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[11 The disturbed stratigraphy of the ice in the lowest 10% of the Greenland GRIP ice
core prevents direct access to climatic information older than 110 kyr. This is especially
regretful since this period covers the previous interglacial corresponding to marine
isotopic stage Se (MIS Se, 130—120 kyr B.P.). Here we present a tentative reconstruction
of the disturbed GRIP chronology based on the succession of globally well mixed gas
parameters. The GRIP §'%0;.. chronological sequence is obtained by comparing a new set
of §'%0 of atmospheric O, and CH4 measurements from the bottom section of the GRIP
core with their counterpart in the Vostok Antarctic profiles. This comparison clearly
identifies ice from the penultimate glacial maximum (MIS 6, 190—130 kyr B.P.) in the
GRIP core. Further it allows rough reconstruction of the last interglacial period and of the
last glacial inception in Greenland which appears to lay its Antarctic counterpart. Our data

suggest that while Antarctica is already entering into a glaciation, Greenland is still

experiencing a warm maximum during MIS Se.
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1. Introduction

[2] Tracers in ice cores, such as water isotopic compo-
sition, greenhouse gases and chemical impurities, are used
to reconstruct paleoclimatic and environmental conditions
at the Earth’s surface. Such reconstructions require that the
quality and continuity of the records are ensured. These
conditions are generally met on the summit of ice sheets or
ice domes, where the annual surface temperature is low
enough (below —30°C) to prevent summer melting. At
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such locations dynamic disturbances, such as shearing of
the ice, are supposed to be less pronounced than on sloped
surfaces. The GRIP (Greenland Ice Core Project, 72°43'N,
37°37'W) and GISP2 (Greenland Ice Sheet Program 2,
72°58'N, 38°48'W) drilling sites in Central Greenland
were chosen because they fulfill the above mentioned
conditions. The isotopic records recovered from the two
cores [Dansgaard et al., 1993; GRIP Project Members,
1993; Grootes et al., 1993] agree well on the top 90% of
the core lengths. Nevertheless, significant discrepancies
appear in the lowest 10%, for ice deeper than 2750 m
of depth at GRIP and at GISP2, i.e., older than 105-
110 kyr [Grootes et al., 1993].

[3] As the two drill locations are only 30 km apart from
each other, the ice isotopic differences encountered in the
bottom part of the cores cannot be attributed to different
climatic conditions. The most plausible explanation relates
to stratigraphic disturbances at the bottom of the ice sheet
affecting one or both cores. Several studies, based on
texture [Thorsteinsson, 1996], chemistry [Legrand et al.,
1997; Yiou et al., 1997] and gases [Bender et al., 1994a;
Souchez et al., 1995; Fuchs and Leuenberger, 1996;
Chappellaz et al., 1997a] of the two cores, have indeed
demonstrated the existence of such disturbances.

[4] Atmospheric trace gases whose lifetime exceeds the
interhemispheric mixing time are tracers on a global scale.
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By combining several gases, it is possible to attribute the
age of an unknown layer by comparison to records from
different ice cores. In addition to providing a relative
dating of the ice found at different depth levels in the
two cores, the method also reveals the location of the ice
flow disturbance. Among the four main gas components
routinely measured in ice cores (CO,, CHy, N>O, §'30,4m),
CH,4 and air O, isotopic ratio are preferentially used as
such [Bender et al., 1994a; Sowers and Bender, 1995,
Blunier et al., 1998; Blunier and Brook, 2001; Morgan et
al., 2002]. On the one hand, CO, suffers from in situ
production in Greenland ice [Anklin et al., 1995], thus
preventing secure comparison between Greenland and
Antarctic records. On the other hand, N,O shows sporadic
artifacts in portions of Antarctic ice [Sowers, 2001; Fliickiger
et al., 1999], especially in the cold and dusty ice of
stage 6 possibly due to microbial contamination. For these
reasons, combined measurements of CH, and 8'%0,,
[Chappellaz et al., 1997a] currently represent the only
available reliable tool for the comparison over long time-
scales between Antarctic and Greenland records. The
§'80,4m is mainly controlled by the global ice volume
[Sowers et al., 1991] and biological productivity [Bender
et al., 1994b] and O, has a residence time of 1200 yr
compared to which the 1 year required for interhemispheric
exchange is negligible. Past methane emissions are
primarily linked to wetlands extent and temperature
[Chappellaz et al., 1993] and potentially to hydrate
decomposition [Kennett et al., 2000]. The residence time
of CHy in the atmosphere is ~10 yr. For most of the
glacial-interglacial transitions, the §'®Og change lags the
CH, variations by 4,000 to 8,000 yr [Petit et al., 1999]
(Figure la). Therefore the combination of the two gas
records provides useful constraints in a phase plane
representation, as shown in Figure 1b, which depicts
the CH4/8"804m relationship in the Vostok data sets
between 390 and 110 kyr B.P. (on the GT4 timescale
[Petit et al., 1999]; see also caption of Figure 1). Using
an implicit temporal evolution diagram, we clearly depict
a distinct trajectory on a CH,/8'%0,m phase plane for
each major glacial-interglacial transition.

