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[1] We investigated deep water changes in the Southern Ocean during the last glacial inception, in relationship
to surface hydrology and global climatology, to better understand the mechanisms of the establishment of a
glacial ocean circulation. Changes in benthic foraminiferal §'*C from three high-resolution cores are compared
and indicate decoupled intermediate and deep water changes in the Southern Ocean. From the comparison with
records from the North Atlantic, South Atlantic, and the Southern Ocean, we show that the early southern
deep water 6'°C drop observed at the MIS 5.5—5.4 transition occurred before any significant reduction of
North Atlantic Deep Water ventilation. We propose that this drop is linked to the northward expansion of
poorly ventilated Antarctic Bottom Water (AABW) mass in the Southern Ocean. Associated with an early
cooling in the high southern latitudes, the westerly winds and surface oceanic fronts would migrate equatorward,
thus weakening the upwelling of Circumpolar Deep Waters. Reduced heat brought to Antarctic surface waters
would enhance sea ice formation during winters and the deep convection of cold and poorly ventilated
AABW.

Citation: Govin, A., E. Michel, L. Labeyrie, C. Waelbroeck, F. Dewilde, and E. Jansen (2009), Evidence for northward expansion of
Antarctic Bottom Water mass in the Southern Ocean during the last glacial inception, Paleoceanography, 24, PA1202, doi:10.1029/

2008PA001603.

1. Introduction

[2] The glacial oceanic circulation was significantly dif-
ferent from the modern one. Past reconstructions of the
carbon isotope composition (§'°C) of dissolved inorganic
carbon for the Last Glacial Maximum showed an increased
intermediate-deep waters §'°C gradient in the Atlantic
Ocean [Curry et al., 1988; Duplessy et al., 1988]. The well-
ventilated North Atlantic Deep Waters (NADW) sank to
shallower depths during glacial times, forming the water
mass called Glacial North Atlantic Intermediate Waters
(GNAIW) [Duplessy et al., 1988], whereas poorly ventilated
Antarctic Bottom Waters (AABW) filled the deep glacial
Atlantic below GNAIW. A similar ventilation pattern is
observed in the South Atlantic during glacial times, with
well-ventilated intermediate waters (high 6 13C values) over-
lying poorly ventilated deep waters (low §'°C values)
[Hodell et al., 2003; Mackensen et al., 2001].

[3] However, little is known on the establishment of such
a glacial thermohaline circulation pattern at the initiation
of the last glacial period. Most past reconstructions in the
North Atlantic Ocean and the Nordic Seas show an early
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surface cooling in the high northern latitudes, prior to
Northern Hemisphere ice sheets growth [Cortijo et al.,
1994; McManus et al., 1994], followed by a shoaling of
North Atlantic Deep Waters [Adkins et al., 1997; Evans et al.,
2007]. Although high-resolution records are now available
in the Southern Ocean for the last glacial cycle [Hodell et
al., 2003; Molyneux et al., 2007; Pahnke and Zahn, 2005],
so far no detailed work investigated the precise role and
timing of the changes in Southern Ocean circulation
during the last glacial inception.

[4] Different mechanisms have been proposed, associated
with a rapid switch from Northern Component Waters to
Southern Component Waters at middepths in the South
Atlantic [Molyneux et al., 2007], or emphasizing the key
role of the subtropical front as amplifier and vehicle for the
transfer of climatic change to the Southern Ocean [Cortese
et al., 2007]. But published data are insufficient to give the
necessary integrated view of the Southern Ocean circulation
changes and associated mechanisms during the last glacial
inception. This study aims at better constraining the deep
water circulation changes in the Southern Ocean over the
period 130—60 ka, period of inception of the last glacial ice
sheets, in relationship to surface hydrology and global
climatology. The analysis was done in two steps. First,
planktic and benthic foraminiferal records of three high-
resolution Southern Ocean cores were compared to build a
reference frame for deep and intermediate water changes
over the period. In a second step, these records were com-
pared to three published North and South Atlantic records to
precise changes in NADW ventilation, and to four lower-
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Figure 1. (a) Map of sea surface temperature (SST) [Olbers et al., 1992] in the Southern Ocean. (b) Zoom
on the Indian sector of the Southern Ocean. These maps have been created using the Ocean Data View
program (R. Schlitzer, Ocean Data View, 2006, Alfred Wegener Institute for Polar and Marine Research,
Bremerhaven, Germany, available at http:/odv.awi.de). (¢) Temperature-salinity diagram: the character-
istics of the main water masses are defined senso stricto (i.c., source areas characteristics) by the dark
gray-shaded areas and senso largo (i.e., from the commonly used definition of these water masses) by the
light gray-shaded areas. The characteristics of each core considered here (Table 1) are represented by the
symbols. It shows that the North Atlantic (open circles) and South Atlantic (open diamond) cores are
bathed by North Atlantic Deep Waters (NADW), the southwestern Pacific core MD97-2120 (open
triangle) is bathed by Antarctic Intermediate Waters (AAIW), all South Indian cores (crosses) are bathed
by Circumpolar Deep Waters (CDW), and the South Atlantic ODP 1089 site (open square) is also bathed

by Lower CDW, with a stronger influence of Antarctic Bottom Waters (AABW).

resolution records, forming a meridional transect in the
Indian sector of the Southern Ocean.

