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SUMMARY

The abrupt shifts in foraminiferal 8'®*O observed in core ODP 609 (the meltwater signature of the
Heinrich events, see Bond et al. 19925, 1993) are seen in ten North Atlantic high sedimentation rate cores;
the decreasing south-west to north-east gradient is well pronounced. This confirms that the Heinrich
events are associated with major surges of the Laurentide ice sheet, when it is believed approximately
10® km® of ice are liberated during each event.

A tentative reconstruction of the changes in surface and deep-water density, based upon the study of
cores SU 90-39 (53° N 22° W) and SU 90-08 (43° N 30° W), is presented. To calculate the density of
surface water, sea surface temperature is obtained using a foraminiferal transfer function (see cLIMAP
1981) and salinity is estimated using the foraminiferal 8'®0 record corrected for the temperature effect
on isotopic fractionation. The density of deep water is directly derived from the benthic §'*O record, after
corrections for the mean global changes in Ocean §'0. Results indicate that the North Atlantic Ocean

has been repetitively a potential area of deep-water formation during the last glacial period.

1. INTRODUCTION

Broecker & Denton (1989), among others, have
proposed that the changes in Northern Atlantic surface
salinity driven by the growth and decay of the large ice
sheets may play a significant role in the control of deep-
water circulation. Rapid changes in North Atlantic
surface-water hydrology are recorded in the oxygen
isotopic ratio of fossil planktic foraminifera from both
the last deglaciation (Duplessy et al. 1986; Duplessy et
al. 1992) and the last glacial period (Bond et al. 1992b;
Bond ¢t al. 1993). Most of these isotopic events are
linked to catastrophic surges of the continental ice
sheets (the Heinrich events, from Heinrich (1988) and
Bond ¢t al. (19926). Rapid changes may also have
occurred during the last interglacial period (Dansgaard
et al. 1993; McManus ¢t al. 1994 ; Keigwin et al. 1994).
The purpose of this paper is to study the evolution of
the surface-water hydrology in the North Atlantic
Ocean and its implications for deep-water formation
over the last glacial-interglacial cycle. Surface hydro-
logical characteristics are reconstructed from high
resolution planktic 880 and sea surface temperatures
(sst) (derived from foraminiferal transfer functions
following Imbrie & Kipp 1971). Deep-water density is
derived from benthic foraminifera 8'*0 (Labeyrie et al.
1987, 1992).
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2. STRATEGY

Foraminiferal 8'®O records monitor the changes in
surface and deep-water hydrology as well as the
changes in ice volume. Oxygen isotopic fractionation
between foraminiferal shells and the ambient water is
a known function of the growth temperature (O’Neil et
al. 1969; Shackleton 1974) and the water 3'%0, which
is itself a function of the water salinity as 'O is
fractionated against 'O during evaporation:
880, e changes locally by 0.5 per salinity unit for
surface salinity gradients (Ostliind et al. 1987), and,
globally, by 1.2 per salinity unit during continental ice
sheet growth and decay (Labeyrie et al. 1987;
Shackleton 1987). Labeyrie et al. (1986) and Duplessy
et al. (1991) have shown that salinity may be derived
from the planktic foraminifera 3'*O during periods of
known ice sheet volume, if ssT is independently
estimated from the foraminiferal species distribution
(cLmMaP 1981).

3. DATA

The core location is plotted in figure 1. The location
and the list of parameters which were measured are
given in table 1. Three cores have been analysed
isotopically for benthic foraminifera (SU 90-08,
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Table 1. Location of the cores and parameters presented here.

core latitude longitude data presented.

SU 90-08 43° N 30°W planktonic and benthic foraminifera §'%0, sst, grey reflectance,
4G ams

SU 90-11 44° N 40°W planktonic and benthic foraminifera 880, grey reflectance

ODP 609 50° N 24° W N. pachyderma (s.) 3'%0, grey reflectance

SU 90-39 53°N 22°W planktonic foraminifera 830, grey reflectance

V 23-81 54°N 16°W N. pachyderma (s.) 3'%O

NA 87-22 56° N 15°W planktonic and benthic foraminifera 820, C ams

CH 73-110 60° N 09°W N. pachyderma (s.) 620

SU 90-32 60° N 22°W N. pachyderma (s.) 8'%0

SU 90-16 58° N 45°W N. pachyderma (s.) 8°O

HU 75-42 62° N 54°W N. pachyderma (s.) 380

SU 90-44 50°N 17°W N. pachyderma (s.) 8**0
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Figure 1. Location of the cores; square boxes indicate the location of the two key records for the study of vertical

convection (cores SU 90-08 and SU 90-39).

