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Abstract

Changes in benthic foraminiferaδ18O andδ13C have been followed over the last deglaciation period in seven sediment
from different water depths in the North Atlantic, Indian and Pacific Ocean. The two periods of most rapidδ18O changes, a
about 17 and 12 ka, are recorded in all intermediate water cores simultaneously with the penetration of brines formed
polar ice shelves, exhibiting lowδ18O andδ13C signatures. At the opposite, exchanges between intermediate and deep
were slow. But here again, Atlantic and Pacific deep waters were affected simultaneously. These results would give a m
to convection around Antarctica a major role in deep circulation during these periods.To cite this article: L. Labeyrie et al.,
C. R. Geoscience 337 (2005).
 2005 Published by Elsevier SAS on behalf of Académie des sciences.

Résumé

Changements de l’hydrologie profonde pendant la dernière déglaciation. Les changements deδ18O etδ13C des forami-
nifères benthiques lors de la dernière déglaciation ont été mesurés dans sept carottes sédimentaires à différentes
dans les océans Atlantique nord, Indien et Pacifique. Deux périodes d’évolution rapide duδ18O, autour de 17 et 12 ka, so
associées à la pénétration de saumures de faibleδ18O et δ13C dans les eaux intermédiaires atlantiques depuis les zon
convection de haute latitude. Une circulation active d’eau intermédiaire peu ventilée était maintenue au cours de chaq
ment, et les différents océans ont répondu en phase, peut-être grâce à des échanges péri-antarctiques actifs. La pé
signal d’anomalie isotopique dans les eaux profondes était en revanche plus lente, mais, comme pour les eaux inter
sans retard entre les océans Atlantique et Pacifique.Pour citer cet article : L. Labeyrie et al., C. R. Geoscience 337 (2005).
 2005 Published by Elsevier SAS on behalf of Académie des sciences.
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Version française abrégée

Malgré le nombre d’études ayant couvert la pério
de la dernière déglaciation, la succession des év
ments ayant accompagné la disparition des gran
calottes de la Laurentide et de la Fenno-Scandie,
les alternances froides et chaudes brutales du D
ancien, Bølling–Allerød et Dryas récent, est enc
très mal comprise. De nombreuses données font
paraître un couplage étroit entre changements d
circulation profonde, hydrologie de surface et tem
rature de l’air aux hautes latitudes nord, mais la na
de ce couplage, ainsi que l’existence même d’in
bilités thermohalines ayant pu entraîner les coups
froid des périodes Dryas ancien et Dryas récent[4],
font encore l’objet d’intenses discussions. Les é
nements de Heinrich, périodes de débâcles rap
de fractions importantes de la calotte Laurentide
raissent à cet égard des cas d’école, car ils asso
l’arrivée d’une quantité significative d’eau douce
surface aux hautes latitudes nord[2,3], un refroidis-
sement important[5], et un ralentissement (ou mêm
un arrêt) de la circulation profonde[12,18–20,29,39].
Mais il n’en est pas de même pour le refroidissem
du Dryas récent, pour lequel on n’a jamais retrou
d’indice d’arrivée massive d’eau douce en surface
de preuve d’un arrêt de la circulation thermohali
Par ailleurs, la période de réchauffement maxim
des hautes latitudes nord (14–15 ka) est aussi cel
fonte la plus rapide des calottes et de montée du niv
de la mer.

La présente étude vise à améliorer l’interprétat
des changements de la composition isotopiqueδ18O et
δ13C des foraminifères benthiques lors de la dégla
tion, en termes de changements des caractéristiqu
la circulation profonde. Les foraminifères benthiqu
de sept carottes sédimentaires prélevées à différe
profondeurs de l’Atlantique nord, de l’océan Indi
et de l’océan Pacifique (Tableau 1) ont été étudiés
Toutes les carottes ont été datées de façon pré
Celles de basse latitude ont été datées directemen
le 14C des foraminifères planctoniques, et transform
tion des âges radiocarbone en âges calendaires (c
grâce au programme Calib[38], après correction d’un
âge réservoir de 400 ans. Pour les carottes de
haute latitude, il faut prendre en compte l’augmen
tion des âges de ventilation des eaux de surface,
à des échanges plus faibles avec l’atmosphère. La
-

t

e

s

.
r

)

rélation avec les séries paléoclimatiques du Groen
permet d’affiner ce paramètre[14,34,40]. Les séries
sont reportées en fonction de l’âge calendaire (Fig. 1A
pour leδ18O etFig. 1B pour leδ13C).