[s] Here we investigate the stratigraphic disturbances in
the bottom section of the GRIP core using eighty CHy4/
§'80,4n measurements in the depth range 2750-3005 m,
thus extending the work of Chappellaz et al. [1997a],
which was based on thirty gas measurements. The strati-
graphic interpretation relies on the comparison with the
Vostok CH./6'%0,, records (Figure la), which now en-
compass four complete climatic cycles, i.e., the last
420,000 years [Petit et al., 1999]. We use these results
to identify unambiguously ice sections from marine isoto-
pic stages Se and 6 (see Figure la) and to propose a
tentative chronology and reconstruction for the glacial
inception in Greenland.

2. Analytical Procedures
2.1. The 8"*0,tm

[6] The GRIP §'®0,,, measurements (Figure 2a) were
performed at the LSCE (pooled standard deviation of
0.04%0 on systematic duplicates) at eighty depth levels
using two 10 cm long ice samples per depth level. The air
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is extracted through a melt-refreeze method [Severinghaus
and Brook, 1999; Sowers et al., 1989; Caillon et al., 2001]
and isotopic ratios (8'°N and §'®0) are measured on a
Finnigan MAT 252 mass spectrometer.

[7] Several slight corrections are applied to the mea-
sured §'°N and 60 according to standard procedure
[Bender et al., 1994c]. For §'°N, a correction stands for
the influence of CO" (of mass 28) from the ionization of
CO,. However, the main source of analytical uncertainty
results from the sensitivity of the §'%0 mass spectrometer
measurements to variations in 6N,/O,. Indeed, the relative
ionization efficiencies of '*O and '°O in the mass spec-
trometer source are affected by differences in sample and
standard N,/O, ratios, which is currently defined as the
“chemical-slope” [Bender et al., 1994c; Severinghaus et
al., 2001, 2003]. We experimentally determined a §'%0
correcting factor on the order of 0.3%0 for a O6N,/O,
enrichment of 30%o. The chemical slope has been checked
weekly during all the duration of measurements and
proved to be a constant value of 0.01 %o0/%o0 with a lo
error of 0.001%0/%o (6'%0 per 8N,/O,). In addition, stan-
dard to standard comparison measurements were per-
formed every day (overall lo = 0.003%o for &'°N and
0.006%o for 6'%0) to prevent bias in the mass spectrometer
measurements. Finally as §'%0,, results are expressed
using atmospheric air as standard, we regularly checked
(at least twice a week) our laboratory standard versus
atmospheric air to prevent any deviations in the standard
isotopic composition (overall 1o = 0.004%o for §'°N and
0.007%o for §'%0).

