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ABSTRACT

Oxygen- and carbon-isotope analyses have been performed on the Quaternary planktonic foraminifers of Sites 548
and 549 (DSDP Leg 80) to investigate major water mass changes that occurred in the northeastern Atlantic at different
glacial-interglacial cycles and to compare them with the well-defined picture of 18,000 yr. ago. Oxygen-isotope stratig-
raphy also provides a chronological framework for the more important data on the fauna and flora. Although bioturba-
tion and sedimentary gaps obliterate the climatic and stratigraphic record, general trends in the oceanographic history
can be deduced from the isotopic data. Isotopic stratigraphy has tentatively been delineated down to isotopic Stage 16 at
Site 548 and in Hole 549A. This stratigraphy fits well with that deduced from benthic foraminiferal δ 1 8θ changes and
with bioclimatic zonations based on foraminiferal associations at Site 549. Variations in the geographic extension and in
the flux of the Gulf Stream subtropical waters are inferred from both δ 1 8 θ and δ13C changes. Maximal fluxes occurred
during the late Pliocene. Northward extension of subtropical waters increased through the various interglacial phases of
the early Pleistocene and decreased through the late Pleistocene interglacial phases. Conversely, glacial maxima were
more intense after Stage 16. Isotopic Stages 12 and 16 mark times of important change in water mass circulation.

INTRODUCTION

Oxygen- and carbon-isotope analyses have been con-
ducted on planktonic foraminifers from Pleistocene sed-
iments recovered from Holes 548 and 549A (DSDP Leg
80) on Goban Spur (see Fig. 1).

Latitude Longitude Water depth Number of
Holes (N) (W) (m) samples

548
549A

48°54'95 12°09'84
49°05'23 13°05'89

1256.0

2535.5

135
58

During the last glacial stage, this region underwent im-
portant hydrological changes resulting from movement
of the polar front and the subarctic convergence. At
times these sites were located north of the polar front
and/or the subarctic convergence, which at 18,000 and
10,200 yr. ago, for instance, were located at 42°N (Pu-
jol, 1980). At those times the North Atlantic drift was
not able to penetrate this eastern region of the Atlantic.
Thus, surface circulation at these sites might have been,
alternately, a cyclonic gyre (18,000 yr. ago, with very
different summer and winter temperatures) and an anti-
cyclonic gyre (present-day situation).

Furthermore, some authors have suggested that dur-
ing the last deglaciation (mainly between 16,000 and
8,000 yr. ago), low-salinity waters formed a lid in that
region (Jones and Ruddiman, 1982). If so, this should
be recorded in deep-sea sediments of that age.
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Thus, the now well-documented picture of the most
recent glaciation in the northeastern Atlantic can be com-
pared with conditions during older glaciations, as de-
duced from the oxygen-isotope record in planktonic for-
aminifers.

In addition, variations in the carbon isotopic compo-
sition of planktonic foraminifers may provide some in-
formation about similar variations in the CO2 of the at-
mospheric reservoir and about the latitudinal extension
of warm subtropical water masses. Present-day total dis-
solved inorganic carbon has higher δ13C values in warm
equatorial and tropical waters. At these low latitudes,
the temperature causes a departure of isotopically light
CO2; as a result, the δ13C of the remaining Σ C O 2 in-
creases: the lower the CO2 concentration, the higher its
δ13C value.

PRESENT-DAY HYDROLOGICAL FRAMEWORK

Circulation at high latitudes in the North Atlantic is
dominated by a subpolar gyral system that flows coun-
terclockwise and opposite in direction to the central gy-
ral system. This circulatory system is illustrated in Fig-
ure 1.

On the eastern side of the subpolar gyre there is a
sharp boundary between adjacent warm and cold water
masses. It is identified by the 10° isotherm at 200 m.
This boundary corresponds to the polar front in the at-
mosphere and also to the subarctic convergence in the
ocean. It has a distinctly north-south trend but follows
a sinuous path. On the eastern side of the polar front
and the subpolar gyre is the north-flowing North Atlan-
tic Current bearing waters of subtropical origin, and on
the western side is the south-flowing Labrador Current
bearing waters of subpolar origin.

Therefore, in the North Atlantic, water-mass bound-
aries are not parallel with latitude, in contrast to the
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Figure 1. The major features of North Atlantic circulation and location of Sites 548 and 549.

South Atlantic where (at least at high latitudes) the par-
allel is very close. Thus, in the North Atlantic, bounda-
ries between planktonic foraminiferal assemblages may
be expected to have stronger tendencies to follow the
meridians (Cifelli and McCloy, 1983). Present-day assem-
blages at the location of Sites 548 and 549 are domi-
nated by species characteristic of subpolar waters, such
as right-coiling Neogloboquadrina pachyderma (with
present-day percentages > 80%), while arctic assemblages
dominated by left-coiling N. pachyderma are present
west of the polar front and in the Norwegian sea. Gla-
cial-interglacial changes that terminated each glacial cy-
cle (called terminations by Broecker and van Donk,
1970) at these latitudes, when accompanied by a sudden
shift of the Polar Front and the subarctic convergence,
should also be characterized by the replacement of a
predominantly polar fauna (-100% of left-coiling N.
pachyderma) with a mixed subpolar-transitional assem-
blage (Ruddiman and Mclntyre, 1976). Thus, fossil as-
semblages for glacial times analogous to 18,000 yr. ago
should also be characterized by dominance of left-coil-
ing N. pachyderma in planktonic foraminiferal assem-
blages (Fig. 2).

