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We are hereby presenting a new dating method based on inverse techniques, which aims at calculating
consistent gas and ice chronologies for several ice cores. The proposed method yields new dating
scenarios simultaneously for several cores by making a compromise between the chronological infor-
mation brought by glaciological modeling (i.e., ice flow model, firn densification model, accumulation rate
model), and by gas and ice stratigraphic constraints. This method enables us to gather widespread
chronological information and to use regional or global markers (i.e., methane, volcanic sulfate, Beryllium-
10, tephra layers, etc.) to link the core chronologies stratigraphically. Confidence intervals of the new
dating scenarios can be calculated thanks to the probabilistic formulation of the new method, which takes
into account both modeling and data uncertainties. We apply this method simultaneously to one
Greenland (NGRIP) and three Antarctic (EPICA Dome C, EPICA Dronning Maud Land, and Vostok) ices
cores, and refine existent chronologies. Our results show that consistent ice and gas chronologies can be
derived for depth intervals that are well-constrained by relevant glaciological data. In particular, we
propose new and consistent dating of the last deglaciation for Greenland and Antarctic ice and gas records.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction a two-fold dating puzzle: for each drilling, the dating of both the

gas and ice records must be assessed.

The reconstruction of past climates is a critical step to under-
stand future climate changes. Fortunately, past climatic events
were recorded in numerous paleo-archives: trees, speleothems,
terrestrial cores, marine cores and ice cores. A consistent dating of
paleo-archives (i.e., a dating that enables us to compare the timing
and the duration of events recorded in the different archives) is
a prerequisite for the construction and interpretation of climatic
scenarios. This issue remains a complex one, and we here focus on
deep ice cores and the consistency of their dating.

One specific issue related to ice core dating is the age difference
(hereafter delta-age) between the trapped gas and the surrounding
ice matrix: gas is trapped several tens of meters below the ice-sheet
surface, where it is surrounded by ice that was deposited as surface
snow, hundreds or thousands of years earlier. This feature causes
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Numerous strategies are currently applied for dating the ice
matrix and the gas phase along ice cores: (i) wiggle matching of ice
core records to insolation time series (i.e., orbital tuning), (ii) wiggle
matching of ice core records to other dated paleo-archives
(ice, marine or terrestrial cores...), (iii) identification of dated
volcanic horizons (e.g., tephra layers, sulfate spikes for the last
millennium), (iv) counting of annual layers and (v) ice flow
modeling for dating the ice, combined with firn densification
modeling to estimate the delta-age.

Some dating strategies only provide a single temporal constraint
(e.g., tephra layers) while others help to constrain the entire core
(e.g., ice flow modeling or orbital tuning). The accuracy of a dating
constraint may decrease with depth (as is the case for annual layer
counting and ice flow modeling), or remain rather steady but be
poor or questionable (e.g., orbital tuning, matched paleo-events
with a poor understanding of their link through the climatic
system).

One special feature of glaciological models is a large model error
due to unresolved physics and errors on the forcing fields, clearly
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affecting the quality of the inferred dating scenariosl. Inverse
modeling is therefore particularly relevant for the improvement of
ice core dating. Parrenin et al. (2001) and Grinsted and Dahl-Jensen
(2002) applied inverse modeling techniques to simple ice flow
models in order to constrain several poorly-known parameters
(i.e., glacial-interglacial change in accumulation rate, prescribed
velocity profiles, basal sliding and melting, etc.). Such methods
have been used to construct age models for East Antarctic and
Greenland ice cores (EPICA Community Members, 2004; Parrenin
et al,, 2004, 2007b).

The dating of a single ice core involves extensive work
(e.g., measurements, modeling and synthesis). For that reason, one
strategy consists of obtaining a reference chronology for a given ice
core, which is then wiggle matched to several other cores (Ruth
etal.,, 2007; Rasmussen et al., 2008). Common paleo-events that are
recorded on two or more ice cores enable the wiggle matching.
Such common events are referred to as “regional or global strati-
graphic markers”. For the ice matrix, one can mention tephra layers
(Basile et al., 2001; Narcisi et al., 2005, 2006) or volcanic sulfate
spikes (Traufetter et al., 2004; Udisti et al., 2004; Severi et al., 2007;
Rasmussen et al.,, 2008). For the gas phase, one can mention
methane (EPICA Community Members (2006)) and oxygen-18
isotopic ratio of O (hereafter designated with the delta notation
0'80,tm, see Capron et al,, this issue, Landais et al. (2006b)).

