
On the limits of Antarctic and marine climate records

synchronization: Lag estimates during marine

isotopic stages 5d and 5c

A. Landais
Laboratoire des Sciences du Climat et de l’Environnement, Institut Pierre-Simon Laplace, Gif sur Yvette, France

Institute of Earth Sciences, Givat Ram, Hebrew University, Jerusalem, Israel

C. Waelbroeck and V. Masson-Delmotte
Laboratoire des Sciences du Climat et de l’Environnement, Institut Pierre-Simon Laplace, Gif sur Yvette, France

Received 19 April 2005; revised 11 October 2005; accepted 3 November 2005; published 20 January 2006.

[1] North Atlantic sediment records (MD95-2042), Greenland (Greenland Ice Core Project (GRIP))
and Antarctica (Byrd and Vostok) ice core climate records have been synchronized over marine isotopic
stage 3 (MIS 3) (64 to 24 kyr B.P.) (Shackleton et al., 2000). The resulting common timescale suggested
that MD95-2042 d18Obenthic fluctuations were synchronous with temperature changes in Antarctica (dDice or
d18Oice records). In order to assess the persistency of this result we have used here the recent Greenland
NorthGRIP ice core covering the last glacial inception. We transfer the Antarctic Vostok GT4 timescale to
NorthGRIP d18Oice and MD95-2042 d18Oplanktonic records and precisely quantify all the relative timing
uncertainties. During the rapid warming of Dansgaard-Oeschger 24, MD95-2042 d18Obenthic decrease is in phase
with d18Oplanktonic decrease and therefore with NorthGRIP temperature increase, but it takes place 1700 ±
1100 years after the Antarctic warming. Thus the present study reveals that the results obtained previously for
MIS 3 cannot be generalized and demonstrates the need to improve common chronologies for marine and polar
archives.
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1. Introduction

[2] High-resolution climate records extracted from marine
sediments and polar ice cores have provided crucial infor-
mation on the mechanisms of past climate change [e.g.,
Petit et al., 1999; Alley et al., 2003]. In particular, the
occurrence of abrupt climatic changes during the last glacial
period (Dansgaard-Oeschger events, hereafter DO) has been
discovered almost simultaneously in Greenland ice cores
and in North Atlantic marine cores in the 1980s and 1990s
[Dansgaard et al., 1984, 1993; Grootes et al., 1993;
Labeyrie and Duplessy, 1985; Bond et al., 1993; McManus
et al., 1994; Cortijo et al., 1995; Shackleton et al., 2000; de
Abreu et al., 2003; Labeyrie et al., 2004; Martrat et al.,
2004; North Greenland Ice Core members, 2004].
[3] Marine records have revealed a strong link between

northern Atlantic temperature changes and variations of the
thermohaline circulation (THC) intensity [Broecker et al.,
1985; McManus et al., 2004]. Combining information from
different North Atlantic cores, it has been suggested that
rapid temperature changes and THC variations during
marine isotopic stage 3 (MIS 3) are linked to icebergs

discharges from the Laurentide or the Fennoscandian ice
sheets [Broecker, 1994; Bond et al., 1997; Elliot et al.,
2002], together with possible rapid variations of sea level
[Chappell, 2002; Siddall et al., 2003].
[4] Antarctic ice cores exhibit a Southern Hemisphere

counterpart of most northern Atlantic rapid events, with,
however, different shapes and amplitudes [Bender et al.,
1994]. The bipolar synchronization of ice cores is possible
owing to the global signals of atmospheric composition
changes [Bender et al., 1994, 1999; Blunier et al., 1998;
Blunier and Brook, 2001; Caillon et al., 2003a] and reveals
that temperatures slowly rise in the south (with amplitudes
of 2�C to 5�C [Jouzel et al., 2003]), approximately 2 kyrs
before temperatures abruptly rise in the north (by 8�C to
16�C in Greenland [Severinghaus and Brook, 1999; Lang
et al., 1999; Landais et al., 2004a; C. Huber et al.,
Isotope calibrated Greenland temperature record over
marine isotope stage 3 and its relation to CH4, submitted
to Earth and Planetary Science Letters, 2005]) in agree-
ment with a seesaw mechanism driven by THC variations
[Stocker, 1998; Stocker and Johnsen, 2003; Knutti et al.,
2004].
[5] Variations of sea level exhibiting the same temporal