At the location of Sites 548 and 549, salinity is about
35.5%o in surface waters. δ13C values of the total dis-
solved inorganic carbon range from + 1.6‰ to + 1.9%o
(Duplessy, 1972); δ 1 8 θ values are about ±0.2‰ on the
SMOW scale. Summer temperatures are about 17°C
and winter temperatures about 10°C.

STABLE-ISOTOPE RESULTS

The planktonic foraminifers Globigerina bulloides and,
at some levels, Neogloboquadrina pachyderma were
picked. Stable-isotopic analyses were made following
the procedure described by the authors in their other
chapter in this volume. Benthic foraminifers have been
analyzed by the same authors (this volume). Results are
reported in Table 1 for Hole 548 and Table 2 for Hole
549A and plotted against sub-bottom depth in Figure 3
(548) and Figure 4 (549A). N. pachyderma δ 1 8 θ values
differ from those of G. bulloides, but the amplitude of
the oxygen-isotope fractionation between the species is
not well established. On the contrary, the carbon-iso-
tope fractionation is similar for both species in the Indi-
an Ocean (Williams et al., 1977), which is assumed here
to be the case for the Atlantic as well.
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Table 1. Oxygen- and carbon-isotope analysis (‰) of G. bulloides
and/or N. pachyderma from Hole 548.

Depth below
sea floor

(m)

4.0

13.5

23.0

61.0

70.5

75.0

80.0

Core-Section
(level in cm)

1-1, 4
1-1, 14
1-1, 70
1-2, 90b

1-3, 20b

2-1,20
2-1, 41

2-2, 20
2-2, 130
2-3, 20
2-4, 33
2-4, 50
2-4, 153
2-5,2
2-5, 33
2-6, 33
2-7, 33

3-1, 34
3-1, 56
3-1, 76
3-1, 116
3-2, 76
3-3, 76
3-4, 76u

3-6, 75b

3-7, 29b

4-1,61
4-2, 61
4-3, 61
4-4, 61
4-5, 61

5-1, 73
5-2, 21
5-2, 77
5-4, 21

6-1,57
6-2, 16
7-2, 84b

7-3, 40b

7-3, 104
7-5, 19
7-5, 140
7-6, 40
7-6, 110
7-7, 10

8-1, 69
8-1, 123
8-2, 40
8-2, 90
8-4, 20
8-5, 103
8-6, 69
8-6, 124

9-1, 120
9-1, 100
9-2, 20
9-2, 43
9-2, 108
9-3, 20

10-1, 43
10-1, 121
10-2, 30
10-2, 126
10-3, 70
10-4, 43
10-4, 96
10-4, 114
10-5, 43
10-6, 56
10-6, 88

618oa

+ 2.21
+ 1.28
+ 1.40
+ 3.20
+ 2.65

+ 3.33
+ 2.45

+ 1.19
+ 2.10
+ 3.27
+ 2.44
+ 3.34
+ 2.21
+ 2.46
+ 2.33
+ 2.30
+ 1.77

+ 3.03
+ 1.62
+ 1.70
+ 1.46
+ 1.61
+ 2.16
+ 1.34
+ 3.16
+ 3.46

+ 2.17
+ 1.09
+ 1.83
+ 1.95
+ 2.40

+
+
+
+

+
+
+

.20

.24

.36

.70

..10
.84
.61

+ 2.50
+ 2.40
+ 2.13
+ 2.30
+
+
+

+
+

.18

.06

.30

.83

.57
+ 0.87
+ 1.47
+ 1.03
+ 2.06
+ 1.34
+ 1.65

+ 0.83
+ 0.80
+ 0.75
+ 0.98
+ 1.23
+ 1.50

+ 1.16
+ 1.28
+ 1.28
+ 0.73
+ 2.09
+ 2.85
+ 1.20
+ 1.77
+ 0.93
+ 1.14
+ 1.27

á1 3Ca

-0.37
-0.77
-1.50
-0.17
-0.56

-1.17
-1.00

-1.42
-0.61
-0.72
-0.87
-0.40
-0.39
-0.90
-0.90
-0.46
-0.93

-0.99
-0.45
-0.25
-0.81
-0.44
-1.35
-1.53
-0.44
-0.52

-0.74
-0.95
-0.96
-0.97

-1.07
-0.71
-0.46
-0.70

-1.08
-0.67
-1.57
-1.40

_
-1.11
-1.44
-0.77
-0.43
-0.99

-0.35
-0.08
-0.66
-0.66
-0.94
-1.15
-0.81
-0.85

-1.09
-1.49
-1.22
-0.90
-0.90
-0.80

-0.80
-0.76
-0.83

-0.89
-0.68

_
-1.21
-0.82
-1.03

_

Depth below
sea floor

(m)