SU 90-11, NA 87-22); and they constitute the basis for
the chrono-stratigraphy and deep-water reconstruc-
tion. Core SU 90-39 and SU 90-08 have summer sst
estimates, whereas planktic foraminifera 'O records
are presented for all ten cores. The isotopic record from
core HU 75-42 is a composite signal of two nearby
cores, HU 75-41 (for the Holocene and deglaciation)
and HU 75-42 for the glacial period (see Fillon &
Duplessy 1980). Cores V 23-81 and ODP 609 have
been extensively studied at very high resolution
(2-3cm) by Bond et al. (19926, 1993) for the
reconstruction of surface-water variability during the
last glacial period in relation with the Heinrich events.

Phil. Trans. R. Soc. Lond. B (1995)

(a) Isotopic measurements

Foraminiferal 8'®0O values have been measured for
most cores on an automated preparation line coupled
to a Finnigan MAT 251 mass spectrometer. The mean
external reproducibility of powdered carbonate
standards is+0.05%, for oxygen and carbon. Data is
reported as 80O versus PDB (Pee Dee Belemnites
Standard; see Hut 1987; Coplen 1988). Respectively,
planktonic foraminifera species Globigerina bulloides and
Neogloboquadrina pachyderma (s.) were analysed in the
250-315 um and 200-250 pm size range, the most
abundant in north Atlantic sediments over the last
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Figure 2. 3'%0 records of the benthic foraminifera versus depth in the cores SU 90-11, SU 90-08 & NA 87-22.

climatic cycle. Wherever possible, the benthic for-
aminifera Cibicides wuellerstorfi was selected. When not
available, we chose Uvigerina peregrina. C. wuellerstorfi
3'®0 are adjusted by +0.64 %, for specific fractionation
(Duplessy et al. 1984). The benthic 8'%0O signals were
analysed versus depth for cores SU 90-08, SU 90-11
and NA 87-22 in figure 2.

(b) Sea surface temperature

The ssts were estimated on cores SU 90-08 (43° N)
and SU 90-39 (53° N) using the classic Imbrie & Kipp
(1971) method and a reference data base extended
after cLivap (1981). Communality is always bigger
than 0.8. The sampling resolution is not constant
throughout the cores: Core SU 90-08 is analysed
approximately each 2cm (0.2-0.6 ka), except between

Phil. Trans. R. Soc. Lond. B (1995)

400-540 cm  (isotopic stages 5.4 to 4), where the
resolution was decreased to 10 cm (approx. equals
1-2 ka). Core SU 90-39 is only analysed at high
resolution (2 cm 0.1-0.2 ka) during the last interglacial
period (700-830 cm). Elsewhere, the resolution is
10 cm (1-2 ka). Estimated summer and winter sst (see
figure 3) are similar to Ruddiman & Mclntyre’s 1984
reconstruction of nearby locations.

(c) Construction of representative planktic
foraminifera $°0

Drastic changes of climate during the last glacial—
interglacial cycle in the northern Atlantic resulted
from the displacement of the warm subtropical waters
between 60° and 40° N (Ruddiman & Mclntyre 1984).
It is rarely possible to obtain, in this area, continuous
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Figure 3. Results of the ssT and planktonic foraminifera §'®0 reconstructions for cores SU 90-39 and SU 90-08 versus
depth.
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monospecific 3'%0 records from G. bulloides or N. ture 1.5 °C colder). This isotopic offset (probably due
pachyderma (s.), as N. pachyderma (s.) is abundant in to the deeper habitat of N. pachyderma (s.)) appears
polar waters whereas G. bulloides lives in sub-polar and ~ constant for the whole 0-10 °C optimum range of that
transitional waters. Duplessy et al. (1991) have ob- species. We therefore reconstructed representative
served that in waters where both foraminifera develop ~ planktic foraminifera 8'®0 records for the two cores
(between 7-10 °C summer sst), N. pachyderma (s.) is  where ssT records are available (SU 90-08, SU 90-39),
0.35%, heavier (corresponding to a growth tempera- using G. bulloides 8'®0 during warm periods (summer

PHILOSOPHICAL
TRANSACTIONS
(@)

Phil. Trans. R. Soc. Lond. B (1995)


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Hydrology of the North Atlantic Ocean L. Labeyrie and others 259