[8] A comparison between previous [Chappellaz et al.,
1997a] and new §'%0 of O, series revealed the existence
of a significant loss of O, from the ice. We attributed this
effect to ice storage as already observed by Bender et al.
[1995]. Typically we observed a loss of O, on the order of
3% (occasionally up to 8%) between the new series of
samples and those previously analyzed in 1997, which
were not at all or only slightly affected by this effect. We
also observed an increase in the §'%0 of O, that seems to
be directly related to the O, loss (a rough dependence
between the two variables appeared with a R* = 0.6), the
maximum effect being on the order of 0.2%o in the case of
a very high loss of O,. Because of the uncertainty
associated with such correction, we chose to not correct
the measured §'%0 of O, depending on the O, loss but we
arbitrarily excluded the §'®0,., data when an O, loss
higher than 5% was observed.

[9] Indeed, we checked the O, loss effect from the
Vostok core by measuring §'%0,, on 6 duplicate samples
from Termination II and by comparing them to results
obtained by Sowers et al. [1993] (corrected by Bender et
al. [1994b]) 14 years ago at URL In 1997 [Chappellaz et
al.,, 1997a], the analytical systems at URI and at LSCE
were roughly intercalibrated. The comparison between
both data sets showed a systematic shift of +0.07%o
(1o = 0.04%0) for the new 0'®O04m. This experiment
confirms the storage effect, and we have such decreased
the GRIP §'%0,,,, measurements by 0.07%o to make them
comparable with the Vostok record over the last 400 kyr
[Sowers et al., 1993; Bender et al., 1994a; Malaizé et al.,
1999; Bender et al., 1999] although the latter is a
composite of samples stored over different time periods.
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Figure 1. (a) Vostok 6D, CHy, and §'80,4m time series with indication of some marine isotopic stages
(MIS) between 110 and 390 kyr B.P. (data are from Petit et al. [1999]). The marine isotope stage
boundaries (initially described by Martinson et al. [1987]) are taken as the midtransition of the 6% 04tm
profile, with a 2 kyr time lag taking into account the §'%0,, delay on ice volume change [Sowers et al.,
1991]. Termination II is taken as the penultimate glacial-interglacial transition between stage 6 and stage
5e, but according to Martinson et al. [1987], it is part of MIS 6. (b) Vostok §'®0,u/CH,4 phase plane
between 110 and 390 kyr B.P. The 880, record is interpolated on the better resolved CH, record.
Colors were chosen to indicate the clearest sequences: red for Termination II and purple for interglacial;
light green for the high insolation maximum (6¢) during stage 6 (green); blue for the remaining glacial
variability. See color version of this figure at back of this issue.

[10] The instrument-corrected 6'®0 of O, was then
corrected for gravitational fractionation by subtracting
twice the 6'°N, supposed to be strictly of gravitational
origin. A possible additional correction concerned the
thermal diffusion. Sensitivity tests have been conducted;
assuming a 0'°N thermal fractionation of 0.1%o (maxi-
mum effect), we calculated a maximum deviation of
+0.03%o on the final §'®0,,, value, considering the ratio
of thermal sensitivity between the two pairs of isotopes
[Severinghaus et al., 2001]. With regard to our experi-
mental uncertainty and the extreme thermal effect con-
sidered in the above calculation (which might not old

true for the present GRIP study), we thus neglected this
effect.

2.2. CHy4

[11] CH4 mixing ratio measurements (Figure 2a) are
performed at the LGGE using an automated and recently
improved wet extraction method (Chappellaz et al., in
preparation, 2003). Eighty samgples were analyzed at exactly
the same depths as the 80 8" 0uim samples with a 10 cm
resolution. Each sample was analyzed three times with a
Flame Ionization Detector equipped gas chromatograph
resulting in a 10 ppbv internal reproducibility (l1o). As
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Figure 2. (a) CHy, §'®*0pm, and §'%0;. profiles for the bottom of the GRIP ice core. The

interhemispheric gradient. The GRIP data pairs were divided into nine zones marked wi

figure at back of this issue.