La dérivée des signaux isotopiques par rappor
temps isole chaque événement correspondant à
période de changement rapide ainsi que son in
sité. Les résultats sont reportés sur laFig. 2A pour le
∂δ18O/∂t et sur laFig. 2B pour le∂δ13C/∂t . Deux pé-
riodes de changement rapide duδ18O sont clairemen
apparentes autour de 17 et 12 ka (les épisodes fr
H1 et Dryas récent). Ces deux événements s’acc
pagnent de baisses significatives duδ13C, mais ils ne
sont néanmoins pas directement comparables. E
fet, la circulation profonde dans la période précéd
l’événement lié à H1 (le dernier maximum glaciair
était très différente de la circulation profonde dans
période précédant le Dryas récent (l’interstade ch
du Bølling–Allerød). Leδ13C des eaux au-dessus
2000 m était élevé pendant la période glaciaire,
duisant une ventilation et un renouvellement imp
tant des eaux intermédiaires, alors que les eaux
profondes étaient peu ventilées[11,15]. Pendant la pé
riode du Bølling–Allerød, la circulation océanique
la ventilation des eaux intermédiaires et profondes
semblaient plus à celles de la période actuelle[30]. Les
sauts isotopiques ont été associés à deux étapes
cessives de réorganisation de la circulation profo
ayant conduit à la circulation actuelle (Fig. 1B).

Des travaux récents[35] montrent que des chang
ments significatifs de température de l’eau profon
coïncident avec les changements deδ18O, mais avec
un effet opposé : au début des événements, les
pératures diminuent, et tendent donc à augmente
δ18O des foraminifères. À la fin de chaque évé
ment, on trouve l’effet inverse : un réchauffement d
eaux de fond tend à limiter l’augmentation duδ18O
des foraminifères. La baisse duδ18O des foramini-
fères pendant chacun des sauts isotopiques fait
sous-estimer la baisse réelle duδ18O de l’eau. L’ano-
malie isotopique observée est, par ailleurs, trop gra
pour correspondre à une fonte des calottes de g
telle que le montrent les changements du niveau
la mer (Figs. 1 et 2). Nous les expliquons par l’injec
tion en profondeur d’eau lors de la formation de s
mures[7,39], seul mécanisme de formation de l’e
profonde lors de ces périodes de baisse import
de la salinité de surface aux hautes latitudes. Nos
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sultats montrent que l’eau ainsi marquée pendant
envahit très rapidement les couches intermédiaires
différents océans, mais beaucoup plus lentemen
couches profondes. Le renouvellement des eaux in
médiaires reste donc important, malgré la baisse d
ventilation, sans doute associée à la disparition d
convection profonde dans les zones libres de gl
Les eaux profondes en revanche, tant en Atlanti
que dans le Pacifique, ne se modifient que prog
sivement, 1,5 ka plus tard. Ce résultat confirme d
l’isolement des eaux profondes. Après une reprise
la convection profonde lors de la période du Bøllin
Allerød, le saut isotopique lié au Dryas récent marq
le retour à un régime de convection limité à la form
tion de saumures. Les eaux profondes de l’Atlantiq
nord (carotte CH69-K09, 4100 m), comme en ce
concerne l’événement associé à H1, ne reçoivent l
gnal que 1,5 ka après. En revanche, la transmissio
signal vers 3000 m pourrait être plus complexe c
aussi bien dans l’Atlantique que le Pacifique, on
distingue plus la présence du saut caractéristiqu
pourrait même y avoir décomposition en deux évé
ments successifs, l’un en phase avec celui des e
intermédiaires, l’autre plus tardif, en phase avec
eaux profondes (Fig. 2A). Par ailleurs, aucune sourc
significative d’eau de fonte n’a été observée pend
cette période (le Dryas récent) aux hautes latitu
nord. Cette période est donc loin d’avoir délivré to
ses secrets.