Table 2. ams *C dating for core SU 90-08

Table 3. ams *C dating for core NA 87-22

N. pachyderma (s.)  ams*C age age (—0.48) depth  ams'C age age (—0.48)
error error
depth ka ka +lo cm ka ka +1o  species
60 13.44 12.96 0.11 95 3.52 3.04 0.09 N. pachyderma (s.)
72 15.23 14.75 0.11 200 8.28 7.80 0.11 G. bulloides
80 15.28 14.8 0.1 200 8.30 7.82 0.09 N. pachyderma (s.)
100 18.73 18.25 0.15 250 10.01 9.53 0.09 G. bulloides
120 21.1 20.62 0.21 270 10.87 10.39 0.14 G. bulloides
134 22.45 21.97 0.2 285 11,32 10.84 0.09 N. pachyderma (s.)
162 27.48 27 0.33 305 11.69 11.21 0.12 G. bulloides
170 30.09 29.61 0.51 315 12.92 12.44 0.12 G. bulloides
192 33.85 33.37 0.66 325 12.38 11.90 0.12 G. bulloides
210 36.13 35.65 0.88 345 14.58 14.10 0.13 N. pachyderma (s.)
355 15.66 15.18 0.12 N. pachyderma (s.)
370 15.80 15.32 0.14  N. pachyderma (s.)
ssT = 7 °C), and N. pachyderma (s.) 8'*O (corrected 380 16.70 16.22 0.14  N. pachyderma (s.)
by —0.35°) during cold periods (summer sst < 10 °C) 400 17.59 17.11 0.14 N. pachyderma (s.)
(see figure 3). 420 18.11 17.63 0.18  N. pachyderma (s.)
Our results, here again, are in agreement with 440 19.31 18.83 0.27 N pachyderma (s.)
. . 455 20.16 19.68 0.23 N. pachyderma (s.)
results from Ruddiman & MclIntyre (1979, 1984); the 485 90.77 90.99 091 N
. . o . . . . pachyderma (s.)
g(l);)gniu(it; rslurface' vgate;s lags'the plapktlc foraminifera 495 91.49 20.94 0.23  N. pachyderma (s.)
g periods of continental ice growth (tran- 510 23.78 23.30 0.27  N. pachyderma (s.)
sitions 5.5 -5.4, 5.3-5.2, 5.1-4 and 3-2). The surface 520 23.692 23.14 0.3 N. pachyderma (s.)
layer of warm waters which covered the Northern 520 24.73 24.25 0.31  G. bulloides
Atlantic during these periods was subjected to high 530 26.35 25.87 0.33  G. bulloides
evaporation (shifting the planktic foraminifera 30 to 560 28.68 28.20 0.44  N. pachyderma (s.)
heavy values). Atmospheric water vapour was avail- 585 30.40 29.92 0.52 G. bulloides
able for feeding precipitation over the ice fields, which 595 31.64 31.16 0.64  G. bulloides
660 43.40 42.92 2.5 N. pachyderma (s.)

promoted faster growth of the ice sheets.

(d) Chronostratigraphy

Spatial reconstruction of past changes in surface-
water hydrology are based upon sets of records built on
the same chrono-stratigraphical scale. Large changes
in sedimentation rates occur in the North Atlantic,
both spatially and with time.

(1) Correlation

As a first step, all the cores have been correlated
using the ANALYSERIES software (see Paillard ¢t al. CFR
internal report 1993). The common stratigraphic scale
was built using core SU 90-08 as reference. Approxi-
mately 10-20 depth-to-depth links were used for each
core, corresponding to the most significant events. The
parameters considered are listed below.

1. Reference benthic foraminifera §'®0O records (on
the three cores SU 90-08, SU 90-11, and NA 87-22, see
figure 2). They are identical within sampling and
analytical variability for cores in the same depth range
and general area.

2. N. pachyderma (s.) 8"O and 3'C records (on all
cores) for the glacial period and G. bulloides 8"*O for the
interglacials. The 8'*C study will be reported elsewhere
(L. Labeyrie, unpublished data).

3. N. pachyderma (s.) relative abundance has been
used by Bond et al. (19925, 1993) for detailed
comparison of nearby cores V 23-81 and ODP 609.

4. Grey reflectance records, using the methodology
of Bond et al. (1992a). The results will be presented
elsewhere (E. Cortijo, unpublished data).

Phil. Trans. R. Soc. Lond. B (1995)

(ii) The chronological scale

1C accelerated mass spectroscopy(ams) dating of N.
pachyderma (s.) and G. bulloides are available for cores
SU 90-08 and NA 87-22 (see tables 2 and 3). The
results have been corrected for a mean ventilation age
of surface waters of 0.48 ka (Bard 1988). No correction
for calibration to calendar age was applied. The time
scale was derived by polynomial regression between
the dating of both cores after the stratigraphic
correlation. Results are compatible with the "C ams
ages published by Bond et al. (1992b; 1993) for core
ODP 609.

Chronostratigraphic constraints below 30 ka are
based upon the sPEcMAP timescale (Martinson et al.
1987), with small changes introduced within isotopic
stage 3, for which we used the chronostratigraphy
based upon high precision tephrochronology of
Mediterranean Sea ash layers (Paterne et al. 1986).