93.3

99.4

101.1

106.6

118.0

126.0

131.0

136.0

141.0

Core-Section
(level in cm)

11-1, 73
11-1, 140
11-2, 140
11-3, 50b

11-4, 50b

11-4, 140
11-5, 17
11-5, 50
11-6, 8

13-1, 130
13-2, 35
13-2, 120
13-2, 137
13-3, 22
13-3, 105
13-3, 130
13-4, 35
13-4, 95
13-5, 35
13-6, 27

14-1,4
14-1, 40
14-2, 84

15-1, 112
15-2, 30
15-2, 112
15-3, 30
15-3, 110
15-4, 3
15-4, 12
15-4, 27
15-4, 110
15-5, 30
15-5, 63
15-5, 92
15-5, 130
15-6, 120

16-1, 70
16-2, 140
16-3, 50
16-4, 70
16-5, 70

17-1, 53
17-1, 113
17-2, 80
17-2, 105
17-3, 103
17-4, 100
17-5, 50

18-1, 102
18-3, 42
18-3, 99
18-4, 22

19-1, 73
19-1, 77
19-2, 70
19-2, 94
19-3, 53
19-4,2
19-5, 53

20-1, 100
20-2, 33
20-2, 100
20-3, 33
20-3, 100

S18O

+ 1.27
+ 1.45
+ 1.91
+ 1.23
+ 1.43
+ 0.50
+ 1.38
+ 1.21
+ 1.07

+ 1.34
+ 0.63
+ 1.42
+ 2.00
+ 1.91
+ 1.87
+ 1.50
+ 1.05
+ 1.58
+ 1.08
+ 1.85

+ 1.56
+ 1.73
+ 1.97

+ 1.73
+ 1.89
+ 1.63
+ 1.87
+ 1.52
+ 2.81
+ 1.73
+ 1.71
+ 2.47
+ 1.93
+ 1.88
+ 2.64
+ 2.11
+ 1.25

+ 1.36
+ 1.07
+ 1.45
+ 1.15
+ 1.14

+ 1.60
+ 1.64
+ 2.01
+ 1.00
+ 1.78
+ 1.14
+ 2.53

+ 1.48
+ 1.30
+ 1.93
+ 1.70

+ 1.56
+ 1.85
+ 1.53
+ 1.38
+ 2.37
+ 2.14
+ 2.20

+ 1.55
+ 1.48
+ 1.46
+ 2.10
+ 1.97

δ 1 3 C

-1.16
-1.39

-1.19
-1.10
-1.10
-0.68
-0.95
-0.83

-0.24
-1.37
-0.87
-0.73
+ 0.03
-0.77
-0.94
-0.35
-0.86
—0.86
-0.42

-0.66
-0.53
+ 0.08

-1.33
-0.46
-0.93
-1.08
-1.42
-0.60
-1.09
-1.10
-0.50
-0.41
-0.21
-0.08

0.00
-0.91

-0.86
-0.72
-1.11
-0.42
—0.19

+ 0.13
+ 0.12
+ 0.40
+ 0.37
+ 0.26
-0.32
-0.26

-0.30
-0.19
+ 0.05
+ 0.27

+ 0.60
+ 0.37
-0.02
+ 0.61
+ 0.63
+ 0.67
+ 0.17

-0.24
-0.11
+ 0.08
+ 0.35
+ 0.22

Figure 2. Water masses in the northeastern Atlantic 18,000 years ago
(A) and for warm interglacial stages similar to 125,000 years ago
(B), extrapolated from Ruddiman and Mclntyre (1976). a = polar
waters; b = subpolar waters; c = transitional waters; d = sub-
tropical waters.

* δ 1 8 θ and δ l 3 C are referred to the international PDB. 1 standard.
Values are for N. pachyderma.

Isotopic Stratigraphy

The sampling interval, which ranges from 10 to 130 cm
or more, is clearly too large to reveal the true climatic
variability and too large to allow a precise identification
and numbering of oxygen-isotope stages in the Pleisto-
cene sequence.
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Table 2. Oxygen- and carbon-isotope analysis of G. bulloides and/or
N. pachyderma from Hole 549A.

