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ABSTRACT

Oxygen and carbon isotopic compositions of benthic foraminifers Planulina wuellerstorfi, Uvigerina peregrina, and
Cibicides kullenbergi from DSDP Holes 548 and 549A in the northeastern Atlantic reveal two modes of isotopic varia-
tion in the Pleistocene, linked with glacial conditions and oceanographic evolution in the region of deep-water sources.
The lower Pleistocene is characterized by more highly oxygenated deep waters, less pronounced glacial extremes, and
glacial-interglacial δ 1 8 θ variations of lower amplitude than for the last 425,000 yrs., as documented here. A l‰ differ-
ence between δ 1 8θ glacial maximal values of the lower and upper Pleistocene cannot have resulted from a change in ice
volume alone. Less-oxygenated and colder North Atlantic Deep Water of the upper Pleistocene may indicate a major
northward penetration and increased inflow rate of Antarctic Bottom Water.

INTRODUCTION

Oxygen and carbon isotopic analyses have been per-
formed on benthic foraminifers from the Quaternary sed-
iments recovered at Sites 548 and 549 (Hole 549A) in the
northern part of the Bay of Biscay (Fig. 1).
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These sites are located on a transect across the Goban
Spur, a submerged ridge extending from the continental
slope to the abyssal plain.

Water depth indicated that Site 548 is presently situ-
ated in the Arctic Intermediate Waters, where physico-
chemical parameters of water might be influenced by
Mediterranean outflow water and North Atlantic Deep
Water (NADW) (Tchernia, 1978). Site 549 is situated in
the core of the NADW.

According to previous works, this region of the east-
ern North Atlantic has undergone important hydrologi-
cal changes in response to repetitive climatic fluctuations
during Pleistocene time (for extensive literature, see Pu-
jol, 1980). As an example, during the last glacial maxi-
mum, these sites may have been located north of the po-
lar front and the subarctic convergence (both recognized
at 42°N; Mclntyre at al., 1976).

In addition, faunal analyses (Schnitker, 1974, 1976,
1979, 1980, 1982; Peypouquet, 1977; Belanger, 1982),
stable-isotope analyses (Duplessy et al., 1980), combined
faunal and stable-isotope analyses (Streeter and Shack-
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leton, 1979; Curry and Lohmann, 1982), and geochemi-
cal analyses (Boyle and Keigwin, 1982; Broecker, 1982)
have shown that, during glacial stages, deep Atlantic
circulation underwent severe changes either in the char-
acteristics and locations of deep-water sources or in the
flow rate of NADW. Whether NADW continued to
form (Duplessy et al., 1980; Vergnaud Grazzini et al., in
press) during glacial maxima or was reduced or even
eliminated (Corliss, 1982; Curry and Lohmann, 1982) is
still a matter of controversy. It is clear, however, that sta-
ble-isotopic data alone cannot be a satisfactory indica-
tor of thermohaline flow.

The results presented here concern only stable-isotop-
ic changes in benthic foraminifers. Although preliminary,
this approach makes available some new data on a
whole Pleistocene record in the northeastern Atlantic; it
emphasizes the occurrence of important hydrological
changes at periods not always related to maximal ice-
cap extension.

METHODS

Benthic foraminifers for isotopic analyses were separated and de-
termined by Caralp (this vol.). Samples were ultrasonically cleaned in
distilled water and dried and roasted at 350°C in vacuum for half an
hour. Analytical procedures for the isotopic analyses of carbonate fol-
lowed those of Shackleton and Opdyke (1973). Samples were reacted
with 100% orthophosphoric acid at 50°C in an oven. Evolved gas
samples, after a series of distillation steps to get pure CO2, were ana-
lyzed in an on-line VG Micromass 602 C mass spectrometer. All iso-
topic data are refered to PDB references in the standard δ notation
through the use of intercalibration standards. The analytical precision
of the carbonate standard run during the period of the investigation is
±0.09 (lσ) for δ 1 8 θ and ±0.09 (lσ) for δ13C. The standard deviation
of repeated analyses of the same foraminiferal species in Quaternary
sediments is σ = ±0.14 for δ 1 8 θ and ± 0.08 for δ13C; this last evalua-
tion takes into account more sources of uncertainty such as laboratory
errors, isotopic variability among specimens, and analytical precision.

Another source of uncertainty is introduced by estimating the fac-
tor by which analyses for different species may be corrected for depar-
ture from isotopic equilibrium. This is discussed in the next section.

ISOTOPIC DATA

Oxygen and carbon isotopic data are given in Tables
1 and 2 and are plotted in Figures 2 and 3 as a function
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Figure 1. Location of Sites 548 and 549, northwest of the Bay of Biscay. Inset of upper right map is area
of main map. (Water depths in meters.)

of depth in the hole. For Hole 549A analyses were made
in the three upper cores, 1 to 3, down to 27 m sub-bot-
tom; For Hole 548, analyses were made from Core 9
(72 m sub-bottom) down to Core 15 (106 m). At some
levels, benthic foraminifers were scarce and could not be
analyzed, so some intervals appear without isotopic
data.