4. DISCUSSION
(a) Spatial and temporal variability of the glacial N.
pachydermaf(s.) 8”0 records

The N. pachyderma (s.) 8'*O records analysed age are
reported for all the cores in figure 4. Large amplitude
80 negative anomalies are observed in most cores,
and specially cores SU 90-08, SU 90-11 and ODP 609.
Bond et al. (1992b; 1993) and Grousset et al. (1993)
have demonstrated that the isotopic anomalies occur
simultaneously with drastic surface-water cooling, and
are associated with the Heinrich events of large influx
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Figure 4. Neogloboquadrina pachyderma (s.) 8'%0 records plotted against age for all the cores discussed in the text. The
Heinrich events are indicated by grey shadings, according to the numbering of Bond et al. (19925).

of ice rafted detritus. Therefore, they are the signature
of large inputs of low 8'®O water melting from the
icebergs during major ice surges of the continental ice
sheets. Our results show that these large 8O anomalies
extend over a significant portion of the Northern
Atlantic, from core SU 90-11 (44°N 40°W and
HU 75-42 (62° N 54° W) to SU 90-44 (50° N 17° W).
They are also observed, with a slightly smaller
amplitude (approx. equals 1%, versus approx. equals
1.5-2%,), in core SU 90-08 (43°N 30°W) and
SU 90-32 (62° N 22° W). The amplitude of these events
decreases sharply to the north east of ODP 609, in the
cores located around Rockall Bank (NA 87-22, 56° N
15° W) and V 23-81 (54° N 16° W),

Low 8'"0O peaks of smaller amplitude (approx.
equals 0.5 to 19,) are also observed in all the northern
cores. In Labrador Sea core HU 75-42, most of the
Heinrich events are recorded, with an amplitude
around 19,. In the eastern core CH 73-110, only peaks
H4 and H5 are significant. Cores SU 90-32 and
SU 90-16, although at lower resolution, show most of
the variability seen in the more southerly cores.

The distribution of the isotopic anomalies follows the
trends mapped by Grousset et al. (1993) using the
magnetic susceptibility signature of the ice rafted
detritus derived from the Laurentide ice sheet. East of
the Rockall Bank, cores NA 87-22 and V 23-81 do not
show the isotopic signature of these events, indicating
that surface water was not diluted by fresh meltwater.
However, in the North East core SU 90-32 shows
isotopic anomalies, but without the large magnetic
susceptibility peaks seen in the 40-55° N latitudinal
band. The 8'"0O anomalies derive, therefore, from
either surface water carrying meltwater from southerly

Phil. Trans. R. Soc. Lond. B (1995)

latitudes, or from icebergs which originated from the
Fenno-Scandinavian or Icelandic ice sheets.

It seems then that the isotopic anomalies described
in core ODP 609 (Bond et al. 1993) represent a general
phenomenon over the Northern North Atlantic Ocean.
The largest amplitude signal (core SU 90-11 and ODP
609) probably tracks the major path of melting icebergs
and the associated surface waters spiked by the low
8'%0 ice sheet water. When averaged over the North
Atlantic Ocean between 42° N and 65° N (approxi-
mately 4 x 10°km?), taking 0.2km as the mixing
depth, a "0 of melting iceberg —35%, and —0.9%,
for each isotopic anomaly, about 2.10* km® of ice was
melting during the Heinrich events. If the duration of
the events is taken as 50 times the mixing rate of surface
waters (0.5-1 ka (Bond et al. 1993; Frangois & Bacon
1994)), at least 1 million km?® of ice was stripped from
the ice sheets during each of the events: this cor-
responds to about 2 m of mean sea level increase.

An other observation may be gained from examining
the higher resolution records. They present similar and
synchronous trends once the large amplitude shifts are
excluded; both the shape and timing of the sub-
structure (a saw tooth pattern of about 7-10 ka
duration) are also similar. This is near the value that
MacAyael (1993) and Alley & MacAyeal (1994)
estimated for the pseudo-periodicity of the Laurentide
ice sheet oscillations under the effect of basal geo-
thermal heating.

(b) The hydrological changes
(i) Deep waters

Labeyrie et al. (1987; 1992) have proposed a strategy
to reconstruct the mean deep water §'*O, temperature
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Figure 5. Calculated records of North Atlantic surface and deep temperature and salinity plotted for the last 150 ka,
at the location of core SU 90-39 and SU 90-08. The salinity scale is inversed. The deep-water record is derived
from the benthic 880 record of core SU 90-08. Grey shadings approximate the estimated mean uncertainty for each

parameter. Isotopic stages are reported as reference.

and density. For the present work, the mean Ocean
80 record was extended to 150 ka BP using the
V19-30 benthic 880 signal of Shackleton et al. (1983),
after application of a —0.35%,, correction for the effect
of changes in deep-water temperature during the
transition between isotopic stages 6 and 5.5 (Sowers et
al. 1993).

