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Abstract

An accurate and coherent chronological framework is essential for the interpretation of
climatic and environmental records obtained from deep polar ice cores. Until now, one
common ice core age scale has been developed based on an inverse dating method
(Datice) combining glaciological modelling with absolute and stratigraphic markers be-
tween 4 ice cores covering the last 50 ka (thousand of years before present) (Lemieux-
Dudon et al., 2010). In this paper, together with the companion paper of Veres et al.
(2012), we present an extension of this work back to 800 ka for the NGRIP, TALDICE,
EDML, Vostok and EDC ice cores using an improved version of the Datice tool. The
AICC2012 (Antarctic Ice Core Chronology 2012) chronology includes numerous new
gas and ice stratigraphic links as well as improved evaluation of background and as-
sociated variance scenarios. This paper concentrates on the long timescales between
120-800ka. In this frame, new measurements of 6180atm over Marine Isotope Stage
(MIS) 11—-12 on EDC and a complete 61808tm record of the TALDICE ice cores permit
us to derive new orbital gas age constraints. The coherency of the different orbitally
deduced ages (from 6180atm, 60,/N, and air content) has been verified before imple-
mentation in AICC2012. The new chronology shows only small differences, well within
the original uncertainty range, when compared with the previous ice core reference
age scale EDC3. For instance, the duration of the last four interglacial periods is not af-
fected by more than 5 %. The largest deviation between AICC2012 and EDCS3 (4.4 ka)
is obtained around MIS 12. Despite significant modifications of the chronological con-
straints around MIS 5, now independent of speleothem records in AICC2012, the date
of Termination Il is very close to the EDCS3 one.

1 Introduction

While ice core records offer a wealth of paleoclimatic and paleoenvironmental infor-
mation, uncertainties associated with ice core dating limit their contribution to the
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understanding of past climate dynamics. Age scales in calendar years have been con-
structed for Greenland ice cores thanks to layer counting in sites offering sufficient
accumulation rates (GRIP, NGRIP) (Rasmussen et al., 2006; Svensson et al., 2006,
2008), allowing the construction of the GICC05 Greenland age scale currently span-
ning the past 60 ka (i.e. thousand of years before present, present being year 1950 AD
in our study). Layer counting is not possible for deep Antarctic ice cores recovered in
low accumulation areas and absolute time markers are generally lacking for these long
Antarctic records, now extending to 800 ka. Exceptions are promising studies using
40Ar/‘O’QAr and U/Th dating tools (Dunbar et al., 2008; Aciego et al., 2011) as well as
links between '°Be peaks and well dated magnetic events (Raisbeck et al., 2007) but
an absolute age scale for the last 800 ka is still missing. As a result, dating of the deep-
est part of these Antarctic cores is largely based on various approaches combining ice
flow modelling with orbital tuning.

Initial orbital dating in ice cores was inspired by orbital dating of marine cores (Imbrie
and Imbrie, 1980), assuming that the Milankovitch theory (1941), linking ice volume
and high latitude insolation, is correct. A similar link has been proposed between tem-
perature records from water isotopes and the insolation curves deduced from orbital
parameters (obliquity, precession) (Lorius et al., 1985). The imprint of precession in
the Vostok ice core record of CH, concentration was also investigated (Ruddiman and
Raymo, 2003). Such assumptions are however not satisfactory when one important
question is to identify the insolation-climate phase relationship at orbital timescales.
More recently, three different orbital dating approaches have been developed for ice
core dating, independent of Antarctic climate or greenhouse gases records.

First, long records of 6 180 of atmospheric O, (6 18Oatm) have revealed that this pa-
rameter is highly correlated with insolation variations in the precession band with a lag
of about 5—6 ka (Bender et al., 1994; Petit et al., 1999; Dreyfus et al., 2007). Studies
have linked variations in precession to 6180atm through changes in the low latitude wa-
ter cycle and biospheric productivity (Bender et al., 1994; Malaizé et al., 1999; Wang
et al., 2008; Severinghaus et al., 2009; Landais et al., 2007, 2010). The significant time
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delay between changes in precession and changes in 6180atm has been attributed to
a combination of the 1-2ka residence time of O, in the atmosphere (Bender 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 response of
the tropical water cycle to precession forcing and the associated variations in terrestrial
and oceanic biospheres (Landais et al., 2010, and reference therein). This multiplicity
of processes also suggests that lags may vary with time (Jouzel et al., 2002; Leuen-
berger, 1997). As a consequence, the 6180atm record from long ice cores can be used
to constrain ice core chronologies, but with a large associated uncertainty (6 ka) (Petit
et al., 1999; Dreyfus et al., 2007).