Recently, two reference chronologies have become available for
Greenland and Antarctic ice cores, respectively: (i) the GICC05
chronology built in the framework of the Greenland Ice Core
Chronology 2005 initiative (hereafter GICCO5 chronology) and (ii)
the EDC3 chronology built for the EPICA Dome C core (hereafter
EDC). GICCO5 is a layer counted age scale, unified for the DYE-3,
GRIP and NGRIP cores (Andersen et al., 2006; Rasmussen et al.,
2006; Svensson et al., 2006, 2008), which currently extends back to
60 kyr b2 k (i.e., 1000 years before the year 2000 AD). Conversely,
EDC3 is partly built with an inverse 1D flow model (Parrenin et al.,
2007b), but local corrections were subsequently applied to the
modeled chronology (referred to as EDC3model), in order to solve
discrepancies with a number of stratigraphic markers (Parrenin
et al.,, 2007a). Several Antarctic ice core chronologies have further
been matched to EDC3. In particular, EDC3 was transferred on the
EPICA Dronning Maud Land core (hereafter EDML) by the mean of
volcanic markers (Severi et al., 2007), which lead to the EDML1 ice
chronology (Ruth et al., 2007). Associated with ice chronologies are
the gas age scales and delta-age estimates. Delta-age is usually
calculated by the mean of densification models (Pimienta, 1987;
Arnaud et al., 2000; Goujon et al., 2003). It is specifically associated
with EDML1 and EDC3, the EDML1gas_a and EDC3gas_a gas chro-
nologies that are also referred to as the sp4 scenario, and that are
simulations made by Loulergue et al. (2007) by application of the
Goujon et al. (2003) densification model. The sp4 scenario consists
of a reduced glacial accumulation rate for both EDC and EDML,
compared to the reference accumulation scenarios related to
EDML1 and EDC3. Among several other temperature and accumu-
lation rate scenarios tested by Loulergue et al. (2007), the sp4
scenario leads to the best agreement between the EDC and EDML
methane records.

These recent studies however still raise questions. First, while
methane is a global marker, the Antarctic and Greenland CHy4
records are out of phase during the last deglaciation transitions, as
illustrated on the panel A in Fig. 1, where the EDC, EDML and

! In this text, a “glaciological model” refers to the combination of models which
enable us to estimate the gas and ice chronologies of an ice core: in addition to ice
flow and firn densification models, included are the models that provide the forcing
fields (paleo temperature, accumulation rate and ice sheet thickness history, etc).
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Fig. 1. Current dating problems related to ice cores of Antarctic (EDC and EDML
respectively in light and dark blue) and Greenland (orange), for the last deglaciation
transitions: (A) Unexpected timing during the Bolling-Allerod transition between ice
isotopic records with the EDC3, EDML1 and GICCO5 ice age scales, with a 400 yr lag
between the maximum value reached by the EDC éD record before the Antarctic Cold
Reversal, and (the fast Bolling—Allerod transition recorded in the NGRIP §'®0;c, record,
respectively for the EDC, EDML and NGRIP ice isotopes. (B) Mismatch between the CHy4
records with the sp4 gas age scenario for EDC and EDML, and the GICCO5 gas age
(Blunier et al., 2007) for the Greenland stack record.