The most frequent species analyzed were as follows:
(Hole 549A) Planulina wuellerstorfi and Uvigerina pe-
regrina; (Hole 548) P. wuellerstorfi, U. peregrina, Cibi-
cides kullenbergi, Hoeglundina spp., and Bulimina spp.
C. kullenbergi is the most frequent species at the shal-
lower Site 548; P. wuellerstorfi and U. peregrina are fre-
quent at Site 549 (Hole 549A). This difference in the
species assemblages of the two sites clearly reflects the
environmental characteristics of two different water
masses.

The magnitude of isotopic disequilibrium in some or
all of these species has been studied by various authors
(Woodruff et al., 1980; Shackleton, 1974; Belanger et
al., 1981; Graham et al., 1981). In this chapter, we have
used the calibrations proposed by Graham et al. (1981);
these last authors did not evaluate the disequilibrium in
Bulimina, but from our own observations it appears that
this species secretes calcite in oxygen-isotopic equilib-
rium, with values close to those of Uvigerina.

Thus, the following Δ deviations were used:

Species

P. wuellerstorfi
Uvigerina spp.
C. kullenbergi
Hoeglundina spp.
Bulimina spp.

10

Δ O mean deviation
from Uvigerina spp.

-0.69
0.00

-0.73
+ 0.34

0.00

Δ C mean deviation
from P. wuellerstorfi

0.00
-0.77
-0.10
+ 1.50

?

where the mean isotopic deviations are (1) (from Uviger-
ina spp.) Δ 1 8 O = δSpecies - δUvigerina and (2) (from P.
wuellerstorfi) Δ 1 3 C = δspecies - &P. wuellerstorfi -

Oxygen Isotopic Stratigraphy

At the deeper Site 549 (Hole 549A), oxygen data for
P. wuellerstorfi and U. peregrina, plotted against depth
in the hole (Table 1 and Fig. 2), enable us to recognize
the glacial-interglacial pattern of oxygen-isotopic varia-
tions and to correlate it with oxygen-isotopic stages of
Emilani (1955, 1966) and Shackleton and Opdyke (1973),
down to isotopic stage 13. This chronological interpreta-
tion is confirmed by the LAD of Pseudoemiliania la-
cunosa at about 20 m sub-bottom (Section 549A-3-2;
Caralp et al., this vol.). In the lower part of Core 549A-3
(Sections 4-6), samples are too widely spaced with re-
spect to the low sediment accumulation rate in that part
of the sequence, and do not allow identification of any
older stages. Additional stratigraphic information is pro-
vided by analysis of weight percent carbonate and the
study of planktonic foraminiferal variations by Pujol
and Duprat (this vol.), whose proposed bioclimatic zo-
nation for this site is in good agreement with our oxy-
gen-isotopic stratigraphy for the upper 12 stages.

The glacial-interglacial difference in δ 1 8θ averages ap-
proximately 2.2%o. This average is calculated using δ 1 8 θ
minima of all interglacial stages except the present one.
For all of them, the minimal δ 1 8 θ values are lower than
present-day values by about O.5%o. As mentioned, the
present bottom water at DSDP Site 549 is NADW, with /
= 3.5°C and δ 1 8 θ = +0.12 versus SMOW (Craig and
Gordon, 1965). The measured δ 1 8 θ value for Uvigerina
is + 3.42 at the top of the first core; using the tempera-
ture scale established by Shackleton (1974) for low tem-
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Table 1. Oxygen and carbon analyses (‰) for Site 549 (Hole 549A).

Core-Section
(level in cm)

1-1, 1
1-1,8
1-1, 39
1-3, 125
1-4, 10
1-4,20
1-4,40
1-4, 72

1-4, 88
1-4, 100
1-5, 144
2-1, 3
2-1, 10

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

2-2, 20

2-2, 56
2-2, 95
2-2, 100
2-2, 130
2-3, 20
2-3, 58
2-3, 95
2-3, 107

2-4, 74
2-4, 74
2-5, 10
2-5, 20
2-5, 50
2-5, 80
2-6, 20
2-6,64
2-6, 103
3-1,2
3-1,7
3-1,40
3-1, 89
3-2, 40
3-2, 86
3-2, 115

3-2, 138
3-2, 147
3-3, 29
3-3, 41
3-3, 132
3-4, 47
3-4, 112
3-5, 80
3-6, 46
3-6, 80
3,CC (15-22)

Sub-bottom
depth (m)

7.47

16

27

Species

Uvigerina peregrina
Planulina wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
U. peregrina
U. peregrina
U. peregrina
U. peregrina
P. wuellerstorfi
P. wuellerstorfi
U. peregrina
U. peregrina
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
U. peregrina
P. wuellerstorfi
U. peregrina
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
U. peregrina
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
U. peregrina
U. peregrina
Hoeglundina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
U. peregrina
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
U. peregrina
U. peregrina
P. wuellerstorfi
P. wuellerstorfi
U. peregrina
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi
P. wuellerstorfi

δ 1 8 θ

+ 3.42
+ 2.37
+ 3.02
+ 2.88
+ 2.82
+ 3.09
+ 2.02
+ 4.25
+ 5.27
+ 4.96
+ 5.21
+ 4.98
+ 2.99
+ 3.38
+ 4.64
+ 3.46
+ 3.22
+ 3.95
+ 3.35
+ 4.49
+ 2.34
+ 4.33
+ 3.50
+ 2.69
+ 3.22
+ 3.95
+ 4.00
+ 3.84
+ 3.02
+ 1.88
+ 2.14
+ 4.89
+ 5.59
+ 3.79
+ 2.66
+ 4.49
+ 3.22
+ 4.03
+ 4.53
+ 4.00
+ 3.46
+ 4.64
+ 4.91
+ 4.61
+ 4.94
+ 4.16
+ 4.17
+ 2.55
+ 3.65
+ 3.04
+ 2.80
+ 3.78
+ 3.24
+ 3.29
+ 3.31
+ 3.70
+ 2.70
+ 3.40
+ 3.18