pattern as Antarctic ice isotopic records have been sug-
gested from coral terraces [Yokoyama et al., 2001; Chappell,
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2002; Potter et al., 2004] and oxygen isotopic measure-
ments of foraminifera calcite [Shackleton et al., 2000;
Siddall et al., 2003]. While sea level reconstructions based
on coral terraces cannot capture rapid changes continuously,
those obtained from benthic foraminifera oxygen isotopes
(d18Obenthic) are hindered by possible temperature and water
mixing effects [Chappell and Shackleton, 1986; Rohling
and Bigg, 1998; Waelbroeck et al., 2002; Skinner et al.,
2003]. Despite these difficulties, it has been suggested that a
large part of the d18Obenthic rapid variability reflects rapid ice
volume variations [Shackleton et al., 2000; Siddall et al.,
2004].
[6] The mechanisms linking changes in ice sheet dynam-

ics, ocean circulation and climate are still poorly under-
stood. In order to progress we need to determine the precise
sequence of events between marine and ice core records and
hence a common time frame. For this purpose, it is
commonly assumed that North Atlantic SST changes occur
in phase with changes in Greenland d18Oice, a proxy for air
surface temperature above the ice sheet. Many authors
assumed that North Atlantic d18Oplanktonic was a proxy for
SST and therefore correlated high-resolution North Atlantic
d18Oplanktonic records with Greenland d18Oice records [Bond
et al., 1993;McManus et al., 1994]. Shackleton et al. [2000]
invoked the rapid migration of the polar front to derive a
chronology for Iberian margin MD95-2042 records by
correlating MD95-2042 d18Oplanktonic with Greenland GRIP
d18Oice between 64 kyr B.P. and 24 kyr B.P. (roughly
corresponding to MIS 3). Taking advantage of Blunier et
al. [1998] and Bender et al. [1994] gas correlations of
Greenland and Antarctic ice cores over the last glacial
period, Shackleton et al. [2000] then directly compared
their North Atlantic d18Obenthic record to the Vostok tem-
perature record (dDice). They concluded that both signals
were synchronous and further stated that global ice volume
varied in phase with Antarctic temperature. Such a syn-
chronicity between MD95-2042 d18Obenthic and dDice in
Antarctica, if persistent through time, would constitute an
important stratigraphic tool to derive a common chronolog-
ical framework for marine and polar archives.
[7] It has already been shown, over the terminations, that

the d18Obenthic decrease is delayed by several thousand years
with respect to the Antarctic dDice increase [Shackleton,
2000], and that d18Obenthic records from different oceans
[Skinner and Shackleton, 2005] and from different water
depths (L. Labeyrie et al., Changes in deep water hydrology
during the last deglaciation, submitted to Comptes Rendus
Geosciences, 2005) are not synchronous. Here we explore
the relationship between d18Obenthic and Vostok dDice during
the onset of the last glacial period, i.e., over the DO 25 to
23. This study is made possible because of the (1) new
NorthGRIP Greenland deep ice core, which provides for the
first time a continuous and high-resolution record of the
glacial inception in Greenland [North Greenland Ice Core
members, 2004], and (2) construction of a common tempo-
ral framework between Vostok and NorthGRIP ice cores
showing the sequence of bipolar climate changes taking
place during the last glacial inception [Landais et al.,
2005a], here extended to MD95-2042 core between 112

and 101 kyr B.P., i.e., covering the transition between
marine isotopic stages 5d and 5c.

2. Common Timescale for NorthGRIP D
18Oice,

Vostok DDice, and MD95-2042 D
18Oplanktonic and

MD95-2042 D
18Obenthic

2.1. Data

[8] Core MD95-2042 was collected during the 1995
International Marine Global Change Study (IMAGES).
d18Oplanktonic and d18Obenthic were measured with an average
temporal resolution of �350 years during stages 5d to 5c
[Shackleton et al., 2000, 2002]. Here we use the Vostok
dDice record [Petit et al., 1999] as a proxy for Antarctic
temperature [Caillon et al., 2001; Jouzel et al., 2003]. The
temporal resolution of the dDice profile for the last glacial
inception is �80 years resulting from measurements con-
ducted on 1 m samples. The NorthGRIP d18Oice profile
[North Greenland Ice Core members, 2004] is available at a
50 cm resolution which corresponds to a �50 year resolu-
tion during the glacial inception.
[9] In order to construct a common chronological frame-

work between these two ice cores the air trapped in Vostok
and NorthGRIP ice core was analyzed: (1) methane meas-
urements on Vostok ice [Petit et al., 1999; Delmotte et al.,
2004] including detailed measurements on the transition
from stage 5d to stage 5c with a resolution of �80 years
[Caillon et al. 2003a] and a few methane measurements on
the bottom part of the NorthGRIP ice core with a
resolution of �600 years [North Greenland Ice Core
members, 2004]; (2) isotopic composition of the atmo-
spheric oxygen (d18Oatm, a marker of global ice volume
and biospheric productivity) in Vostok with a time reso-
lution of �1000–2000 years [Petit et al., 1999] and in
NorthGRIP with a mean time resolution of �50 years
[Landais et al., 2005a].
[10] To compensate for the low resolution of the North-