Greenland methane records are plotted against the sp4 scenario
and the NGRIP gas age scale (Blunier et al., 2007), respectively.
Accordingly, the timing between the Antarctic and Greenland ice
isotopic records is questionable during the Bolling—Allerod transi-
tion (see panel B of Fig. 1, where the records are plotted against
EDC3, EDML1 and GICCO5). This questionability could lead to
misinterpretation of the last deglaciation triggering mechanisms, in
particular whether the climate deglacial transition was initiated in
the Southern or in the Northern hemisphere (Alley et al., 2002;
Clark et al., 2004). Moreover, the modeling error attached to the
glaciological age models is still too large: (i) the construction of
EDC3, including the stratigraphy based corrections (Parrenin et al.,
2007a,b), revealed that the forward ice flow models (aiming at
calculating ice age scales) omit important physical mechanisms:
the uncertainty attached to forward ice flow models may either be
due to inaccurate forcing fields, which encompass the accumula-
tion rate, temperature and ice sheet thickness histories, or result
from inadequately described physical or mechanical processes in
the ice flow, (ii) the EDC reference ice and gas chronologies (i.e.,
EDC3 and EDC3gas_a gas) rely on two different accumulation rate
scenarios, which is inconsistent, (iii) the persistent mismatch
between the EDC and EDML CH,4 records, even with the sp4
scenario, calls into question either the reconstructed accumulation
rate and temperature histories (i.e., the forcing fields for the
densification models), or the densification model itself. Finally, the
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spreading of chronological information and the complexity of
chronologies have prevented the construction of robust confidence
intervals, especially when the chronologies are model based.
Given the above observations, we hereby we propose a new
dating method which aims at bringing solutions to the above
mentioned issues. This method is a probabilistic approach based on
inverse techniques. It estimates new dating scenarios by making
the “best” compromise between model based dating scenarios and
chronological information from data. It operates on several cores at
the same, potentially covering the full depth intervals of the cores.
The use of regional or global stratigraphic markers (related to the
gas or ice phases) in addition to gas or ice age markers, enables us to
cross-constrain the chronologies. The probabilistic formulation
provides the means to estimate confidence intervals of the new
dating scenario. In Section 2 we present the methodology, and in
Section 3 we propose an application which involves the full ice
cores of Vostok, EDC, EDML and the upper part of the NGRIP core. In
Section 4 we present the overall new dating scenarios, and we focus
the discussion on the 0-50 kyr time interval where the type and
density of data ensure satisfying confidence. As intended, our new
dating scenarios resolve the dating inconsistencies between
Greenland and Antarctica, in particular during the last deglaciation.

2. Methodology

Let us suppose that we are interested in N ice cores for which we
wish to simultaneously calculate and cross-constrain their age
scales, and that we write y* for the gas and yX for the ice, V k=1, ...,
N. The new dating method handles three key glaciological entities
that vary along the core: (i) A¥ the accumulation rate measured in
meters of ice equivalent per year (hereafter m-ie/yr), (ii) T the total
thinning function and (iii) C* the close-off depth measured in
meters of ice equivalent (hereafter m-ie). T is the ratio between L¥,
the in situ annual layer thickness as measured today in m-ie/yr, and
the initial annual layer thickness at the time of snow deposition
(ie., A¥). C can be deduced from the close-off depth in meters of
firn material (i.e, the depth where the porous firn turns into ice and
traps samples of air), by assessing D, the relative density profile
between the core material and pure ice.

When A¥, T and C* are known at any depth z* of the core k, one
can infer L¥ as well as A, the delta-depth. The delta-depth is the
depth interval in situ that separates a past climatic event simulta-
neously recorded in the ice matrix and in the gas phase. In other
words, A2X is the result of the thinning of the C* column during its
trajectory from the surface to the depth z*:

Ik (Zk) — Tk (Zk)Ak (Zk) 1)

a2 (zk> =Tk (zk> ck (zk) (2)

The two following equations show that the knowledge of A¥, T¢
and C* is sufficient to deduce x* and y*, which are the gas and ice
age scales associated with the core k, respectively (£¥ and z* both
represent depth coordinates along the core k):

Z* Sk ((ok
M) =/ D) g 3)

= / Lk(:k)

Xk (Zk) ~ 1//k (Zk _ Ak (Zk>) (4)

Numerical models describing the ice flow and the firn densifi-
cation can provide glaciological scenarios for AX, T and C¥. Both ice

flow and firn densification models rely on two empirical relation-
ships that relate to the isotopic content of the ice, the mean annual
accumulation rate as well as the mean annual temperature.
Experimental evidence suggests that the forward (or inverse)
glaciological models and/or the empirical relationships on which
they rely are inaccurate (Landais et al., 2006a; Durand et al., 2007;
Dreyfus et al., 2007; Parrenin et al., 2007a). This being understood,
in this work we consider the dating scenarios based on forward or
inverse glaciological models as prior or background scenarios that
must be improved. For the core k, we denote the background
scenario A» ¥, 7%k ¢k and the associated gas and ice chronologies
¥ Kand yb &,