δ 1 3 C

-0.16
+ 0.30
+ 0.19
+ 0.63
+ 0.66
+ 0.41
+ 0.38
+ 0.10
-0.82
-1.16
-0.99
-0.79
+ 0.70
+ 0.24
-0.89
-1.65
+ 0.73
+ 0.25
+ 0.36
-0.40
+ 0.40
-0.79
+ 0.20
+ 0.46
+ 0.73
+ 0.25
-0.81
+ 0.95
+ 0.59
+ 0.10
-1.20
-0.12
+ 1.41
-0.97
-0.90

-0.92
-1.58
-1.43
-0.28
-0.45
-2.00
-2.08
-1.83
-0.83
-0.69
-0.02
+ 0.39
+ 0.47
+ 0.77
-0.22
-0.08
-0.06
-0.31
-0.80
+ 0.71
-0.43
+ 0.12
+ 0.13

δ 18 Q a δ 1 3 C a

corrected against
Uvigerina

+ 3.42
+ 3.06
+ 3.71
+ 3.57
+ 3.51
+ 3.78
+ 2.71
+ 4.94
+ 5.27
+ 4.96
+ 5.21
+ 4.99
+ 3.68
+ 4.07
+ 4.64
+ 3.46
+ 3.91
+ 4.64
+ 4.04
+ 4.49
+ 3.03
+ 4.33
+ 4.19
+ 3.38
+ 3.91
+ 4.64
+ 4.00
+ 4.53
+ 3.71
+ 2.57
+ 2.14
+ 4.89
+ 5.25
+ 3.79
+ 2.66
+ 4.49
+ 3.22
+ 4.03
+ 4.53
+ 4.00
+ 3.46
+ 4.64
+ 4.91
+ 4.61
+ 4.94
+ 4.16
+ 4.17
+ 3.24
+ 4.34
+ 3.73
+ 2.80
+ 3.78
+ 3.93
+ 3.98
+ 3.31
+ 4.39
+ 3.39
+ 4.09
+ 3.87

Planulina

+ 0.61
+ 0.30
+ 0.19
+ 0.63
+ 0.66
+ 0.41
+ 0.38
+ 0.10
-0.05
-0.39
-0.22
-0.02
+ 0.70
+ 0.24
-0.12
-0.88
+ 0.73
+ 0.25
+ 0.36
+ 0.37
+ 0.40
+ 0.56
+ 0.20
+ 0.46
+ 0.73
+ 0.25
-0.04
+ 0.95
+ 0.59
+ 0.10
-0.43
+ 0.99
-0.09
-0.20
-0.13

-0.15
-0.81
-0.66
+ 0.49
+ 0.32
-1.23
-1.31
-1.06
-0.06
+ 0.08
+ 0.75
+ 0.39
+ 0.47
+ 0.77
+ 0.55
+ 0.71
-0.06
-0.31
-0.03
+ 0.71
-0.43
+ 0.12
+ 0.13

a Values of δ O and δ C have been corrected using the mean isotopic deviations published by Gra-
ham et al. (1981).

peratures (/°C = 16.9 - 4[δc - δw]),3 we may calculate
an isotopic temperature around +3 ± 0.4°C, in agree-
ment with modern conditions. However, the present-day
δ 1 8 θ equilibrium value of + 3.42%o is higher than older
interglacial δ 1 8 θ values, which average +2.65%o.

Where δ c « 1 8 O of the carbonate analyzed and 6W = δ 1 8 θ of the CO2 equilibrated
with the water, where the carbonate has precipitated, and measured against the same refer-

When compared with the present-day value of
+ 3.42%o, δ 1 8 θ glacial values are higher by 1.6 to 1.9‰.

At the shallower Site 548, oxygen isotopic data corre-
spond to the Matuyama magnetic period. Widely spaced
samples lead to an isotopic curve with only three appar-
ent glacial-interglacial cycles. The faunal curves are also
poorly documented, although Pujol and Duprat (this
vol.) have been able to recognize 12 bioclimatic subdivi-
sions in the same period. During this time, interglacial
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Table 2. Oxygen and carbon isotopic analyses (‰) for Site 548 (Hole 548).