GRIP methane record at the onset of DO 24 (see section
2.2), we use d15N measurements performed on the North-
GRIP ice core with a mean resolution of �50 years (same
samples as for d18Oatm). The d

15N profile records changes in
pore close-off depth (gravitational fractionation) and rapid
surface temperature variations (thermal fractionation)
[Severinghaus et al., 1998].

2.2. NorthGRIP on Vostok GT4 Timescale

[11] Because of their high residence time (�10 years for
CH4 and �1500 years for d18Oatm) compared to the inter-
hemispheric mixing time (�1 year), past methane and
d18Oatm variations recorded in air bubbles from ice cores
from Greenland and Antarctica can be considered as syn-
chronous and are therefore extensively used as correlation
tools between different ice records [Bender et al., 1994,
1999; Blunier et al., 1998; Blunier and Brook, 2001;
Landais et al., 2003]. We used here the Vostok and North-
GRIP methane and d18Oatm measurements described in
section 2.1 to transfer the Vostok GT4 time timescale
[Petit et al., 1999] to the NorthGRIP ice core over the
glacial inception according to the procedure detailed below
[Landais et al., 2005a].
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[12] We first selected 6 tie points at midslope, minimum
and maximum values of the d18Oatm profiles (Figure 1). The
smooth d18Oatm profiles do not provide temporal constraints
better than �1000 years (Table 1). To improve the North-
GRIP/Vostok gas correlation, we add a tie point based on
the identification of the abrupt DO 24 methane increase in
NorthGRIP [North Greenland Ice Core members, 2004] and
in Vostok [Caillon et al., 2003a] (Figure 1 and Table 1). The
methane measurements resolution is low in NorthGRIP
(�600 years). However, it has been shown that rapid d15N
and CH4 increases at the beginning of DO events are
synchronous (±50 years) and reflect rapid temperature
increases in Greenland [Severinghaus et al., 1998;
Flückiger et al., 2004, Landais et al., 2004b; Chappellaz
et al., 1993]. Such a property enables us to obtain a

minimal uncertainty for this tie point (±100 years with
respect to 350 years using CH4 correlation only).
[13] Summarizing, the uncertainties on gas correlations

between NorthGRIP and Vostok vary between �100 and
�1500 years during the glacial inception. In order to
transfer this common timescale from the gas records to
the ice records, one has to take into account the uncertainty
on the age difference between the ice and the gas (Dage).
The Dage results from the fact that air is entrapped at the
bottom of the firn: at each depth level, the air is younger
than the surrounding ice. The Dage is usually computed
from estimates of surface temperature, accumulation rate
using an empirical or mechanistic model that expresses
close-off depth and Dage as a function of these variables
[Barnola et al., 1991; Schwander et al., 1997; Arnaud et al.,

Figure 1. (top to bottom) Total age uncertainty on the correlation Vostok dDice-MD95-2042 d18Obenthic.
The tie point between NorthGRIP d18Oice and MD95-2042 over the 5e plateau is too uncertain to
calculate the error bar before the onset of DO 25. NorthGRIP d18Oice [North Greenland Ice Core
members, 2004] on the GT4 timescale. MD95-2042 d18Oplanktonic on its own timescale (dashed line
[Shackleton et al., 2003]) and on the GT4 timescale (solid line with data points). MD95-2042 d18Obenthic