GRIP dating
here is estimated by an ice flow model assuming no mixing [Johnsen et al., 1993]. (b) CH./6"% 0y data
pairs from the bottom part of the GRIP core compared with the Vostok phase plane (line) between 110
and 170 kyr with Termination II (indicated in red). The uncertainty envelope around Vostok trajectory
accounts for experimental uncertainty in Vostok measurements and for uncertainty in the estimation of
th signs and
colors corresponding to their positions with regard to the Vostok trajectory (Termination II again
indicated with red line). Note that the same legend is used for Figures 2a and 2b. See color version of this
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CH, sources are essentially located in the Northern Hemi-
sphere, a slight interpolar gradient must be taken into
account when comparing Antarctic and Greenland records
[Chappellaz et al., 1997b; Ddllenbach et al., 2000]. Between
cold and warm periods this gradient varies from 5 to 8% of
the Greenland CH,4 mixing ratio. Most of the observed CH4
levels in the bottom part of the GRIP core correspond to
intermediate or interglacial mixing ratios. Therefore for the
comparison with Vostok CH,4, a systematic interglacial cor-
rection of —7% has been applied to GRIP data.

[12] New CH,4 measurements on 6 samples of the Vostok
core over Termination II were performed. No significant
difference appeared with the original Vostok CH, series
(initially measured with the previous LGGE methane analyt-
ical system (Chappellaz et al. [1990], corrected by Chappellaz
etal. [1997a])) and thus no analytical correction was required
for comparing GRIP and Vostok CH, data sets.

[13] This new CH4/6"%0,, data set is an extension of the
data set presented by Chappellaz et al. [1997a]: neighboring
depth samples were analyzed and gave similar results.
However, we present here only the new data set since (1) all
CH4/6'%0,,,,, measurements were performed at exactly the
same depth (which was not the case in the paper of 1997),
thus eliminating any bias due to differences in the gas mixing
ratio between neighboring samples, and (2) the analytical
uncertainty on §'80,,, measurements has been significantly
reduced.

2.3. Vostok CH4/5180Mm Phase Plane Over Four
Climatic Cycles

[14] The mean time resolution of the Vostok §'*0,, and
CH,4 profiles (Figure 1a) is 1800 yr and 1200 yr, respectively.
The Vostok 8'°0,, record has high enough resolution
compared to the mean residence time of atmospheric oxygen
(~1200 yr) to fully capture its past variability. This, however,
is not the case for the CH, record, especially during stages 6
and 7 when the resolution is 5 kyr compared to an atmo-
spheric residence time of 10 yr.

[15] During the past 110 kyr, there is apparently no
stratigraphic disturbance in the two Greenland summit deep
cores, GRIP and GISP2 [Dansgaard et al., 1993; Grootes et
al., 1993], which precludes the possibility for the
corresponding ice to be encountered in the bottom part of
the two cores. To identify the GRIP bottom sections with
respect to Vostok, analogous gas sequences are searched for
in the undisturbed CH,/8'%0,,, phase plane from Vostok
between 110 and 390 kyr B.P. (Figure 1b).

[16] The full Vostok phase plane cannot be used to unam-
biguously constrain the GRIP chronology. Indeed most of the
glacial phase plane sequences are shared between consecu-
tive climatic cycles and within glacial cycles themselves
(especially the center of the phase plane on Figure 1b pictured
with blue lines). Only sequences of glacial-interglacial tran-
sitions, interglacial optima and glacial inceptions provide
clear and specific CH,/6'%0,,,, data pairs that can be used to
constrain the chronology [Raynaud et al., 2003].

3. Results: GRIP and Vostok CH,/8"%0,,,,,
Phase Plane

[17] Assuming no stratigraphic disturbances, GRIP ice
flow calculations show that ice from stages 7d and 7e near
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3000 m of depth should be strongly affected by thinning
[Dansgaard et al., 1993] (Figure 2a) and therefore suggest
a very weak probability of finding a significantly thick
layer of ice older than stage 8. Moreover, the lowest
values of §'%0,,, found in the GRIP profile are not
compatible with ice from stage 7 and the highest GRIP
methane mixing ratio is too low to fit the maximum of
MIS 9. For these reasons and due to the ambiguity of
CH./8'%0,,, data pairs over stage 7 on the Vostok phase
plane making the identification difficult, we restrict the
search for analogous pairs of CH4/8'®0,, between GRIP
(above 2920m) and Vostok to the time period between 110
and 170 kyr B.P. (from stage 5d to stage 6). This
assumption constitutes the main limit to our approach as
we have no proof yet that ice older than 170 kyr B.P. is
absent from GRIP sections above 2920 m.