Core-Section
(level in cm)

9-2, 20
9-2, 108
10-4, 43
10-4, 114
10-5, 43
10-6, 54
11-1, 140
11-3, 139

11-5, 17
11-5, 92
11-5, 143
11-6, 8
13-1, 130
13-3, 22
13-3, 130
13-4, 35
13-5, 35
13-5, 130
13-6, 27
14-1, 40
15-1, 112
15-5, 30
15-5, 63

Sub-bottom
depth (m)

71.7

81.4

93.3

99.4
101.1

106.6

Species

Planulina wuellerstorfi
P. wuellerstorfi
Hoeglundina
P. wuellerstorfi
P. wuellerstorfi
Cibicides kullenbergi
P. wuellerstorfi
C. kullenbergi
Bulimina spp.
C. kullenbergi
C. kullenbergi
C. kullenbergi
C. kullenbergi
C. kullenbergi
C. kullenbergi
C. kullenbergi
C. kullenbergi
P. wuellerstorfi
Uvigerina peregrina
C. kullenbergi
C. kullenbergi
P. wuellerstorfi
C. kullenbergi
C. kullenbergi

δ 1 8 o

+ 2.96

+ 4.36
+ 2.06
+ 1.29
+ 2.91
+ 3.36
+ 3.06
+ 3.58
+ 2.99
+ 2.70
+ 1.90
+ 2.21
+ 1.44
+ 2.28
+ 2.67
+ 2.05
+ 1.76
+ 1.20(?)b

+ 3.57
+ 2.38
+ 1.73
+ 3.41
+ 2.36

δ 1 3 C

+ 1.03
+ 0.24

+ 0.47
+ 0.02
+ 0.65
+ 0.52
+ 0.63
-0.29
+ 0.35
+ 0.16
+ 0.33
+ 0.04
-0.08
+ 0.41
-0.04
+ 0.31
+ 0.43

+ 0.34
+ 0.22
-0.30(?)
+ 0.55
+ 0.08

δ 1 8 Q a δ 1 3 C a

corrected against
Uvigerina

+ 3.65

+ 4.02
+ 2.75
+ 1.98
+ 3.64
+ 4.05
+ 3.79
+ 3.58
+ 3.72
+ 3.43
+ 2.63
+ 2.94
+ 2.17
+ 3.01
+ 3.40
+ 3.78
+ 2.45
+120(?)
+ 4.30
+ 3.11
+ 2.42
+ 4.14
+ 3.09

Planulina

+ 1.03
+ 0.24

+ 0.47
+ 0.02
+ 0.75
+ 0.52
+ 0.73

+ 0.45
+ 0.26
+ 0.43
+ 0.14
+ 0.02
+ 0.51
+ 0.06
+ 0.41
+ 0.43

+ 0.44
+ 0.32
-0.30(?)
+ 0.65
+ 0.18

a Values of δ O and δ C have been corrected using the mean isotopic deviations published by Graham et al.
(1981).

(?) = untrustworthy result; the sample was analyzed when the mass spectrometer was not working reliably.

<518O minimal values averaged + 2.33%o, and glacial δ 1 8 θ
maximal values averaged + 4.0‰. This results in a lower
amplitude of the δ 1 8 θ variations (1.67%o) than in the up-
per Pleistocene (2.2%o).

It has been shown in other Pleistocene cores that gla-
cial extremes in the early Pleistocene were significantly
less intense than those of the middle and late Pleisto-
cene. Intensification of the glacial effect was worldwide,
appearing in both the Pacific and the North and South
Atlantic; at some locations, this intensification has been
identified around isotopic stage 22 (Shackleton and Op-
dyke, 1976, Shackleton and Cita, 1979; Vergnaud Graz-
zini et al., in press). Available isotopic data do not per-
mit us to propose a precise timing of this intensification
at Sites 548 and 549; but they suggest that sediments de-
posited earlier than those of Core 548-10 date from the
early Pleistocene, for which glacial-interglacial cycles
have been recorded which have a lower amplitude than
those of the more recent 450,000 yrs.

Carbon Isotopic Data

The carbon isotopic data for the two sites are plotted
against depth in the hole in Figures 2 and 3.

At Site 549, the mean δ1 3C value is about +0.16%0;
at Site 548, the mean value is about +O.34%o. The total
range of carbon isotopic composition is 2.2%o at Site
549 (about - 1.31 to +0.95); it is only + l.O‰ at Site
548 (about +0.02 to +1.03).

Present Hydrological Features and Faunal
Assemblages

The North Atlantic Deep Water is a young water
mass, having been formed relatively recently from water

flowing out of the Norwegian Sea and the Labrador Sea.
Toward 45°N, NADW characteristics are strongly de-
pendent on those of the different water masses that
compose it. On a vertical depth profile, in fact, one
could recognize two well-oxygenated water masses: the
Arctic Bottom Water below (t = 2.5°C, 5%o = 35.02),
formed from the Norwegian outflow over the sills of the
Denmark Strait and the Ireland-Faeroe Ridge, and the
Labrador Deep Water above (3.0 < t°C < 3.5; 34.88 <
5%o < 34.94). These two water masses are formed by
the same process of cooling and sinking of surface water
either in the Norwegian Sea or in the Labrador Sea. Be-
cause they have been isolated from the surface for such
a short time, these waters have a high oxygen content:
6.0 < O 2 < 6.6 ml-I" 1 for the Labrador Deep Water.
This core of well-oxygenated waters is sandwiched, at
this latitude, by two poorly oxygenated water masses: a
strongly modified Antarctic Bottom Water (t = 2.5°C)
below and Mediterranean waters above (O2 < 4.5 ml
l~*). Intermediate Arctic Waters, which form during win-
ter east of Newfoundland at 45°N (3.0 < t°C < 5.0;
34.7 < S%o < 34.9), may be found at the level of, or
slightly above, Mediterranean waters. Regional studies
of deep-water North Atlantic foraminifers have shown
that their distribution is strongly controlled by the oc-
currence of distinct water masses. For instance, faunal
association with Planulina wuellerstorfi occurs in sam-
ples from areas of NADW influence; faunal associa-
tions dominated by Uvigerina peregrina occur in con-
junction with relatively warm and saline water that is in
large part of Mediterranean origin. In fact, Streeter and
Shackleton (1979) remarked that between 2000 and 4000
m in the whole Atlantic, the distribution of U. peregrina
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Figure 2. Oxygen and carbon isotopic compositions of benthic foraminifers plotted against depth in
DSDP Hole 549A. Present-day δ 1 8 θ value and the mean carbon isotopic value of the data set (δ1 3C =
0.16‰P D B) are shown by vertical lines.