The global seawater 8O signal may be directly
translated in terms of mean global salinity, as salinity
is linearly correlated with continental ice volume: 1.04
salinity unit corresponds to 120 m sea level change and
1.2%, change in mean Ocean 8O (Labeyrie et al.
1987; Shackleton 1987). The signal obtained by
subtraction of this Ocean 8'®O record from the benthic
foraminifera 8'®0 record of core SU 90-08 represents
the changes in oxygen isotopic fractionation, i.e. in
deep-water temperature, at the core location. In such
reconstruction we neglect the secondary effects which
could derive from spatial heterogeneity in deep-water
salinity. We have reported in figure 5 the derived
records for North Atlantic deep-water temperature
and salinity (at 2500-3000 m).

(i1) Surface water

The reconstruction of the changes in surface-water
hydrology for cores SU 90-39 (53° N) and SU 90-08
(43° N) was obtained from their "0 and sst records.
Sea surface salinity was estimated following Duplessy et
al. (1991). The reconstructed records of surface salinity

Phil. Trans. R. Soc. Lond. B (1995)

and temperature are plotted in figure 5. The general
structure of the salinity record is similar to the one
described in Duplessy et al. (1992) for the Last
Deglaciation; warm periods are associated with higher
salinity (surface waters of sub-tropical origin) and cold
periods with lower salinity surface waters (of polar
origin). It is specially true for the Last Interglacial
(about 120 ka Bp) in core SU 90-08, and for the end of
warm stage 5.1 (around 70 ka BP) in core SU 90-39.
The salinity records (as well as the ssT records) are
however significantly different in both cores. Salinity of
the lower latitude core SU 90-08 is more or less
constant around 35.5 for most of the last 110 ka, and
about 38 for stage 5.5. Salinity is about 0.5 units lower
at the location of the 53 °N core, SU 90-39. This core
does not show a large increase in salinity during 5.5;
the latitudinal gradient thus increased considerably
during that period. The large negative spike at the end
of glacial stage 6 in core SU 90-39 and at the end of
glacial stage 2 in core SU 90-08 correspond to other
well defined differences.

The Last Interglacial, sampled for both cores at
better than 1 ka resolution, presents a special interest,
because of the large variability observed in the GRIP
ice core during that period (Dansgaard et al. 1993).
McManus et al. (1994) have shown that the ice signal
does not seem compatible with the Northern Atlantic
Oceanic record for that period. Our records however
do indicate that around mid 5.5 salinity decreased by
about | unit in both cores. This is compatible with a
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Figure 6. Calculated surface-deep density gradients at the location of core SU 90-39 (53° N) and SU 90-08 (43° N).
The sea level curve is reported as reference. Shaded areas correspond to periods of potential excess density in surface
waters. The HI-6 lines correspond to recognized Heinrich layers in the cores (after Bond et al. 19925). Other events,
identified as analogues to Heinrich layers during the cold events of stage 5 (McManus et al. 1994) are reported as H.

slowing down of the salt conveyor belt to the northern
Atlantic, supporting the results of Cortijo ¢t al. (1995).
These authors have evidence for a drastic cooling and
decrease in salinity in Norwegian sea during that
period, which is more muted in the Northeastern
Atlantic.

Just before the last interglacial, core SU 90-39 shows
a large decrease in salinity. This meltwater event is
supported by the lead of the planktic foraminifera §*40
versus ssT changes during the transition between
isotopic stages 6 and 5 (see figure 3).

(¢) Potential areas and periods for deep-water
convection

The temperature and salinity may be used to
calculate water density (o,) using the relation set out
by Cox et al. (1970). Calculations were made for
surface water in winter; the season in which deep-
water convection usually occurs. Results are shown as
changes in density gradient between winter surface and
deep waters over the last 150 ka, at 43°N (core

Phil. Trans. R. Soc. Lond. B (1995)

SU 90-08) and 53° N (Core SU 90-39) in figure 6. The
sea level curve derived from the benthic foraminifera
8"0 record is reported as a reference on the same
scale.

There are some uncertainties associated with the
calculations (approximately +0.5 density units). We
must, therefore, consider for now only the general
trends. Vertical grey lines in figure 6 are periods where
the calculated density for surface water exceeds the
density of deep waters, i.e. potential periods of deep
convection. It is evident that surface water never
presented the large excess density given by the
reconstruction during these periods. Planktonic for-
aminifera develop during the summer months mostly,
especially in polar waters. The reconstruction indicates
the periods during which surface water, with winter
cooling, reaches deep-water density, at the origin of
deep-water convection.