The new dating method is a probabilistic inverse approach
based on a Bayesian inference. It aims at calculating an improved
dating scenario Ak T*, C* for every core k involved in the dating
process. The new scenario must be close to the background dating
scenario, and at the same time in best agreement with the glacio-
logical data (and especially with any conflicting evidence). For this
purpose, we apply the Bayesian theorem and formulate a probabi-
listic compromise between the two previous constraints. To
simplify the notation, we use the Y vector to describe the full set of
glaciological data and we introduce X and X® to represent the
searched and the background dating scenarios (i.e., respectively A¥,
T%, % and A% P, T ®, C* P for all the cores). The Bayesian inference
measures the posterior probability pa(X) attached to any possible
dating scenario X according to the prior modeling knowledge and
the data constraint:

Pa(X)apo(Y[X)pp (X) (5)

where pp is usually called the prior or background probability
density function (hereafter pdf) and p, is the conditional pdf of
measuring Y given X.

The pp pdf describes the modeling error (i.e., the error on Xb),
whereas the p, pdf describes the “observation” error (i.e., the error
on data Y). In the present work we assume that the probabilities in
equation (5) are all normally distributed (or lognormally distributed,
but in that case they are transformed into normal probabilities by
a logarithmic change of variable). p, therefore relates to X - xb,
the distance to the background dating scenario, while p, relates to Y
- h(X), the distance between Y and h(X), where h is the observation
model and h(X) predicts the data Y, X being given.

We assume that the “best” dating scenario, written X® (i.e., A% ¥,
ok kv k=1, ..., N), satisfies the maximum likelihood criterion,
which means that X=X maximises the posterior pdf py(X). We
derive J, the misfit function of the problem (i.e.,J] = - In py), in order
to solve the inverse problem according to the maximum likelihood.
The J function, which is optimised with the m1qn3 minimizer
(Gilbert and Lemarechal, 1993), splits into two terms, respectively
the observation term and the background term:

JX) = %(Y‘h(x))R” (Y—h(X))TJr%(X—X”)B” (x_xB)T ()

where B is the background error covariance matrix and R is the
observation error covariance matrix.

The B matrix accounts for the uncertainties on X? the back-
ground dating scenario, i.e., the modeling uncertainties. The R
matrix accounts for the uncertainties attached to the data used to
constrain the problem. The inverse matrices, B~! and R™!, weigh the
distances X - X’ and Y - h(X) respectively, and determine the
relative contribution of these two distances, in the misfit function.
The best dating scenario, i.e., X* which minimises J, is set as soon as
B and R are set. Accordingly, data and glaciological modeling errors
must be carefully analysed for each dating problem. It however
remains difficult to shape the B matrix, since the errors attached to
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the glaciological models are poorly known. We give details on the
shaping in Appendix 5.

Moreover, we use the approach proposed by Lemieux-Dudon
et al, in press, to assess confidence intervals of the best dating
scenario A® 9, T% 9 c* @ and on the associated ice chronologies ® .

3. Application

We applied the new dating method to the EDC, EDML, Vos-
tok and NGRIP cores, to which we assigned indexes k=1, 2, 3,
and 4, respectively. In the next sections, we describe the back-
ground dating scenarios (Section 3.1) and the glaciological data
(Section 3.2).

3.1. Background scenarios

We made use of previously published dating scenarios (except
for the NGRIP gas age scale as described in Section 3.1.4). These
scenarios are based on either direct or inverse glaciological
modeling or on annual layer counting and direct modeling (e.g.
NGRIP). The background scenarios based on inverse modeling are
already constrained by ice age markers. Strictly speaking, these age
markers should not be used again in our application, otherwise we
break the classical assumption associated to the Bayesian theorem
(i.e., statistical independence between background and observation
errors). Nevertheless, we have reused those age markers because
they are not numerous compared to the full set of data constraints.
The status of the NGRIP background scenario can be seen as distinct
from the other cores since the ice chronology relies on annual layer
counting.

