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Abstract

Based on a composite of several measurement series performed on ice samples stored
at −25 ◦C or −50 ◦C, we present and discuss the first δO2/N2 record of trapped air from
the EPICA Dome C (EDC) ice core covering the period between 300 and 800 ka (thou-
sands of years before present). The samples stored at −25 ◦C show clear gas loss5

affecting the precision and mean level of the δO2/N2 record. Two different gas loss cor-
rections are proposed to account for this effect, without altering the spectral properties
of the original datasets. Although processes at play remain to be fully understood, pre-
vious studies have proposed a link between surface insolation, ice grain properties at
close-off and δO2/N2 in air bubbles, from which an orbitally tuned chronologies of the10

Vostok and Dome Fuji ice core records have been derived over the last four climatic cy-
cles. Here, we show that limitations caused by data quality and resolution, data filtering
and uncertainties in the orbital tuning target limit the precision of this tuning method for
EDC to at least 2.5 kyrs (thousands of years). Moreover, our extended record includes
two periods of low eccentricity. During these intervals (around 400 ka and 750 ka),15

the matching between δO2/N2 and the different insolation curves is ambiguous be-
cause some local insolation maxima cannot be identified in the δO2/N2 record (and
vice versa). Recognizing these limitations, we restrict the use of our δO2/N2 record
to show that the EDC3 age scale is generally correct within its published uncertainty
(6 kyrs) over the 300–800 ka period. We illustrate the uncertainties associated with20

data quality, filtering and tuning target for periods of low eccentricity by highlighting
the difficulty to constrain the duration of Marine Isotopic Stage 11 based on the EDC
δO2/N2 information.

1 Introduction

While ice core records offer a wealth of paleoclimatic and paleoenvironmental infor-25

mation, uncertainties associated with ice core dating limit their contribution to the
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understanding of past climate dynamics. Absolute age scales have been constructed
for Greenland ice cores thanks to layer counting in sites offering sufficient accumula-
tion rates (GRIP, GISP2, NorthGRIP (Rasmussen et al., 2006; Svensson et al., 2006;
2008)), allowing to build the GICC05 Greenland age scale currently spanning the past
60 ka (thousand of years before present). While layer counting is not possible for deep5

Antarctic ice cores obtained in low accumulation areas, the transfer of the GICC05
age scale (using gas synchronization methods, (e.g. Blunier et al., 2007)) to Antarctic
records allows to partly circumvent this difficulty for the past 60 ka. Absolute time mark-
ers are generally lacking for these long Antarctic records, now extending up to 800 ka,
with the exception of promising studies using the Ar/Ar and U/Th dating tools (Dunbar10

et al., 2008; Aciego et al., 2010) and the links between 10Be peaks and well dated
magnetic events (Raisbeck et al., 2007, 2008). As a result, dating of the deepeest
part of these Antarctic cores is largely based on various approaches combining an ice
flow model with orbital tuning. Classically, orbital tuning assumes that northern hemi-
sphere summer insolation drives large climate transitions (e.g., Milankovitch, 1941),15

and has long been used for dating paleoclimatic records, especially marine ones (e.g.
Martinson et al., 1987).

As for Antarctic ice cores, two different orbital dating approaches, both initially de-
veloped by Bender et al. (1994) and Bender (2002), are now commonly used. First,
long records of δ18O of atmospheric O2 (δ18Oatm) have revealed that this parameter20

is highly correlated with variations in the precession band with a lag of about 5-6 kyrs
(thousands of years) (Bender et al., 1994; Petit et al., 1999; Dreyfus et al., 2007).
Studies have linked variations in precession to δ18Oatm through changes in low lati-
tude water cycle and biospheric productivity (Malaizé et al., 1999). The significant time
delay between changes in precession and changes in δ18Oatm has been attributed25

to a combination of the 1000–2000 yr residence time of O2 in the atmosphere (Ben-
der et al., 1994; Hoffmann et al., 2004) and to the numerous and complex processes
linking the isotopic composition of seawater to atmospheric oxygen via the dynamic re-
sponse of the tropical water cycle to precession forcing and the associated variations in
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terrestrial and oceanic biospheres (Landais et al., 2010, and references therein). This
superposition of processes also suggests that lags may vary with time (Jouzel et al.,
2002; Leuenberger, 1997). As a consequence, the δ18Oatm record from long ice cores
can be used to constrain ice core chronologies (e.g., Petit et al., 1999; Shackleton,
2000), but with a large associated uncertainty (6 kyrs) (Petit et al., 1999; Dreyfus et al.,5

2007). In parallel, the link between precession, low latitude hydrology, and atmospheric
methane concentration (Chappellaz et al., 1993) has been used to propose an orbital
age scale for Vostok (Ruddimann et al., 2003). However, past methane variations ex-
hibit a strong impact of obliquity (Loulergue et al., 2008), and a weaker correlation with
precession than δ18Oatm (Schmidt et al., 2004; Landais et al., 2010) hence limiting this10

approach.
Second, Bender (2002) has proposed that the elemental ratio δO2/N2 in the trapped

air could be used as a new orbital tuning tool. Indeed, δO2/N2 measurements in the
firn near the pore close-off depth (about 100 m below the ice-sheet surface, i.e. where
unconsolidated snow is compressed to the density of ice) have revealed that the trap-15

ping process is associated with a relative loss of O2 with respect to N2 (Battle et al.,
1996; Severinghaus and Battle, 2006; Huber et al., 2006). Between 160 and 400 ka,
the δO2/N2 record of the Vostok ice core displays variations similar to those of the
local 21 December insolation (78◦ S). From these two observations, Bender (2002) for-
mulated the hypothesis that local Antarctic summer insolation influences near-surface20

snow metamorphism and that this signature is preserved during the firnification pro-
cess down to the pore close-off depth, where it modulates the loss of O2. From this
hypothesis, they proposed to use of δO2/N2 for dating purposes.

Despite a limited understanding of the physical mechanisms linking local 21 Decem-
ber insolation and δO2/N2 variations in polar ice cores, this approach has been used25

by Kawamura et al. (2007) and Suwa and Bender (2008a) to propose an orbital dating
of the Dome F and Vostok ice cores respectively back to 360 and 400 ka. The validity
of the link with local insolation has been supported by a similar correspondence ob-
served on the Greenland GISP2 ice core (Suwa and Bender, 2008b). Using their high
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quality δO2/N2 record on the Dome F ice core and comparison with radiometric dating
obtained on speleothem records, Kawamura et al. (2007) estimated the dating uncer-
tainty to be as low as 0.8–2.9 kyrs. Moreover, it was suggested that, combined with an
inverse glaciological modeling approach, the dating uncertainty could be pinched down
to 1 kyr (Parrenin et al., 2007).5