Second, Bender (2002) has proposed that the elemental ratio 60, /N, in the trapped
air could be used as a new orbital tuning tool. Indeed, §0,/N, 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 and lock the air in) have revealed that the air trap-
ping process is associated with a relative loss of O, with respect to N, (Battle et al.,
1996; Severinghaus and Battle, 2006; Huber et al., 2006). Between 160 and 400 ka,
the 60,/N, 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-surface
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 O,. From this
hypothesis, he proposed the use of §0,/N, for dating purposes and this approach
was used by Kawamura et al. (2007) and Suwa and Bender (2008) to propose orbital
chronologies of the Dome F and Vostok ice cores back to 360 and 400ka, respec-
tively. Using their high quality §0,/N, record on the Dome F ice core and comparison
with radiometric dating obtained on speleothem records, Kawamura et al. (2007) esti-
mated the dating uncertainty to be as low as 0.8—2.9 ka. Still, Landais et al. (2012) have
suggested that the uncertainty could be higher in some cases because (1) the tuning
target is questionable and (2) the match between §0,/N, and insolation signal may
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not always be straightforward in periods characterized by low eccentricity. Moreover
no consistent theory has been put forward that can explain how the insolation signal
imprinted in the snow pack survives the densification process.

Third, additional orbital information was derived from local insolation changes im-
printed in the record of total air content in polar ice. Raynaud et al. (2007) indeed
showed that most of the variance in total air content in the EPICA Dome C (EDC) ice
core over the last 440 ka can be explained by the variations of an integrated summer
insolation parameter (i.e. summation over the year of the daily insolation exceeding
some 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.

When avoiding the use of climate records as orbital targets, three orbital tools
(6180atm, 60, /N, and air content) are available for deep ice cores dating. These three
tools have different tuning targets and are associated with at least two different mecha-
nisms (local insolation influencing air trapping and precession influencing hydrological
cycle and biosphere productivity). They should thus provide independent information
and should be used as complementary tools in ice core dating. The full coherency
between these orbital age markers still remains to be examined. So far, Suwa and
Bender (2008) explored the complementarity of 6180atm and 60,/N, and Lipenkov
et al. (2011) the one of §0,/N, and air content at Vostok between 100 and 400 ka.

The first integrated dating effort for a deep Antarctic ice core combining glaciological
modelling and absolute and orbital tuning was conducted for the Vostok ice core (Pe-
tit et al., 1999; Parrenin et al., 2001, 2004). Longer ice core climatic and greenhouse
gases records have been obtained from the EDC ice core that covers the last 800 ka
(Jouzel et al., 2007; Luthi 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 modelling using an inverse method constrained by various age
markers. These age markers include reference horizons such as volcanic horizons
(Mt. Berlin eruption, Dunbar et al., 2008) and peaks in 19B¢ flux (i.e. Laschamp event,
Yiou et al., 1997; Raisbeck et al., 2007). The EDC3 age scale was synchronized with
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the layer-counted Greenland GICCO05 chronology over the last 6 ka, the deglaciation
and the Laschamp event through 5 age constraints. Other tie points are more subject
to discussion because they have underlying assumptions that some climatic events
are synchronous, for example the abrupt methane increase at Termination Il was as-
sumed to be synchronous (within 2 ka) with the abrupt 580 shift in speleothem calcite
recorded in the East Asia (Yuan et al., 2004) and Levantine (Bar-Matthews et al., 2003)
regions at around 130.1 ka.

For ice older than the last interglacial period, tie-points were mainly derived from
orbital tuning. 38 6180atm tie points with a 6ka uncertainty were included in EDC3
between 400 and 800ka as well as 10 air content tie points with a 4 ka uncertainty
between 71 and 431 ka. The overall uncertainty attached to the EDC3 time-scale was
estimated at 6 ka from 130 ka down to the bottom of the record (Parrenin et al., 2007).

The EPICA Dronning Maud Land (EDML) timescale over the past 150 ka has been
derived directly from the EDC3 timescale after matching volcanic horizons between
the two cores (Ruth et al., 2007). The TALos Dome ICE core (TALDICE) timescale has
also been derived from other Antarctic ice cores through synchronization of the CH,
records (Buiron et al., 2011; Schipbach et al., 2011), CH, being with 61803tm a global
tracer of the atmosphere, hence of wide use for relative dating of ice cores (e.g. Capron
et al., 2010).

Summarizing, each deep ice core has its own chronology which is not necessarily
coherent with the other ice core chronologies. Typically, the Vostok GT4 and Dome C
EDCS age scales have been established separately and display significant deviations
(Parrenin et al., 2007). Since some proxies are measured on the ice phase (water iso-
topes, dust, chemical species, ...) and other in the gas phase (CO,, CH,, ...), ice and
gas age scales must be established. The ice and gas timescales are different because
air is isolated from the surface at approximately 100 m under the ice-sheet surface, at
the firn-ice transition, or lock-in depth (LID). In addition to the ice chronology, it is thus
essential to have for each ice core a good estimate of the depth evolution of the LID to
link gas and ice chronologies. According to firnification models (Herron and Langway,
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1980,Schwander et al., 1993,Arnaud et al., 2000,Goujon et al., 2003,Salamatin et al.,
2004), the LID evolution can be estimated from past changes in temperature and ac-
cumulation rate. The outputs of firnification models have thus classically been used to
calculate the LID and provide the gas chronology associated with the ice chronology.
However, firnification models have recently been reported to be inaccurate for repre-
senting glacial-interglacial changes in LID in Antarctica (Parrenin et al., 2012a; Capron
et al,, 2012).

Recently, Lemieux-Dudon et al. (2010) developed a method based on an inverse
technique to produce coherent ice and gas timescales for 4 different ice cores (Vostok,
EDC, EDML, NGRIP). This method aims for the best compromise between individual
chronological information for each ice core using glaciological modelling and gas and
ice absolute or relative markers. This consistant timescale only covers the last 50 ka
(where age markers were compiled and implemented) and does not include all deep
ice cores.