Depth below
seafloor Core-Section

(m) (level in cm)

7.47

-1, 8
-1, 39
-1, 137

-2, 5
-2, 130
-2, 70b

-3, 10
-3, 20
-3, 70
-3, 125

-4, 20
-4, 40
-4, 54
-4, 88
-4, 100

-5, 20
-5, 144

2-1, 3
2-1, 10
2-1, 20
2-1, 55
2-1, 102
2-1, 135

2-2, 20
2-2, 56
2-2, 95

2-3, 15
2-3, 20
2-3, 58
2-3, 93
2-3, 107
2-3, 132

2-4, 74

+ 1.05
+ 1.87
+ 2.07

+ 1.81
+ 2.25
+ 2.51

+ 2.00
+ 1.55
+ 2.58
+ 1.88

+ 2.08
+ 2.56
+ 2.61
+ 2.88
+ 2.47

+ 3.17
+ 1.64

+ 2.16
+ 1.10
+ 1.43
+ 1.96
+ 1.51
+ 1.77

+ 1.15
+ 2.27
+ 1.75

+ 2.77
+ 2.28
+ 1.27
+ 1.02
+ 0.28
+ 1.93

+ 2.37

δ ' 3 C

a

-0.76
-0.37
-0.87

-1.54
-0.41
-0.39

-0.42
-0.83
-0.85
-0.86

-0.32
-0.60
+ 0.08
-0.99
-0.21

-1.17
-0.76

0.00
-0.67
-0.25
-0.78
-1.03
-0.96

-0.44
-0.79
-0.43

-0.79
-1.30
-0.49
-0.64
-1.01
-0.72

-0.97

Depth below
seafloor Core-Section

(m) (level in cm)

2-5, 10
2-5, 20
2-5, 80

2-6, 64
16.0 2-6, 103

3-1, 2
3-1, 89

3-2, 89
3-2, 115
3-2, 138
3-2, 147

3-3, 39
3-3, 41
3-3, 70
3-3, 99
3-4, 1
3-4, 47
3-4,64
3-4, 105

3-5, 10
3-5, 16
3-5, 47

3-6, 46
3-6, 80

27.0 3,CC, 15

δ 1 8 θ

+ 1.11
+ 2.65
+ 1.57

+ 1.93
+ 2.36

+ 1.57
+ 3.17

+ 2.80
+ 1.74
+ 1.83
+ 1.33

+ 1.78
+ 2.10
+ 1.66
+ 1.04
+ 2.46
+ 3.00
+ 2.03
+ 2.65

+ 3.23
+ 2.20
+ 1.44

+ 1.76
+ 2.13
+ 2.10

δ 1 3 C

-0.26
-0.29
-0.46

-1.35
-0.73

-0.23

-0.22
-0.84
+ 0.25
+ 0.07

-0.14
-0.73
-0.65
-1.00
-0.43
-0.95
-0.76
-0.87

-0.43
-1.02
-0.82

-0.55
-0.40
-0.67

a δ 1 3 C and * 1 8 O are referred to the international PDB. 1 standard.
Values are for N. pachyderma.

Identification of Oxygen-Isotopic Peaks

An isotopic stratigraphy may be scaled in two differ-
ent ways: (1) either by adjusting the stage numbering to
the available paleomagnetic data or biostratigraphic da-
ta or (2) by identifying some isotopic stages, such as 5,
7, 12, 13-15, 16, or 22, on the basis of the pattern or in-
tensity of the isotopic signal and then extrapolating the
numbering between them.

Site 548

The available paleomagnetic scale for Site 548 cannot
be correlated with the standard one; the reversed epi-
sode occurring between Sections 548-10-4 and 548-10-5
might be a true one or an artifact. The following normal
period between Sections 548-10-5 and 548-11-3 could be-
long either to the Bruhnes or the Jaramillo Event. It is
known that the Jaramillo paleomagnetic event brackets
oxygen-isotope Stage 24. Therefore, Stage 24 should lie
at the levels either between Sections 548-10-5 and 548-
11-3 or between Sections 548-12-1 and 548-13-2.

Furthermore, oxygen-isotope Stage 22 is characterized
by a pronounced positive δ 1 8θ peak in all previously stud-
ied Atlantic cores. This allows subdivision of the Pleis-
tocene into two sequences: a preglacial and a glacial
one. A first hypothesis could be that the positive oxy-
gen-isotope peak occurring at level 548-10-4, 43 cm may
be Stage 22. If this is true, the underlying positive δ 1 8 θ
peak at level 548-11-2, 140 cm would correspond to

Stage 24; consequently, the Jaramillo Event would be the
first normal episode encountered down core, between
Sections 548-10-5 and 548-11-3. Such an extrapolation,
however, disagrees with the bioclimatic subdivisions and
the benthic faunal data. Caralp (this volume) has shown
that a significant decrease in the Pleurostomella-Stilo-
stomella assemblages occurred in Hole 549A at the tran-
sition between isotopic Stages 16 and 17. At Site 548,
this faunal change occurs in Core 10 (Section 4). As-
suming that this decrease was synchronous at different
water depths, one would conclude that the strong posi-
tive isotopic peak at 548-10-4, 43 cm may be Stage 16.
In that case the Jaramillo Event would be located be-
tween Sections 548-12-1 and 548-13-2, and Stage 22 (as
well as older isotopic stages) cannot be identified on the
δ 1 8 θ curve. Isotopic Stages 13 and 15, bracketed by iso-
topic Stages 12 and 16 (Sections 548-7-6 to 548-9-3), dis-
play a classic morphology with a less intense δ 1 8 θ peak
for glacial Stage 14. Thus numbering the upper 16 iso-
topic stages is straightforward.