[18] The resulting ages proposed for GRIP sections are
relative to the Vostok GT4 timescale (which has an accuracy
better than 15 kyr [Petit et al., 1999]) and are in no way
claimed to be absolute or independent ages. In order to
attribute Vostok ages to CH4/61 O pairs from GRIP, we
superimposed them to the Vostok phase plane trajectory
(Figure 2b) which includes by quadratic addition error bars
due to interhemispheric CH,4 gradient (20 ppbv) and ana-
lytical errors on Vostok measurements (10 ppbv for CHy
and 0.07%o for 6180atm). This comparison enables the
attribution of constrained ages for several ice layers and
leads to the following conclusions :

[19] 1. The lack of samples with high §'*0,, confirms
previous gas studies conducted on both GRIP and GISP2
cores [Chappellaz et al., 1997a; Bender et al., 1994a] and
indicates that no ice from Termination II (defined as the
transition between full glacial and interglacial in Antarctica,
Figure 1a) can be identified in Greenland Summit cores so
far. Note that lack of detailed measurements in the depth
range 2860—2880 m prevents reaching a definite conclusion
on such absence.

[20] 2. Two ice sections (at 2882 and 2900 m depth)
with low CHy levels and relatively high §'®0,u, corre-
spond to a quite well-defined region, at the end of stage 6
(~140—145 kyr B.P. on Vostok timescale). The identifica-
tion of ice from the penultimate glacial stage is confirmed at
these depths by three gas measurements from Chappellaz et
al. [1997a] and small crystal sizes [Thorsteinsson et al.,
1997].

[21] 3. Most GRIP samples from 2780 to 2850 m lie on
the Vostok phase plane trajectory characteristic of the 5e-5d
glacial inception. The sequence of these data pairs with
increasing depth shows back-and-forth between the 5d and
Se regions along this specific trajectory, probably reflecting
several fold axes in this 100 m thick layer.

[22] 4. A few data pairs with relatively high CH4 levels
can be attributed unambiguously to stage Se according to
the Vostok gas trajectory.

[23] Some of the data pairs in Figures 2a and 2b (open
green circles) attributed to the end of stage 5e¢ may be
questioned. Their attribution is indeed based on the high
correlation of water isotopic composition and chemical data
between adjacent ice samples marked with open and closed
circles. Moreover, this high correlation warrants that the
following reconstruction of 8180, is independent of the
presence of those data pairs.
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Figure 3. Succession of identified layers between 2780 and 2920 m with associated gas ages from
identification of §'*0,,,/CH, data pairs with Vostok trajectory. Solid circles indicate the exact depth on
the GRIP §'*0j profile where gas measurements were performed and then where ice data were used for
reconstruction (Figure 4). The boxes stand for a set of gas measurements suggesting the same age
assignation. The confidence levels for each layer is indicated by symbols: zero, one, or two crosses
indicate high, little, or no ambiguity for GRIP CH4/8'%0 4, compared to Vostok values; the letter “c”
stands for agreement between available chemistry data and the characteristic values of glacial and
interglacial stages in Greenland (all available data in the GRIP bottom part agree with chemical
tendencies between cold and warm stages). Dating uncertainties take into account the errors in delta ages
calculations for Vostok (around 10% of the delta age) and for GRIP (200 years). Note that the dating is
only relative to Vostok GT4 used as a temporal reference here.

