber, G. obliquus,
and Globorotalia inflata) were analyzed from Site 604
sediments.

Oxygen Isotopes

Oxygen isotopes of benthic and planktonic foramini-
fers also reveal the shift to higher δ 1 8 θ values (Samples
604-20-2, 90-94 cm to 604-18,CC; nannofossil zones
CN11-12, foraminiferal zones P12-4) which was observed
at Hole 603C between 3.7 and 3.0 Ma (CNllb-12a,
P13-4). The first part of this shift seems to occur earlier
(P12) at this site than at Hole 603C (P13), but this may
be an artifact of uncertain age determination and sedi-
ment disturbance caused by rotary drilling. The Stepwise
pattern of this shift, which leads finally to 2%o higher
values, can be observed only in the isotopic record of
the benthic foraminifer Uvigerina. The isotopic record
of planktonic foraminifers does not reveal the different
steps, which may also be less pronounced because of
fragmentary sampling in this interval. The Pliocene/
Pleistocene section does not show the typical isotopic
variation caused by variation in polar ice volumes, for

different reasons: drilling disturbance, large sampling
intervals, and redeposition caused by turbidity currents
(see Site 604-605 chapter, this volume). The only excep-
tion to this occurs in the upper part of Core 1, where a
typical glacial/interglacial shift of ~ 1.7%o in Globoro-
talia inflata is documented, perhaps indicating the ces-
sation of turbidity currents in the youngest Pleistocene/
Holocene.

Carbon Isotopes

The lowest part of the Globigerinoides ruber/G. obli-
quus curve (Samples 604-23-3, 90-94 cm to 604-19-4,
90-94 cm, CN10-12, Plla-4) reveals the general shift to
higher δ1 3C values which was also noted in Cores 40 to
24 from Hole 603C. A shift to a higher value occurs be-
tween Section 604-19-4 and Core 604-18, but it is much
less pronounced than the one between Section 603C-16-
3 and Core 603C-15. However, this is thought to coin-
cide with the beginning of the cooling of North Atlantic
surface waters at about 3.0 Ma. Carbon isotopes in Uvi-
gerina, on the other hand, show a slight lightening at
this level. The difference in the planktonic and benthic
signals has been explained by enhanced productivity of
phytoplankton in surface waters (Ganssen, 1983): by this
process, light isotopes become enriched in the phyto-
plankton, enriching surface waters in 1 3 C, which is re-
flected in planktonic foraminiferal tests. At the same
time, deeper and bottom waters are enriched in 1 2C by
the oxidation of organic carbon from decaying phyto-
plankton, which is recorded as a concentration of the
light isotope in benthic tests.

CONCLUSIONS

Hole 603C oxygen isotopes from Globigerinoides ru-
ber and G. obliquus specimens reveal a significant pat-
tern of changing climatic and oceanographic conditions.
Three intervals can be identified between the earliest Pli-
ocene and ~1.5 Ma. Stepwise enrichment in 1 8O be-
tween 3.7 and 3.0 Ma reveals the cooling of North At-
lantic surface waters. This shift can also be documented
in the oxygen isotopes from benthic and planktonic for-
aminifers from Site 604, although in less detail because
sediment accumulation rates at this location are lower.

The record of carbon isotopes from Hole 603C also
reflects the three intervals of paleoceanographic and pa-
leoclimatic conditions documented by the oxygen isotope
values. Between the earliest Pliocene and -3.0 Ma, a
gradual enrichment of about l%o in 1 3C indicates changes
in the dissolved CO 2 budget of surface waters. At -3 .0
Ma a shift to still higher δ1 3C values, on the order of 2%o
for planktonic species, initiates a second period of grad-
ual lightening by about 1.5%o, up to the youngest sedi-
ments recovered. At Site 604, the gradual change toward
higher values in the carbon isotopes of G. ruber and G.
obliquus continues through calcareous nannofossil Zones
CN10-12 and planktonic foraminiferal Zones Plla-4,
whereas results from Uvigerina peregrina document a
slight lightening between CN11 and CN12, possibly sug-
gesting a general increase in surface-water productivity.
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Figure 2. Monospecific oxygen and carbon isotope records for Hole 603C. The solid lines show the mean values
of all G. ruber/G. obliquus analyses, - 1.02 ± 0.68%0 (1 σ) for δ 1 8 θ and + 2.26 ± 0.59‰ for δ 1 3 C. Magne-
tostratigraphy and ages from Canninga et al., this volume; black intervals indicate normal polarity. For bio-
stratigraphy, I = planktonic foraminiferal zones from Ma'alouleh and Moullade, this volume; II = calcare-
ous nannofossil zones from Muza et al., this volume, C m . = Calcidiscus macintyrei Zone, H.s. = Helico-
sphaera sellii Zone.
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Figure 3. Oxygen and carbon isotope record for Site 604. Biostratigraphy I = planktonic foraminiferal zones from Moullade, this vol-
ume; II = calcareous nannofossil zones from Lang and Wise, this volume. C m . = Cαlcidiscus mαcintyrei Zone, H.s. = Helico-
sphαerαsellii Zone, P.I. = Pseudoemiliαniα lαcunosα Zone, E.h. = Emiliαniα huxleyi Zone, G.o. = Geophyrocαpsα oceαnicα Zone.
Note that 8 analyses were made of Sample 604-19,CC.
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