on its own timescale (dashed line [Shackleton et al., 2003]) and on the GT4 timescale (solid line with data
points). Vostok dDice on the GT4 timescale [Petit et al., 1999]. NorthGRIP CH4 (crosses) [North
Greenland Ice Core members, 2004] and NorthGRIP d15N over DO 24 (solid line) [Landais et al.,
2005a]. Vostok CH4 profile on the gas GT4 timescale (dashed [Petit et al., 1999] and solid [Caillon et al.,
2003a]). Vostok (dashed line [Petit et al., 1999]) and NorthGRIP (solid line [Landais et al., 2005a])
d18Oatm on the GT4 timescale. The grey vertical lines show the tie points chosen to correlate on the GT4
timescale (1) the d18Oatm profiles in NorthGRIP and in Vostok, (2) the NorthGRIP CH4 and d15N with the
Vostok CH4, and (3) the NorthGRIP d18Oice with the MD95-2042 d18Oplanktonic.
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2000; Goujon et al., 2003]. It becomes particularly large
when temperature and accumulation rate are extremely low
(up to 7000 years during the glacial period at Vostok).
Although sensitivity studies conducted with different firn
densification models lead to a �10% uncertainty for the
simulated Dage, the ability of such models to predict firn
depth changes at Antarctic sites characterized by low
present-day temperature and accumulation rates (<�50�C
and <3 cm ice equivalent.yr�1) is questioned [Caillon et al.,
2003b; Goujon et al., 2003; Landais et al., 2005b].
[14] The uncertainty of 10% for the model estimate of the

Dage in NorthGRIP (i.e., less than 100 years) is realistic and
verified by model-data comparisons [Landais et al., 2005a].
Figure 1 shows that the onset of DO 24 recorded in the
d18Oice (rapid increase) and in the d15N (positive peak)
records are indeed synchronous.
[15] In Vostok, a property linked to the firn close-off

depth is registered in the d15N via gravitational fraction-
ation: the d15N is proportional to the thickness of past firn
diffusive zone. Assuming, like in most firn densification
models, that there is no convective zone preventing gravi-
tational enrichment at the top of the firn, the d15N should be
directly related to the past pore close-off depth. The air
isotopic measurements (d15N) conducted on the Vostok ice
core [Sowers et al., 1992; Caillon et al., 2001; Caillon et
al., 2003b] show values up to 30% less than the model
estimates during full glacial periods and �15% less for the
5d/5c transition. We therefore use this disagreement be-
tween model and measurements to estimate the largest error
bar on our Dage determination in Vostok: d15N inferred
changes in firn close-off depth are translated in a Dage using
the ice core age model [Petit et al., 1999; Parrenin et al.,
2004]. Including the uncertainty linked to the age model,
the resulting error on the determination of Antarctic Dage is
lower or equal to 20% (i.e., �1000 years over the 5d/5c
transition).
[16] Note that a 20% error bar on the Vostok Dage is

probably an overestimate for at least two reasons. First, we
have neglected the possible existence of a convective zone
but recent field measurements on very low temperature and
accumulation rate Antarctic sites (analog to Vostok during
the last glacial period [Severinghaus et al., 2004]) have
revealed an upper convective zone of more than 20 m. A
larger convective zone would reconcile large close-off
depths simulated by firn models and low d15N values which

indicate a smaller diffusive zone. Second, direct estimates of
the Vostok Dage performed by Caillon et al. [2001, 2003b]
suggest that Dage estimates remain at 10% on the 5d/5c
transition and over Termination III (240 kyr B.P.).
[17] Given the above considerations, using the maximal

20% error on the classical Vostok Dage (GT4 [Petit et al.,
1999]) and a 10% uncertainty for the NorthGRIP Dage, the
total relative error bar on the common Vostok dDice and
NorthGRIP d18Oice timescale is variable in time within
±1550 years over the sequence of DO 23 and 25.
[18] Within these error bars, we can state without ambi-

guity that the transition between the stages 5d and 5c in
Vostok temperature precedes NorthGRIP DO 24 rapid
temperature increase by 1700 ± 1000 years (Figure 1). It
should be noted that this Antarctic lead was suggested by
Caillon et al. [2003a] based on a CH4/d

15N comparison on
Vostok samples. Here we confirm and quantify the lead of
the Southern Hemisphere 5d/5c transition with respect to
the Northern Hemisphere rapid temperature increase of DO
24. Finally, this result shows a good agreement with
thermodynamic model predictions describing the north-
south seesaw behavior [Stocker and Johnsen, 2003; Knutti
et al., 2004]: such a model predicts that the increase of
Antarctic temperature occurs at the beginning of the DO
cold phase as depicted in Figure 1.