No general trends become apparent from these
reconstructions. The area around 53°N may have
been near sources of deep convection for part of stage
5.3 (100 ka), the cooling from mid 5.1 to 4 (75-65 ka),
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part of stage 3 (50 to 40 ka) and during the last
deglaciation (12-13 ka). Apparantly during reM this
area was sufficiently warm, taking into account its
salinity, to have low density surface waters. This
contrasts to the more northern surface waters (around
55° N 30° W) which were potential sources of deep-
water convection during that period according to
Labeyrie et al. (1992).

At 43° N, surface water density was generally lower
(because of the warmer temperature), and the only
large potential excess in surface density occurred
during isotopic stages 6 and 5.5 (approximately 140 ka
and 130-120 ka). The 5.5 excess density event presents
an interesting problem. Deep-water formation was
active during at least the first part of that period in
Norwegian Sea (Cortijo et al. 1994). Our results point
to a possible second source of deep-water convection
driven by an excess salinity of the sub-tropical surface
waters. It is impossible, however, from the available
data to give its precise location and hydrological
characteristics.

After the Last Interglacial, salinity may have been for
limited periods sufficiently high to permit deep-water
convection. This is apparently the case inbetween the
ice surges (Heinrich events), and during short periods
within the Last Interglacial. Analysis of other cores,
from different areas, will be necessary to define a
precise pattern in the shifts of possible areas of deep-
water convection. But the results do indicate that
during the last 150 ka, North Atlantic was frequently
an area of deep-water convection. During most of the
Glacial, the modern system of subtropical well-
ventilated and salty Gulf Stream water flowing to
Norwegian sea was replaced by more local productions
of deep or intermediate waters, depending on the
surface distribution of temperatures and salinity, there-
fore also on the direct coupling between atmosphere,
ice sheets and the Ocean.

5. CONCLUSIONS

This study represents one approach to integration of
the variation that exists in the planktic 'O records
during the last climatic cycle over the range of the
whole Northern Atlantic Ocean; it also discusses the
possible shifts of conditions of deep-water formation. A
special effort has been made to monitor the rapid
variability of the surface water during the Heinrich
events of the last glacial period, using the 8'%0 of N.
pachyderma (s.).

Our results demonstrate that during the Heinrich
events, most of the surface of the Northern Atlantic was
covered by a layer of low salinity water due to the large
contribution of meltwater from icebergs. The track of
the maximum anomaly confirms that the Laurentide
ice sheet was one of the major sources of these icebergs.
In agreement with the study by Maslin et al. (1995),
our results indicate that deep-water convection was
probably drastically reduced or stopped in the North-
ern Atlantic during these events and that in between,
deep-water convection may have been rapidly re-
established. Interglacial stage 5.5 presents another
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interesting period, with major changes in the lati-
tudinal gradients in salinity. Our results confirm the
results of Cortijo et al. (1995) that the initiation of the
cooling of the Last Glacial, which occured in Nor-
wegian Sea around 120 ka BP, was recorded also in the
Northern Atlantic by a large decrease in surface
salinity. Simultaneously, at 43° N, salinity increases
drastically. This indicates a major slowing down of the
surface thermohaline transport to the Northern
Atlantic during that period.

This work is part of a large-scale study of the North Atlantic
paleoclimatic variability supported by the EEC programme
Environment (EV5V-CT92-0117), and the French pro-
grammes Programme National de la Dynamique du Climat,
DYTEC and Geosciences Marines, of the Institut National
des Sciences de I'Univers. The PALEOCINAT cruise in 1990
allowed the collection of the SU 90- cores on board the Suroit
(Ifremer-Genavir). The isotopic data was obtained through
the additional support of the Commissariat — I’Energie
Atomique and Centre National de la Recherche Scientifique.
B. Lecoat, with the assistance of J. Antignac; J. Tessier was
in charge of the measurements; H. Leclaire was in charge of
the micro-paleontological study of core NA 87-22. Most of
the data presented here will form part of the Doctoral’s thesis
of E.C., L.V, and M. V.; W. Broecker, G. Bond and M. Klas
are especially thanked for providing the samples from cores
V 23-81 and ODP 609 for isotopic analyses. Thanks to M.
Maslin for helpful comments on the manuscript.

The complete data set will be deposited at time of
publication in the World paleo-data centre in Boulder, in the
European paleo-Data base in construction (N. Shackleton,
Cambridge) and is available from L.L. This is CFR
contribution 1691.

REFERENCES

Alley, R.B. & MacAyeal, D.R. 1994 Ice-rafted debris
associated with binge/purge oscillations of the Laurentide
Ice Sheet. Paleoceanography 9, 503-511.

Bard, E. 1988 Correction of accelerator mass spectrometry
14C ages measured in planktonic foraminifera : paleOceano-
graphic implications. Paleoceanography 3, 635-645.