Up to now, the oldest ice core climatic and greenhouse gases records have been
obtained from the EPICA Dome C (EDC) ice core that covers the last 800 ka (Jouzel
et al., 2007; Lüthi et al., 2008; Loulergue et al., 2008). The state of the art dating of
the EDC ice core (EDC3 chronology) has been described in Parrenin et al. (2007): it
is based on ice flow modeling using an inverse method constrained by available age10

markers. These age markers include reference horizons such as volcanic horizons (Mt
Berlin eruption, 92.5 ka (Dunbar et al., 2008)) and peaks in 10Be flux (i.e. Laschamp
event, 41.2 ka (Yiou et al., 1997; Raisbeck et al., 2008)). Other tie points have been
introduced based on the comparison of the ice core records with records of other well
dated archives: as an example, the abrupt methane increase at Termination 2 was as-15

sumed to be synchronous (within 2 kyrs) with the abrupt δ18O of calcite (speleothem)
shift recorded in Chinese (Yuan et al., 2004) and Levantine (Bar-Mathews et al., 2003)
regions at around 130.1 ka. For the last 42 ka, the EDC3 age scale was synchronized
with the layer-counted Greenland GICC05 chronology (Svensson et al., 2008) with a
recent improvement by Lemieux-Dudon et al. (2010). For ice older than the last in-20

terglacial period, tie points are exclusively derived from orbital tuning. In addition to
37 δ18Oatm tie points used between 400 and 800 ka, additional orbital information was
derived from local insolation changes imprinted in the record of total air content in polar
ice. Raynaud and colleagues (2007) indeed showed that the majority of the variance
in total air content in the EDC ice core can be explained by the variations of an in-25

tegrated summer insolation parameter (i.e. summation of the daily insolation over a
certain threshold for a given latitude) that has a dominant obliquity component. This
marker was therefore suggested as another tool for orbital dating of ice core records.
Ten such “air content” tie points have been used between 71 and 431 ka for EDC3,
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assuming a 4 kyrs uncertainty to account for scatter in the raw data and the uncer-
tainty due to the choice of the integrated summer insolation target (threshold value for
daily insolation). The overall uncertainty attached to the EDC3 time-scale is estimated
to 6 kyrs from 130 ka down to the bottom of the record. As a result, the accuracy of
event durations is as large as 40 % between 400 and 800 ka (i.e. over the period mainly5

constrained by δ18Oatm orbital tuning) (Parrenin et al., 2007).
In this article, we present the first records of δO2/N2 measured on the EDC ice

core between 800 and 300 ka. This record is of special interest since (1) no δO2/N2
data were used for constraining the EDC3 age scale, and (2) no δO2/N2 data have so
far been published prior to 410 ka. Our record includes two periods of minimum ec-10

centricity, centered at around 400 ka and around 750 ka, characterized by a minimum
influence of precession variations on insolation (Loutre and Berger, 2003). This con-
trasts with the relatively large eccentricity context for the time interval between 50 and
360 ka, where previous δO2/N2 records were obtained. Our δO2/N2 record is therefore
used for examining (1) the feasibility of orbital dating (in particular with δO2/N2) at times15

of low eccentricity, and (2) the validity of the EDC3 age scale between 300 and 800 ka
with respect to the δO2/N2 constraints.

We first examine the analytical methods used to perform the measurements, as well
as discuss the effects of gas loss associated with ice storage on the integrity of the
δO2/N2 record and the necessary corrections. The spectral properties of the resulting20

composite EDC δO2/N2 curve are then analyzed with respect to the orbital forcing.
The local insolation influence on this EDC signal is compared with previous studies on
the Vostok and Dome F ice cores (Bender, 2002; Kawamura et al., 2007; Suwa and
Bender, 2008). The uncertainties and limitations attached to the use of δO2/N2 as a
dating tool for the EDC ice core between 300 and 800 ka are quantified; we combine25

δO2/N2 and δ18Oatm to assess the uncertainty of the EDC3 age scale. With a specific
focus on Marine Isotopic Stage 11 (around 400 ka), we finish by discussing the current
limits of the use of δO2/N2 for this part of the EDC ice core.
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2 Methods

2.1 Technique used at LSCE for obtaining the EDC δO2/N2 record

The technique used at LSCE for extracting the air trapped in ice core samples is based
on melting and refreezing ice samples as first developed by Sowers et al. (1989) and
detailed in Landais et al. (2003). For each depth, two adjacent ice samples covering5

the same depth interval are cut from the ice core. Approximately 3–5 mm of the outer
ice is shaved off each face to yield two 10 g ice samples. The samples are placed in
pre-cooled glass flasks with glass/metal transitions to Conflat flange tops. The flasks
are connected to a vacuum manifold using gold-plated copper gaskets. The manifold
is equipped with a Pfeiffer-Balzar turbo molecular pump, two pressure gauges (Bara-10

tron, Pirani), manual Nupro valves, and 6 ports. Typically, we process 6 samples per
day with this method in two shifts of three. Following a leak test, the ambient air sur-
rounding the ice samples is evacuated using a turbo-molecular pump for 35–40 min
while ice is kept frozen by immersing the flask in a −20 ◦C ethanol bath. The flask
is then isolated using a manual Nupro valve, and the ice is allowed to melt at room15

temperature. Once the samples are completely melted, we begin refreezing the first
sample. Since only one sample can be cryogenically transferred at a time, the samples
are refrozen sequentially. Refreezing is accomplished using a 10 cm long copper cold
finger with flat top plate placed in contact with the bottom of the sample flask. Only the
bottom 3 cm of the cold finger are initially immersed in liquid nitrogen. Heat transfer20

is facilitated by adding alcohol to the top plate in contact with the flask bottom. This
arrangement allows the melt water to refreeze slowly from the bottom, minimizing the
capture of dissolved gases. Cracking of the ice signals refreezing is complete, at which
time we completely immerse the cold finger in liquid N2. In order to remove residual
water vapor from the headspace, we heat the metal flange connection with a heat gun25

for 2.5 min, then maintain the cold flinger maximally immersed in liquid N2 for an addi-
tional 10 min, a procedure ensuring that the sample flask is never in direct contact with
liquid N2. The headspace gases are then cryogenically transferred into a quarter inch
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steel tube plunged into liquid He for 6 min. The gases in the stainless steel tube are
allowed to come to room temperature and equilibrate for a minimum of 40 min before
being introduced into the mass spectrometer for isotopic and elemental analysis using
a dual inlet system.

The measurements of δO2/N2 on the EDC ice core were performed on two different5

mass spectrometers. The first series (Table 1, Fig. 1) was obtained on a 4-collector
Finnigan MAT 252. On this mass spectrometer, the masses (m/z) 32 (O2) and 28 (N2)
could not be measured simultaneously so that δO2/N2 was measured by interfering
masses (jumping from one mass to the other). The second, third and fourth measure-
ment series (Table 1, Fig. 1) were measured on a 10-collector Thermo Delta V Plus10

that permitted simultaneous acquisition of m/z 32 and 28. A careful inter-comparison
of the performances of the two mass spectrometers using air standard and firn air on
the two instruments showed no significant offsets (Dreyfus, 2008).

The method for δO2/N2 measurements at LSCE is similar to the one used for ob-
taining the Vostok δO2/N2 record (Sowers et al., 1998; Bender, 2002). However, it15

significantly differs from the one used for the Dome F δO2/N2 record (Kawamura et al.,
2007) which requires a much larger ice sample (∼ 200 g instead of 10 g) and is based
on a gas extraction with no refreezing (Kawamura et al., 2003). No inter-calibration of
these different methods has yet been conducted.