In this paper, together with the companion paper of Veres et al. (2012), we aim at
producing a coherent ice and gas timescale over the last 800 ka including 5 ice cores
(Vostok, EDC, EDML, TALDICE, NGRIP) without any assumption on the synchronism
between climatic records and insolation or speleothem-derived tie-points. We use the
same strategy as the one of Lemieux-Dudon et al. (2010) with some technical and
methodological (SOM) improvements. In order to include the TALDICE ice core and
extend the timescale prior to 50 ka, we gather a database of age markers and expand
6180atm records of TALDICE and EDC. We then discuss the implementation and ro-
bustness of orbital points that are key for the long timescales. Finally, we discuss the
climatic implications of this new timescales with 6180ice and CH, records displayed
on the new chronology over the last 800 ka with a focus on the last interglacial period
(Marine Isotopic Stage, MIS 5).
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2 Dating strategy

The Datice tool (Lemieux-Dudon et al., 2010) is a numerical program that permits to
obtain the best compromise between a background chronology (based on modelling
of snow accumulation rates, snow densification into ice and ice flow) and observations
(absolute ages or certain reference horizons, stratigraphic links between several cores
or also orbital ages).

Basically, a background scenario consists of three profiles along the ice core as
a function of the depth z: the initial accumulation rate (A4), the vertical thinning function
(7) and the Lock-In Depth in Ice Equivalent (LIDIE). Age scales for the ice matrix ()
and the gas bubbles (y), which is assumed to be unique and the same for all species,
are deduced using the following equations:

[ D)
Adepth(z) ~ LIDIE(Z) - 1(2) (2)
X(z) = w(z - Adepth(2)) 3)

where D is the relative density of the snow/ice material.

In the Datice tool, one needs to define how confident we are in the background sce-
narios, by determining confidence intervals (errors are assumed to be lognormal) on
the accumulation, thinning and LIDIE profiles and also correlation lengths for each of
these profiles (the errors in between profiles are assumed to be decorrelated). The
same is true for the observations (absolute age horizons or stratigraphic links between
the cores), which are assumed independent and for which a confidence interval is as-
signed. The Datice tool then finds the best scenario of accumulation, thinning and LI-
DIE and the resulting ice and gas chronologies by taking into account the background
scenarios and the observations. The Datice methodology relies on the construction
of a cost function, which takes into account the full dating information (background
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scenarios and observations). The best scenario is the one which satisfies more closely
all the dating constraints. The search of the best scenario is driven by a quasi-newton
algorithm (Gilbert and Lemarechal, 1993), which requires to linearize the model equa-
tions (in order to calculate the gradient of the cost function) at each iteration.

After a revision of all the different age markers used in Lemieux-Dudon et al. (2010),
we decided to remove or modify some of them: the 6 orbital tuning points due to the
climatic hypothesis they are based on, the isotopic points between TALDICE and EDC,
the tie-point at 130.1 ka from speleothem dating and all points derived by successive
transfer from one core to another; the air content and 60,/N, data are replaced by
new age markers (see Sect. 3).

Few absolute ages (tephra layers, Laschamp event, Bruhnes-Matuyama reversal,
layer counting) are available for the different ice cores. As a consequence, we need
orbital ages (61803tm, 60, /N, and air content) with coherent uncertainties to constraint
the timescale prior to 60 ka when layer counting is not available. We use here available
618Oatm, 60, /N, and air content profiles on the different ice cores (Dreyfus et al., 2007,
2008; Suwa and Bender, 2008; Landais et al., 2012; Raynaud et al., 2007; Lipenkov
et al., 2011) completed by new 6180atm data covering the period older than 50 ka on
the TALDICE ice core and the period 350—450 ka on the EDC ice core.

The synchronization of the different ice cores is done through CH,, 61803tm mea-
surements in the gas phase (247 tie-points) and volcanic tie points in the ice phase
(534 tie-points) (Udisti et al., 2004; Severi et al., 2007; Loulergue et al., 2007; Lemieux-
Dudon et al., 2010; Landais et al., 2006; Loulergue, 2007; Ruth et al., 2007; Buiron
et al., 2011; Schipbach et al., 2011; Capron et al., 2010; Schilt et al., 2010; Severi
et al., 2012; Parrenin et al., 2012b; Svensson et al., 2012; Vinther et al., 2012, details
in the SOM).

Additional constraints on the depth difference between a concomitant event in the
ice and in the gas phases (Adepth) are available for Greenland ice cores over the
millennial scale variability of the last glacial period (Dansgaard—Oeschger events) with
the use of 6 '°N in the air trapped in the ice. Each rapid warming is indeed recorded as
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a peak in 6 °N (thermal isotopic fractionation) in the gas phase and as a step in the ice
5'%0. The depth difference between the 5N peak and the ice 5'®0 step has been
measured for DO 9-25 on the NorthGRIP ice core (Landais et al., 2004, 2005; Huber
et al., 2006; Capron et al., 2010) defining 15 constraints for the Adepth (table in SOM).