[24] Two main GRIP depth sections could not be dated
without ambiguity : from 2860 to 2880m, and beneath
2920m. For the former, the depth covers the GRIP region
originally supposed to belong to the Eemian and shows

surprising chemical measurements difficult to reconcile
with ice mixing [Steffensen et al., 1997]. For the latter,
ice crystal studies show no abrupt transition [Thorsteinsson
et al., 1997] suggesting the absence of stratigraphic

Figure 4. (opposite) Reconstitution of (a) the GRIP (solid circles) §'0; and (b) calcium profiles against ice age (bottom
scale: GRIP age deduced from the Vostok GT4 scale and from the gas-ice age differences evaluated thanks to GRIP §'°N
reconstructed profile (Figure 4¢)). Comparison is made with measured Vostok profiles (dotted lines) of (a) 6D and (b) dust.
(¢) The 8'®0,m and (d) CH,4 at GRIP and Vostok (with associated uncertainty envelope). (f) comparison between Vostok
8D [Petit et al., 1999] and GRIP §'%0;.. [Dansgaard et al., 1993] profiles for the Holocene period against age. The open

circles represent questionable reconstructed points.
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disturbance. On the contrary, small scale (of the order
1-8 cm) visible folding [Dahl-Jensen et al., 1997] and flat
water stable isotope profile as in Vostok bottom ice
sections [Souchez et al., 2002] suggest ice layer mixing
at a scale inferior to the gas and ice sampling resolution.
Here GRIP bottom CH4/0'®0,,, measurements showing
stage 7 or older stable levels do not enable to discriminate
between the two hypotheses.

[25] Each of the CH4/8'%04m discontinuities (GRIP depth
trajectory inconsistent with Vostok temporal evolution) has
a parallel in the §180,.. record (Figure 2a). Moreover, the
calculated correlation between chemistry data from neigh-
boring bags is low where CH./6"80m show discontinuities.
These discontinuities could result from strong local shearing
in the stratigraphy of the bottom part of the GRIP core
[Alley et al., 1997] and/or ice flow convergence following
bedrock irregularities and leading to random ice-layer mix-
ing, both mechanisms bringing into contact ice layers from
very different ages. Note that we probably missed several
other discontinuities, simply because the sampling resolu-
tion of our CH4/6'%0,¢, data pairs (10 cm samples at depth
ranges between 55 cm and several meters) is far smaller
than the 6'®0;, resolution (2.5 cm).

4. A Tentative Reconstruction of Greenland
MIS 5e and Glacial Inception

[26] On the basis of the Vostok-GRIP gas comparison,
we propose a stratigraphy for the bottom section of the
GRIP ice core (Figure 3). We can now directly compare
the reconstructed climatic signal from Greenland (6"0ice)
to its Antarctic counterpart (Vostok 0D record, Figure 4).
Instead of representing each individual data pair in the
sequence, we choose to average neighboring data pairs
(3 to 4 on average) and the associated ice-6'*0 climate proxy.
The comparison between discrete chemical measurements
conducted on the bottom parts of GRIP [Steffensen et
al., 1997] and GISP2 cores [Legrand and Mayewski, 1997]
reinforces the validity of our reconstruction with higher
values of calcium, magnesium, potassium, chloride and
sulfate during cold periods (here stage 6) than during
warm periods (here stage 5e). Figure 3 also displays
confidence levels for the dating of each ice layer on a
gas-age scale (see legend). Note that this dating is not
suitable for §'%0;. because it does not take into account
the age differences between the trapped gas and surround-
ing ice (Aage) at GRIP. To obtain the best estimation of
the Aage we extracted the mean §'°N signal (supposed to
be strictly gravitational) for each ice layer (Figure 4e).
This reconstructed signal combined with different possible
temperature evaluations from the isotopic paleothermom-
eter (6180iCe [Jouzel, 1999]) gives a rough estimation of
the close-off depth (COD) and of the Aage [Schwander et
al., 1997]. The different temperature scenarios [e.g., Cuffey
and Marshall, 2000] lead to small changes in COD (<3 m)
compared to the 70 m/90 m COD corresponding to MIS
Se/full glacial. The Aage for the different ice sections was
thus evaluated to lie between 200 and 600 years with an
associated uncertainty of 200 years (upper evaluation with
extreme values of §'°N and of temperatures). The age
indicated in Figure 4 for ice measurements (§'*0j.. and
Ca) is then corrected from Aage and errors bars account for
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uncertainties on the dating relative to Vostok (Figure 2b) and
on Aage.