3.1.1. Vostok background scenario

The Vostok background scenario is denoted A” ", 71 and ¢* . The
flow part consists of an inverse local flow model for which the flow
parameters are optimised with a Monte Carlo sampling method
(Parrenin etal.,2001). The model (Parrenin et al., 2004) enables us to
calculate a 2D local velocity field and a Lagrangian backtracing
method provides the background ice age estimate \pb' T(VK-FGT1 ice
age scale). The local flow model is forced by an ice sheet thickness
history, which is estimated with the Ritz et al. (2001) 3D thermo-
mechanical model. The background accumulation rate A> 1 is
inferred from three empirical relationships linking: (i) the precipi-
tation rate to the inversion temperature, (ii) the inversion temper-
ature to the mean annual temperature and finally (iii) the mean
annual temperature to the isotopic content of ice. Equation (3)
enables us to deduce the background thinning function 11 from the
background accumulation rate A ! and ice age y” . Finally, the
background close-off depth > ! is simulated with Goujon et al.
(2003)’s densification model forced by the accumulation rate and
temperature histories.

3.1.2. EDC background scenario

The EDC background scenario is written A> 2, 7" 2 and ¢ % The
ice part is the EDC3model scenario which is simulated with the
inverse 1D flow model with Monte Carlo optimised parameters
(Parrenin et al., 2007b). Note that the EDC3model scenario differs
from the EDC3 reference scenario as mentioned in Section 1. The
model error, resulting in part from unresolved physics along with
forcing field uncertainties, prevented the Monte Carlo inversion
process to verify relevant ice age markers before 41 and after
400 kyr. This problem was solved by subsequently distorting the
EDC3model accumulation rate and thinning function, in order that
the resulting ice chronology - EDC3 - agrees with the conflicting
data (Parrenin et al., 2007a). In this work, when possible, we
preferred to use a purely modeled dating scenario as background.

The 1D flow model is forced by a conceptual model of ice thickness
variations (Parrenin et al., 2007b) tuned to fit the results of Ritz
et al. (2001)'s 3D thermo-mechanical model. The background
accumulation rate A> 2 is inferred from a relationship based directly
on the isotopic content of ice. The background thinning function ™
2 is deduced from ¥ 2 and A” 2 with Equation (3). Finally, the sp4
scenario proposed by Loulergue et al. (2007) provides the back-
ground close-off depth C* 2, which is simulated with the Goujon
et al. (2003) densification model.

3.1.3. EDML background scenario

The EDML background scenario is written A” 3, %3 and ¢ 3. The
flow simulations are described in Huybrechts et al. (2007). It
consists of a local flow model which calculates a 3D velocity field
(Pattyn, 2003). A Lagrangian backtracing method enables us to
estimate both, the ice age and the total thinning function. A 3D
thermo-mechanical model (Huybrechts, 2002) computes the
required ice sheet thickness changes and the lateral boundary
conditions (note that the background ice age is different from
EDML1). The accumulation rate is inferred using the classical
empirical relationships with isotopic content (see Section 3.1.1).
The Loulergue et al. (2007) sp4 scenario provides the close-off
depth, which was simulated with the Goujon et al. (2003) densi-
fication model on the basis of EDML1 (Ruth et al., 2007). In the end,
the whole modeling exercise provides the EDML background
entities y? 3, T 3, AP 3 and ¢ 3.

3.1.4. NGRIP background scenario

The ice part of the NGRIP background scenario relies on GICCO5.
In addition to the ice chronology 1//”' 4 GICCO5 provides the annual
layer thickness L #. A flow model (Andersen et al., 2004) enables us
to estimate the thinning function T* 4, and to further deduce the
accumulation rate A> # on the basis of L? 4 measurements. In this
study, we performed a simulation with the Goujon et al. (2003)
densification model in order to estimate > 4. The simulation is run
with the following characteristics: (i) the GICCO5 ice age scale, (ii)
the GICCO5 accumulation history and (iii) the mean annual
temperature derived from the NGRIP ice isotope measurements
(6'80ce, 0xygen-18 of ice, see Johnsen et al. (2001)).