The well-marked positive δ 1 8θ peak between levels
548-7-3, 40 cm and 548-7-5, 140 cm is identified as oxy-
gen-isotopic Stage 12. This numbering is supported by
the last appearance datum (LAD) of Pseudoemiliana la-
cunosa at about 60 m (548-7-5, 140 cm), at the top of
oxygen-isotope Stage 13, an event dated at 470,000 yr.
ago (Thierstein et al., 1977).

Upward extrapolation of stage numbering leads to the
following identification:

Oxygen-isotope
stage Core-Section

11
9
7
5

7-2 to 6-2
5-4 to 4-6
4-3 to 4-1
3-5 to 3-1

It is not clear whether the most recent isotopic Stage 1 is
missing or not. δ 1 8 θ values measured at the top of the
first core ( + 2.2%o) do not reflect the present-day value,
which is about + l%o for G. bulloides. Below isotopic
Stage 16 (548-10-4, 43 cm), however, stage numbering is
uncertain. According to van Donk's stratigraphy for At-
lantic Core VI6-205, the Olduvai Event (located here
between Sections 548-15-1 and 548-15-6) should corre-
spond to isotopic Stage 28. According to the Shackleton
and Opdyke (1976) stratigraphy for Pacific Core V28-
239, the Olduvai Event should correspond to a higher
number than isotopic Stage 40. These differences indi-
cate that stage numbering is difficult for periods older
than about 600,000 yr.

Site 549 (Hole 549A)

All isotopic stages that can be identified in Hole 549A
belong to the Bruhnes magnetic epoch. In the deepest
Pleistocene core (Core 3), two prominent positive δ 1 8 θ
peaks at 549A-3-5, 10 cm and 549A-3-1, 89 cm to 549A-
3-2, 89 cm are identifiable as oxygen-isotopic Stages 16
and 12, respectively. Identification of Stage 12 is con-
firmed by the LAD of Pseudoemiliana lacunosa in Sec-
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tion 549A-3-2. Two glacial δ 1 8 θ peaks are less pro-
nounced: isotopic Stage 10 (levels 549A-2-5, 20 cm to
549A-2-4, 74 cm) and isotopic Stage 8 (levels 549A-2-3,
20 cm to 549A-2-3, 15 cm). Identification of isotopic
Stage 8 is in good agreement with the nearly complete
disappearance of Gephyrocapsa caribbeanica at the same
depth (site chapter, this volume). Isotopic Stage 6 is
identified between levels 549A-1-5, 70 and 549A-1-4, 54
cm. Stage 2 is apparently not documented but should be
located between 549A-1-1, 39 cm and 549A-1-1, 137 cm,
where no data are available.

This stratigraphy based on oxygen-isotopic variations
displayed by planktonic foraminifers is in good general
agreement with that deduced from benthic foraminifers
(Fig. 5) (Vergnaud Grazzini and Saliège, this volume).

Oxygen-Isotope Data

At Site 548 δ 1 8 θ values range from +O.5%o for lower
Pleistocene (interglacial values) to + 3.3%o for upper Pleis-
tocene (maximal glacial values). δ 1 8 θ values higher than
2.5‰ were obtained at seven different levels in the se-
quence: 548-2-1, 20 cm, 548-2-3, 20 cm, 548-2-4, 50 cm,
548-3-1, 34 cm, 548-10-4, 43 cm, 548-15-5, 92 cm, and
548-17-7, 50 cm. On the whole, the oxygen-isotopic
curve displays a decreasing trend from the bottom of the
section to level 548-10-4, 43 cm, identified as isotopic
Stage 16 (average + 1.6%o). Oscillations are of low am-
plitude and average about l%o δ 1 8 θ . Amplitudes of δ 1 8 θ
fluctuations are higher above level 548-10-4, 43 cm and
average 1.7%0δ

18O.

At Site 549 (Hole 549A) δ 1 8 θ values range from mini-
mal interglacial values of about + l.O‰ to maximal gla-
cial values of about +3.2%o.

Thus, the overall δ 1 8 θ change recorded by planktonic
foraminifers in the upper Pleistocene sediments (470,000
yr. old or slightly more) of that part of the northeastern
Atlantic is only 0.5 to O.7%o higher than the glacial-in-
terglacial change in the oxygen-isotopic composition of
the seawater—1.7%o—stated by some authors (Duplessy
et al., 1980).

Carbon-Isotope Data

At Site 548, δ1 3C values range from +0.5% 0 (re-
corded in Pliocene sediments) to - 1.5%o (recorded in
the level overlying Core 15). The carbon isotopic curve
displays a general trend from high δ1 3C values in Plio-
cene sediments to lower δ1 3C values in Pleistocene sedi-
ments. This trend can be seen at least from Core 20
through Core 10. Amplitudes of δ1 3C variations are
higher above Core 16.