1. Introduction

Understanding the links between changes in
mate and ocean circulation is a major challenge
palaeoclimatology. The last deglaciation period is
pecially interesting in that respect, with oscillatio
between warm (Bølling–Allerød) and cold even
(Younger Dryas), although summer insolation w
at its maximum in the Northern Hemisphere and
sheets, which accumulated during the Last Glacial
riod, were rapidly disappearing.

Stommel [37] was among the first to consid
potential instabilities in the density driven dee
ocean circulation (the thermohaline circulation, THC
when changes in high-latitude salinity affect dee
water convection. Broecker[4] emphasized the con
sequences of THC reduction as a cause for north
hemisphere cooling, as observed during the Youn
Dryas (YD). Other cold periods have been descri
since these early works, and linked to Heinrich Eve
(H#), periods of drastic iceberg surges and meltw
input to the northern Atlantic that occurred every 5
10 ka during the last glaciation, and resulted in ra
drops in sea-surface temperature and in atmosph
cooling [2,3,5,19,20]. Decreases in deep water ve
tilation are also observed during H#[18,33,39]. Nu-
merous climate model simulations effectively link d
crease in high-latitude surface salinity and THC
drops in Northern Hemisphere temperature[27,29,36].
H1 (about 17.5 to 16 cal ka) occurred at the beginn
of the last deglaciation. It has been related to the
large amplitude surge of the Laurentide ice sheet
resulted in both surface water cooling around 45◦N
[1,18] and reduction in deep water ventilation[18,39].
However, northeastern Atlantic did not cool signi
cantly during that period[6].

The link between ice sheet melting, THC, and c
mate is unclear during the last deglaciation, as no
rect link can be observed between the global rec
of ice sheet melting derived from that of sea le
[21], records of meltwater input into the North Atlant
Ocean[24], and changes in THC[16,18]. The period
of maximum melting of the Laurentide ice sheet a
faster global sea level rise (meltwater event 1A, ab
14 cal ka) coincides with vigorous THC and war
conditions over the Northern Hemisphere.

In this paper, we analyse the link between c
mate and THC by comparing changes in oxygen
carbon isotopic composition (expressed asδ18O and
δ13C) of benthic foraminifera in seven cores collect
at different depths in the North Atlantic, Indian an
Pacific oceans, which provide high-resolution, we
dated records of the last deglaciation (Table 1).

2. Material and methods

Time scales are based on AMS14C dating of hand
picked fossil planktic foraminifera.14C ages were con
verted in calendar ages using the software Calib
[38], and are given here as cal ka. Data may be
tained from the authors. Ages are calculated using
standard 0.4-ka reservoir age, except for cores CH
K09 and NA87-22, which have been corrected
large changes in reservoir age of polar water dur
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nces
Table 1
Sediment cores used for this study

Tableau 1
Carottes de sédiment étudiées

# in Figures core # Latitude Longitude Water depth (m) Localisation Refere

1 CHO288-54 17◦25.6′N, 77◦39.4′W 1020 Caribbean Sea this work
2 MD98-2165 9◦38′96 S, 118◦20′31 E 2100 Indian Ocean [22,41]
3 MD95-2037 37◦05.2′N, 32◦01.9′W 2159 North Atlantic this work
4 Na87-22 55◦29′8 N, 14◦41′7 W 2161 North Atlantic [40]
5 MD95-2042 37◦48′N, 10◦10′W 3146 North Atlantic [34]
6 CH 69-K09 41◦45′4 N, 47◦21′W 4100 North Atlantic [40]
7 TRI163-31 3◦37′S, 83◦58′W 3210 Pacific Ocean [34]
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the deglaciation by correlation with the Greenland
record between 15 and 10 cal ka[40]. We have taken
a mean reservoir effect of 0.8 ka for all dates pr
to 15 ka cal ka. The chronology of core MD95-20
obtained by correlation with the Greenlandδ18O ice
record[14], after checking that the ages were coher
with AMS dates from companion cores[34].