Finally, it has been suggested that 5"°N in Antarctica can also be used for improving
our estimate of LID independently of firnification models (Parrenin et al., 2012a). This is
based on the assumption that the firn depth, from surface to the LID, is always equal to
the depth of the diffusive zone, which can be inferred from 5'N data. While this is very
often the case for present day firns (Landais et al., 2006), a convective zone of about
20 m may exist during glacial period in remote sites of East Antarctica (Severinghaus
et al.,, 2010). We thus refrain from imposing any delta-depth constraints from 5N
profiles in Antarctica but use these data for the LIDIE background scenario (details in
SOM).

3 Orbital markers

As discussed above, the most critical aspect for the 120-800 ka dating is the availability
and use of the orbital markers. In a first sub-section, we will provide new 6180atm data
for orbital constraints on TALDICE and EDC. In a second sub-section, we review and
evaluate dating uncertainties of the available 61803tm, 60,/N, and air content series.

3.1 New measurements

All measurements of 6180atm of air trapped in the ice cores of EDC and TALDICE were
performed at LSCE, using a melt-refreeze method (Sowers et al., 1989; Landais et al.,
2003a). The analyses were conducted on a Delta V plus (thermo Electron Corpora-
tion) mass spectrometer and data were corrected for mass interferences (Severing-
haus et al., 2001; Landais et al., 2003a). The measurements were calibrated against
current dried exterior air. The 6180atm is obtained after correction of the 520 of O, for
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the gravitational isotopic fractionation in the firn (6180atm=6180—2615N). The resulting
data set has a precision of roughly 0.03 %. (1 sigma uncertainty).

The first EDC 6180atm record has been produced by Dreyfus et al. (2007, 2008) be-
tween 300 and 800 ka with a mean resolution of 1.5 ka. They defined 38 tie-points by
aligning mid-slope variations of 6180atm with their counterparts in the precession pa-
rameter (delayed by 5ka), leading to an uncertainty of 6 ka for each tie-point. Still, the
period covering 300—-410ka and including MIS 11 shows 6180atm variations that can-
not unambiguously match the precession curve (Fig. 1). This is probably due to the low
eccentricity damping of the precession variations at that period. As a consequence, the
6 tie-points originally proposed over this period can be challenged.

We have performed &'°0,,,, measurements on 92 new ice samples from EDC be-
tween 2479 and 2842 m (covering 300 to 500 ka) with a mean resolution of 1 ka.

With our improved resolution of the 61803tm signal over this period, we are now able
to better constrain the EDC chronology by orbital tuning. To do so, we strictly follow the
methodology of Dreyfus et al. (2007) described above. We obtain 7 new orbital tuned
ages for the gas phase of EDC ice core, replacing the first 6 points of the Table 1 of
Dreyfus et al. (2007). Finally, we end up with 39 61BOatm points to be used as orbital
constraints in the gas phase for the EDC ice core (Table 1).

3.1.2 5804y of TALDICE

Buiron et al. (2011) have measured the 6'20,,,, of TALDICE between 583m and
1402m (9.4ka and 125.8ka) and could identify clear precession driven 6180atm cy-
cles around 10 and 85 ka. However significant gaps remained at 24—-33 ka, 81-110ka
and before 126 ka. With now 83 new depth levels measured in this study, we obtain
a complete record of 61803tm along the entire core with a mean resolution of 1.5ka
(Fig. 2).
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Using the original TALDICE 1a age scale (Buiron et al., 2011; Schipbach et al.,
2011), the full 61803tm record displays clear ~ 23 ka cycles corresponding to preces-
sion variations back to 200 ka (Fig. 2). Prior to 200 ka, 6180atm shows a large variability
with much higher frequency variations. This questions the integrity of the record. Spu-
rious variations of 6 18Oatm can indeed be used, together with methane, to check the
integrity of ice core records especially on their bottom part by comparison with undis-
turbed records of the same time period (Landais et al., 2003b). A comparison of the
methane and 61803tm records of Vostok and TALDICE ice cores over the last 300 ka
on their respective chronologies (Fig. 3) shows significant differences. Over the last
150ka, differences are most probably due to the different age scales of the ice cores
since the CH, and 61803tm sequences and amplitudes are similar despite small shifts
between the two ice cores. Prior to 150 ka, the methane record has a poor resolution
and the two 61SOatm records show significant differences in amplitude and frequency
before 200 ka. We have thus decided to stop analysis and chronologies at 150ka
(corresponding to ~ 1500 m depth) for the TALDICE ice core until new methane and
6 18Oatm measurements are performed allowing to assess the integrity of the stratigra-
phy. Note that surprisingly large ice crystals have been observed below 1500 m on the
TALDICE ice core, which further questions the integrity of the core.

Using TALDICE 6180atm back to 150 ka and applying the same method described for
EDC, we determine 8 orbital gas ages by tuning on the precession parameter delayed
by 5ka (Table 2).

3.2 Orbital points database

In this section, we combine the new orbital tie-points derived in the previous section
and the orbital tie points already available from previous studies.
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3.21 8'®0,4m

In addition to the EDC and TALDICE 618Oatm markers discussed above, we also use
the markers deduced by Suwa and Bender (2008) for Vostok (Table 2 therein). The
tuning is slightly different than the one chosen by Dreyfus et al. (2007) (tuning on the
65° N June insolation curve with a delay of 5.9 ka instead of tuning on the precession
signal with a 5ka delay). A comparison of both tuning strategies has shown that they
are equivalent (Dreyfus et al., 2007).