At Site 549 (Hole 549A), δ1 3C values range from
- 1.54‰ to +0.25‰, with 80% of the values lying be-
tween -0 .2‰ and - l . O ‰ and an average value of
about - O.62%o, which is very close to that found at Site
548 for the same timespan. Furthermore, δ1 3C values
display oscillations of large amplitude ( > l.O‰).

Paleoenvironmental Changes in Surface Waters

Glacial-interglacial cycles in the northeastern Atlan-
tic are characterized by north-south water mass move-
ments that can be reconstructed from foraminiferal as-

semblages. In this way Ruddiman and Mclntyre (1976)
have delineated the regional distribution of water mass-
es at different times for the Quaternary period. The evo-
lution of water masses at Sites 549 and 548 through the
whole Pleistocene can be reconstructed from stable iso-
topic changes in planktonic foraminiferal shells and fo-
raminiferal assemblage compositions. Climatic extremes
that emerge from such a study may be tentatively com-
pared to the different climatic situations depicted by Rud-
diman and Mclntyre (1976).

From the Pliocene to the Bruhnes-Matuyama transi-
tion, δ 1 8 θ minima of interglacial episodes decrease from
a value of + 1.5%o in the Pliocene to a value of + O.5%o
before Stage 16 (Sections 548-11-4 and 548-11-3). After
Stage 16, interglacial δ 1 8 θ values rapidly increase again
to an average value of +1.0‰ above Section 548-8-4
(isotopic Stage 13).

Among the different scenarios outlined by Ruddiman
and Mclntyre (1976), the interglacial peak at 125,000 yr.
ago can be characterized by warm water masses dom-
inating temperate latitudes (Fig. 4); warm subtropical wa-
ters penetrated northward as far as 55°N latitude "in re-
sponse to this unusual warmth." The present-day inter-
glacial is characterized by the dominance of transitional
water masses. When compared with the last glacial and
125,000-year-old interglacial climatic extremes, present
conditions lie 75 to 80% closer to the warm extreme of
Pleistocene glacial-interglacial conditions. One might
therefore speculate that during full Pleistocene intergla-
cial periods, subtropical water masses dominated at the
latitude of Sites 548 and 549. Furthermore, the l‰ δ 1 8 θ
difference observed between different interglacial maxi-
ma may reflect temperature differences of as much as
4°C. This difference may result from varying influxes of
subtropical waters through the Gulf Stream gyre. From
the Pliocene to the early Pleistocene (between about
600,000 and 750,000 yr. ago), the northward extension
of the Gulf Stream gyre increases in successive intergla-
cial phases, and Sites 548 and 549 were occupied by sub-
tropical water masses that might have been warmer than
what is inferred for more recent interglacial extremes.
This geographical distribution of water masses does not
appear to be related to velocity excursions of the Gulf
Stream reported for the late Pliocene (2.9-2.3 m.y. ago)
and late Pleistocene (1.5-0.0 m.y. ago), also related to
global climate events, and inferred from sedimentary hi-
atuses of the Blake Plateau (Kaneps, 1979). Pleistocene
and Pliocene time, however, considered as a whole was
characterized by higher current velocity, and there has
been a general strengthening of the Gulf Stream since
the late Miocene, related mostly to tectonic events.

A true glacial mode is recorded only from isotopic
Stage 16 at Site 548; prior to that time, with only a few
exceptions (Sections 548-17-5 or 548-15-4 and 548-15-5),
glacial maxima are less intense. Although bioturbation
might have smoothed the isotopic and faunal records,
this subdivision of the Pleistocene might be a real one.
It is also recorded by benthic foraminifers. Intense gla-
cial maxima of the upper Pleistocene, which have been
extensively documented in the literature, are character-
ized by the southward penetration of polar waters with
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δ1 3C(%o)vsPDB

-1.0 0

Figure 3. Oxygen- and carbon-isotopic variations in Globigerina bulloides (solid circles) and Neo-
globoquadrina pachyderma (open circles) against depth at Site 548. A. Cores 1 to 10. B. Cores
11 to 20.
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Figure 3. (Continued).

dominant (>95°7o) left-coiling Neogloboquadrina pachy-
derma. At Site 548, a trend can be observed through the
Pleistocene: in the lower Pleistocene, up to isotopic
Stage 12 (Sections 548-7-4 to 548-7-2), increased per-
centages of this species can be seen at four places. The
lowest percentages are recorded during the Olduvai Event
(between 30 and 40%), and higher percentages are re-
corded close to isotopic Stage 12 ( — 70%). Southward
penetration of the polar microfauna is found in the fol-
lowing sections: 548-15-4 to 548-15-1 (in Olduvai), 548-
14-2 to 548-13-1, 548-10-6 to 548-10-4 (close to isotopic
Stage 16), 548-8-7 to 548-8-5 (close to isotopic Stage 14),
and 548-7-5 to 548-7-1 (close to isotopic Stage 12).