2.2 EDC raw data20

The measurements have been performed on clathrate ice below 2400 m depth well
below the bubble – clathrate transition zone where positive δO2/N2 values have been
observed in other records. This effect is due to O2 being more easily dissolved in
ice as gas hydrates than N2 so that after coring, N2 (from bubbles) is preferentially
lost relative to O2 (from clathrates) in this zone (Bender, 2002; Ikeda-Fukazawa et al.,25

2005). The complete record is a composite of four different series of measurements
from ice with different storage histories (Table 1, Fig. 1). All data have been corrected
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for gravitational fractionation as follows:

δO2/N2 =δO2/N2,raw−4×δ15N (1)

For all series, each sample value corresponds to the average of at least two repli-
cate samples analyzed at each depth level. We then calculated the pooled standard
deviation as:5

σp =

√√√√∑
((ni −1)σ2

i )∑
(ni −1)

(2)

where ni and σi are respectively the sample size and the standard deviation of the ith

sample. Over the whole set of measurements, σp is equal to 1.5 ‰.
As expected from the inter-comparison between the two mass spectrometers, no

shift between the mean values appears between the 1st and the 2nd series. The10

oldest values (700–800 ka) obtained in series 2 are associated with a large scatter of
the δO2/N2 data between neighboring and replicate samples. For two of these depth
levels, δO2/N2 reaches extremely low values (lower than 40 ‰) with an associated
standard deviation of 10 ‰ (Fig. 1). These ice samples are likely affected by significant
gas loss after ice coring that favors the loss of the smaller molecule O2 with respect to15

the larger molecule of N2 (Huber et al., 2006).
On the contrary, samples from series 3 (stored at −50 ◦C instead of at -25◦C as for

series 1 and 2) are associated with a very low pooled standard deviation (0.32 ‰).
This shows that high precision δO2/N2 measurements on EDC ice are possible with
our experimental set-up if the ice is stored at a very low temperature. Moreover, sam-20

ples from series 4, also stored at −50 ◦C, show a significantly lower scattering than the
measurements performed over the same depth range from series 2 from ice stored
at −25 ◦C. This again confirms the quality of δO2/N2 record from EDC ice samples
stored at −50 ◦C. Still, the uncertainty associated with series 4 is larger than the one
associated with series 3 despite the fact that the samples were stored under the same25
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conditions. This may be related to the ice history, with warmer temperatures encoun-
tered near Dome C bedrock (above −10 ◦C), to the difficulties to extract the deepest
ice cores, with increased fragmentation of the cores (short fractured cores of ∼20 cm
using ethanol as a drilling liquid), or to a change in ice crystal structure at high depths
(Pol et al., 2010; Durand et al., 2010).5

3 Gas loss correction and construction of a composite curve

3.1 Principle of gas loss from air bubbles

Bender et al. (1995) showed anomalously low O2/N2 and Ar/N2 ratios in air extracted
from ice cores compared to atmospheric air. This effect was initially attributed to gas
loss during coring and storage, with the smallest molecules (O2, Ar) being more easily10

lost that the larger ones (N2). Ikeda-Fukazawa et al. (2005) observed a drift in the
O2/N2 ratio correlated with the storage duration. Two mechanisms have been proposed
to explain this size dependent effect: diffusion through the ice lattice by breaking of
hydrogen bonds (Ikeda-Fukazawa et al., 2005) or diffusion through small channels in
the ice with a threshold dimension of 3.6 Å (i.e. molecules with a diameter larger than15

3.6 Å, like N2, will not escape from the bubbles) (Huber et al., 2006).
For the Dome F ice, Kawamura et al. (2007) found that δO2/N2 decreased by 6.6 ‰

per year of storage at −25 ◦C, and used this relationship to apply a gas loss correction.
While the exact storage temperature histories of our samples are less well known, we
observe significant shifts in δO2/N2 levels between samples stored 1–2 yr at −25 ◦C20

(series 1 and 2) and samples stored at EDC (−50 ◦C) and maintained at this tempera-
ture during transport and storage (series 3 and 4) as depicted above.

3.2 Corrections

In order to remove outliers, we excluded all the measurements at depth levels where
the δO2/N2 standard deviation associated with replicates is larger than 3 ‰ (Fig. 1).25

2227

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/7/2217/2011/cpd-7-2217-2011-print.pdf
http://www.clim-past-discuss.net/7/2217/2011/cpd-7-2217-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
7, 2217–2259, 2011

Towards orbital
dating of the EPICA

Dome C ice core

A. Landais et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

This rejects less than 16 % of the data (mainly over the deepest part of series 2, see
details in Table 1) and results in a pooled standard deviation of 0.9 ‰. This is very
comparable to the pooled standard deviation obtained on the δO2/N2 records of the
Vostok and Dome F ice cores after gas loss correction and removal of 15 to 20 % of
outliers (Bender, 2002; Kawamura et al., 2007; Suwa and Bender, 2008a).5

The second correction accounts for a systematic bias in the measurements when
ice is stored at −25 ◦C instead of −50 ◦C. It is based on the following observations: (a)
there is no obvious shift between series 1 (measured in 2004–2005) and 2 (measured
in 2006–2007); (b) after an homogenization of series 1, 2 and 3 through a linear in-
terpolation every 1 kyr between 380 and 480 ka, we found an average offset between10

series 1 and 2 on the one hand and series 3 on the other hand of 6.43 ‰. We thus
decided to shift all the δO2/N2 values of series 1 and 2 by adding 6.43 ‰. We call this
“gas loss correction 1”.

This correction is subject to discussion. In particular, it leads to a significant decrease
in δO2/N2 with time: the mean δO2/N2 level before 480 ka is less depleted than the15

mean δO2/N2 level after 380 ka (Fig. 2); the variance of the whole record after the
rejection of outliers and “gas loss correction 1” is about 13 ‰. We therefore propose
an alternate correction, “gas correction 2”. This second correction aims to homogenize
(1) the mean level of δO2/N2 between series 2 and series 4 around 700–750 ka, (2)
the mean level of δO2/N2 between series 1, 2 and series 3 around 430–480 ka and (3)20

the mean level of δO2/N2 between series 1 and series 3 around 380–430 ka. In order
to fulfill requirements (1) and (2), a simple solution is to add 2.5 ‰ to the δO2/N2 of
series 1 and 2 between 430 and 700 ka. Then, in order to fulfill requirement (3), one
possible solution (albeit not the only one) is to apply the following correction to series
1 and 2 between 300 and 430 ka:25

δO2/N2 corr = δO2/N2 raw+2.5−0.035× (t−500) (3)

where δO2/N2 corr is the corrected δO2/N2, δO2/N2 raw is the original δO2/N2 mea-
surements from series 1 and 2 and t is the age of the δO2/N2 data point in ka.
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The final variance of the δO2/N2 record after outlier rejection and “gas loss correction
2” is less than 9 ‰ which is comparable with the variance of the Dome F and Vostok
δO2/N2 records.

3.3 Reconstructed curve from EDC δO2/N2

We now construct a composite EDC δO2/N2 record over the period 300–800 ka as5

follows:

– when series 1 and 2 overlap with series 3 and 4, we only keep the measurements
from series 3 and 4.