Altogether, we now have a database of 6 18Oatm with 39 gas age markers for EDC, 8
for TALDICE and 35 for Vostok. The uncertainty associated with all these points is es-
timated to be a quarter of a precession period (Dreyfus et al., 2007), leading to a value
of 6 ka. This relatively large uncertainty accounts for the uncertainty in the choice of the
orbital target and for the fact that the shift between & 180&ltm and precession is known
to vary with time, especially over terminations (Jouzel et al., 2002; Kawamura et al.,
2007).

3.2.2 60,/N,

For the aim of the AICC2012 chronology, two 60, /N, records are available: Vostok
(100—400 ka, Suwa and Bender, 2008) and EDC (300 to 800 ka, Landais et al., 2012).
While Suwa and Bender (2008) already produced 27 §0O,/N, orbital tie-points us-
ing as target the local December insolation, no tie-points were proposed by Landais
et al. (2012). Here, we have derived 20 orbital ages from the EDC 60, /N, record (Ta-
ble 3). To do this, the §0,/N, signal is filtered with a band pass between 1/15 ka™
and 1/100ka™". Its mid slope variations are then associated with the mid-slopes of the
local summer solstice insolation signal. No tie-points were attributed in periods with
too low 60, /N, resolution and in periods without a clear correspondence between the
60,/N, record and the insolation curve.
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We have decided to attribute a conservative uncertainty of 4ka to all of these tie
points (both for Vostok and EDC) because of the low quality of the measurements
(gas loss) and questions about the phasing of local insolation curve and §0, /N, curve
(Landais et al., 2012).

3.2.3 Air content

Air content measurements have been published for the Vostok ice core (150—400ka,
Lipenkov et al., 2011) and for the youngest part of the EDC ice core (0—440ka, Ray-
naud et al., 2007) but no orbital tie-points were provided. To build such tables, we have
followed two different approaches, the one proposed by Raynaud et al. (2007) and the
one similar to what has been applied for §0,/N, and 6180atm.

The method used by Raynaud et al. (2007) and Lipenkov et al. (2011) is to calculate
the time delay between air content, filtered in the 1/15ka™" and 1/46ka™" pass-band,
and the integrated local summer insolation (ISl). The ISI curve is obtained by sum-
mation of all daily summer insolation above a certain threshold; the threshold being
inferred such that the ISI curve has the same spectral properties as the air content.
With the resulting time delay it is possible to associate orbital ages with the mid-slope
variations of the air content. Using this method, we have determined 14 and 8 orbital
ice ages for EDC and Vostok ice cores respectively (Tables 4 and 5). In order to verify
the robustness of these points, we also deduced ages by direct matching of the mid-
slope variations of the unfiltered air content with the mid-slopes of the ISl target. All
ages obtained are consistent within £1ka on average. The uncertainty for each point
was calculated as a function of the sampling resolution, the uncertainty of the currently
used chronology, the uncertainty of the I1SI curves and the age difference with the direct
mid-slope method, leading to values from 2.9ka to 7.2 ka.
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3.3 Coherency of orbital markers for the Vostok ice core

In order to evaluate the coherency of the 3 orbital markers, we have performed several
“chronology tests” using the Datice tool with all the absolute and stratigraphic mark-
ers but only one type of orbital markers (6180atm, 80,/N, or air content only). The
full comparison between the “60,/N, chronology”, “6 18Oatm chronology” and the “air
content chronology” can only be done when the different orbital marker ages overlap,
hence on the Vostok ice core.

When comparing the §0, /N, and air content chronologies (Fig. 4), the two chronolo-
gies seem in good agreement in the period 190-370 ka when markers overlap. The air
content markers alone are leading to a chronology younger by 2 ka maximum than the
60, /N, one during this period. Prior to 370 ka, the comparison cannot be drawn since
there is no air content constraint. This coherency of the two dating method within 2 ka
during the period 190-370 ka confirms the conclusion of Lipenkov et al. (2011).

We concentrate now on the comparison of 602/N2—6180atm chronologies in the
110-400 ka period where 60, /N, and 6180atm age markers are homogeneously dis-
tributed. We observe differences varying from ~2 to 4 ka. These differences are slightly
lower (standard deviation of £1.3ka and difference ranging from -0.4 to 4.6 ka) with
Datice than in the similar comparison for Suwa and Bender (2008) (standard deviation
of £1.9ka and a range of £6ka). A possible explanation is that in this study we con-
sider the 61803tm markers as gas age markers, which differs from Suwa and Bender
(2008) who converted them into ice age markers. Note also that the link between gas
and ice chronologies was based on a firnification model in Suwa and Bender (2008)
while we use here a background LIDIE scenario based on 5"°N measurements and
constraints from independent gas and ice stratigraphic links (SOM).

We do not explore in details here the reasons for the systematic 2 ka offset between
the three chronologies. Many reasons can be involved, like:
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— incorrect Aage or LIDIE estimates, since the §0,/N, and air content markers are
ice age markers and the 6180atm is a gas age constraint;

— incorrect orbital targets for 60,/N,, air content and 6180atm. In particular, no
definitive quantitative explanation has been given for the 5ka lag between pre-
cession parameter and 61803tm. Similarly, it is still under discussion if the §0, /N,
curve should be strictly aligned with the summer solstice insolation (Landais et al.,
2012; Hutterli et al., 2010).