2. Material and Methods
2.1. Study Sites

[s] The water depths and locations of the cores consid-
ered in this work are reported in Table 1. The evolution of
intermediate and deep waters in the Southern Ocean is
reconstructed using a new high-resolution record from the
South Indian Ocean, core MD02-2488 (southern flank of
the South Indian ridge, 3420 m) lying in Circumpolar Deep
Waters (CDW), compared with two published records, the
first from the southwest Pacific, currently bathed in Antarctic
Intermediate water (AAIW) (core MD97-2120, Chatham

Rise, 1210 m water depth) [Pahnke and Zahn, 2005; Pahnke
et al., 2003], and the second from the South Atlantic, bathed
by Lower CDW (ODP 1089, Cape Basin, 4620 m) [Mortyn
et al., 2003; Ninnemann, 1999] (Figures la and 1c). The
newly published core MD02-2488 is characterized by a
relatively high sedimentation rate (15 cm/ka in average): it
was collected on a seamount on the southern flank of the
Indian ridge, protected from the Antarctic circumpolar cur-
rent [Dezileau et al., 2000; Mazaud et al., 2007].

[6] The three Southern Ocean cores are all located be-
tween the subantarctic and the subtropical fronts, i.e., in the
subantarctic zone of the Southern Ocean (Figure 1a). Because
of the mostly zonal organization of the Southern Ocean
[Schmitz, 1996], we assume that past surface hydrology
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Table 1. Location and Characteristics of the Sites Considered in This Study
Depth SST® Taw’ 618044° Saw’

Core Latitude Longitude (m) (°C) (°C) (%0 SMOW) (psu) References®
MD02-2488 46°28.8°S 88°01.3’E 3420 9.1 1.2 —0.01 34.72 1
MD97-2120 45°32.1°S 174°55.9°E 1210 13.5 4.4 0.01 34.39 2
ODP 1089 40°56.2°S 9°53.7’E 4621 12.2 0.8 —0.11 34.74 3
MD94-101 42°30°S 79°25°E 2920 13.0 1.2 —0.01 34.72 4
MD9%4-102 43°30.3’S 79°50.2°E 3205 12.0 1.2 —0.01 34.72 4
MD00-2374 46°02°S 96°29°E 3250 8.1 1.2 —0.01 34.72 5
MD88-770 46°01°S 96°27°E 3290 8.1 1.2 —0.01 34.72 6
SU90-08 43°03.1’N 30°02.5°W 3080 20.5 2.7 0.24 34.93 7
CH69-K09 41°45.4°N 47°21°W 4100 20.4 2.3 0.24 34.90 8
MDO02-2589 41°26.03°S 25°15.30’E 2660 16.4 2.2 —0.04 34.81 9

“Modern summer sea surface temperature (SST) data are from [Levitus and Boyer, 1994].

®Modern deep water temperature (Tqy) and 6'%0 (6'%04y) are from the GISS database [Schmidt et al., 1999]: WOCE11 data [Meredith et al., 1999] for
ODP 1089, NODC ID:35-9439 CIVA2 campaign for core MD02-2589, and GEOSECS data [Ostlund et al., 1987] for all other cores.

“References are as follows: 1, this study; 2, Pahnke and Zahn [2005] and Pahnke et al. [2003]; 3, Mortyn et al. [2003] and Ninnemann [1999]; 4, Lemoine
[1998] and Salvignac [1998]; 5, Duplessy et al. [2007]; 6, Labeyrie et al. [1996]; 7, Cortijo [1995] and Grousset et al. [1993]; 8, Cortijo [1995] and

Labeyrie et al. [1999]; 9, Molyneux et al. [2007].

evolved similarly in the subantarctic zone of the different
oceanic basins [Barrows et al., 2007].

[7] Four additional low-resolution cores from the Indian
sector of the Southern Ocean were collected close to MD02-
2488 site, along a north-south transect (42.5-46.5°S)
(Table 1). They cover the entire subantarctic zone, from
the subtropical front (cores MD94-101 and MD94-102) to
the subantarctic front (cores MD88-770 and MD00-2374)
(Figure 1b). Collected at similar water depths (around
3200 m), the sites are all presently bathed by the same
water mass, Circumpolar Deep Waters.

[8] To illustrate deep water changes in the North and
South Atlantic, we used the published isotopic records from
two cores (Table 1): SU90-08 (3080 m) [Cortijo, 1995;
Grousset et al., 1993] and CH69-K09 (4100 m) [Cortijo,
1995; Labeyrie et al., 1999] from the western side of the
North Atlantic, and core MD02-2589 (2660 m) [Molyneux
et al., 2007] from the South Atlantic. All cores presently
lie in North Atlantic Deep Waters (NADW).

2.2. Methods

2.2.1. Isotopic Analyses

[v] Hydrological properties of surface and deep waters
are derived from the oxygen and carbon isotopic composi-
tion of planktic and benthic foraminifera, respectively. The
80/'0 ratio (6'®0, expressed in %o versus PDB) is a
function of both seawater temperature and 6'%0, which in
turn depends on global ice volume changes and local
hydrological (salinity) variations [Shackleton, 1974].

[10] The '*C/'*C ratio (6"°C, expressed in %o versus
PDB) of the epifaunal benthic species Cibicides reflects the
8'3C of dissolved inorganic carbon (£CO,) in seawater, and
is used as a tracer of deep water ventilation [Curry et al.,
1988; Duplessy et al., 1988; Labeyrie and Duplessy, 1985].
Primarily controlled by the biological cycling of '*C depleted
organic matter [Kroopnick, 1985], the §'°C of seawater
3CO, is also affected by air-sea CO, exchanges [Lynch-
Stieglitz et al., 1995]. On an inter%lacial-glacial time scale,
it integrates mean global ocean 6'°C changes linked to the
degradation of '*C-depleted continental vegetation and its
transfer to the ocean (or reciprocally, increase in biospheric
carbon reservoirs) [Shackleton, 1977]. Finally, although

Mackensen et al. [1993] proposed that a “phytodetritus
effect” could affect the Cibicides §'°C values in highly
productive zones of the Southern Ocean, Mackensen et al.
[2001] showed that this effect was limited and did not
explain the lowest 6'°C signal recorded in the Southern
Ocean during the Last Glacial Maximum.