is generally congruent with the distribution of dissolved
oxygen, even though oxygen may not really be the eco-
logically limiting variable; it has been noted, however,
that U. peregrina becomes an important component of
the fauna when the oxygen content falls below about 5
ml l~1. At present, this species is absent from the well-
oxygenated core of NADW. In the North and equatorial
Atlantic, it occurs in an intermediate oxygen-minimum
(IOM) to which Mediterranean outflow largely contrib-
utes. In the present-day Mediterranean, too, the genus
Uvigerina is abundant in waters of low oxygen content
(<4.5 ml-l"1) down to 1500 m depth.

DISCUSSION: DEEP-SEA ENVIRONMENT AND
GLACIAL CYCLES

Two Different Glacial Modes

Comparison of the oxygen isotopic records for Sites
548 and 549 suggests two different glacial modes. The
older one, corresponding to the so-called preglacial Pleis-
tocene, is characterized by lower-amplitude glacial-in-
terglacial δ 1 8 θ variations (less than 1.7‰); this suggests
either a smaller ice volume than today or the absence of
any cooling effect in the water masses. Maximal δ 1 8 θ
values, corresponding to glacial peaks, are generally less
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Figure 3. Oxygen and carbon isotopic compositions of benthic foraminifers plotted against depth in DSDP Hole 548. Present-day value of δ 1 8 θ
( + 3.42‰) and the mean carbon isotopic value of the data set (δ1 3C = + 0.34‰pDB) are shown by vertical lines. On the right are shown percent-
ages of the total microfauna represented by N. pαchydermα, plotted against bioclimatic subdivisions according to Pujol and Duprat (this vol.).

than +4.25%o, whereas they reach +5.25%o in the up-
per Pleistocene of Hole 549A. Several workers have ob-
served that a global climatic change occurred in the
middle Pleistocene, which is recorded either by faunal
assemblages or by their isotopic compositions, as in
these instances:

1. The abundance of Sphαeroidinellα dehiscens de-
creases sharply near the top of the Jaramillo magnetic
event in cores from the Atlantic Ocean (Berggren et al.,
1967; Phillips et al., 1968) and across the Bruhnes/Ma-

tuyama boundary in Atlantic and Pacific cores (Glass et
al., 1967).

2. Faunal changes in equatorial Atlantic cores within
and above the Jaramillo event indicate a significant cool-
ing (Berggren, 1968).

3. Sea-surface temperatures estimated through fora-
minifer-based transfer functions for the tropical North
Atlantic Core V 16-205 (Briskin and Berggren, 1975) in-
dicate two types of cold regime, with a transition occur-
ring near the end of the Jaramillo event.
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4. In the same tropical Atlantic core, V 16-205, Van
Donk (1976) found that the isotopic fluctuations below
the Bruhnes/Matuyama boundary were of smaller am-
plitude than those within the Bruhnes normal epoch.

5. Shackleton and Opdyke (1976) observed the same
isotopic pattern in Pacific Core V 28-239 and suggested
that glacial isotopic stage 22, above the Jaramillo event,
may represent the first major Northern Hemisphere con-
tinental glaciation of the middle Pleistocene.

6. More recently, Vergnaud Grazzini et al. (1983), in
a Pleistocene isotopic record at Hole 517F, found that
glacial extremes earlier than isotopic stage 22 (about
900,000 yrs. ago) were significantly less intense than
those of the middle and late Pleistocene, the difference
in maximum δ 1 8 θ values being around l.O%o. These au-
thors have related this finding to a substantial increase
in the ice-cap volume; but, since a δ 1 8 θ increase of
1.0‰ in ocean water would require nearly doubling the
previous size of the ice cap (which seems rather unrealis-
tic), another effect was suggested: a decrease in the ice
δ 1 8 θ values. At the same site, isotopic stage 22 also cor-
responded to the highest percentages of Globigerina
pachyderma, a decrease in Globorotalia inflata percent-
ages, and significant changes in G. truncatulinoides
coiling ratios.

7. The oxygen isotopic record of Caribbean DSDP
Site 502 has allowed Prell (1892) to show statistically
two modes of isotopic variation in the Pleistocene with
the change in mean isotopic composition occurring about
900,000 yrs. ago. Before 700,000 yrs. ago, the amount
of Antarctic Bottom Water entering the western South
Atlantic was greatly reduced, and Circum-Polar Deep
Water apparently accounted for the bulk of northward
flow. A sharp, sustained increase in the volume of bot-
tom water flowing northward occurred after this time.