Moreover, for each orbital tuning, lags between the records and their orbital targets
may vary with time (Jouzel et al., 2002).

We conclude that all orbitally tuned chronologies agree well one with each other.
This permits us to safely combine the ice and gas orbital ages within their uncertainty
range.

4 New chronology
4.1 Chronology construction

When combining all the different observations (absolute ages, stratigraphic links,
Adepth and orbital ages), 7 orbital markers have been removed because they led to
abrupt variations in the thinning function or anomalous peaks of LIDIE, which are not
realistic (see SOM). The removed points are indicated by a “*” in Tables 1 and 3: 4
ice age markers from 60,/N, and 3 gas age markers from 6180atm of the EDC ice
core. After comparing their position with the eccentricity curve, it appears that 5 of
these points (3 6180atm and 2 §0,/N,) are located near eccentricity minima (438 ka
and 534 ka). For the last two points of §0,/N,, they are again located during a min-
imum of eccentricity period (750-815ka) and are conflicting with the absolute age of
the Bruhnes-Matuyama reversal.
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300 different Datice simulations were run to optimize the final AICC2012 chronology.
In addition to tests of the coherency for the different absolute, orbital and stratigraphic
points, it has been found that the background parameters and associated variances
have a strong influence on the final chronologies. For example, we had to strongly en-
large the variance of the TALDICE thinning function. Indeed, the background chronol-
ogy of TALDICE has a much too young Termination Il (110 ka), which is unrealistic and
should not influence the final AICC2012 chronology.

4.2 The new AICC2012 chronology on orbital timescale

As expected from the numerous stratigraphic markers distributed on the 5 ice cores, the
variations imprinted in the methane and isotopic composition are synchronous within
1.5ka for our five ice cores on the new AICC2012 chronology over the last 350 ka
(Fig. 5). Prior to 350 ka, there is no stratigraphic tie-point between EDC and Vostok so
that the AICC2012 chronologies are independently established for Vostok and EDC,
using their individual 61803tm, 80,/N, and air content markers indicated on Fig. 5.
New measurements of CH, and 61803tm are strongly needed to provide stratigraphic
links between the two cores back to 400 ka.

The new AICC2012 chronology is in rather good agreement (within 2-3 ka) with the
previous EDCS3 timescale (Parrenin et al., 2007) when comparing the water isotope and
CH, records of EDC (Fig. 6). In particular, it does not modify significantly the length of
interglacial periods (Table 6). Nevertheless, one period shows significant differences,
up to 4.4 ka (shaded zone on Fig. 6), corresponding to MIS 12. Termination V appears
similar (within 330 a) in AICC2012 and EDCS, and MIS 11 duration is not significantly
changed (Table 6). This period is close to the minimum of eccentricity characterizing
MIS 11, which makes the identification of orbital markers difficult by comparison of
60,/N, and r‘)‘180mr,1 records with their respective tuning targets. In this study we have
improved the resolution of EDC 6180atm over MIS 11-12, leading to the determination
of new orbital ages replacing those of Dreyfus et al. (2007), used to construct the EDC3
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chronology. Consequently, the differences observed over this period between the two
chronologies mainly result from the replacement of the 61803tm age markers and the
addition of ice age markers. Because the identification of orbital age markers is difficult
over this period of low eccentricity, new measurements of §0,/N, and air content on
the EDC ice core are still needed especially for the small precession peaks at 350—
450 ka.

The dating improvements for the AICC2012 chronology concern mainly the last
150 ka where the numerous new stratigraphic links permit to significantly decrease
the dating uncertainties. In the companion paper, Veres et al. (2012) mainly discuss
the millennial scale variability of the last 120 ka and we focus here on MIS 5.5. The
records are coherent over this period between the 4 Antarctic ice cores (Fig. 7), within
the uncertainty of AICC2012, with the Vostok ice core being slightly older (1 ka) than
the other ice cores. The duration of MIS 5.5, defined here by the —403 %. threshold
of 6D on EDC (EPICA Community Members, 2004), is slightly longer in AICC2012
(16.9ka) compared to its duration in the EDC3 chronology (16.2ka) and the age of
Termination Il is not significantly modified compared to its age in EDC3. Still, the re-
duction of uncertainty associated with the age of Termination Il and MIS 5.5 compared
to previous ice core chronologies makes it interesting to compare our result with other
dated records.