2.3. MD95-2042 on NorthGRIP Timescale

[19] We follow the method depicted by Shackleton et al.
[2000] over MIS 3 to construct a chronology for marine
core MD95-2042 over the glacial inception which is con-
sistent with NorthGRIP ice core timescale (and therefore
Vostok GT4 timescale). The correlation performed by
Shackleton et al. [2000] was based on the identification of
each midslope point of the DO onsets recorded in the
marine and ice core records, which is sometimes difficult
during MIS 3 (e.g., the identifications of DO 15 to 18,
between 64 and 52 kyr B.P.). During the glacial inception,
the identification of the first DO events (23, 24 and even the
smaller 25) is unambiguous [North Greenland Ice Core
members, 2004].
[20] Assuming that the rapid temperature increases and

decreases are synchronous between the Iberian Margin and
Greenland, six tie points (five midpoints of DO recorded in
d18Oplanktonic and d18Oice and one point on the 5e plateau)
are used to produce a new timescale for the core MD95-

Table 1. Gas Tie Points Used to Correlate NorthGRIP and Vostok Records by Minimizing the Area

Between the NorthGRIP and Vostok d18Oatm Records and Associated Age Uncertaintiesa

Depth NorthGRIP, m Age Vostok, years B.P. Uncertainty, years Gas Tracer

2897.4 102,070 1,200 d18Oatm

2944.7 105,740 100 CH4

2946.4 105,940 1,000 d18Oatm

3000 110,000 1,000 d18Oatm

3038 114,000 1,200 d18Oatm

3049.8 116,870 1,200 d18Oatm

3075 123,000 1,500 d18Oatm

aUncertainty associated with the d18Oatm Vostok GT4 tie points is mainly due to the smoothed shape and low
resolution of the Vostok d18Oatm record making it difficult to clearly define midslopes, maxima and minima of the
d18Oatm profile. The CH4 tie point (2944.7 m) is better defined: We associated the age at the midslope of the
Vostok CH4 record [Caillon et al., 2003a] with the depth of the rapid CH4 and d15N (i.e., temperature) increase
recorded in NorthGRIP gas.
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2042 over the glacial inception, based on our ‘‘GT4’’
NorthGRIP timescale (Figure 1). Placing the tie points at
midslopes during both the temperature increases and
decreases is a significant improvement compared to the
correlation by Shackleton et al. [2000] since the accumula-
tion rate, and therefore the depth/age relationships do
significantly change between stadials and interstadials in
central Greenland [Johnsen et al., 1997].
[21] The uncertainty on the relative dating of core MD95-

2042 with respect to NorthGRIP is twofold: first, the error
in defining the midpoints of rapid temperature increases and
decreases in both MD95-2042 d18Oplanktonic and NorthGRIP
ice isotopic records due to the temporal resolution of the
records and, second, the uncertainty on the timing of the
transitions in core MD95-2042 resulting from the use of
d18Oplanktonic as a SST proxy. The first uncertainty is ±200
years in this portion of the d18Oplanktonic record (the uncer-
tainty associated with the temporal resolution of NorthGRIP
ice record is 50 years, which is thus negligible here). On the
basis of the comparison of midpoints in SST signals
obtained by two different methods (foraminifera transfer
functions and alkenones) and in d18Oplanktonic in neighboring
core SU81-18 over the last deglaciation [Duplessy et al.,
1981; Bard et al., 2000; Waelbroeck et al., 2001], we
estimate that the second uncertainty is about ±400 years.
Combining these two independent uncertainty estimates, we
obtain a resulting uncertainty on the relative dating of core
MD95-2042 with respect to NorthGRIP of ±450 years.

Taking into account the Vostok/NorthGRIP correlation
uncertainty, the dating of core MD95-2042 with respect to
Vostok GT4 varies thus between 1100 and 1600 years over
DO 23 to 25 (Figure 1). The comparison between the initial
MD95-2042 and our proposed timescale (Figure 1) shows
that the maximum difference between both timescales is less
than 2000 years, largely within the uncertainties of the
original MD95-2042 timescale [Shackleton et al., 2003]
and of the Vostok GT4 timescale [Petit et al., 1999]
(to which the different uncertainties on the MD95-2042/
NorthGRIP and NorthGRIP/Vostok correlations should be
added).