– we use the two gas loss corrections (outlier correction and gas loss correction)
described in the previous paragraph for series 1 and 2 on the remaining periods.10

Because we have two alternative “gas loss corrections”, we produce two different com-
posite curves, hereafter curves 1 and 2 (Fig. 2). This provides a means of estimating
the effect of our subjective gas loss corrections on the final δO2/N2 record. An obvious
difference between the two composite curves is the temporal evolution of δO2/N2 with
time. While curve 1 shows a long term decrease of δO2/N2 of −0.014 ‰ per kyr, its15

value is only of −0.008 ‰ per kyr for curve 2 (Fig. 2). Even if our gas loss corrections
are somehow empirical, the general long term evolution of δO2/N2 with time cannot be
cancelled out by any gas loss correction. Indeed, this evolution is due to the fact that
the average δO2/N2 is higher on series 4 than on series 3 and none of these series
should be affected by gas loss (storage at −50 ◦C) so that no correction have been20

applied to them.
For Vostok, a decrease of −0.013 ‰ per kyr has been observed between 150 and

400 ka (Bender, 2002; Suwa and Bender, 2008a) while Dome F data (Kawamura et al.
2007) show a smaller negative temporal trend (decrease of −0.006 ‰ per kyr). Given
that various gas loss corrections are applied to these different data sets, we cannot25

assess the origin of this trend, i.e. natural long term δO2/N2 variability, gas loss effect
or pore close-off effect.
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3.4 Comparison with previous δO2/N2 records

Figure 3 displays the comparison between the two composite curves obtained from
our EDC δO2/N2 data and the previous δO2/N2 records from Dome F (Kawamura et
al., 2007) and Vostok (Bender et al., 2002; Suwa and Bender, 2008a). Because of the
different time periods covered by the different ice cores, the comparison is restricted5

to the period 300–340 ka for Dome F and EDC and 300–410 ka for Vostok and EDC.
The general evolutions of the δO2/N2 records are in agreement except for two features.
First, the large peak observed around 400 ka on the EDC record appears as a double
peak in the Vostok record. We have confidence in the quality and resolution of our
measurements over this period because they were performed on ice stored at −50◦C10

with a pooled standard deviation of 0.32 ‰ and a mean age resolution of 1.5 kyr. Sec-
ond, the Dome F data are on average less depleted than the Vostok and EDC data.
This could be due to differences in gas loss effect resulting from different stress expe-
rienced by each core after coring. However, we have applied our empirical gas loss
corrections to the EDC data over the period 300–340 ka, so a future comparison on15

samples minimally affected by gas loss would be more useful to evaluating such an
effect.

4 Spectral properties and link with orbital frequency

4.1 Spectral analysis

The initial δO2/N2 data set on the EDC3 age scale over the period 300 to 800 ka is20

associated with a minimum, average and maximum sampling step of 1, 2.5 and 6 kyrs
(the latter only in one extreme case) respectively. The data are first interpolated at a
constant time step. The Multi-Taper Method, producing a spectrum in amplitude, is
then used to identify the major spectral components of the δO2/N2. We have checked
that the results are robust with respect to the spectral analysis method as well as with25
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respect to the resampling. Indeed, the same spectral components were obtained using
the Blackman Tukey or Classical FFT (Fast Fourier transform) periodogram methods
albeit with different amplitudes. Reinterpolating the data at steps of 2 or 3 kyrs does
not yield significantly different results. These analyses were performed with the Analy-
series software (Paillard et al., 1996).5

For the two corrected curves, we observe the same significant frequency peaks
(Fig. 4a). Two large peaks coincide with the frequencies of precession (periods of
23 kyrs and 19 kyrs). A spectral peak at 41 kyrs is associated with obliquity (less promi-
nent with the Blackman-Tuckey method) and a significant peak at 28 kyrs is identified
(however not visible with the Blackman Tuckey method).10

Our results show the same general pattern as the spectral analysis of the δO2/N2
records of Vostok over the period 150–400 ka (Bender, 2002) and of Dome F between
82 and 360 ka (Kawamura et al., 2007) with a large peak corresponding to a period of
23 kyrs and a smaller one corresponding to a period of 41 kyrs. We note that neither
Vostok nor Dome F δO2/N2 records exhibit a shoulder at 19 kyrs.15

As already depicted in previous studies, the δO2/N2 power spectrum resembles that
of local insolation, more precisely the insolation received at the 21 December at Dome
C site, with the dominance of precession and obliquity (Fig. 4b). It should be noted
that the 19-kyr peak, corresponding to precession frequency, is present both in the
spectrum of δO2/N2 from our record between 300 and 800 ka and in local 21 December20

or December insolation spectra over the same period. In contrast, it is less obvious
from both the spectrum of δO2/N2 and in the summer insolation spectrum over the last
400 ka (Bender, 2002; Suwa and Bender, 2008a; Kawamura et al., 2007).

4.2 Impact of data filtering

Filtering the δO2/N2 record reveals the strong correlation with orbital forcing. Following25

previous studies (Kawamura et al., 2007; Suwa and Bender, 2008a), we performed a
data re-sampling with a step of 1 kyr and the resampled series were band pass filtered
based on a fast Fourrier transform (FFT) using a piecewise linear window with sharp
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slopes at the edges (<10–5 kyrs−1) (Analyseries software; Paillard et al., 1996). In
order to study the link between δO2/N2 and local summer insolation, it is essential
that the precession and obliquity frequencies are preserved. Therefore, we choose
two different ranges of filtering frequencies corresponding to the following periods: 15–
100 kyrs and 15–60 kyrs (Fig. 5). These filters have been selected because none of5

them affects the position of the peaks of the local insolation curves, similarly to digital
filter described in Kawamura et al. (2007) based on finite duration impulse response.
They were applied on both composite curves giving results similar to the digital filter of
Kawamura et al. (2007) (Fig. 5). While none of these filters affects the position of the
peaks of the insolation curves by more than 0.15 kyrs, they slightly influence the timing10

of the EDC δO2/N2 extrema (Fig. 5), which can have important consequences when
matching δO2/N2 record with insolation curves.

The time-delays between the filtered δO2/N2 records using both different filtering
ranges have been quantified using the cross-wavelet transform technique (Mallat,
1998; Torrence and Compo, 1999) as follows. The cross-wavelet spectrum of two15

series, computed from the continuous wavelet transform of each series, provides an
estimate of the local phase difference between the two series for each point of the
time-frequency space. Its integration over a frequency interval allows the computation
of the instantaneous time lag between the two series in the corresponding frequency
band (Mélice and Servain, 2003). With this method, the time-delays between the fil-20

tered δO2/N2 obtained with the different filtering ranges is of a few centuries (Fig. 5),
with the exception of the period 380–450 ka where the shifts can reach 1 kyr. There
are two main causes for the time shifts detected by the different filtering methods: the
resolution of the data and the ratio between signal and noise. Tests with resolution
ranging from 1 to 5 kyrs have shown that peaks can be shifted by a maximum of ±30025

yrs over the period 300 to 450 ka. Monte-Carlo tests on white noise added to our
composite δO2/N2 curve have produced peak displacements of up to ±1.3 kyr (2 σ),
in particular over the period from 300 to 400 ka. Shifts in peak position from filtering
are largest over the period 340–360 ka (small signal and poor resolution), 360–450 ka
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(small signal) and between 610 and 680 ka (poor resolution). In the following, we con-
sider the δO2/N2 record filtered between 15 and 100 kyrs. Because of the time shift in
the δO2/N2 extrema discussed above, their position is associated with an uncertainty
of 1 kyr between 380 and 450 ka, and 0.5 kyr elsewhere.