[27] Figure 4 displays the tentatively-reconstructed tem-
poral evolution for GRIP 8'*0, [Dansgaard et al., 1993], a
proxy of temperature change and calcium [Fuhrer et al.,
1993], an indicator of past atmospheric transport and/or
continental dust source. The attribution of an age to each
GRIP 10 cm ice layer through gas measurements leads to a
discrete and poorly detailed §'®0;. reconstruction. Never-
theless, the reconstructed GRIP §'°0;.. and the Vostok §D
profiles clearly show that the last interglacial ended later in
Greenland than in Antarctica : 6'%0;.. remains very high
during the stage 5e in Greenland whereas 6D drops sooner
in Antarctica, only 2 kyr after the interglacial optimum. At
the same time, CH, undergoes a long period with high
values (10 kyr) compared to the relatively short maximum
of 8" Oyqm.

[28] This relatively long and warm period in Greenland
compared to Antarctica finds agreement with pollen records
in the lake sediments and off the Iberian margin [Kukla et
al., 2002; Sanchez-Goiii et al., 1999] that describes a long
and stable interglacial in Central Europe lasting around
13,000 yr [Turner, 2002]. Directly relevant to Greenland
climate are proxy records for the deep North Atlantic
circulation and North Atlantic sea-surface temperatures
which show a persistent interglacial maximum for approx-
imately 10 kyr [Adkins et al., 1997; Cortijo et al., 1999].
This reconstruction is then a supplementary argument in
favor of a long interglacial in northern Europe at the same
time as the onset of continental ice caps as indicated by
our §'%0,,, measurements (Figure 4). A comparison with
Holocene on Figure 4 confirms that climate was warmer
during 5e than nowadays [Dansgaard et al., 1993].
Interestingly, a single data pair at 2854.15 m of depth, with
intermediate 6'®0,, and relatively elevated CHy levels
(dated at 128.5 kyr according to the Vostok chronology),
provides a '*0jc. value significantly lower than other 5e data
pairs. On the reconstructed Greenland isotopic profile, it
seems to pin-point the very end of the deglaciation, at a time
when Antarctica is already showing full interglacial condi-
tions. The lack of other data pairs with similar characteristics
prevents us to ascertain this feature but if real, Termination II
would thus share the same pattern as observed for the end of
Termination I, with a significant delay of Greenland maxi-
mum warming compared to Antarctica.

[29] Apart from the data pair at 2854.15 m, it remains
very surprising that no ice from the Termination II period
(130—140 yr BP) can be identified in the bottom part of
GRIP. According to ice flow models, at least 20 meters of
such ice should be observed in GRIP core after normal
thinning. A possible explanation may be linked to very small
grains supposed to characterize such ice [Thorsteinsson et
al., 1997; Dahl-Jensen et al., 1997], making it particularly
sensitive to shear stress, and hence easier to be thinned and
folded on a centimeter scale.

[30] An extreme scenario could be envisaged where the
Greenland Eemian reached climatic conditions leading to
complete surface melting in Greenland [Koerner, 1989],
hiatus of accumulation, and ablation of the ice previously
accumulated during the deglaciation. This would still be
imprinted in the GRIP ice, through refrozen ice layers
associated with low gas content and anomalous deuterium
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excess. Indeed GRIP air content measurements [Raynaud et
al., 1997] do not reveal such features and suggest that the
elevation at Summit remained above 3000 m. In addition ice
sheet modeling [Cuffey and Marshall, 2000; Huybrechts,
2002] suggests a persistency of the center Greenland ice
sheet during the MIS Se with similar elevation at the
summit as nowadays. Finally deuterium excess measure-
ments (additional data obtained outside of this work)
remain within the normal range (4—11%o) observed during
the 100 kyr at Summit. A partial deglaciation that lowers the
ice sheet elevation is therefore unlikely to be the cause of the
lack of Termination II ice through massive melting or
sublimation. To emphasize this conclusion, it must be noticed
that Koerner’s study was based on two coastal sites in
Greenland (Dye3 and Camp Century) that modeling studies
show to be ice free during MIS Se.