8. Peterson and Lohmann (1982), proceeding from
benthic foraminiferal evidence, suggested a major change
in the deep-ocean circulation regime about 890,000 yrs.
ago; such a change can also be inferred from carbon
isotopic analysis of benthic foraminifers.

Notwithstanding some imprecision about the real tim-
ing of this climatic deterioration, it seems to have oc-
curred between 600,000 and 900,000 yrs. ago. For some
authors, it should be set at about isotopic stage 19 (the
Bruhnes/Matuyama reversal, about 750,000 yrs. ago);
for others, it should be around isotopic stage 22; and
for yet others, around isotopic stage 24 (the Jaramillo
event). It is also recorded in Mediterranean Quaternary
sections, where it should correspond to the cold Sicilian
Stage (R. Sprovieri, pers. comm., 1982).

At Site 548, numbering of isotopic stages was possi-
ble on the planktonic foraminiferal δ 1 8 θ curve down to
isotopic stage 16 (548-10-4, 43 cm). Older stages could
not be identified. One may only conclude that, in this
region of the northeastern Atlantic, a change between
two different glacial modes occurred sometime before
isotopic stage 16 (about 600,000 yrs. ago).

Estimated Temperature Changes

Temperature estimates of Quaternary sequences have
already been studied in previous surveys, especially those
carried out by the CLIMAP program (Climate Long

Range Investigation Mapping and Prediction). The first
investigations on temperature estimates concerned
18,000 yrs. ago, a reference date for maximal glacial
conditions (CLIMAP Project Members, 1976). Other
recent data on temperature estimates involving areas
close to the investigated zone usually concern the last
glacial cycle (0-127,000 yrs. ago) (Crowley, 1976; San-
cetta et al., 1973; Ruddiman and Glover, 1975; Ruddi-
man and Mclntyre, 1976; Mclntyre et al., 1976; Pujol,
1980; Kellogg, 1977). This, we believe, is therefore the
first extensive study of an entire Quaternary sequence in
the eastern North Atlantic mid-latitudes, in a region
where polar-front displacements may have been signifi-
cant.

At Site 549, however, as the following tabulation
shows, discrepancies arise between surface winter tem-
peratures (estimated through transfer functions [Pujol
and Duprat, this vol.] for glacial maxima corresponding
to isotopic stages 2, 6, 10, and 12) and isotopic tempera-
tures (calculated by the mean of the simplified equation
from Shackleton [1974], using δ1 8 values measured on
benthic foraminifers and a glacial δ 1 8 θ value of
+ 1.60‰ on the PDB scale for NADW):

Isotopic stages

2 a

6 (our results)
10 (our results)
12 (our results)

δ 1 8 θ
equilibrium
values of
benthic

foraminifers

+ 5.37
+ 5.27
+ 4.89
+ 4.94

Isotopic
temperatures

(°C)

1.9
2.2
3.7
2.4

Sea surface
winter temperatures

( ° Q

O
O
O

o

a Core CH 73129C (Duplessy et al., 1980).

Since isotopic temperatures calculated using the δ 1 8 θ
value measured at the top of the core (δ1 8θ = +3.42)
are compatible with present-day bottom temperatures at
Site 549 (t = +3 ± 0.4°C), isotopic temperatures cal-
culated for older stages are also reliable; but one should
assume that (1) isotopic deviation for the same forami-
niferal species remained constant through time; (2) the
effect of ice storage on ocean-water δ 1 8 θ values during
older glacial maxima was also constant, and averaged
+ 1.7%o; and (3) bioturbation did not reduce the ampli-
tude of glacial variations. These maximal δ 1 8 θ values
occurred at four different times during the last 450,000
yrs.: during isotopic stages 2 (documented in the litera-
ture), 6, 10, and 12. At these same times, winter sea-sur-
face temperatures are estimated to have been 0°C. These
four episodes correspond to the times of dominant po-
lar faunas (sinistral N. pachyderma contributing to more
than 80% of the total microfaunal assemblages). They
were also marked by a low primary productivity, indi-
cated by very low abundances of nannofossils (Pujos-
Lamy, pers. comm.). Also during these same periods,
benthic foraminiferal assemblages were dominated by
Uvigerina peregrina.

It has been shown that, 18,000 yrs. ago (Pujol, 1980),
the zone under study was situated north of the polar
front and subarctic convergence, where superficial polar
waters were in a cyclonic system. The previous consider-
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ations indicate that situations analogous to the one
18,000 yrs. ago prevailed at four times during the past
450,000 yrs. (Fig. 4).

During winter, as we have shown, surface tempera-
tures were lower than deeper ones. This seems to indi-
cate that in that particular zone and during the colder
months of the year, vertical profiles of temperatures in
the water masses may have been quite similar to those
reported for some localities of the Arctic Ocean at the
present time (Fig. 5). In the present-day Denmark Straits,
for instance, Arctic waters exhibit essentially a two-lay-
ered system, with a less dense surface layer separated
from the main body of water of quite uniform density
by a strong pycnocline, which restricts vertical motion
and acts as a lid over the large masses of warmer water
below (Coachman and Aagaard, 1974). Planktonic for-
aminifers which tolerate low temperatures, especially left-
coiling N. pachyderma, could live at greater water depths
during such episodes. Coccolithophorids that should not
tolerate temperatures below 2°C (Mclntyre and Be, 1967)
and live in the photic zone became extremely rare during
isotopic stages 2, 6, 10, and 12.