[11] The foraminiferal §'*0 and 6'°C of the newly pub-
lished core MD02-2488 have been measured at LSCE on
Finnigan MAT251 and Finnigan A+ mass spectrometers.
Isotopic data of the South Indian cores MD94-101 and
MD94-102 (Table 1) have also been measured on the
MAT251 mass spectrometer in Gif sur Yvette [Lemoine,
1998]; the isotopic records of all other cores have been
published previously (Table 1). VPDB (Vienna PDB) is
defined with respect to NBS 19 calcite standard (6'%0 =
—2.20%0 and 6"°C = +1.95%0). The MAT251 mass spec-
trometer from LSCE presents source memory effects; a
correction by the double standards method is applied to all
measurements (derived from Ostermann and Curry [2000]).
The Finnigan A+ mass spectrometer does not need that
correction. The mean external relproducibility (1o) of car-
bonate standards is +0.05%o for 6'*0 and +0.03%o for 6'>C.
The mean external reproducibility (1) of foraminifera (i.e.,
pooled standard deviation calculated from the benthic and
planktic values of 23 and 22 replicated levels, respectively)
is estimated at £0.09%o for 6'*0 and +0.16%o for §'*C for
benthic foraminifera, and at £0.16%o for §'*0 and +0.22%o
for §'3C for planktic foraminifera.

[12] Planktic (Globigerina bulloides) and benthic (Cibicides
kullenbergi) foraminifera from core MDO02-2488 were
picked in the 250-315 pm and > 150 pm fractions, respec-
tively. The samples were cleaned in a methanol ultrasonic
bath during a few seconds then roasted under vacuum at
380°C for 45 min, prior to isotopic analyses [Duplessy,
1978]. High-resolution measurements (each 2 cm, i.e.,
roughly each 0.2 ka) were performed during MIS 5.5 and
the MIS 5.5-5.4 and 5.1-4 transitions, whereas the
remainder of MIS 5 (stages 5.4 to 5.1) was analyzed at a
lower resolution (each 10 cm, i.e., around each 1 ka). The
planktic "0 record obtained on core MD02-2488 is shown
over the last glacial cycle in Figure 2: marine isotope stage 5
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Figure 2. Planktic 'O record from core MD02-2488 (measured on Globigerina bulloides (dark gray)
for the first 300 cm and on Neogloboquadrina pachyderma left (light gray) elsewhere) as a function of
depth, over the last climatic cycle. The age-depth relationship defined in this core is shown (black dashed
line). Symbols represent replicates. Marine isotope stages are shown at the bottom.

presents a particularly high sedimentation rate, with about
10 m of sediment for that period.
2.2.2. Sea Surface Temperature Reconstructions

[13] The sea surface temperature (SST) reconstruction for
core MD02-2488 is derived from a linear regression (R* =
0.72) between the abundance of the subpolar planktic
foraminifera species, Neogloboquadrina pachyderma sinis-
tral and the summer SST, calculated using a database of

245 core tops from the Southern Ocean [Kucera et al., 2005]
over a temperature range of 3 to 11°C (i.e., percentage of
N. pachyderma sinistral > 6%) (Figure 3). The uncertainty
of the SST reconstruction is £1.7°C (1o). This relationship
was used to reconstruct a low-resolution (~1 ka) SST
record over MIS 6 to 3 (Figure 4).

[14] During the warm part of MIS 5.5, the abundance of
N. pachyderma sinistral is however too low (<6%) in core

30 A <6 % data
* Rejected
X [6-100 %] data
25 = Linear relationship
T
20 s SSST =-0.087 * (% N. pachyderma sinistral) + 11.339
o R?=0.72
=15
7))
7]
7]
10
5
0 - .
0 10 20 30 40 50 60 70 80 90

Figure 3. Linear relationship defined between the percentage of N. pachyderma sinistral and the summer
sea surface temperature (SSST), valid over a 3—11°C temperature range, in the Southern Ocean (database

% N. pachyderma sinistral

of 245 core tops) [Kucera et al., 2005].
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Figure 4. Sea surface temperature reconstruction in the Southern Ocean core MD02-2488, as a function
of depth. (a) SST calculated from the percentage of the polar species N. pachyderma sinistral (black
curve) and from the planktic foraminiferal assemblages (thick gray curve). (b) Percentage of N. pachyderma
sinistral (black curve). (c) Percentage of fragments, a dissolution proxy (gray dotted line). Symbols indicate
replicates. The black star along the SST y axis indicates the modern summer SST at MD02-2488 site
(9.1°C) [Levitus and Boyer, 1994], whereas the gray star represents the temperature reconstructed at the
core top (10.3°C), averaged for both methods. The gray-shaded area highlights the dissolution peak of
Termination II, where no SST can be reconstructed. Isotopic stages are reported at the top.

MD02-2488 to allow a quantitative SST reconstruction: full
foraminiferal assemblages were therefore counted over that
period (Figure 4). Summer sea surface temperatures were
calculated by the Modern Analog Technique (keeping the
five best analogs) [Prell, 1985], using the Southern Ocean
database [Kucera et al., 2005] and the PaleoAnalogs soft-
ware [Theron et al., 2004]. The uncertainty of the summer
SST reconstruction is estimated to be +1.4°C (1o) in the
South Atlantic with the MAT method [Kucera et al., 2005].