[31] The most probable scenario explaining the lack of
Termination II ice in the GRIP core involves divides of ice
flow along bedrock irregularities, bringing apart ice layers
depending on their rheology. Moreover the lack of measure-
ments in the bottom part where ice is possibly mixed on a
very small scale could explain that we can not identify the
ice from Termination II even if some is present on the GRIP
bottom section.

[32] Our results suggest that between 2780 and 2920 m
the ice mixing still preserves part of the chronology with
ice layers from 5d-5e transition preferentially at the top of
the sequence and ice from the penultimate glacial or older
(stage 6) at the bottom section near 2920m. This is not
inconsistent with alternative estimates of very old basal
ice (2.4 million years from Souchez [1997] or 400,000
years from '’Be/*°Cl (Muscheler and Beer, personal
communication)).

5. Conclusions

[33] The new sets of measurements of §'®0,ym and CHy in
the bottom sections of the GRIP core show a complex
stratigraphy below 2780 m depth. The comparison between
those data pairs and the Vostok CH4/6'80 phase plane
between 110 and 170 kyr leads to a quite unambiguous
identification of several discrete ice layers. It confirms the
identification of ice from the latest part of Stage 6 deep in
Greenland Summit ice. Our gas-based reconstruction of the
MIS 5e is confirmed by the reconstructed time sequences of
§'%0,ce and dust indicators compared to Vostok records or
north Atlantic marine sediment temperature reconstructions.

[34] Although somehow disappointing due to missing ice
layers, impossibility to date other layers that are problematic
regarding chemistry data, our method still provides the only
glacial inception reconstruction from existing Greenland ice
cores. The lag between cross-dated GRIP and Vostok §'*0
during this glacial onset reaches several thousands of years,
Antarctica getting colder significantly before Greenland.
The drilling of the last 80 m at North GRIP in 2003 may
provide soon a more complete picture of this time period.
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Figure 1. (a) Vostok 6D, CHy, and BISOatm time series with indication of some marine isotopic stages
(MIS) between 110 and 390 kyr B.P. (data are from Petit et al. [1999]). The marine isotope stage
boundaries (initially described by Martinson et al. [1987]) are taken as the midtransition of the §'%0,m
profile, with a 2 kyr time lag taking into account the §'%O, delay on ice volume change [Sowers et al.,
1991]. Termination II is taken as the penultimate glacial-interglacial transition between stage 6 and stage
5e, but according to Martinson et al. [1987], it is part of MIS 6. (b) Vostok §'%0,.,/CH,4 phase plane
between 110 and 390 kyr B.P. The § 80uum record is interpolated on the better resolved CHy4 record.
Colors were chosen to indicate the clearest sequences: red for Termination II and purple for interglacial;
light green for the high insolation maximum (6e) during stage 6 (green); blue for the remaining glacial
variability.
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Figure 2. (a) CHy,, §'%0,m, and §'%0;.e profiles for the bottom of the GRIP ice core. The GRIP dating
here is estimated by an ice flow model assuming no mixing [Johnsen et al., 1993]. (b) CH,/6'%0,,,, data
pairs from the bottom part of the GRIP core compared with the Vostok phase plane (line) between 110
and 170 kyr with Termination II (indicated in red). The uncertainty envelope around Vostok trajectory
accounts for experimental uncertainty in Vostok measurements and for uncertainty in the estimation of
interhemispheric gradient. The GRIP data pairs were divided into nine zones marked with signs and
colors corresponding to their positions with regard to the Vostok trajectory (Termination II again
indicated with red line). Note that the same legend is used for Figures 2a and 2b.
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