3. Results

[22] From the Vostok/NorthGRIP gas correlation and
MD95-2042 d18Oplanktonic/NorthGRIP d18Oice correlation,
it is now possible to compare, on the same Vostok GT4
timescale, the MD95-2042 d18Obenthic and the Vostok dDice.
Over the period 123 kyr to 112 kyr B.P. (covering the
transition between stage 5e and stage 5d), the slow increase
in d18Obenthic is synchronous or slightly delayed with respect
to the Vostok dDice decrease. However, during the transition
from stage 5d to stage 5c, the Antarctic dD increase
precedes the d18Obenthic decrease. During DO 24, MD95-
2042 d18Obenthic and d18Oplanktonic increases occur in phase.
Therefore the 1700 years phase lag discussed in detail
between NorthGRIP d18Oice and Vostok dDice at the begin-

Figure 2. Focus on Dansgaard-Oeschger (DO) 23, 24, and 25 on the GT4 timescale. (top to bottom)
NorthGRIP d18Oic, MD95-2042 d18Oplanktonic, MD 95-2042 d18Obenthic, and Vostok dDice. The dashed
vertical lines highlight the synchronous decrease of d18Oplanktonic and d

18Obenthic for the rapid onset of DO
24 as well as the clear lead of Vostok dDice increase with respect to NorthGRIP d18Oice.
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ning of DO 24 directly applies for the phase lag between
Antarctic temperature and d18Obenthic. Combining the Vos-
tok/NorthGRIP correlation uncertainty (1000 years) with
the one associated with the NorthGRIP/MD95-2042 corre-
lation (450 years), we conclude that Vostok dDice precedes
MD95-2042 d18Obenthic by 1700 ± 1100 years for DO 24
(Figure 2). During DO 23, MD95-2042 d18Obenthic slightly
leads d18Oplanktonic but Vostok dDice appears to precede
again MD95-2042 d18Obenthic although the dating uncer-
tainty is too high to reach firm conclusions (Antarctic lead
of 1100 ± 1600 years, Figure 2).
[23] Our most important conclusion is that Vostok dDice

and MD95-2042 d18Obenthic were not in phase during the
first large rapid climatic change of the glacial inception (DO
24) which is in contradiction with the conclusion of
Shackleton et al. [2000] over MIS 3. Because (1) variations
in deepwater temperature were shown to induce large phase
shifts between Antarctic ice isotopes and Iberian margin
cores d18Obenthic over the last deglaciation [Skinner et al.,
2003] and (2) local deepwater temperature most likely
significantly varied during the last glacial period, core
MD95-2042 being close to regions of deepwater formation
[Waelbroeck et al., 2002], we suggest that Antarctic ice
isotopic signal and MD95-2042 d18Obenthic were probably
not in phase during MIS 3 either. The exact phase shift
between Vostok dDice and MD95-2042 d18Obenthic during
MIS 3 can, however, not be precisely evaluated (not
discussed by Shackleton et al. [2000]) and the uncertainties
on the dating are larger during that period than in the present
study because of the aforementioned problem of ambiguous
DO identification. Finally, the fact that core MD95-2042
d18Obenthic and d18Oplanktonic signals are in phase over DO
24, whereas Antarctic dDice exhibits a clear lead with
respect to Greenland d18Oice, points to different controlling
factors for MD95-2042 d18Obenthic and Antarctic dDice

signals. The data presented here clearly indicate that factors

other than rapid sea level changes have to be invoked to
explain the relation between MD95-2042 d18Obenthic and
Antarctic dDice signals.

4. Conclusion

[24] We combined detailed ice and gas measurements in
the NorthGRIP and Vostok ice cores with the high-resolu-
tion marine records (d18Oplanktonic and d18Obenthic) from
marine core MD95-2042 to perform a cautious comparison
of Antarctic dDice and d18Obenthic over the glacial inception.
After a careful evaluation of all relative dating uncertainties,
we demonstrate that d18Obenthic and dDice increases were not
synchronous at the onset of DO 24: The Antarctic dDice

increase precedes by at least 1700 ± 1100 years the onset of
DO 24 in NorthGRIP d18Oice, MD95-2042 d18Oplanktonic and
d18Obenthic records. While the asynchrony between southern
and northern temperatures is a pattern characterizing the
whole glacial period, it is clearly not the case for the
d18Oplanktonic/d18Obenthic relationship since both are in phase
over this DO. This result therefore implies that, contrary to
the conclusion of Shackleton et al. [2000], North Atlantic
d18Obenthic records cannot be assumed to be synchronous
with Antarctic temperatures over the entire last glacial
period. Antarctic dDice possibly also leads North Atlantic
d18Obenthic during MIS 3, although the dating uncertainty is
too high to establish clear phase lag estimates for that period
of time. Other methods to synchronize ice cores and marine
records within a few centuries must thus be developed.
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