[15] Both methods (for percentage of N. pachyderma
sinistral > 6%) give similar temperature results, within
uncertainties (Figure 4). The Early Holocene (core top)
summer SST at core MD02-2488 site, estimated to be
10.4°C (from the percentage of N. pachyderma sinistral
only) or 10.2°C (from full foraminiferal assemblages), is,
within the uncertainties, similar to the observed summer
SST at the site (Table 1). Besides, a peak of particularly low
percentages of N. pachyderma sinistral is observed during
Termination II (Figure 4, gray-shaded area). It is associated
with a period of high dissolution, as indicated by high
percentages of fragments (>50%) (Figure 4c) and by the
relative increase in the proportion of a more robust planktic
species Globigerinoides inflata (not shown): the SST re-
construction based on assemblages of foraminifera is not
reliable in core MD02-2488 during this interval.

[16] We used for core MD97-2120, the Mg/Ca-based SST
reconstruction of Pahnke et al. [2003], and for cores MD94-
101 and MD94-102, the available Modern Analogue Tech-
nique SST reconstructions (based on full foraminiferal
assemblages) of Salvignac [1998]. For core MD88-770,
we recalculated the summer SST of Labeyrie et al. [1996]
on the basis of the full foraminiferal assemblages using the
Modern Analogue Technique [Prell, 1985]. No SST recon-
struction based on foraminifera is unfortunately available
for ODP site 1089, because of a high dissolution at that site
[Hodell et al., 2003].

2.3. Age Model

[17] The construction of a common chronostratigraphy for
all Southern Ocean high-resolution cores is critical for our
study. A direct correlation between benthic §'%0 records is
commonly applied. However, the §'®0 of benthic forami-
nifera not only reflects global ice volume variations, but is
also affected by deep water 6'°0 and temperature changes
[Labeyrie et al., 1987; Skinner and Shackleton, 2003]. Be-
cause possible leads and lags between hydrological changes
in intermediate and deep water are of interest for our study,
we adopted another approach.

[18] On the basis of the hypothesis that surface water
changes are simultaneous over the subantarctic zone of the
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Figure 5. (a) EPICA Dome C deuterium record (dark red curve). Comparison of (b) sea surface
temperature, (c) planktic (G. bulloides) 6'%0, (d) benthic §'%0, and (e) benthic 6'°C data of cores
MD97-2120 (1210 m, dashed green curve) [Pahnke and Zahn, 2005; Pahnke et al., 2003], MD02-2488
(3420 m, plain dark blue curve) (this study), and ODP site 1089 (4620 m, thick pink curve) [Mortyn
et al., 2003; Ninnemann, 1999] on the common time scale. The numbers refer to the Antarctic Isotope
Maximums [EPICA Community Members, 2006]. The symbols represent all data, and the curves represent
a three-point moving average. The marine isotope stages are indicated at the top, with the warm substages

highlighted by the gray-shaded areas.

Southern Ocean [Barrows et al., 2007; Cortese et al., 2007],
we synchronized the planktic §'*0 and SST records of cores
MD97-2120 and ODP 1089 to those of core MD02-2488
(Figure 5). SST and planktic 6'%0 records indeed show
similar values and variations over the period 140—50 ka
(Figures 5b and 5c¢), supporting our assumption. Although
not directly tied, the benthic 6'°O records remain globally
consistent between the different cores (Figure 5d), with only
one major difference: the low §'%0 peaks from ODP site
1089 lag the minimum §'%0 values from cores MD02-2488
and MD97-2120 during the warm marine isotope substages
5.5, 5.3 and 5.1 (Figure 5d). MIS 5.5—5.4 transition in the

ODP 1089 benthic data is however poorly constrained, by
only two points.

[19] We then derived a chronology based on the assump-
tion that the major temperature changes occur simultaneously
in the subantarctic surface waters and in the atmosphere
above inland Antarctica [Sowers et al., 1993; Waelbroeck et
al., 1995]. Indeed, most of the Antarctic Isotope Maximums
(AIM) [EPICA Community Members, 2006] recorded in
EPICA Dome C (Figure 5a) have a clear temperature signa-
ture in the subantarctic surface waters [Pahnke et al., 2003]
(Figure 5b). Therefore, we tied the SST records of both cores
MD97-2120 [Pahnke et al., 2003] and MD02-2488 (this
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Table 2. Amplitude and Standard Deviation (o) of SST, Planktic (G. bulloides) §'30, Benthic 6'%0, and §'>C Changes During the

MIS 5.5-5.4 and MIS 5.1—4 Transitions

Planktic 630 (%, PDB)

- c18~d
Benthic 6 °0° (%0 PDB) Benthic §'3C

SST (°C): Difference Difference ) Difference ‘ (%o PDB):
Core (+0) (+0) Ice Volume Corrected®” (+0) Ice Volume Corrected®! Difference (+o0)
MIS 5.5—5.4 Transition®
MD97-2120 -27+14 0.99 + 0.30 0.59, i.e., —2.6°C 0.90 +0.18 0.50, i.e., —2.2°C 0.05 +£0.19
MDO02-2488 —4.1+12 1.02 £0.23 0.62, i.e., —2.7°C*® 0.72 + 0.24 0.32, i.e., —1.4°C —0.54 £0.34
ODP 1089 none® 0.67 = 0.32 0.27, i.e., —1.2°C 1.05 £ 0.20 0.65, i.e., —2.8°C —0.37 £0.12
MIS 5.1—4 Transition®
MD97-2120° —4.1+£0.9 091 +0.34 0.43, i.e., —1.9°C* 0.98 +0.18 0.50, i.e., —2.2°C —0.53 £0.19
MDO02-2488 -3.6+1.1 0.78 £ 0.25 0.30, i.e., —1.3°C® 0.63 £ 0.11 0.15, i.e., —0.7°C —0.44 + 0.23
ODP 1089 none” 0.63 +0.29 0.15, i.e., —0.7°C 0.61 +0.18 0.13, i.e., —0.6°C —0.70 £ 0.18

*The means and standard deviations were calculated over the intervals 126 —

120 ka for MIS 5.5, 111-107.5 ka for MIS 5.4, 85—79 ka for MIS 5.1, and

67—62 ka for MIS 4 for each proxy, except for benthic 6'>C data during MIS 5.1, where we considered a late MIS 5.1 (78.5—72 ka).