Bond, G.C., Broecker, W.S., Lotti, R. & McManus, J. 19924
Abrupt color changes in isotope stage 5 in North Atlantic
deep sea cores: implications for rapid change of climate-
driven events. In Start of a Glacial, ASI Series (ed, G.J.
Kukla & E. Went), pp. 185-205. Berlin-Heidelberg:
Springer.

Bond, G., Heinrich, H., Broecker, W., Labeyrie, L.,
McManus, J., Andrews, J., Huon, S., Jantschik, R.,
Clasen, C., Simet, C., Tedesco, K., Klas M. & Bonani, G.
19926 Evidence for massive discharges of icebergs into the
glacial north Atlantic. Nature, Lond. 360, 245-249.

Bond, G., Broecker, W., Johnsen, S., McManus, J., Labeyrie,
L., Jouzel J. & Bonani, G. 1993 Correlations between
climate records from north Atlantic sediments and Green-
land ice. Nature, Lond. 365, 143—147.

Broecker, W.S. & Denton, G.H. 1989 The role of Ocean-
atmosphere reorganizations in glacial cycles. Geochim.
cosmochim. Acta 53, 2465-2501.

cLiMaP 1981 Seasonal reconstructions of the Earth’s surface
at the last glacial maximum, GSA Map, Chart Ser. MC-36
Boulder, Colorado: Geol. Soc. Am.

Coplen, T.B. 1988 Normalization of oxygen and hydrogen
isotope data. Chem. Geol. 72, 293-297.

Cortijo, E., Duplessy, J.C., Labeyrie, L., Leclaire, H.,


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

264 L. Labeyrie and others

Duprat, J. & van Wering, T.C.E. 1995 Cooling in the
Norwegian Sea and North Atlantic before the continental
ice sheet growth during the Eemian interglacial period.
Nature, Lond. 372, 446-449.

Cox, R.A., McCartney, M.,J. & Culkin, F. 1970 The
specific gravity/salinity/temperature relationship in natu-
ral seawater, Deep-Sea Res. 17, 679-689.

Dansgaard, W., Johnsen, S.J., Clausen, H.B., Dahl-Jensen,
D., Gundestrup, N.S., Hammer, C.U., Hvidberg, C.S.,
Steffensen, J.P., Sveinbjornsdottir, A.E., Jouzel, J. &
Bond, G. 1993 Evidence for general instability of past
climate from a 250 kyr ice-core record. Nature, Lond. 364,
218-220.

Duplessy, J.C., Shackleton, N.J., Matthews, R.K., Prell,
W.L., Ruddiman, W.F., Caralp, M. & Hendy, C. 1984
13C record of benthic foraminifera in the last interglacial
Ocean: implications for the carbon cycle and the global
deep water circulation. Quat. Res. 21, 225-243.

Duplessy, J.C., M. Arnold, P. Maurice, E. Bard, J. Duprat
& J. Moyes 1986 Direct dating of the oxygen-isotope
record of the last deglaciation by '*C accelerator mass
spectrometry. Nature, Lond. 320, 350-352 .

Duplessy, J.C., Labeyrie, L., Juillet-Leclerc, A., Maitre,
F., Duprat, J. & Sarnthein, M. 1991 Surface salinity
reconstruction of the north Atlantic Ocean during the last
glacial maximum. Oceanol. Acta 14, 311-324.

Duplessy, J.C., Labeyrie, L.B., Arnold, M., Paterne, M.,
Duprat, J. & van Weering, T.C.E. 1992 Changes in
surface salinity of the North Atlantic Ocean during the last
deglaciation. Nature, Lond. 358, 485—488.

Fillon, R.H. & Duplessy, J.C. 1980 Labrador Sea bio-,
tephro-, oxygen isotopic stratigraphy and late Quaternary
paleOceanographic trends. Can. J. Earth Sci. 17, 831-854.

Francois, R. & Bacon, M.P. 1994 Heinrich events in the
North Atlantic : radiochemical evidence. Deep-Sea Res. 41,
315-334.

Grousset, F., Labeyrie, L., Sinko, J., Cremer, M., Bond, G.,
Duprat, J., Cortijo, E. & Huon, S. 1993 Patterns of ice
rafted detritus in the Glacial North Atlantic (40-55° N).
Paleoceanography, 8, 175-192.

Heinrich, H. 1988 Origin and consequences of cyclic ice
rafting in the Northeast Atlantic Ocean during the past
130,000 years. Quat. Res. 29, 142-152.

Hut, G. 1987 Stable isotope reference samples for geo-
chemical and hydrological investigations, Consultant Group
Meeting TAEA, Vienna. Report to the Director General, 1618
September 1985. Vienna: International Atomic Energy
Agency.