Finally, we can get a qualitative sense of the validity of the filtered curve by com-5

paring it directly with the original data (Fig. 5). As discussed above, this comparison
reveals two periods, i.e. between 610 and 680 ka and between 340 and 360 ka, with
relatively sparse δO2/N2 coverage and small δO2/N2 variations making identification
and correlation of extrema with the filtered curve ambiguous at best. For this reason,
we refrain from drawing strong conclusions on the chronology over this period.10

4.3 Link with local summer insolation

The previous studies using δO2/N2 (Bender, 2002; Kawamura et al., 2007; Suwa and
Bender, 2008a, 2008b) have compared the δO2/N2 records over the last 400 ka with
21 December insolation or monthly (December) mean insolation at the latitude of each
ice core, which display only minor differences. Based on the assumption that the phase15

lag between δO2/N2 and 21 December insolation is nil as suggested by the Vostok
data (Bender, 2002), the new dating of Vostok, Dome F and GISP2 were constructed
by matching the peaks of the filtered δO2/N2 curve and of either December (Suwa and
Bender, 2008a, 2008b) or 21 December insolation (Kawamura et al., 2007).

We have however several reasons for raising doubts on the fact that δO2/N2 in the20

EDC ice core is solely dependent on 21 December or December insolation (which have
very similar spectra properties). While Kawamura et al. (2007) have shown a strong
link between 21 December insolation and the seasonal maximum of Dome F surface
temperature (with no lag), we find a different timing between surface air and snow
temperature at Dome C with a lag of 15–20 days between the maximum of insolation25

(21 December) and the temperature maximum (Fig. 6).
The mechanisms linking surface temperature, snow metamorphism and hence

δO2/N2 are only partially understood. In particular, δO2/N2 does not display any link
2233
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with the largest temperature changes observed during terminations (Kawamura et al.,
2007). We note that, using a simple model describing the evolution of temperature
gradient metamorphism affecting the snow structure with respect to local insolation,
Hutterli et al. (2010) proposed that the variations of accumulation compensate those
of temperature during terminations. However, they also suggest that significant shifts5

by several kyrs can exist between snow metamorphism and 21 December local insola-
tion. Whether or not δO2/N2 is systematically linked with 21 December local insolation
whatever the climatic conditions at the site and the orbital context, can thus still be
considered as an open question.

To further explore this question, we have chosen to examine the link between our10

δO2/N2 record and local insolation (75◦ S) using two different reference curves: the
21 December insolation (as in previous studies) and the mean insolation received from
the 21 December until the 21 March (hereafter called 21 December–21 March local
insolation). Insolation is computed with Analyseries software (Paillard et al., 1996)
according to Laskar (2004) astronomical solution. Values are computed with a time15

step of 1 kyr and then filtered to keep only the periodicities between 15 and 100 kyrs
(Fig. 7). We thus end with two insolation curves, the 21 December insolation (classical
approach) and 21 December–21 March insolation (alternative choice) that show signif-
icant differences both in the amplitude and in the phasing of the minima and maxima
(Fig. 6). Here the dates are defined according to the “regular” calendar. However,20

they could have been defined according to the astronomical calendar. In that case,
the length of the chosen interval (e.g. astronomical austral summer) varies in time with
the orbital configuration (i.e. Berger and Loutre, 1994; Huybers and Denton, 2008).
Moreover, the true solar longitude (i.e. astronomical date) corresponding to the 21 De-
cember also varies in time, according to precession. Today, the seasonal cycle of25

modern central East Antarctic surface air temperature peaks in December-January: so
that the 21 December–21 March local insolation curve is a rather unlikely tuning target
for capturing the local temperature maximum. Again, our sole objective in using a dif-
ferent insolation target is to test if whether or not, the EDC δO2/N2 depends on local
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21 December insolation only.
The comparison between our δO2/N2 filtered data (curves 1 and 2) and the two

different insolation targets are first explored through a correlation calculation enabling a
relative temporal shifting between the series (cross correlation function of Analyseries
(Paillard, 1996)). Considering the whole record, we observe the maximum R2 when5

comparing our filtered δO2/N2 curves with the insolation at 75◦S on the 21 December
(R2 =0.51 for the two corrections with a shift between the two series of 2 kyrs), slightly
better than with the 21 December–21 March insolation at 75◦ S (R2 =0.45–0.48 with no
temporal shift depending on the gas loss correction). Note that the R2 coefficients are
also influenced by the filtering of our data: using unfiltered data leads to a R2 of ∼0.1810

between δO2/N2 and 21 December–21 March insolation and ∼0.21 between δO2/N2
and insolation at 75◦ S on the 21 December.

This simple correlation analysis supports the classical use of the 21 December lo-
cal insolation as a general target curve for δO2/N2 for the period 300–800 ka. How-
ever, the relatively high correlation between δO2/N2 and 21 December insolation at15

75◦ S is not constant through time over our period of interest. In particular, if we focus
on the period between 306 and 500 ka, the filtered δO2/N2 seems better tied to the
21 December–21 March insolation (R2 =0.44–0.46 depending on the gas loss correc-
tion) than to the insolation the 21 December (R2 =0.37–0.42 depending on the gas
loss correction). These differences are clearly visible in Fig. 7: while there is a clear20

correspondence between the relative amplitude of the peaks of the δO2/N2 record and
those of the 21 December local insolation between 500 and 800 ka, δO2/N2 relative
peak amplitudes are, between 300 and 500 ka, more similar to the relative amplitudes
of the smooth peak of the 21 December–21 March local insolation. Such surprising
similarity should be verified on a new set of data but we rule out that it is an artifact of25

data quality because series 3 (380 and 480 ka) is of good quality.
Next, we complement this correlation analysis with a time delay analysis (Fig. 7). We

note several features of this phase analysis. First, we observe the same evolution of
time delays with respect to each of the insolation curves: the time delays exhibit four
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maxima at ∼450, ∼550, ∼650 and ∼750 ka. Second, we observe that the average time
delay is 0 ka when comparing δO2/N2 with the summer daily mean irradiance, while it
reaches 2 kyrs when comparing δO2/N2 with insolation the 21 December. This results
from the almost constant time delay of 2 kyrs between local insolation the 21 December
and 21 December–21 March local insolation. Note that this time delay analysis does5

not depend on the gas loss corrections.

5 Possible use of δO2/N2 and δ
18Oatm for testing or improving the EDC3 glacio-

logical age scale?

5.1 Testing EDC3 using δO2/N2 and local insolation

In the previous section we showed that both correlation analysis and time delay analy-10

sis display slightly different results depending on the insolation target. Moreover, they
are not constant through time. These difference could have several origins/implications:
(1) a systematic bias of the EDC3 age scale toward too old ages over the 300–800 ka
period; (2) the target curve for δO2/N2 record over 300–800 ka at Dome C should be
insolation at another date than the 21 December or integrated over another period than15

one centered around the 21 December.
If the problem is in the EDC3 age scale, the correlation and time delays between

δO2/N2 and insolation variations enable an independent estimate of the EDC3 age
scale uncertainty. Our data suggest that the EDC3 dating is correct within ±2.5 kyrs
(i.e. 2 kyrs due to the average time delay depending on target insolation curve plus20

0.5 kyr due to uncertainty in the filtering) over the period 300–800 ka, with the exception
of four intervals marked by larger uncertainties. During the periods 390–460 ka, around
550 ka, around 650 ka (we note lower confidence over this period, as shown in Fig. 5)
and around 750 ka, the EDC3 age scale uncertainty could be as high as ±5 kyrs (i.e.,
4 kyrs due to the time delay including the uncertainty on the proper correct target curve25

plus up to 1 kyr due to uncertainty in the filtering method).
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Our results have important implications for the uncertainties linked with the δO2/N2
orbital dating method. Our tests on the EDC δO2/N2 record suggest that the uncer-
tainty associated with the orbital tuning parameter should take into account the effects
of filtering and the choice of the target insolation series. These two uncertainties to-
gether are of the order of 2.5 kyrs (up to 5 kyrs) in our study. Our orbital dating using5

the current δO2/N2 record from the EDC ice core is clearly less precise than radio-
metric age markers derived from speleothems with an uncertainty of the order of 1 kyr
(Cheng et al., 2009; Drysdale et al., 2009). Kawamura et al. (2007) take advantage
of the similar variations of isotopic records of low latitudes speleothems and records
of CH4 trapped in polar ice cores to derive control points for ice core dating and to10

validate their δO2/N2 dating. Unfortunately, these age markers are so far limited to the
last 400 ka (Cheng et al., 2009) and they cannot be used to test the uncertainty of the
EDC3 timescale and the δO2/N2 constraints between 400 and 800 ka.