3.2. Glaciological data

We used a total of 1491 chronological markers to constrain the
new dating scenarios: ice and gas age markers, ice and gas strati-
graphic links and delta-depth estimates. This number is high
compared to what has been done previously. The accuracy of the
proposed dating depends on the accuracy and density of the
applied markers. Most of the markers are concentrated in the time
period 0-50 kyr, which explains the fact that our results are
tentative beyond 50 kyr.

3.2.1. Ice age markers

A total number of 1034 ice age markers are applied to constrain
the Vostok, EDC and NGRIP chronologies (no ice age markers are
used to constrain the EDML core).

3.2.1.1. Vostok ice age markers. For the Vostok core, we included the
tie points already used to derive the Vk-FGT1 chronology (Parrenin
et al. (2004), Table 1 therein). We completed the set with new ice
age markers that were estimated on the basis of the inferred rela-
tionships between the Vostok local insolation and the Vostok
records of O,/N; and air content (Lipenkov et al. in prep, personal
communication, 2009).
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Table 1

Ice age markers used to constrain the new dating scenario for the Vostok core; the
last column specifies the study from which the age markers are extracted: (a) Par-
renin et al. (2004), (b) Lipenkov et al. in prep., personal com. 2009.

Age markers Depth (m) Age (yrBP) Uncertainty (yr) Reference
10ge/14C 178 7180 100 (a)
10ge 601 41000 2000 (a)
Orbital tuning 1904 132400 6000 (a)
Orbital tuning 2516 200600 6000 (a)
Orbital tuning 2777 246 000 6000 (a)
Orbital tuning 2945 293600 6000 (a)
Orbital tuning 3134 336200 6000 (a)
Orbital tuning 3218 373800 6000 (a)
Air content - O/N,  2167.5 164000 800 (b)
Air content - O/N,  2285.5 176 000 400 (b)
Air content - O3/N,  2371.5 186 000 600 (b)
Air content — O/N,  2450.5 196 000 1400 (b)
Air content - O3/N, 2565 210000 1200 (b)
Air content - O3/Ny  2652.5 222000 200 (b)
Air content - O3/N, 2694 230000 200 (b)
Air content - O/N,  2740.5 240000 200 (b)
Air content - O3/N, 2802 252000 800 (b)
Air content — O3/N, 2858 268000 200 (b)
Air content - O/N, 2908 282000 200 (b)
Air content - O3/N,  2942.5 290000 200 (b)
Air content - O3/N, 2979 300000 400 (b)
Air content - O/N,  3027.5 314000 400 (b)
Air content - O/N, 3071 326 000 400 (b)
Air content - O3/N, 3115 336000 200 (b)
Air content - Oy/N, 3139 342000 400 (b)
Air content - O3/N, 3169 354000 600 (b)
Air content - O3/N, 3199 368000 200 (b)
Air content - O3/N, 3235 386000 1500 (b)

3.2.1.2. EDC ice age markers. For the EDC core, we included the age
markers used to build the EDC3 ice chronology (Parrenin et al.
(2007a), Table 1), but we made several changes to the original set of
tie points. First, we used the 36 tie points in Table 1 (Parrenin et al.
(2007a), derived from the EDC 6'80,, record (Dreyfus et al., 2007),
as gas age markers instead of ice age markers (see Section 3.2.2).
Second, we withdrew two tie points that were inferred from the
isotope-methane record synchronisation of the NGRIP and EDML
cores during the last deglaciation (respectively at 361.5 and
4272 m, Parrenin et al. (2007a), Table 1 therein). These two tie
points would otherwise introduce redundancy with the EDC-EDML
and EDML-NGRIP methane stratigraphic links defined in Section
3.2.4. The final set of ice age markers is summarised in Table 2.

3.2.1.3. NGRIP ice age markers. We selected temporal markers each
60 yr in the temporal window 0-50 kyr directly from the GICC05

Table 2
Ice age markers used to constrain the new EDC core dating scenario. (”: a new mean
value of 92.1 +0.9 kyr was recently assessed by Dunbar et al. (2008).