Absolute dating of Termination Il has been possible in at least two well-dated
speleothems. In China, Cheng et al. (2009) dated a strong decrease of calcite 5'®0
in the Sanbao cave speleothem at 128.91 + 0.06 ka. In ltaly, Drysdale et al. (2009) ob-
tained a decrease in calcite 6’20 on a speleothem of the Corchia cave in two steps:
afirst 1.5 %o decrease between 133 and 131 ka and a second decrease of 1 %. between
129 and 128ka. There is a priori no contradiction between these two dates since cal-
cite 620 reflects local or regional intensity of the hydrological cycle in China while the
impact of local temperature on meteoric water and then calcite 6 B0 is expected to be
more pronounced in ltaly. The different dates for the calcite 580 decrease may thus
reflect different regional climatic response during Termination II.
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Termination Il is well recorded in Antarctic ice cores. At EDC, the main features are:
(1) a parallel slow increase of both 6§D and CO, from 135 to 128 ka, (2) an abrupt shift of
methane and d-excess occurring during the optimum of 6D and CO,, (Lourantou et al.,
2010; Masson-Delmotte et al., 2010a). A strong resemblance and synchronism have
been observed between calcite 620 and CH, variability over Dansgaard—Oeschger
events (Fleitmann et al., 2009) and the question arises whether this also holds true for
terminations.

In the EDCS3 timescale, Termination Il was constrained with a speleothem-deduced
age of 130.1 £ 2.0ka (Parrenin et al., 2007) synchronized with the methane peak of
EDC and converted as an ice depth with an estimated Adepth. This does not permit to
compare independently the ice and speleothem records. As a consequence, in our new
chronology, we have removed this tie-point from the list of absolute markers and we
only use orbital markers (§0,/N,, air content and 61803tm). Tests performed with the
Datice tool with or without the 130.1 ka tie point using the published or an enlarged un-
certainty do not change by more than a few centuries the timing of the abrupt increase
of CH, or maximum of 6D observed at 128.48 ka on the EDC AICC2012 timescale
(128.78 ka for Vostok) compared to 128.66 ka on the EDC3 timescale (Fig. 7). This re-
sult supports the hypothesis of synchronism between CH, abrupt increases recorded
in ice cores and abrupt calcite 6 180 recorded in East Asiatic caves. However, it should
be noted that this is only valid within the uncertainty of our timescale (1.69ka given
by Datice at Termination Il, see SOM). We conclude that our AICC2012 chronology
appears consistent with the speleothem information.

Even if this dating of Termination Il with AICC2012 agrees, within the uncertainties,
with the Termination Il dating at Dome F, the AICC2012 chronology is 3 ka younger than
the Dome F chronology placing the 6D optimum at 131.38 + 1.90 ka (Kawamura et al.,
2007). This difference may have different origins. Most importantly, the quality of the
60, /N, measurements on which both AICC2012 and Dome F chronologies are based
is limited by gas loss issues on ice kept at —20°C. Moreover the 6'20,,,, variability is
at a minimum before the onset of Termination Il making a unique orbital tuning very
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difficult at that time. New measurements on well-conserved ice should be performed to
improve the records.

Finally, the AICC2012 chronology suggests synchronous millennial variations of wa-
ter stable isotopes at EDC, EDML, and Vostok during the last interglacial, supporting
earlier hypotheses (Masson-Delmotte et al., 2011). It also highlights a sharp cooling
at 117 ka synchronous in EDML and TALDICE, and distinct from the other more inland
records. This behavior is inferred from the stratigraphic links between the Antarctic ice
cores and also the 61803tm markers of TALDICE around this period. It confirms the
different isotope trend at TALDICE and EDC during the last interglacial period, sup-
porting interpretations of this gradient as a glaciological fingerprint of changes in East
Antarctic ice sheet topography (Bradley et al., 2012).

5 Conclusions

In this study, together with the companion study of Veres et al. (2012), we have es-
tablished a new reference chronology for 4 Antarctic ice cores, AICC2012 covering the
last 800 ka. An important aspect of the common chronology development has been
the compilation of absolute and stratigraphic tie-points as well as a careful evaluation
of the background scenarios and associated variances for thinning, accumulation rate
and LIDIE. These results are available in the supplementary material associated with
the AICC2012 chronology.

More specifically, we have focused here on the orbital timescale between 120 and
800ka. First, we have presented new measurements of 6180atm of EDC over MIS
11-12 to improve the determination of orbital markers over this period characterized
by a low eccentricity. Second, we have provided a complete record of 6180atm for the
TALDICE ice core prior to 50 ka. This new record has permitted to provide 8 new orbital
markers over the last 150 ka of the TALDICE ice core. With this new record, we have
also pointed out that the integrity of the ice core prior to 150 ka is questionable. Third,
we have tested the coherency of the different orbital ages derived from air content,
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60,/N, and 6180atm and have concluded that the three markers are coherent at Vos-
tok between 190 and 370 ka, within their respective uncertainties.

The methane and water isotopic records from the 4 Antarctic ice cores are coherent
when drawn on the new AICC2012 chronology, supporting earlier interpretations. Small
differences between EDC isotopic records drawn on AICC2012 and on the previous
EDCS3 chronology are evident. Most of the age scale differences between 110 and
800 ka are smaller than 1.5 ka, hence not significant given the uncertainty of AICC2012.
The main conclusions on the orbital properties of methane and water stable isotope
variations, and their lags with respect to orbital forcing (Jouzel et al., 2007; Loulergue
et al., 2008; Masson-Delmotte et al., 2010b) remain robust. Only over MIS 12, the
two chronologies differ by up to 4.4 ka, due to our new measurements of <S180a"n and
the addition of new age markers. The timing and duration of MIS 5 in AICC2012 is
basically unchanged compared to EDC3. This is an important result since the dating
of Termination Il in AICC2012 does not rely anymore on the speleothem derived tie-
point at 130.1 ka which was included in EDCS3. It mainly results from ice core orbital
markers and numerous new stratigraphic links, with still an influence of the background
scenarios.