These stratified conditions, which prevailed during
the colder months of the year, prevented convective ov-
erturn and inhibited the establishment of subpolar
planktonic foraminiferal assemblages.

70° N

60

50

40'

Polar front and subarctic
convergence 18,000 yrs. ago

I | Sites 548 and 549

• • • • • Present polar front

40° W 30° 20° 10° 10

Bottom

water

1 Denmark Strait
2 Greenland Sea-South
3 Greenland Sea—North

1800 -

2000
0 1 2

Temperature (°C)

Figure 4. Subarctic convergence and polar front 18,000 yrs. ago and at
the present time.

Figure 5. Vertical profiles of temperature in various basins of the Arc-
tic seas.

Deep Water Masses, Oxygen Content, and Circulation

Fluctuations in the δ1 3C values of benthic foramini-
fers are recorded at both sites. The last glacial cycle is
not documented here but has been studied in great detail
by other workers, and isotopic stage 2 correlates with a
decrease of about O.7%o in the δ1 3C of benthic foramini-
fers (Broecker, 1982). For the older glacial cycles docu-
mented here, episodes of 1 3 C depletion may not always
correlate with glacial maxima.

At Site 549, episodes of large 1 3C depletion, mostly
recorded by U. peregrina, occurred during oxygen-iso-
topic stages 6 to 7a and 10 to 12. At Site 548, δ1 3C de-
creases correlate with episodes of low δ 1 8 θ .

At Site 549, the upper Pleistocene δ1 3C values average
+ O.16%o, significantly lower than the present-day value
of +l.O%o recorded by P. wuellerstorfi. But maximal
δ1 3C values, between +0.75 and + l.O‰, are reached in
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isotopic stages 7a, 7c, 8, and 13, and minimal δ1 3C val-
ues around - 1.3%o are reached in isotopic stage 12. In
oxygen-isotopic stage 6, δ1 3C values average -O.17%o,
which represents a decrease of -O.33%o with respect to
the average of +O.16%o. In oxygen-isotopic stages 7, 11,
and 12, δ13C values average -O.5O%o, which represents a
decrease of -O.66%o relative to the average of +O.16%o.

At Site 548, maximal δ1 3C values are about +O.75%o,
and minimal δ1 3C values are between 0 and -O.25%o,
the low δ1 3C values corresponding to the low-δ18θ epi-
sodes.

Thus, the two different glacial modes are also charac-
terized by two different sets of δ1 3C values: higher aver-
age δ1 3C values with fluctuations of minor amplitude in
the lower Pleistocene of Site 548 contrast with lower av-
erage δ1 3C values with fluctuations of larger amplitude
during the last 450,000 yrs. at Site 549.

Some hypotheses may now be proposed to explain
these differences between the lower and upper Pleisto-
cene and between the two sites.

A first-order explanation is that during the late Pleis-
tocene, North Atlantic Deep Water was less oxygenated
and increased its residence time. Peterson and Lohmann
(1982) have also shown that microfaunal changes indi-
cate the beginning, between 680,000 and 700,000 yrs.
ago, of sustained AABW production at or near present-
day volumes in the South Atlantic. This water has a lower
oxygen content and a lower δ1 3C of Σ C O 2 than North
Atlantic Deep Water (Ö^CAABW = + O.6%o and δ 1 3 C N A D W

= + 1.0‰). As it progresses northward into the North-
ern Hemisphere, AABW partially mixes with NADW
and may influence NADWs thermal and isotopic char-
acteristics. This scenario could account for lower δ1 3C
and higher δ 1 8 θ values in the upper Pleistocene.

Concerning the decreases in δ1 3C during the glacial
maxima of the late Pleistocene, there are essentially two
basic ways to explain them. A first series of explana-
tions involves a modification of the carbon reservoirs,
more precisely a transfer of the carbon from one of the
reservoirs to another (Shackleton, 1977; Broecker, 1982).
A second series of explanations involves a change in the
dynamics of water masses (Streeter and Shackleton,
1979; Boyle and Keigwin, 1982; Curry and Lohmann,
1982). We now present these two series in more detail.

1. Shackleton (1977) noted that δ1 3C values in Core
M 123-92 decreased by about l%o during the glacial pe-
riod. He attributed this change to a transfer of isotropi-
cally depleted, continental, reduced C (from tropical rain-
forest and northern hardwood forests) into the ocean
during glaciations.

More recently, Broecker (1982) argued that this trans-
fer was instead due to a transfer of organic C from the
continental shelf into the deep sea.

One would expect, however, that this carbon transfer
from extra-oceanic to oceanic reservoir might also be re-
corded in the δ1 3C values of the Σ C O 2 of superficial wa-
ters; this is generally not the case, and bottom waters
alone record this glacial δ1 3C decrease.

2. Following the second series of hypotheses, there is
generally rather good agreement that NADW produc-
tion and/or flow rate were much reduced during some

glacial episodes, δ1 3C decrease of deep LCO2 indicating
reduced oxygenation and increased residence time of the
deep waters. For some authors, NADW may have been
completely eliminated, and for others there may still have
been northern sources of NADW.