®No SST record based on formaninifera is available for ODP 1089.

“The anomalous values of MD97-2120 during MIS 4 (considered as due to sedimentological perturbation) are not considered here.
9The Cibicides 6'*0 values have been adjusted by +0.64%o to bring them to the Uvigerina scale [Shackleton, 1974]. Isotopic data of ODP site 1089

[Hodell et al., 2002] have been multiplied by 1.048 to fit the values of ODP

1089 samples measured in Gif (Figure S1).

“We considered a sea level drop of 50 m and 60 m for MIS 5.5—5.4 and MIS 5.1—4 transitions, respectively [Waelbroeck et al., 2002], i.e., an ice volume

correction of 0.40%o and 0.48%o, respectively (considering a §'%0 increase of 0.008 + 0.002%o per meter of
fCorresponding temperature amplitudes were calculated by considering that the ice volume—corrected 6"

and using a coefficient of 1/4.38%0 °C ™' [Shackleton, 1974].

§lobal sea level drop [Duplessy et al., 2007]).
O data only depend on temperature changes

&The surface water cooling here exceeds the ice volume—corrected amplitude of planktic §'%0 variations: this suggests that freshening of surface waters

compensates in part the effect of cooling on foraminiferal §'%0.

study) to the deuterium record of EPICA Dome C (EDC)
ice core [EPICA Community Members, 2004] placed on its
most recent time scale EDC3 [Parrenin et al., 2007]. Ages
between the tie points are calculated by a simple linear
interpolation (Analyseries software) [Paillard et al., 1996].

[20] Core MD02-2488 established chronology implies a rel-
atively high sedimentation rate over MIS 6 to 4 (Figure S2)
(in average 14.6 cm/ka for the period 140—50 ka), with
higher sedimentation rates during colder periods and lower
sedimentation rates during the warm substages.! This is
consistent with the main productivity areas located close to
MD02-2488 site during cold periods, and further south
during warmer intervals. The 20 chronological uncertainty
over the period 140—50 ka varies between 0.2 ka and 1.0 ka
(on average 0.4 ka) for core MD02-2488 relatively to
EPICA Dome C, and between 0.5 ka and 1.2 ka (on average
0.6 ka) for cores MD97-2120 and ODP 1089 relatively to
core MDO02-2488 (Figure S3).

[21] Cores MD94-101, MD94-102, MDO00-2374 and
MD88-770 (Figure 1b), which are all presently bathed by
the same Circumpolar Deep Waters, were transferred on the
Southern Ocean chronology by tying their benthic 6'%0
records to that of core MD02-2488. The 20 uncertainties of
their chronology relatively to core MD02-2488 vary between
0.1 ka and 1.9 ka (Figure S3).

[22] Similarly, the age model of the South Atlantic core
MDO02-2589 is defined (following Molyneux et al. [2007])
by benthic synchronization to core MD97-2120 (on EDC3
time scale): hence, the South Atlantic benthic §'®0 variations
are also consistent with those recorded in the South Indian
core MD02-2488.

[23] The interhemispheric chronostratigraphy used in the
present study is also based on benthic foraminifera 6'%0
correlations: the two North Atlantic cores SU90-08 and

'Auxiliary materials are available in the HTML. doi:10.1029/
2008PA001603.

CH69-K09 are located deeper than 3000 m water depth, as
the Southern Ocean core MD02-2488. Temporal differences
in the benthic §'®0 records are essentially observed between
intermediate and deep water changes, and smaller within
deep water variations [Labeyrie et al., 2005].

3. Results

[24] Stages and substages are well marked in all records
(Figure 5), with small but significant suborbital variability
observed throughout the 130—60 ka interval. Here, our study
is focused on the two phases of major variations over the
last glacial inception: the MIS 5.5-5.4 (125-105 ka) and
the MIS 5.1-4 (85-65 ka) transitions. During both periods,
a large temperature drop is recorded in subantarctic surface
waters (Figure 5b and Table 2). Simultaneously, planktic
8'®0 data indicate major surface water changes (Figure 5¢):
the SST decrease here exceeds the ice volume—corrected
amplitude of planktic §'*0 variations (Table 2). This sug-
gests that freshening of surface waters compensates in part
the effect of cooling on foraminiferal §'%0.

[25] Major benthic §'®0 variations are also observed
during both transitions (Figure 5d). Here again, the ampli-
tude of benthic 6'®0 increase exceeds the mean ocean §!80
change because of the growth of Northern Hemisphere ice
sheets and corresponding sea level drop [Waelbroeck et al.,
2002] (Table 2). Thus hydrological changes, i.e., interme-
diate and deep water cooling (and local changes in salinity),
occurred in the Southern Ocean during these transitions.