We now examine the opportunity to improve the EDC3 age scale by tuning our
δO2/N2 record on the insolation curve on the 21 December as already done for the15

Vostok and Dome F ice cores. A systematic peak to peak correspondence as used in
these previous studies is sometimes difficult to identify, in particular during periods with
low eccentricity. A first example can be seen over the low eccentricity period between
390 and 460 ka, when the insolation curves display two small peaks or shoulders at
405 and 424 ka (Fig. 7). Neither of these secondary peaks is clearly identifiable in our20

filtered δO2/N2 signal nor in the original δO2/N2 record. This may arise because our
δO2/N2 record is of too poor quality, with a variability so impacted by gas loss that the
missing δO2/N2 variations lay within the noise; or because such small variations of in-
solation do not have significant impact on the processes controlling δO2/N2. Whatever
the causes of such mismatch, the time difference between the two insolation minima25

on each side of the small peaks reaches up to 20 kyrs (for the 405 ka peak). This dif-
ference will lead to a tuning uncertainty of up to ±10 kyrs over this period, if we match
the peaks of the δO2/N2 record with the mid-peaks of the insolation target curve as
is classically done. A second example is the minimum of insolation at 750 ka: here
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the number of peaks is similar between the δO2/N2 and the insolation curves. Still, an
unambiguous identification is difficult, as shown by a time delay of 4–5 kyrs. In turn,
caution should be taken, at least for the EDC record, when tuning δO2/N2 variations to
the summer insolation curve over periods of low eccentricity for which high precision
(i.e. ice stored at −50◦C) and high resolution δO2/N2 data are in any case needed.5

5.2 Combined use of δO2/N2 and δ
18Oatm

The isotopic composition of oxygen in the atmosphere (δ18Oatm) can be recovered from
the isotopic analysis of δ18O in air trapped in ice cores, after correction for gravitational
fractionation. This parameter has been used in many previous dating studies because
of its strong link to precession (Petit et al., 1999; Shackleton et al., 2000; Dreyfus et al.,10

2007). Figure 7 displays the relationship between the δ18Oatm record from the EDC ice
core (Dreyfus et al., 2007) and the precession parameter over the period 306–796 ka
(1 kyr re-sampling and 15–100 kyrs band pass filter). Dreyfus et al. (2007) and Landais
et al. (2010) have already shown the high correlation between δ18Oatm and precession
over this time period. Here, we additionally display the time delay between δ18Oatm15

and precession (Fig. 7). On average, this time delay is around 5.5 kyrs, i.e. very simi-
lar to what is observed over the last deglaciation (Dreyfus et al., 2007). Over the last
deglaciation, this time delay is mainly due to the interplay between a strong ice sheet
melting and weak monsoon intervals (Cheng et al., 2009). Because of the complex
interplay of ice sheet melting, biosphere and hydrological cycle influences on δ18Oatm20

that strongly varies from one period to another (strong melting of ice sheets occurs only
during deglaciations), we do not expect a priori that this time delay remains constant
with time. However, what we observe in Fig. 7 is that this time delay remains constant
within ±1 kyr except between 360 and 450 ka and around 750 ka (and, to a weaker ex-
tent, around 550 ka and 650 ka), i.e. over the periods where the comparison of δO2/N225

and insolation curves has revealed that the EDC3 age scale was correct within the pub-
lished uncertainty. This analysis suggests that the phase lag of δ18Oatm is relatively
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constant, however, the 6 kyrs precision of the EDC chronology does not allow us to ex-
clude variations in phase at the 1-kyr scale. There can be two alternative explanations
for the strongest changing phase lags between precession and δ18Oatm and between
summer insolation and δO2/N2 between 360 and 450 ka and around 750 ka. It is pos-
sible that changes in local summer insolation and precession (due to low eccentricity)5

are too small to affect EDC δO2/N2 and δ18Oatm, both being then controlled by other
parameters (i.e. mean annual temperature, accumulation rate or natural atmospheric
variations for δO2/N2, ice volume and hydrology for δ18Oatm). Alternatively, the mis-
match could be due to the EDC3 chronology which should then be corrected for these
two time periods.10

5.3 Example of dating constraints and limitations: MIS 11 duration from the
δO2/N2 record

Marine Isotopic Stage 11 is 31.7 kyrs long on the EDC3 age scale (Parrenin et al.,
2007) using a threshold of −403 ‰ as the minimum δD value for the interglacial pe-
riod (EPICA comm. members, 2004). MIS11 is the longest Antarctic warm period (or15

interglacial period as identified in Antarctic temperature proxies) over the last 800 ka
(Jouzel et al, 2007). Such long duration of this interglacial period has been challenged
by Lisiecki and Raymo (2005) and Kawamura et al. (2009). Following our suggestion
that EDC3 should perhaps be reexamined between 390 and 450 ka, we apply the or-
bital δO2/N2 tuning method on the EDC ice core MIS11 interval to propose a minimal20

and maximal duration for this interglacial period.
With this aim, we present in Fig. 8 a comparison of filtered 21 December insolation

and δO2/N2 and two possible peak-to-peak correspondences between the two curves
(green and blue arrows). As already mentioned, this peak matching is ambiguous
because orbital peaks may be missing in the δO2/N2 record in this period of low ec-25

centricity. This ambiguity leads us to propose two possible scenarios compatible with
this orbital tuning, as depicted in Fig. 8, with one representing the minimum duration
of 20.4 kyrs (green curve) and the other representing a maximum duration of 34.7 kyrs
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(blue curve), compared with the duration of 31.7 kyrs in the EDC3 age scale. Even the
minimum duration for MIS 11 of 20.4 kyrs confirms that it is an unusually long warm
phase.

MIS 11 is a problematic period to date with δO2/N2 because of low eccentricity as
amply discussed above. Additional uncertainties over this time period are caused by5

(1) the combination of δO2/N2 performed on ice kept at −25 ◦C (after 380 ka) and kept
at −50 ◦C (before 380 ka) and (2) a discrepancy between the filtered and the original
δO2/N2 records around 360 ka. Analysis of δO2/N2 on fresh ice over the period cov-
ering 350 to 380 ka is thus needed before we can offer a proper new dating of MIS
11 in the EDC ice core. Nevertheless, the range of MIS11 durations proposed here10

has been used to study the impact of dating uncertainties on the suborbital climate
variability within this warm interval (Pol et al., 2010).