The upper Pleistocene from Stage 12 upward is better
recorded at Site 549 (Hole 549A). Southward excursions
of the polar faunas, dominated by the left-coiling N.
pachyderma, are more frequent, and percentages of this
last form are higher and range from 85 to 95%. They
correspond to isotopic Stage 12 (Sections 549A-3-2 to
549A-3-1), isotopic Stage 10 and part of 11 (Sections
549A-2-4 to 549A-2-5), isotopic Stage 6 (Section 549A-
1-5), and isotopic Stage 2 (Sections 549A-1-2 to 549A-1-
1). Thus, the overall Pleistocene faunal record at Sites
548 and 549 indicates that polar water masses might
have shifted south of latitude 50°N at eight different
times. At these times a cold counterclockwise gyre en-
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Figure 4. Oxygen- and carbon-isotopic variations of G. bulloides plotted against depth at Hole 549A. Winter and summer estimated temperatures in
superficial waters are reported on the left and CaCO3 (%) on the right (after Pujol and Duprat, this volume). Isotopic stage numbering is de-
duced from benthic foraminiferal isotopic stratigraphy (from Vergnaud Grazzini and Saliège, this volume).

veloped the North Atlantic above latitude 45°N, and
subpolar and transitional waters were essentially elimi-
nated by being compressed into a narrow band between
the clockwise subtropical gyre and the counterclockwise
polar gyre.

These episodes are also times of well-marked δ 1 8θ
maximal peaks on the isotopic curve: Stages 16, 12, 10,
6, and 2. The Olduvai might also have corresponded to
a slight southward penetration of the polar faunas, but
percentages of left-coiling N. pachyderma are relatively
low (30-40%). This might imply that glacial episodes
prior to isotopic Stage 12 were not as intense as the most
recent ones.

Furthermore, the incomplete sediment recovery does
not permit a clear assessment of whether true glacial
modes associated with southward excursions of the Po-
lar Front down to 42°N latitude started at the time of
isotopic Stage 12 or before, at the time of oxygen iso-
topic Stage 16. Isotopic Stage 12 is known as a time of
important faunal changes in the northeastern Atlantic,
and the first hypothesis might be the most plausible one.

It also appears that water mass movements were not
identical across the various climatic cycles of the Pleis-
tocene and that Pleistocene climatic changes followed a

quite different pattern before about 600,000 years ago.
The now classic glacial-interglacial δ 1 8 θ changes can be
clearly seen after isotopic Stage 16.

Surface Paleotemperature Changes
in the Late Pleistocene

Sea-surface temperature changes deduced from trans-
fer-function estimates (Pujol and Duprat, this volume)
average 10 to 12°C between glacial and interglacial phas-
es. This change is in good agreement with other esti-
mates previously published that are also based on faunal
analyses (Ruddiman and Mclntyre, 1981). A 10 to 12°C
temperature change should have resulted in a 2.4 to
2.85%o δ 1 8 θ change in marine carbonates, which should
be added to a change in the isotopic composition of sea-
water (δw). Thus the overall δ 1 8 θ change recorded by
Globigerina bulloides between glacial and interglacial
phases, which is around 2.2%o, could have resulted from
a variety of factors: (1) a strong bioturbation effect, (2)
a change in the oxygen-isotopic composition of seawater
that is different from the global ice volume effect postu-
lated by various authors (+ 1.7%o), or (3) a change in G.
bulloides ecology.
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Figure 5. A comparison between oxygen-isotopic stratigraphies deduced from G. bulloides and Cibicides
analyses for Hole 549A (water depth 2535 m).

Bioturbation Effect

In some cases, bioturbation has been used to explain
smoothing of isotopic curves. It could also explain the
fact that at Sites 548 and 549 polar faunas do not corre-
spond to 100% of left-coiling Neogloboquadrina pachy-
derma but only to 85 to 95%. Thus bioturbation could
be responsible for 5 to 15% mixing of the assemblage.
Attempts have been made to restore the original un-
mixed record from mixed isotopic records (Berger and
Heath, 1968; Berger et al., 1977), but it is necessary to
know the exact mixing intensity. Jones and Ruddiman
(1982) have shown that the deconvolution operation is
not easy to apply. In particular, variations in the abun-
dance of foraminiferal species can create artificial leads
and lags in isotopic signals. If a species being analyzed
for δ 1 8 θ is more abundant in interglacial than in glacial
sediments, even with deconvolution of the correct mixed-
layer thickness and with no analytical error, a "melt-wa-
ter spike" (δ1 8θ negative peak) will be created where
none exists if abundance variations are not included.

The species analyzed here, Globigerina bulloides, varies
from 20 to 40% during interglacial times to a few per-
cent during glacial times. This does not allow the recon-
struction of the initial true isotopic record. Thus any
conclusion concerning leads and lags between isotopic
signals in deep water (i.e., ice volume changes), surface
water, or sea surface temperatures estimated through trans-
fer function are unreliable.