[26] Besides, intermediate waters are characterized by
high §'°C values throughout MIS 5, with limited changes
at substage boundaries and a larger §'°C shift (of 0.5%o,
Table 2) at the MIS 5.1—4 transition (Figure 5e). This rapid
813C shift (lasting less than 1 ka) is also recorded in the
South Atlantic core MD02-2589 [Molyneux et al., 2007]
(Table 1 and Figure 6).
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Figure 6. (a) Benthic 6'%0 and (b) Cibicides 6'°C data from the North Atlantic (NA) cores SU90-08
(3080 m, light brown line) [Cortijo, 1995; Grousset et al., 1993] and CH69-K09 (4100 m, dark brown line)
[Cortijo, 1995; Labeyrie et al., 1999] and the South Atlantic (SA) core MD02-2589 (2660 m, green dotted
line) [Molyneux et al., 2007], in comparison with the Southern Ocean (SO) core MD02-2488 (3420 m, dark
blue dashed curves) (this study). The age models of the North and South Atlantic cores have been defined by
benthic §'®0 synchronization (see text). No smoothing is applied in the North and South Atlantic records.
Tie points for cores SU90-08 (light brown squares), CH69-K09 (dark brown crosses), and MD02-2589
(green triangles) are indicated at the bottom. The marine isotope stages are indicated at the top, with the

warm substages highlighted by the gray-shaded areas.

[27] On the contrary, §'°C records from the two deeper
cores show, in addition to substages oscillations, the two
large shifts seen in 6'%0 records (Figure 5e). The first §'°C
shift (A8"C of —0.5%o at 3400 m and —0.4%o at 4600 m,
Table 2) occurred at midtransition of the benthic §'*0
increase, while §'3C values of intermediate waters remain
high. The second §'*C shift (A§"3C of —0.4%o at 3400 m and
—0.7%o at 4600 m, Table 2) took place over about 10 ka,
at about the same period as the single §'>C shift recorded
at intermediate depths. Moreover, in cores MD02-2488 and
ODP 1089, similar §'°C values are recorded over the
period 140-50 ka (Figure 5e); this suggests that both sites
were bathed bgy close water masses.

[28] Both 6'°C shifts are likely to integrate at least part of
the mean global ocean A§'*C ~ —0.4%o change between
interglacial and peak glacial [Curry et al., 1988; Michel et al.,
1995]. However, we can reasonably consider that the global
83C changes did not exceed that value for each of these
transitions. As the recorded §'*C changes are larger, a re-
duction of ventilation is therefore observed in the deep and
intermediate Southern Ocean during the last glacial inception.

4. Discussion
4.1. Assessing the Influence of NADW Changes

[20] We first investigated the mechanisms which could
explain the reduction of ventilation observed in deep waters

at the MIS 5.5-5.4 transition, whereas the ventilation of
intermediate waters is not affected. Because Circumpolar
Deep Waters form by mixing of NADW and recirculated
deep waters from the Pacific and Indian oceans, both changes
in NADW carbon isotope composition or in the relative
proportion of NADW would affect the carbon isotope com-
position of CDW. To assess the influence of NADW venti-
lation changes on southern deep waters, we compare the
Southern Ocean record of core MD02-2488 with three cores
from the North and South Atlantic (Figure 6).

[30] The Cibicides record from the shallowest North
Atlantic core SU90-08 (43°N, 30°W, 3080 m) [Cortijo,
1995; Grousset et al., 1993] show high §'*C values between
125 and 75 ka (Figure 6b). This indicates the presence of
well-ventilated NADW at 3000 m in the western North
Atlantic throughout MIS 5. The same §'°C pattern is ob-
served in several cores collected above 3000 m in the east-
ern and western basins of the North Atlantic (e.g., in cores
SU90-38 (54°N, 21°W, 2900 m) [Cortijo, 1995], SU90-03
(40°N, 32°W, 2475 m) [Chapman and Shackleton, 1998],
ODP 1057 (32°N, 76°W, 2584 m) [Evans et al., 2007] and
ODP 1059 (32°N, 75°W, 2985 m) [Evans et al., 2007]).
Therefore, North Atlantic Deep Waters ventilation did not
change significantly before the beginning of the glacial
period (MIS 4).
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[31] Inafew North Atlantic cores collected around 3200 m
(e.g., cores MD95-2042 (38°N, 10°W, 3150 m) [Shackleton
et al., 2000, 2002, 2003], and NEAP18K (52.7°N, 30.3°W,
3275 m) [Chapman and Shackleton, 1999]), a slight §'*C
decrease (of around 0.2%o) is observed at the beginning of
the MIS 5.5-5.4 transition. This suggests a limited shoal-
ing of NADW lower boundary; it is however unlikely to
cause the large §'>C shift recorded in the deep Southern
Ocean.

[32] Indeed, in the South Atlantic, the Cibicides record
from core MD02-2589 (41.5°S, 25°E, 2660 m) [Molyneux
et al., 2007]) also shows high §'C values throughout MIS 5
(Figure 6b). This indicates that, during the entire stage 5, a
well-ventilated NADW was reaching the South Atlantic, at
least above 3000 m, and entering the Southern Ocean, before
mixing with Pacific/Indian deep waters.

[33] Furthermore, in the North Atlantic, benthic records
from cores collected deeper than 3000 m (e.g., cores MD95-
2042 (38°N, 10°W, 3150 m) [Shackleton et al., 2000, 2002,
2003], NEAP18K (52.7°N, 30.3°W, 3275 m) [Chapman
and Shackleton, 1999] and CH69-K09 (42°N, 47°W,
4100 m) [Cortijo, 1995; Labeyrie et al., 1999]) show during
each substage, 6'°C modulations whose amplitude increases
with the core water depth. These §'°C shifts have been
interpreted as an increased influence of poorly ventilated
AABW in the deep North Atlantic and shoaling of NADW.
This is supported by 6'>C values in the deeper core CH69-
K09, which approach those recorded in the deep South
Indian core at each §'°C shift (Figure 6b). However, at the
MIS 5.5-5.4 transition, the §'°C shift observed in the
deep North Atlantic (as illustrated by core CH69-K09 in
Figure 6b) occurred when benthic §'%0 values were almost
maximal, i.e., several thousands years after the §"*C drop
recorded in southern deep waters.