6 Conclusion and perspectives

We have presented the first record of δO2/N2 over the EDC ice core covering the period
between 306 and 796 ka. Most of the samples were stored at −25 ◦C for 1 yr or more15

before their analysis so that raw δO2/N2 measurements are strongly affected by gas
loss fractionation. Using high precision δO2/N2 measurements performed on similar
depths on EDC samples carefully kept frozen at −50 ◦C, we were able to propose two
gas loss corrections to build composite δO2/N2 curves. Using one or another gas loss
correction has no significant influence on the orbital chronology issue. However, the20

band pass filtering method on our δO2/N2 record can lead to an uncertainty of the
order of 1 kyr.

The frequency spectrum of EDC δO2/N2 composite curves and of local insolation
of 21 December 75◦ S are very similar over the period 300–800 ka as previously ob-
served for other ice core δO2/N2 records over the 0–400 ka period. Following previous25

studies performed on the Vostok and Dome F ice cores over the last 400 ka, we have
explored the added value of the δO2/N2 signal to test the EDC3 age scale over the
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period 300–800 ka. In our case, the time correspondence of δO2/N2 with 21 Decem-
ber insolation is not obvious because (1) the correlation of δO2/N2 is sometimes better
with the 21 December −21 March local insolation curve than with the 21 December
local insolation curve (relative phase shift of 2 kyrs between these insolation targets)
and (2) there is a mean time delay of 2 kyrs between our filtered δO2/N2 record and5

the 21 December local insolation. Moreover, we have shown that for low eccentricity
time periods, it remains a challenge to identify unambiguously peak-to-peak correspon-
dence between δO2/N2 and insolation. These two effects result in a large uncertainty
(more than 10 kyrs locally) in the determination of a new chronology, which prevents us
from using the current δO2/N2 record to produce a new EDC age scale.10

Even if we call for cautiousness in the use of δO2/N2 as an unambiguous dating
tool and if this uncertainty prevents us from using our δO2/N2 constraints for building
a new EDC age scale, we can still use the comparison between δO2/N2 and the local
21 December insolation to test the current EDC3 chronology. First, we show that over
the major part of the 300–800 ka period, EDC3 is correct within the published uncer-15

tainty (6 kyrs). We however identify several specific periods where the shift between
δO2/N2 record and the local 21 December insolation signal shows strong variations.
The identification of problematic time intervals in the EDC3 age scale is strengthened
by consistent anomalies observed in the time delays of δO2/N2 vs. local summer inso-
lation and of δ18Oatm vs. precession. These anomalies are observed during periods of20

low eccentricity and suggest either that δO2/N2 and δ18Oatm can not be used as dating
constraints during minima of eccentricity, or that the EDC3 age scale should be revised
over the following periods: 360–450 ka and 720–760 ka (possibly 520–560 ka). For the
exceptional but uncertainty length of MIS 11 interglacial, our δO2/N2 constraint allows
us to propose a minimum duration of 20.4 ka and a maximum duration of 34.7 ka.25

In order to improve the dating of the oldest Antarctic records (EDC and Dome F),
it would be valuable to produce high accuracy records of total air content, δO2/N2

and δ18Oatm over the period 300–800 ka with a focus on the period 350 to 390 ka to
improve our constraint on the length of MIS 11. The consistency of the various records
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in two ice cores would allow us to establish improved age scales. Our long δO2/N2
record further reveals that the variance of the signal is preserved back to 800 ka even
close to bedrock, and that, if stored at −50 ◦C, deep and old ice can provide accurate
δO2/N2 records. This has strong implications for the IPICS (International Partnerships
in Ice Core Sciences) oldest ice challenge, with the target to obtain Antarctic ice cores5

spanning more than one million years and to date them.
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contribution to the European Project for Ice Coring in Antarctica (EPICA), a joint European Sci-
ence Foundation/European Commission scientific programme, funded by the EU (EPICA-MIS)
and by national contributions from Belgium, Denmark, France, Germany, Italy, the Netherlands,
Norway, Sweden, Switzerland and the United Kingdom. The main logistic was provided by
IPEV and PNRA (at Dome C) and AWI (at Dronning Maud Land). This is a contribution to the20

European project PAST4FUTURE.

The publication of this article is financed by CNRS-INSU.

2242

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/7/2217/2011/cpd-7-2217-2011-print.pdf
http://www.clim-past-discuss.net/7/2217/2011/cpd-7-2217-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
7, 2217–2259, 2011

Towards orbital
dating of the EPICA

Dome C ice core

A. Landais et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

References

Aciego, S., Bourdon, B., Schwander, J., Baur, H., and Forieri, A.: Toward a radiometric ice
clock: U-series of the Dome C ice core, TALDICE-EPICA science meeting, April 12–15,
Rome (Italy), 2010.

Bar-Matthews, M., Ayalon, A., Gilmour, M., Matthews, A., and Hawkesworth, C. J.: Sea-land5

oxygen isotopic relationships from planktonic foraminifera and speleothems in the East-
ern Mediterranean region and their implication for paleorainfall during interglacial intervals,
Geochim. Cosmochim. Acta, 67, 3181–3199, 2003.

Battle, M., Bender, M. L., Sowers, T., Tans, P. P., Butler, J. H., Elkins, J. W., Ellis, J. T., Conway,
T., Zhang, N., Lang, P., and Clarke, A. D.: Atmospheric gas concentrations over the past10

century measured in air from firn at the South Pole, Nature, 383, 231–235, 1996.
Bender, M. L.: Orbital tuning chronology for the Vostok climate record supported by trapped

gas composition, Earth Planet. Sci. Lett., 204, 275–289, 2002.
Bender, M., Sowers, T., and Labeyrie, L.: The Dole effect and its variations during the last

130,000 years as measured in the Vostok ice core, Global Biogeochem. Cy., 8, 363–376,15

1994.
Bender, M., Sowers, T., and Lipenkov, V.: On the concentrations of O2, N2 and Ar in trapped

gases from ice cores: J. Geophys. Res., 100, 18651–18660, 1995.
Berger A. and Loutre, M. F.: Insolation values for the climate of the last 10 million years, Quat.

Sci. Rev., 10, 297–317, 1991.20

Berger A. and Loutre, M. F.: Long-term variations of the astronomical seasons. In: Topics
in Atmospheric and Interstellar Physics and Chemistry. Cl. Boutron (ed), Les Editions de
Physique, Les Ulis, France, 33–61, 1994.

Berger A. and Loutre, M. F.: Astronomical theory of climatic change, in: From Indoor Air Pollu-
tion to the Search for the Earth like Planets in the Cosmos, edited by: Boutron, C., Journal25

de Physique IV, vol. 121, EDP, Sciences, Les Ulis, 2004, 1–35.
Blunier T., Spahni, R., Barnola, J.-M., Chappellaz, J., Loulergue, L., and Schwander, J.: Syn-

chronization of ice core records via atmospheric gases, Clim. Past, 3, 325–330, 2007.
Chappellaz, J., Blunier, T., Raynaud, D., Barnola, J.-M., Schwander, J., and Stauffer, B.: Syn-

chronous Changes in Atmospheric CH4 and Greenland Climate between 40 kyr and 8 kyr30

BP, Nature, 366, 6454, 443–445, 1993.
Dreyfus, G. B.: La composition isotopique de l’air piégé dans la glace: interprétation climatique
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Table 1. Details of the 4 different series of δO2/N2 data measured at LSCE on the EDC ice core
(see also Fig. 1). We indicate the number of the series as referenced in the text, the number
of depth levels studied, the mean depth interval, the mass spectrometer on which the δO2/N2
measurements were carried, the year when the analyses were performed, the pooled standard
deviation and the numbers of depth levels rejected associated with each series. Series 1 and
2 were obtained from ice stored at −25 ◦C while series 3 and 4 were obtained from ice stored
at −50 ◦C.