Imbrie, J. & Kipp, N.G. 1971 A new micropaleontological
method for paleoclimatology: application to a late Pleis-
tocene Caribbean core, in The late cenozoic glacial ages (ed.
K.K. Turekian), pp. 71-181. New Haven, Conneticut:
Yale University Press.

Keigwin, L.D., Curry, W.B.S., Lehman, J. & Johnsen, S.
1994 The role of the deep Ocean in North Atlantic climate
change between 70 and 130 kyr ago. Nature, Lond. 371,
323-326.

Labeyrie, L.D., Pichon, J.J., Labracherie, M., Ippolito, P.,
Duprat, J. & Duplessy, J.C. 1986 Melting history of
Antarctica during the past 60,000 years. Nature, Lond. 322,
701-706.

Phil. Trans. R. Soc. Lond. B (1995)

Hydrology of the North Atlantic Ocean

Labeyrie, L.D., Duplessy, J.C. & Blanc, P.L. 1987
Variations in mode of formation and temperature of
Oceanic deep waters over the past 125,000 years. Nature,
Lond. 327, 477-482.

Labeyrie, L.D., Duplessy, J.C., Duprat, J.A., Juillet-
Leclerc, A., Moyes, J., Michel, E., Kallel, N. & Shackleton,
N.J. 1992 Changes in the vertical structure of the north
Atlantic Ocean between glacial and modern times. Quat.
Set. Rev., 11, 401-413.

Martinson, D.G., Pisias, N.G., Hays, J.D., Imbrie, J.,
Moore, T.C. & Shackleton, N.J. 1987 Age dating and
the orbital theory of the ice ages: development of a high-
resolution 0-300,000 year chronostratigraphy. Quat. Res.
27, 1-30.

Maslin, M.A., Shackleton, N.J. & Pflaumann, U. 1995
Surface water temperature, salinity and density changes in
the N.E. Atlantic during the last 45000 years : Heinrich
events, deep water formation and climatic rebounds.
Paleoceanography, (In the press.)

McManus, J.F., Bond, G.C., Broecker, W.S., Johnsen, S.,
Labeyrie, L. & Higgins, S. 1994 High-resolution climate
records from the North Atlantic during the last interglacial.
Nature, Lond. 371, 326-329.

MacAyeal, D.R. 1993 Binge/purge oscillations of the
Laurentide Ice sheet as a cause of the North Atlantic’s
Heinrich events. Paleoceanography 8, 775-784.

O’Neil, J.R., Clayton, R.N. & Mayeda, T.K. 1969
Oxygen isotope fractionation in divalent metal carbonates.
J. chem. Phys. 51, 5547-5558.

Ostlind, H.G., Craig, C., Broecker, W.S. & Spencer, D.
(eds) 1987 GEOSECS Ailantic, Pacific & Indian Ocean
expeditions. Shorebased data and graphics, GEOSECS Atlas Series,
vol. 7, 200 pp. Washington D.C.: U.S. Government
Printing Office.

Paterne, M., Guichard, F., Labeyrie, J., Gillot, P.Y. &
Duplessy, J.-C. 1986 Tyrrhenian sea tephrochronology of
the oxygen-isotope record for the past 60000 years. Mar.
Geol. 72, 259-285.

Ruddiman, W.F. & McIntyre, A. 1979 Warmth of the
subpolar north Atlantic Ocean during northern hemi-
sphere ice-sheet growth. Science, Wash. 204, 173—175.

Ruddiman, W.F. & MclIntyre, A. 1984 Ice-age thermal
response and climatic role of the surface Atlantic Ocean,
40° N to 63° N. Geol. Soc. Am. Bull. 95, 381-396.

Shackleton, N.J. 1974 Attainment of isotopic equilibrium
between Ocean water and the benthonic foraminifera
genus Uvigerina: isotopic changes in the Ocean during the
last glacial. In Les méthodes quantitatives & étude des variations
du climat au cours du pléistocene, pp. 203-210.

Shackleton, N.J., Imbrie J. & Hall, M.A. 1983 Oxygen
and carbon isotope record of East Pacific core V19-30:
implications for the formation of deep water in the late
Pleistocene North Atlantic. Earth Planet. Sci. Lett., 65,
233-244.

Shackleton, N.J., 1987 Oxygen isotopes, ice and sea level.
Quat. Sci. Rev. 6, 183-190.

Sowers, T., Bender, M.L., Labeyrie, L.D., Martinson, D.J.,
Jouzel, H., Raynaud, D., Pichon J.J. & Korotkevich,
Y.S. 1993 135000 year Vostok-SPECMAP common
temporal framework. Paleoceanography 8, 737-766.


http://rstb.royalsocietypublishing.org/