[34] In conclusion, the '>C drop observed in the Southern
Ocean at the MIS 5.5-5.4 transition occurred several
thousands years before any significant deep water changes
in the North Atlantic: its origin has to be looked for in the
Southern Ocean rather than in the North Atlantic.

4.2. Evidence for Northward Expansion of Poorly
Ventilated Antarctic Bottom Water Mass During
These Periods

[35] The spatial study of deep water changes in the
Southern Ocean may be described using four additional cores
from the South Indian sector (Figure 1b and Table 1). The
two large drops in the benthic §'°C are also observed in
the cores (Figure 7). Despite their low temporal resolution,
the §'°C shift recorded in both northern cores lag by around
4 ka the 6'°C shift observed in the southern cores (Figure 7b,
light gray-shaded areas). This suggests a progressive north-
ward expansion of the boundary of a poorly ventilated water
mass, with low 6'>C values (likely equivalent to AABW),
from the southern sites to the northern sites. Moreover, the
northern sites, which show higher 6'°C values than in the
southern cores throughout MIS 5 and 4 (Figure 7b), appear
closer to the zone of transition (strong 6'>C gradient) between
poorly ventilated AABW and better ventilated CDW.

[36] Besides, a larger SST decrease is observed in the
southern cores (MD02-2488 and MD88-770) compared to
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the northern cores (MD94-101 and MD94-102) at both
MIS 5.5-5.4 and MIS 5.1—4 transitions (Figure 7c). This
suggests an equatorward shift of the oceanic surface fronts
[Howard and Prell, 1992; Labeyrie et al., 1996]. The sub-
antarctic front may have experienced a more pronounced
northward shift than the subtropical front. Or it could have
shifted in between the northern and southern cores locations,
thus inducing a steeper meridional SST gradient.

[37] Finally, the comparison of the timing of SST and
benthic §'°C shifts within each of the cores indicate that
the maximum of deep water §'>C shift occurred after the
maximum of cooling in the subantarctic waters during both
MIS 5.5—5.4 and MIS 5.1—4 transitions (Figure 7, dark gray-
shaded areas). This indicates that the equatorward shift of
oceanic surface fronts and the associated climate changes
may have induced the progressive northward expansion of
poorly ventilated AABW in the deep Southern Ocean.

4.3. Proposed Mechanisms: Ocean-Atmosphere
Interactions

[38] In this section, we propose mechanisms which could
explain the deep water changes observed in the Southern
Ocean over the last glacial inception. We present conceptual
schemes for three time slices (MIS 5.5, MIS 5.4 and MIS 4) to
illustrate the Southern Ocean circulation changes (Figure 8).
4.3.1. MIS 5.5-5.4 Transition (125-105 ka)

[39] The oceanic circulation of the last Interglacial period
(MIS 5.5) (Figure 8a) was similar to the modern one
[Duplessy et al., 2007; Duplessy and Shackleton, 1985;
Evans et al., 2007]. We suggest that the early cooling ob-
served in the high southern latitudes cores during MIS 5.5
(Figures 5a and 5b) induced an equatorward shift of the
westerlies and associated oceanic fronts (Antarctic diver-
gence, polar and subantarctic fronts) [ZToggweiler et al.,
2006]. Such link is suggested by several indicators: glacial
simulations with an atmospheric model (equatorward shift
of the westerlies of 7° for a 3K cooling) [Williams and
Bryan, 2006], paleoclimatic reconstructions (e.g., shift of
the westerlies from ~50°S presently to ~41°S during glacial
times in South America [Moreno et al., 1999]), and by
modern observations (a poleward shift of the westerlies is
observed over the last 40 years) [Hurrell and van Loon, 1994;
Shindell and Schmidt, 2004].

[40] The position of the Antarctic divergence (delimited
between the subpolar westerly and peri-Antarctic easterly
wind belts) and its associated Ekman transport, control the
amount of upwelled Circumpolar Deep Waters in the
Southern Ocean [Toggweiler et al., 2006]. During cold
periods, both the westerlies and the Antarctic divergence
would be located further north. The peri-Antarctic easterly
wind belt is constrained by the topography of the Antarctic
ice sheet, itself mostly constrained by the coastline. We may
therefore reasonably consider that the northward shift may
be more pronounced for the westerly wind belt, moving
away from the Antarctic divergence. The associated Ekman
transport, hence the upwelling of relatively warm deep
waters, would be reduced [Toggweiler et al., 2006]. Reduced
heat brought to Antarctic coastal waters would favor ice
shelves expansion and sea ice formation during winters
[Hellmer, 2004]. A greater winter sea ice cover, which is
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Figure 7. (a) Benthic 6'*0, (b) benthic §'°C, and (c) SST data of cores MD94-101 (42.5°S, red dashed
line) [Lemoine, 1998; Salvignac, 1998], MD94-102 (43.5°S, orange dashed line) [Lemoine, 1998;
Salvignac, 1998], MD02-2488 (46.5°S, dark blue plain line) (this study), and MD88-770/MD00-2374
(46.0°S, light blue plain line) [Duplessy et al., 2007; Lemoine, 1998; Salvignac, 1998] from the Indian
sector of the Southern Ocean. A three-point moving average is presented only for the high-resolution
benthic data of cores MD02-2488 and MD00-2374. The dark and light gray-shaded areas highlight the
lead of surface water cooling over deep water §'°C decrease and the lag of the §'*C shift in the northernmost
cores compared to the southernmost cores, respectively. The marine isotope stages are indicated at the top.

indeed observed during MIS 5.4 [Bianchi and Gersonde,
2002], would also be favored by the cooling in the high
southern latitudes, as suggested by SST and Antarctic ice core
records. Increased sea ice formation during winters would
enhance the production of brine and deep convection of
AABW [Hellmer, 2004].