Oxygen Isotopic Changes in Seawater

The change in the surface water δ 1 8 θ at Sites 548 and
549 may have been of a smaller amplitude than that of
the global ice volume effect because of water mass mi-
grations and/or the proximity of the northern ice cap.
Assuming that Globigerina bulloides δ 1 8 θ changes re-
flect the whole glacial-interglacial temperature change
of about 10 to 12°C (equivalent to 2.4-2.85%o δ1 8θ), it
follows that the 2.2%o δ 1 8θ change recorded by this spe-
cies implies that the oxygen isotopic composition of gla-
cial surface waters was -O.2%o to -O.65%o lighter than
at present. This in turn suggests a layering of water mass-
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es quite similar to that exhibited today by the various
arctic basins or the East Greenland Current (Coachman
and Aagaard, 1974) (Fig. 6). Polar or arctic waters ex-
tend from the surface down to a depth of 200 or 150 m,
with temperatures varying between the freezing point (in
the upper layers during winter) and 0°C. Normally a
strong halocline is present, with the salinity at the sur-
face being less than 30‰ but reaching values of 34%o at
the bottom of the polar or arctic waters. Assuming a
glacial salinity about 3.5%o higher than today (Broecker,
1982), polar or arctic water salinities for the glacial peri-
od would have been 33.5 to 37.5%o. The salinity value of
33.5%o is agreeable with a δ 1 8 θ value for the water of
about -0 .4 to -0 .5‰. This is in good agreement with
the 2.2%o δ 1 8 θ change recorded by G. bulloides for the
period between the ihterglacial and glacial phases. The
same oceanographic structure has been postulated for
glacial winters from stable isotope analyses of benthic
foraminifers (Vergnaud Grazzini and Saliège, this vol-
ume).

A Change in Globigenna bulloides
Temperature Requirements

An apparent change in temperature requirements can
actually represent a change in the depth habitat or in the
season of maximal occurrence. A change in depth habi-
tat for a surface dwelling species in order to adjust to
warmer temperatures makes sense if a strong thermo-
cline exists in surface or subsurface waters. This might
have been the case in a two-layered system, as described
above. A change in the season of maximal occurrence
could be related, for instance, to a change in "peak sea-
sons" for nutrients, oxygen, and other factors. Although
such alternatives are mere speculations, the low ampli-
tudes of the δ 1 8 θ variations recorded by G. bulloides
may well be the result of a combination of two or three
of the influences suggested above.

Carbon Isotopic Changes

The most striking feature of the carbon-isotope rec-
ord is that average δ1 3C values recorded by G. bulloides
are higher in the upper Pliocene sediments than in youn-
ger deposits. Up to Core 548-16, δ1 3C values average 0
to + O.4%o; they then decrease by steps to - O.6%o (Cores
16 to 15), -O.7%o (Cores 14 to 8), and -O.9%o (Cores 7
to 1).

The steep l%o decrease that occurs just below the Ol-
duvai level may reflect the warm surface waters before
that time. The waters were warmer because of a more
northward extension of the Gulf Stream gyre. In warm
waters CO 2 solubility decreases, and total dissolved in-
organic carbon is enriched in the heavy-carbon isotope
because of the departure of light CO 2 . Warm subtropi-
cal waters can also be responsible for low δ 1 8 θ values of
interglacial foraminifers. According to this interpreta-
tion, however, one would expect a better correlation be-
tween δ1 3C and δ 1 8 θ records: the δ 1 8 θ record suggests an
increasing northward influence of the Gulf Stream gyre
prior to isotopic Stage 16 (-600,000 years ago), while
δ1 3C values start to decrease much earlier, before the Ol-
duvai Event.

CONCLUSIONS

Late Pleistocene glacial-interglacial cycles are well re-
corded by oxygen-isotope ratio changes in Globigerina
bulloides from northeastern Atlantic Sites 548 and 549,
down to isotope Stage 16. Older isotopic stages cannot
be uniquely identified on the oxygen-isotope curve. Nev-
ertheless, some general trends appear that may be re-
lated to different fluxes or to a northward extension of
subtropical waters brought by the Gulf Stream gyre or
to both. From the Pliocene up to isotopic Stage 16, in-
terglacial surface temperatures increased; they decreased
in the late Pleistocene (Site 548). This long-term change

32.2

Salinity (%o)

33.2 34.2

300
-71° N

Figure 6. Temperatures and salinities at two stations located in the upper 300 m of the East Greenland
Current (from Coachman and Aagaard, 1974). Circles indicate "5 Edisto, 1965, 8-22" station, and
squares indicate "352 Arlis II, 4-5" station (their terminology).
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may be related to various northward extensions of the
subtropical waters. Glacial maxima are more intensively
recorded in the oxygen-isotope ratios from the last 470,000
yr. than from before. Important shifts in the geographic
distribution of water masses have occurred in the north-
eastern Atlantic when passing from glacial maxima to
interglacial minima.

Warmer waters of the late Pliocene favored the re-
moval of light CO2, which is reflected in the higher δ13C
values of the carbonates. This may be related to major
fluxes of the Gulf Stream at that time.
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