Age markers Depth (m) Age (yr BP) Uncertainty (yr)
El Chicon 38.12 691 50
10ge/14C 107.83 2716 50
10ge/14C 181.12 5280 50
10ge 740.08 41200 1000
Mt Berlin erupt.(). 1265.10 925007 2000
Term. II 1698.91 130100 2000
Air content 1082.34 70600 4000
Air content 1484.59 109 400 4000
Air content 1838.09 147 600 4000
Air content 2019.73 185300 4000
Air content 2230.71 227300 4000
Air content 2387.95 270400 4000
Air content 2503.74 313400 4000
Air content 2620.23 352400 4000
Air content 2692.69 390500 4000
Air content 2789.58 431400 4000
B-M reversal 3165.00 785000 20000

ice chronology (not shown, because the resulting data set can easily
be deduced from GICCO5). The uncertainty of each age marker is
chosen as half of the Maximum Counting Error (hereafter MCE, see
definition in Andersen et al. (2006); Svensson et al. (2008)). This
choice is based on the comparisons made by Svensson et al. (2008)
and Fleitmann et al. (2009), of GICCO5 with other independently
dated records in the 0-60 kyr window, showing that most of the
records agree with GICCO5 within a one ¢ uncertainty. Strictly
speaking, sampling temporal markers each 60 yr probably leads to
error correlation between the markers that we did not take into
account. In this manner we artificially prevent the GICCO5 ice
chronology from changing much. In the future, a more rigorous
approach would require independent ice age markers (e.g, tephra,
speleothems,...) in order to refine GICCO5.

3.2.2. Gas age markers
A total number of 49 gas age markers are applied to constrain
the EDC and NGRIP chronologies.

3.2.2.1. EDC gas age markers. We relied strictly on Dreyfus et al.
(2007) (their Table 1), who derived 36 temporal markers from the
0'80,um record, by orbital tuning on precession. As a component of
the gas phase of ice cores, 6'®0,, provides constraints on gas
chronologies (i.e., gas age markers). Because the methodology used
by Dreyfus et al. (2007) and Parrenin et al. (2007a) was not
designed to optimise the gas chronology but only the ice chro-
nology with ice age markers, they converted the 6'80,y, temporal
markers into ice age makers by assessing a delta-age (i.e., the
authors applied the EDC2 delta-age). Unlike Parrenin et al. (2007a)
and Dreyfus et al. (2007), we applied the set of 680,y data as gas
age markers, because our dating method enables to apply both
gas and ice age marker constraint and to simultaneously optimise
gas and ice chronologies. We set the uncertainty and covariance of
uncertainty attached to each age marker to 6000 and 2000 yr,
respectively (see Dreyfus et al. (2007) for details).

3.2.2.2. NGRIP gas age markers. Severinghaus et al. (1998) showed
that ice isotope and methane in Greenland increase in phase during
abrupt climatic transitions. This result is based on measurements of
15N of N, (hereafter 6'°N), “°Ar, methane and 6'80jc, performed on
the GISP2 core, during the Younger Dryas to Pre-Boreal transition
(hereafter YD-PB). At this stage, our numerical code is unable to
assimilate “stratigraphic links” connecting depths on the same core.
We therefore cannot rigorously constrain the NGRIP gas age and ice
age to be equal during fast climatic transitions recorded in methane
and isotopes. To solve this problem, we added 13 gas age markers
presented in Table 6, which force the CH4 and 6'30;ce synchronicity.
We assessed a 60 yr uncertainty for the deglaciation transitions and
a 100 yr uncertainty for the Dansgaard-Oeschger events (hereafter
DO) numbered from 2 to 12.

3.2.3. Ice stratigraphic links

We used a total of 331 ice stratigraphic links to constrain the
new dating scenarios. Ice stratigraphic links are defined first
between Vostok and EDC, second between EDC and EDML, and
finally between EDC and NGRIP.