[41] Enhanced production of cold AABW during colder
climate would explain the increased contribution of AABW
observed in the Southern Ocean and in the deep North
Atlantic, and the deep water cooling recorded in the benthic
80 records of cores MD02-2488 and ODP 1089 during
MIS 5.4 (Table 2). Besides, an increased sea ice cover around
Antarctica during MIS 5.4 [Bianchi and Gersonde, 2002]
would limit the air-sea gas exchanges in the polar surface
waters and reduce the ventilation of AABW, as indicated
by low benthic §'°C values in the deep Southern Ocean
(Figure 5e). In comparison, intermediate waters remained
well ventilated (Figure 5e), but became colder (Table 2),
probably because of a cooling in the subpolar waters, areas
where these waters form.

[42] Therefore, the Southern Ocean circulation pattern
during MIS 5.4 (Figure 8b), not so different from MIS 5.5
circulation (Figure 8a), is mostly characterized by an
increased formation of poorly ventilated AABW, which
expanded northward.

4.3.2. MIS 5.1-4 Transition (85—-60 ka)

[43] The early cooling recorded in the high southern
latitudes during MIS 5.1 (Figures 5a and 5b) induced the
same sequence of ocean-atmosphere feedbacks in the
Southern Ocean. Similar mechanisms would further enhance
the formation of cold and poorly ventilated AABW, explain
deep water changes observed in the Southern Ocean (i.e.,
deep water cooling and reduction of AABW ventilation,
Table 2), and the northward propagation of AABW boundary
in the Southern Ocean and the North Atlantic.

[44] Abrupt surface and intermediate water changes are
observed in the Southern Ocean at the MIS 5.1—4 transition.
Large planktic 6'%0 increase and sea surface cooling, as
recorded in core MD97-2120 (Figure 5 and Table 2), indicate
a large northward shift of oceanic fronts in the southwestern
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Figure 8. Conceptual schemes of the Southern Ocean circulation pattern proposed for (a) MIS 5.5,
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Pacific (Figure 8c). Although core MD97-2120 remained
north of the polar front, we propose that the intermediate
water cooling and 6'°C decrease observed at that transition
(Table 2) reflect a change of water mass at MD97-2120 site.
Indeed, benthic §'>C data from two shallow cores, KNR159-
105JPC (27.3°S, 46.6°W, 1108 m) [Curry and Oppo, 2005]
in the South Atlantic and MD06-2990 (42°19S 169°55E,
943 m) [Steph et al., 2007] in the Tasman Sea, which are
both presently lying in the core of AAIW, indicate a smaller
8'13C decrease (of around 0.3%o) at the MIS 5.1—4 transition.
This 6'°C shift (maybe due to mean ocean §'°C changes)
indicates that AAIW remained well ventilated during MIS 4.
Benthic §'>C values from core MD97-2120, close to those of
well ventilated AAIW at 943 m during interstadials [Steph
et al., 2007], deviate during glacials and approach the lower
8"3C values recorded at 1477 m in the same sector (core
MDO06-2986, 43°27S 167°54E, 1477 m) [Steph et al., 2007].
Therefore, instead of lying in well-ventilated AAIW
[Pahnke and Zahn, 2005], core MD97-2120 was bathed
by less ventilated Circumpolar Deep Waters during MIS 4
(Figure 8c). This attests of a northward shift of the boundary
between Antarctic Intermediate Water and Circumpolar Deep
Water masses during MIS 4. It could possibly be associated
with a reduction of AAIW formation in the south Pacific, as
already proposed for the Last Glacial Maximum [Bostock
et al., 2004].

[45] Characterized by the expansion of poorly ventilated
AABW and the northward shift of AAIW lower boundary,
the deep circulation in the Southern Ocean during MIS 4 is
already typical of glacial conditions [Curry and Oppo, 2005;
Duplessy et al., 1988].

5. Conclusions

[46] A comparison over the last glacial inception of three
cores representing different Southern Ocean water masses
suggests a decoupling between intermediate and deep water
changes in the Southern Ocean. A large deep water §'3C drop
is observed during both periods of large surface cooling in
the high southern latitudes (MIS 5.5-5.4 and MIS 5.1-4
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transitions), whereas a major §'°C decrease is recorded at
intermediate depths at the MIS 5.1—4 transition only. A com-
parison with additional cores shows that the early southern
deep water 6'>C drop occurred before any significant NADW
ventilation changes in the North and South Atlantic: it reflects
areduction in AABW ventilation and a northward expansion
of Antarctic Bottom Water mass in the deep Southern Ocean.
We also show that these Southern Ocean deep water changes
lag the cooling observed in subantarctic surface waters.

[47] We propose a succession of ocean-atmosphere feed-
backs, in reaction to the early cooling observed in the high
southern latitudes. Surface cooling at the MIS 5.5-5.4
transition would be associated with an equatorward shift
of oceanic surface fronts and the westerlies, which moved
away from the Antarctic divergence. The upwelling of
Circumpolar Deep Waters would be reduced [Toggweiler
et al., 2006]. Both decreased heat brought to circumpolar
surface waters and cooling in the high southern latitudes
would enhance winter sea ice formation [Hellmer, 2004].
This would increase the related brine release and enhance
deep convection of cold and poorly ventilated AABW.

[48] The Southern Ocean circulation of MIS 5.4 is mostly
characterized by an increased formation of cold and poorly
ventilated AABW, which expanded northward and reached
shallower depths. During MIS 4, a further expansion of cold
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boundary between AAIW and CDW suggest that the deep
Southern Ocean circulation was already close to glacial
conditions.
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