Benthic foraminiferalδ18O andδ13C records were
obtained at Gif with an external reproducibility at o
sigma of 0.05� for δ18O and 0.03� for δ13C. The
isotopic data is reported versus PDB following[26].
δ18O values are reported on the correctedUvigerina
scale (+0.64� for C. wuellerstorfi), andδ13C values
are reported only forC. wuellerstorfi(except for Pa-
cific core TR 133-31, whereUvigerina peregrinaδ13C
are reported[32,34]). We did not consider theδ13C
record of core MD95-2042, as the available resolut
for C. wuellerstorfiis insufficient for our purpose, bu
we kept theδ18O record to allow comparison of ou
study with[34].

Fig. 1 presents the different benthic foraminife
δ18O andδ13C records vs time. Benthic foraminifer
δ18O values depend on bothδ18O and temperature o
seawater during the period of shell growth. Seawa
δ18O during the deglaciation depends on the integra
amount of meltwater having reached the ocean (m
tored by the sea-level curve), and localδ18O anomalies
that result from changes in salinity and/or injecti
of glacial brine water of lowδ18O [7,8]. The benthic
foraminifera δ13C record integrates several param
ters: theδ13C value of the sinking water in regions
deep water formation, the amount of mineralization
organic matter depleted in13C within the water mass
and mixing between deep water masses with diffe
δ13C values. In addition, growth or decay of the con
nental biosphere will affect the oceanic carbon bud
and result inδ13C variation in the whole ocean, bu
this is a slow process we will not consider here.

We focused our attention on the timing of t
main transitions recorded in the different deglacial
ries. As these series integrate singular events,
their own dynamics, each major event has been
dividualized by taking the first time derivative of th
isotopic records, calculated following the parame
isation scheme of[31], with a quadratic function o
1.3 ka half-width, after interpolation at 0.2 ka (sa
pling resolution is in the range 0.15 to 0.3 ka, exc
for a few intervals where it increases to about 0.5 k
These reconstructions are reliable only for portions
records generated with more than 4 to 5 data point
ka (Fig. 1). Results of this treatment are reported
Fig. 2.

3. Discussion of the derivative signals

The general trends of the benthic foraminiferaδ18O
deglacial records are well known, with two success
steps following respectively the Last Glacial Max
mum and the YD periods. It is clearly visible in th
present set of cores that these steps are not in pha

During the Last Glacial Maximum, a strong be
thic front separated a deep reservoir with lowδ13C
values (� 0�) from a shallower reservoir, above 200
m, with highδ13C values (∼ +1�) [11,15]. By con-
trast with the glacial pattern, in the modern oce
most of theδ13C gradient occurs between the we
ventilated Atlantic Ocean and the Indian and Pac
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.

ka
Fig. 1. (A) Benthic foraminiferaδ18O versus age (cal ka) and running mean (Fourier transform, 1-ka-width window[28] for the different cores
The reference number for each core refers toTable 1. (B) Same for benthic foraminiferaδ13C.

Fig. 1. (A) δ18O des foraminifères benthiques en fonction de l’âge (cal ka) et moyenne glissante (transformée de Fourier, fenêtre 1[28])
pour les différentes carottes. Le numéro de référence pour chaque carotte correspond à celui donné dans leTableau 1. (B) Idem pour leδ13C
des foraminifères benthiques.
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oceans, which have no local source of ventilated d
water[17]. Fig. 1B shows that, as forδ18O, the transi-
tion to the modern pattern during the deglaciation
veloped in at least two steps, which were not in ph
in different cores.

Two to three events may be identified in t
∂δ18O/∂t (Fig. 2A) and ∂δ13C/∂t (Fig. 2B) records.
We will focus on the two largest, which are simpler
interpret.

The first∂δ18O/∂t event initiates the deglaciation
at about 17 cal ka (±0.5 cal ka, taking the dating un
certainties in account) in all shallow and intermedi
waters records between 1000 and 2200 m in the
lantic and Indian Oceans. This event is clearly id
tified in North Atlantic surface water records as t
meltwater event associated with Heinrich event H1[8,
18,39]. It corresponds to a synchronous large am
tude negative shift of the benthic foraminiferaδ18O
(∼ 1� over 1.5 ka) in intermediate water cores, b
tween 1000 and 2200 m in the Atlantic and Indi
Oceans. In contrast, deep waters from the Atla
and Pacific oceans exhibit a progressive shift, with
peak of the input signal arriving∼1 to 1.5 ka after the
signal observed in intermediate waters. North Atlan
core MD95-2042, at 3150 m, appears to show a l
response than the deeper core CH69-K09, but res
tion of this last core is low during that period (abo
1 ka), and our age model may overestimate the ag
this transition (when compared to[40]).