Series Depth
levels

Depth resolution Mass Spectrometer Year
(A.D.)

Pooled
standard
deviation
(‰)

Number
of
outliers

1 (red) 109 3 to 4 m between 2483–2850 m
20 m between 2850–3100 m

Finnigan MAT 252 2005 1.2 10

2
(green)

112 20 m between 2800–3040 m
1.5 m between 3040–3200 m

Thermo Delta V Plus 2006 1.96 23
(14 below
3100 m depth)

3 (blue) 30 2.5 m between 2822–2893 m Thermo Delta V Plus 2007 0.32 0
4 (pur-
ple)

29 2.5 m between 3105 and 3188 m Thermo Delta V Plus 2008 1.03 0
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Fig. 1. Measurements of δO2/N2 in the EPICA Dome C (EDC) ice core plotted on the EDC3
ice core age scale (Parrenin et al, 2007) and associated uncertainty (1σ, bottom). The EDC
δO2/N2 record is composed of four distinct measurement series (top). Samples measured in
series 1 and 2 were stored at −25 ◦C whereas samples measured in series 3 and 4 were stored
at −50 ◦C. Characteristics of the different series are given in Table 1: series 1 in red, series 2 in
green, series 3 in blue, series 4 in purple.
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Fig. 2. Two gas loss corrections for the EDC δO2/N2 record. Gas loss during storage occurs
more quickly for O2 than N2 and the rate of loss increases with temperature (Ikeda-Fukazawa et
al., 2005). Without any accurate storage temperature history documentation, we propose two
gas loss corrections: “gas correction 1” (curve 1= red) shifts all Series 1 and 2 data by +6.43 ‰
(the average offset between Series 1 and 2 when compared with Series 3), resulting in a
variance of 13 ‰ after outlier rejection; “gas correction 2” (curve 2=blue) seeks to homogenize
Series 1 and 2 with Series 3 and 4 where they overlap.
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Fig. 3. Comparison between the two composite EDC δO2/N2 curves and existing δO2/N2
records from Dome F (Kawamura et al., 2007) and Vostok (Bender et al., 2002; Suwa and
Bender, 2008). Because of the different time periods covered by the different ice cores, the
comparison is limited to the period 300–340 ka for Dome F and EDC and 300–410 ka for Vostok
and EDC.
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Fig. 4a. Spectral analysis (multi tapered method) of the δO2/N2 composite curves (gas loss
correction 1 in red and gas loss correction 2 in blue). The significant peaks (>90 %) are identi-
fied with an arrow on top.
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Fig. 4b. Spectral analysis (multi tapered method) of the insolation curves (black: 21 December
insolation at 75◦ S; grey: 21 December–21 March insolation at 75◦ S). The significant peaks
(>90 %) are identified with an arrow on top.
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Fig. 5. Effect of band pass filtering of the δO2/N2 record. Bottom: Composite δO2/N2 data
(curve 2, dark grey). Resampled (1 kyr) and filtered δO2/N2 signal with “gas loss correction 2”
(i.e. curve 2) for frequencies corresponding to 15–100 kyrs (blue) and 15–60 kyrs (red). The
effect of the Kaiser window filter described in Kawamura et al. (2007) is displayed in green.
Top: time delay between the filtered curves at 15–100 kyrs and at 15–60 kyrs (black). The
green curve indicates the time delay between the filtered curve at 15–100 kyrs and the one
using the Kaiser window filter of Kawamura et al. (2007). The grey rectangles indicate the
periods when the resolution of the δO2/N2 signal is too low (>3 kyrs), limiting the validity of the
filtering.
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Fig. 6. Evolution of the daily insolation (black), air temperature (dotted green), snow tempera-
ture at 10 cm depth (blue) and temperature at 50 cm depth (pink) at the Dome C station between
the year 2006 and 2008. The temperature measurements of the snow at Dome Concordia are
part of a more complete system which records temperatures every hour at 40 levels from the
surface down to 21 m since November 2006. Temperatures were measured with 100 ohm
Platinum Resistance Temperature (PRT) detectors (IEC751 1/10 DIN). A more detailed de-
scription of the system and an open data access will be soon available on the OSUG website
(http://www.obs.ujf-grenoble.fr).The air temperature sensor is housed in a naturally aspirated
multi-plate radiation shield (Young 41003), and the measurement was performed at 1 m height.
The lag between the maximum of snow temperatures measured at 10 cm and 50 cm is due
to the diffusion time of the annual wave temperature between these two levels. The obvious
decrease of the diurnal amplitude variations of T 10 cm during the observed period is due to
the snow accumulation at the surface. This accumulation implies also an increase of the lag
between air and snow temperature measurements.
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Fig. 7. Caption on next page.
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Fig. 7. Possible orbital constraints derived from δO2/N2 and δ18Oatm records when compared
respectively to the local 21 December insolation and precession curves. From top to bottom:

– Time delay between δO2/N2 (curve 2) and local summer insolation curves (dark blue:
between δO2/N2 and 21 December insolation at 75◦ S; light blue: between δO2/N2 and
21 December and 21 March insolation at 75◦ S) and time delay between 21 December
insolation and 21 December to 21 March insolation at 75◦ S (grey). The original series
were first filtered before the computation of the time delay.

– δO2/N2 curve (curve 2) from the EDC ice core (light blue: raw data; dark blue: after 1 kyr
re-sampling and band pass filtering between 15 and 100 kyrs). The corresponding Y-axis
is reversed.

– 75◦S summer insolation (black: 21 December; grey: 21 December to 21 March)

– Time delay between δ18Oatm and precession. The original series were filtered before the
computation of the time delay.

– δ18Oatm record at EDC (Dreyfus et al., 2007) (dark green: raw data; light green: 1 kyr
re-sampled, filtered in the range 15–100 kyrs). The corresponding Y-axis is reversed.

– Precession (purple) and eccentricity (black)

The dashed vertical lines depict time periods when the peak to peak correspondence between
δO2/N2 and insolation is difficult to identify. The time periods highlighted in yellow correspond
to significant changes in the two time delays (δO2/N2 vs. nsolation and δ18Oatm vs. precession).
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Fig. 8. Possible constraints on the duration of MIS 11 from the correspondence between
δO2/N2 and 75◦ S 21 December insolation. To constrain the minimum/maximum duration of
MIS 11 consistent with this orbital tuning method, we propose two extreme alignments of the
minima and maxima of the δO2/N2 record with the maxima and minima of the insolation curves
(see green/blue arrows). From top to bottom:

– Filtered (15–100 kyrs) δO2/N2 record (gas loss correction 2)

– Normalized 21 December insolation at 75◦ S

– δD record (Jouzel et al., 2007) on the original EDC3 age scale (red) and on two extreme
age scales obtained by tuning δO2/N2 variations on the insolation curve in a subjective
way depicted by the green/blue arrows.

The horizontal bars on the bottom panel with indicate the length of the MIS 11 interglacial
on the EDC3 age scale (red) (using a −403 ‰ δD threshold to define the start and end of
interglacials), the minimal length of the MIS 11 interglacial as deduced from the δO2/N2 record
(green) and the maximal length of the MIS 11 interglacial as deduced from the δO2/N2 record
(blue).
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