The formation of NADW requires one or more sourc-
es of high-salinity near-surface water from the south;
but it also requires particular oceanographic conditions
at the source regions, mainly the Labrador and the Nor-
wegian seas. Thus, either a permanent sea-ice cover over
the Labrador and the Norwegian seas, preventing ther-
mohaline convection, or a reduction or elimination of
highly saline southern sources, is a condition sufficient
to modify NADW production. The high-salinity Medi-
terranean outflow has been hypothesized by Reid (1979)
to be an important saline southern source. And this was
already taken by Johnson (1982) as an example of rein-
forcing teleconnection between two water masses. Ex-
amination of the fluxes of the different water masses
participating in the present-day NADW reveals that the
role of the Mediterranean outflow may have been mod-
erate.

Overflow passing through the Denmark Strait and
over sills in the Iceland/Scotland Ridge corresponds to a
total flux of 6 × 106 m3 s~l. This overflow mixes with a
4 × 106 m3 s~1 Atlantic flux and forms North Atlantic
Deep Water with a total flux of 10 × 106 m3 s~1

(Worthington, 1976). Mediterranean outflow at the Gi-
braltar Straits has a flux of 1.6 × 106 m3 s~!. Assuming
that all Mediterranean outflow contributes to the Nor-
wegian outflow, it should only represent 16% of the total
NADW. But according to Worthington (1976), part of
the Mediterranean outflow (about 60%) mixes at 40°N
with NADW and flows southward, whereas the part
contributing to the Norwegian inflow and outflow rep-
resents only a few percent, with a flux of about 0.6 ×
1 0 6 m 3 s - 1 .

During glacial extremes, the Mediterranean was still
active as a deep-water source in the western and eastern
basins (Vergnaud Grazzini, in press); but Mediterranean
overflow may have been slightly reduced owing to a shal-
lower sill-depth and to a volume loss of 3 × 105 km3 of
water. Thus, a reduction of Mediterranean outflow
could not be a sufficient factor in reduction of NADW
production. Northern Hemisphere oceanographic con-
ditions in the source region may have been responsible
for a reduced NADW flow-rate during some glacial ex-
tremes of the last 500,000 yrs. They may be summarized
as follows:

A. If sea-ice cover on the Norwegian and Labrador
seas (CLIMAP Project Members, 1976) prevented sur-
face-water sinking and deep-water formation by vertical
convection, the overlying and underlying less-oxygenat-
ed water masses, of Mediterranean origin above and Ant-
arctic origin below, would have become an important
part of North Atlantic waters at this particular period.

B. If a two-layered structure of the water masses, in-
ferred from paleotemperature vertical profiles, is a trust-
worthy figure, such a structure, which may have pre-
vailed throughout part of the year in some regions of
the northeastern Atlantic, prevented vertical convection
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and deep-water sinking (as it occurs today at the AABW
sources). Thus, average NADW production was re-
duced. The flux of glacial NADW was diminished rela-
tive to that of less-oxygenated water masses.

At shallower Site 548, the correlation that emerges
between episodes of low δ13C values and low δ 1 8 θ values
might be explained also by volume changes in the differ-
ent water masses. During int/rglacial stages, Mediterra-
nean outflow may have been higher than during glacial
stages. North of 45°N, mixing between Mediterranean
waters and the Arctic Intermediate Waters may have
been intense, causing large changes in physicochemical
parameters and inducing a real but slight δ13C decrease
in these water masses.

CONCLUSIONS

Oxygen and carbon isotopic analyses of Quaternary
benthic foraminifers at DSDP Sites 548 and 549 (Hole
549A) (mid-latitudes, northeastern Atlantic) give some
information on oceanographic conditions in the Quater-
nary.

At least two different glacial modes may be recog-
nized in the entire Pleistocene, on the basis of stable-
isotope variations. The lower Pleistocene, probably old-
er than isotopic stage 16, is characterized by δ 1 8 θ varia-
tions of rather low amplitude, averaging 1.65‰ between
glacial and interglacial extremes, with maximal δ 1 8 θ val-
ues averaging +4.O%o. The δ13C values, reflecting those
of the Σ C O 2 , average + 0.34‰, with lower values corre-
sponding to low δ 1 8 θ values. The last 450,000 yrs. ap-
pear to correspond to amplified glacial cycles: the gla-
cial-interglacial δ 1 8 θ variation is about 2.2%o, and max-
imal δ 1 8θ values are about + 5%o. Average δ13C values
are about +0.15‰ and decrease strongly, in correlation
with glacial isotopic stages 2, 6, 7a, and 10 to 12.

Increased ice storage alone cannot account for the
l%o difference observed between glacial maxima of the
lower and upper Pleistocene; a similar difference was al-
so reported for Site 517 on the Rio Grande Rise. Either
a decrease in the oxygen isotopic composition of the ice
and/or a temperature decrease could account for a
change of such magnitude.

Depletion in 13C in the ECO2 of deep water may re-
flect — in the upper Pleistocene compared with the lower
Pleistocene, as well as in the recent glacial maxima (iso-
topic stages 2, 6, 7a, 10 to 12) — a modification of
oceanographic conditions at deep-water sources.

Before about 600,000 yrs. ago, the amount of Ant-
arctic Bottom Water flowing northward and entering the
eastern North Atlantic was greatly reduced. During the
last 450,000 yrs., average annual production of NADW
diminished during glacial stages, allowing a major in-
flow of the poorly oxygenated and colder Antarctic Bot-
tom Waters.
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