The second significant∂δ18O/∂t event, at about 13
cal ka, marks the beginning of the YD. Both eve
coincide with drastic Northern Hemisphere coolin
They also indicate the same general trend in th
transfer to intermediate and deep waters. As for
first event, the records around 3000 m are simila
the Pacific and Atlantic oceans.

These two last records show three oscillations. T
first, already discussed, corresponds to the delaye
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a)

s

Fig. 2. (A) Benthic foraminifera∂δ18O/∂t for each core versus age (cal ka); (B) benthic foraminifera∂δ13C/∂t for each core versus age (cal k
(see sectionMethods).

Fig. 2. (A) ∂δ18O/∂t des foraminifères benthiques pour chaque carotte en fonction de l’âge (cal ka) ; (B) ∂δ13C/∂t des foraminifères benthique
(voir § Méthodes).
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action to H1, and two others, one about in phase w
YD, thus in phase with the intermediate water sign
the second one about 1.5 ka later, which could be
delayed response to YD seen in the deeper Atla
core CH69-K09.

The δ13C record of benthic foraminifera varie
in phase with theδ18O, reflecting large changes
deep-water ventilation (Fig. 2B). In the North Atlantic
Ocean, theδ13C signal linked to the H1 event exhibi
the same structure as that of the∂δ18O/∂t signal, with
small differences in timing. A drastic lowering of th
δ13C parallels theδ18O decrease. In the shallow co
CHO288-54, theδ13C drop marks also the end of th
highly ventilated glacial period. The same trend w
observed in western Atlantic core M35003-4 at 13
m water depth[42]. We do not present here theδ13C
benthic record of the Indian Ocean core MD98-21
where an increase inδ13C is observed during H1 an
YD converging with Atlantic values for cores at th
same depth (2000 m). Mean ventilation in that a
is much lower than the Atlantic during the deglac
tion. This result confirms thus our hypothesis of
increased intermediate water circulation for these
riods[41].

As for ∂δ18O/∂t , the δ13C variations affect the
deeper North Atlantic with a long delay of∼1.5 ka.

During the second event, linked to YD, theδ13C
record of benthic foraminifera also shows a signific
drop of ventilation at all water depths in the Atlan
Ocean. The signal is however less well defined,
visible in the shallowest core (1000 m), and early (?
central Atlantic cores from 2100 and 4100 m (Fig. 2).
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4. Palaeoceanographic implications

Our analysis clearly shows the signature of t
large amplitude decreases inδ18O, affecting first the
shallow and intermediate waters from the Atlantic a
Indian Ocean, before being recorded in the deep
lantic and Pacific oceans. Such a result has been
cently emphasized by Skinner and Shackleton[34],
based on a similar comparison between the Ibe
margin record and the Pacific ocean core TR 163-3
They found an overall delay of 3.9 ka between
records of the last glacial termination. The 1.5-ka d
ference that we observe between the same record
following separately the termination individual even
is in better agreement with the time constant of
oceanic circulation during the deglaciation[9].

We have reported inFig. 2, with the same scale, th
derivative signal for the sea-levelδ18O equivalent. Its
amplitude is too small to have any significance in
present discussion. The temperature component in
foraminiferal δ18O signal in the Iberian margin cor
MD99-2334[35], at the location of core MD95-2042
drops during the isotopic transitions, inducing a po
tive foraminiferalδ18O shift of +0.5 to +1�, thus in
the opposite direction of the measured changes.
temperature shift tends therefore to partly compen
the waterδ18O change, and to decrease its effect
foraminiferaδ18O. Similarly, deep-water temperatu
increases at the end of both isotopic events, oppo
in part the effect of waterδ18O increase. Thus, as
working hypothesis, we may consider that∂δ18O/∂t