We have pointed out the necessity of new measurements. First, higher sampling res-
olution for ice 60, methane and 6180atm over the TALDICE ice core are needed prior
to 150 ka to assess the integrity of this ice core over its bottom part. Second, new mea-
surements of §0,/N,, air content and 61803tm of the EDC ice core on well-conserved
ice are strongly required in order to fill the gap of orbital markers over the following
periods: 440-800ka for air content, 0—400ka for 6180atm, 0-380 and 480—700ka for
60,/N,. Third, methodological aspects of the Datice tool also need improvements on
the choice of background parameters and associated variances. As an example, new
insights of the LID controls should be included in Datice (Freitag et al., 2012; Capron
et al., 2012). Finally, an important added value would be to further extend the Dat-
ice tool to include other ice cores such as Dome F, WAIS or also the NEEM ice core
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in Greenland, all of these ice cores being highly documented with absolute or orbital
markers.

Supplementary material related to this article is available online at:
http://www.clim-past-discuss.net/8/5963/2012/cpd-8-5963-2012-supplement.
pdf.
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Table 4. Orbital ages from air content for EDC, deduced from Raynaud et al. (2007).
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Table 5. Orbital ages from air content for Vostok, deduced from Lipenkov et al. (2011).
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Table 6. Comparison of the warm interglacial durations at EDC on the AICC2012 and EDC3
age scales.
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Abstract Introduction
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Interglacial ~ EDC EDC3 (ka)  EDC AICC2012 (ka)

MIS 1 0-120  (120) 0-123  (12.3)
MIS 5.5 116.3-1325 (16.2) 1155-132.4 (16.9)
MIS 7.5 239.8-244.7 (4.9) 240.8-2458 (5.0)
MIS 9.3 323.2-336.7 (13.5) 324.6-338.8 (14.2)
MIS 11.3  395.2-426.7 (31.5) 395.5-426.5 (31.0)
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Fig. 1. EDC records between 300 and 800 ka on the EDCS3 age scale. Top: water stable iso-
tope (6D) record with labeling of selected interglacial periods (Jouzel et al., 2007). Middle:
complete record of 6180atm, blue triangles from Dreyfus et al. (2007, 2008) and red triangles
from this study. Bottom: precession parameter (here on a reverse y-axis) obtained with the
Analyseries software (Paillard et al., 1996), calculated using the Laskar et al. (2004) solution.
Black points indicate the position of tie-points between 6'°0,,, and precession parameter sig-
nals from Dreyfus et al. (2007); the red ones are from this study (Table 1).
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Fig. 2. TALDICE records between 0 and 250 ka on TALDICE 1a age scale. Top: water stable
isotope (6'20,,) record with labeling of selected interglacial periods (Stenni et al., 2011). Mid-

dle: complete record of 6'°0,,,,, blue triangles from Buiron et al. (2011) and red triangles from
this study. Bottom: precession parameter (same as in Fig. 1).
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Fig. 3. Comparison between Vostok (blue) and TALDICE (green) ice cores on the §'°0,,,
chronology (Bender, 2002) and TALDICE 1a age scale (Buiron et al., 2011; Schipbach et al.,
2011) respectively. Top: water stable isotope records (6D and 6180ice respectively) (Petit et al.,
1999; Stenni et al., 2011). Middle: methane records, Vostok: Petit et al. (1999); Caillon et al.
(21203); Delmotte et al. (2004), TALDICE: Buiron et al. (2011); Schupbach et al. (2011). Bottom:
6 Oy, records: Vostok: Bender (2002); Suwa and Bender (2008), TALDICE: Buiron et al.
(2011) and this study. The grey curve corresponds to the precession parameter.
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Fig. 4. Ice age difference between the §0,/N, and air content (V) chronologies (blue) and
50, /N, and 620, chronologies (red) on the Vostok ice core. The different markers show the
position of the orbital age constraints for each chronology.
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Fig. 5. (a) Water stable isotope records of NGRIP (NorthGRIP Community Members, 2004),
TALDICE (Stenni et al., 2011), EDML (EPICA Community Members, 2006, 2010), Vostok (Petit
et al., 1999) and EDC (Jouzel et al., 2007) on the AICC2012 age scale. (b) Methane records
of NGRIP (Greenland composite: Capron et al. (2010); EPICA Community Members (2006);
Fluckiger et al. (2004); Huber et al. (2006); Schilt et al. (2010)), TALDICE (Buiron et al.,
2011; Schiipbach et al., 2011), EDML (EPICA Community Members, 2006), Vostok (Caillon
et al., 2003; Delmotte et al., 2004; Petit et al., 1999) and EDC (Loulergue et al., 2008) on the
AICC2012 age scale. Stratigraphic links and age markers positions are displayed under each

core.
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2006 chronology (Kawamura et al., 2007). The black horizontal line corresponds to the —403 %o
interglacial threshold on EDC. Top: methane records of Vostok and EDC. Termination Il ages
are defined from the timing of the sharp methane rise for EDC (blue) and Vostok (green), and

the water stable isotope optima for Dome F (black).
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