reflects for all the North Atlantic cores the temp
ral changes in seawaterδ18O at the location of eac
core, with the amplitude reduced compared to the
changes. Conservatively admitting that Indian and
cific intermediate and deep-water temperature did
change significantly, or changed in the same dir
tion as Atlantic waters, each event must corresp
to a large shift in ocean-waterδ18O, which can not be
explained by sea-level changes (Fig. 2). The only hy-
pothesis we see which may explain such amplitud
the injection of lowδ18O water brines[7,41] into inter-
mediate oceanic waters during both H1 and YD. Br
formation probably occurred during the whole glac
tion when ice sheets presented a large interface
the ocean. However, when open convection was ac
this efficient mode of deep-water formation mask
the brine signal, which was largely diluted and not v
ible. The brine signal emerged only at times of lo
meridional overturning[24]. However, the freezing o
coastal seawater (and salt rejection) below cold
shelves, at the origin of brine formation in the mo
ern ocean[7], had probably greatly increased duri
surging phases of Heinrich events. The∂δ18O/∂t sig-
nal may then also represent periods of accelera
of brine-generated water injection in the intermedi
waters of the different ocean basins.

Our results show therefore that:

– the isotopic events marked the penetration of
δ18O water (brine signature) through active i
termediate water circulation, with no detectab
delay between Atlantic and Indian oceans, a
no large attenuation of the signal. This water
poorly ventilated, probably because the preform
deep water was itself poorly ventilated[12,39];

– for H1, the transmission of the signal was fast
the shallow and intermediate waters (Atlantic
Indian), but progressive, and with significant
tenuation within deep waters (Atlantic to Pacific
We observe during YD the same rapid interme
ate water transmission, and slow deep-water tra
mission (at least for the 4100-m water-depth A
lantic core). The ocean circulation carrying t
signal during H1 and YD was therefore well d
coupled above about 2000-m water depth a
below. The evolution appears more complex
tween these depths, for the 3100 m depth co
Both Atlantic and Pacific records show a two-pe
response, as if part of the signal penetrated
(linking these waters with the intermediate wa
system), and part slowly, linking these waters w
the deep-water system.

A transmission of the signal between Atlantic, I
dian and Pacific Oceans much faster than the pre
1–2-ka delay must involve an active intermediate w
ter formation in the North Atlantic, maybe relayed
the Southern Ocean (Glacial AAIW like), and botto
water formation around Antarctica. Our results do
support therefore the reality of a sluggish ocean u
ally invoked to explain the lowδ13C signal in deep
waters[11,30], because such a slow circulation wou
be unable to transmit rapidly theδ18O signal brought
by glacial meltwater. After[7,12,39], we interpret the
decrease inδ13C as due to the decrease in venti
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ar-
tion of the newly formed intermediate and deep wat
enriched in brines, in the absence of open ocean
vection.

However, we still have to explore several problem

(1) why do ventilation-independent tracers as231Pa/
230Th indicate an interruption of the Atlanti
Meridional overturning during the H1 eve
[13,25], while we interpret our data as an i
creased separation between two cells of ac
circulation, one shallow and one deep? This qu
tion must be explored using model simulatio
of the 231Pa distribution following[23], but with
a coupled ocean–atmosphere general circula
model able to correctly simulate the geochemis
of these tracers and the interactions between
various Atlantic water masses during a meltwa
injection in the northern North Atlantic;

(2) why did the type of circulation seen during H
re-establish in part during YD, after a period
modern-like circulation, and what is the origin
that low δ18O isotopic event? By contrast wit
Heinrich events, there are no known large me
water anomalies in the high latitudes of the No
Atlantic Ocean during YD[10]. Yet the∂δ18O/∂t

event is seen at all depths. It has to come fr
somewhere.

5. Conclusion

We have demonstrated the occurrence of disc
events of brine water injection in the different inte
mediate oceanic water masses during the last degl
tion, using the time derivative of benthic foraminife
δ18O records of North Atlantic, Indian and Pacifi
Ocean cores. Two events are seen throughout, dire
associated with the H1 ice surge that terminates
Last Glacial Period and with the YD. Both events a
associated with a significant decrease in water v
tilation. The signature of these events is transfer
within a few hundred years to intermediate waters
the North Atlantic and Indian Oceans, but invasion
deeper waters (3000 to 4000 m) takes about 1.5
both in the Atlantic and Pacific Ocean. This cor
sponds to the strong isolation of the deep-water sys
observed during the Last Glacial period, which is a
parently completely destroyed only after 10 cal ka.
-
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