3.2.3.1. Vostok-EDC ice stratigraphic links. For the last 45 kyr, Udisti
etal.(2004) identified 56 major volcanic events that are common to
EDC and Vostok (these events are identified from electrical
conductivity measurements, hereafter ECM, or from sulfate spikes).
We used the pairs of depths (Udisti et al. (2004), their Table 1) as ice
stratigraphic links between Vostok and EDC, to which we arbitrarily
associated a 200 yr uncertainty. Unlike tephra layers, sulfate or ECM
spikes in ice cores are anonymous because they carry no
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geochemical signature enabling the identication of the eruption
and volcanic province. As underlined by Udisti et al. (2004) and
Severi et al. (2007), some time intervals show several spikes in one
core with no counterpart in the other core. On this basis, we
assumed that some depth pairs may have been mismatched. Very
careful work should be done to identify uncertain depth pairings in
order to better estimate uncertainties. We also extracted three ice
stratigraphic links from Narcisi et al. (2005), at logging depths close
to 2000 m for both EDC and Vostok (see Table 3). For the latter
stratigraphic links, we assumed a logging depth uncertainty of
0.5 m for both EDC and Vostok, leading to an overall root mean
square (hereafter RMS) uncertainty of about 100 years.

3.2.3.2. EDC-EDML ice stratigraphic links. Severi et al. (2007) used
sulfate spikes to perform an EDC-EDML ice age synchronisation.
The related EDC and EDML sulfate profiles were used to transfer the
EDC3 ice age scale to the EDML core, resulting in the EDML1 ice age
scale (Ruth et al., 2007). We chose 270 of these ice stratigraphic
links (according to an index provided by the authors) which defines
the quality of the matched volcanic events. We defined an uncer-
tainty ranging from 100 to 300yr based on this index
(see comments in the above paragraph).

3.2.3.3. EDC-NGRIP ice stratigraphic links. A double-peak structure
during the Laschamp geomagnetic excursion around 41 kyr, was
identified in the '°Be records of GRIP (Yiou et al., 1997) and EDC
(Raisbeck et al., 2007). The transfer of the 1°Be peaks from GRIP to
NGRIP relies on a match of the GRIP and NGRIP 6'80jc records. The
matching is precise because the two °Be peaks are contemporary
to DO 10, and we assigned an arbitrary 50 yr synchronisation error.
In addition, Loulergue et al. (2007) provided uncertainties on the
depth of the '°Be peaks in the NGRIP and EDC cores, which we
converted into temporal uncertainties, according to the NGRIP and
EDC background age scales. The resulting RMS error is about 110
years (Table 4).

3.24. Gas stratigraphic links

The gas stratigraphic links applied to constrain the new dating
scenarios are defined between Vostok and EDC, EDC and EDML and
EDML and NGRIP (a total number of 50 markers).

3.2.4.1. Vostok-EDC gas stratigraphic links. We derived 5 gas
stratigraphic links during the last and the penultimate deglaciation
by matching the methane records of Vostok (Petit et al., 1999) and
EDC (Loulergue et al., 2008) (Table 5).

3.2.4.2. EDC-EDML gas stratigraphic links. The set of 24 gas strati-
graphic links between EDC and EDML are derived from the
matching of methane records proposed by Loulergue et al. (2007),
Table 2 therein.

3.2.4.3. EDML-NGRIP gas stratigraphic links. We derived a set of 21
gas stratigraphic links by matching the EDML and Greenland CHy4

Table 3

Ice stratigraphic links derived from common volcanic events identified through
geochemical analysis of tephra layers that are inventoried in Narcisi et al. (2005).
Note that all the Vostok depths are transferred to core 3G, e.g., ash layers at 1996.3
and 2586.15 m depth, along the cores 4G, and 5G;, are transferred to the core 3G at
2000.70 and 2589.56 m depth, respectively. At 2 km depth, we assumed a logging
depth uncertainty of 0.5 m, roughly equivalent to 50 and 100 years for Vostok and
EDC, respectively. The resulting RMS error is around 100 yr.

EDC depth (m) Vostok depth (m) Uncertainty (yr)

Ash layer 1804.0 2000.70 100
Ash layer 2086.6 2501.92 100
Ash layer 2150.9 2589.56 100

Table 4

Ice stratigraphic links derived from the double-peak structure of GRIP-EDC °Be
records (see Loulergue et al. (2007)). Uncertainties in m are converted into temporal
uncertainties, according to the NGRIP and EDC background age scales, with
a resulting RMS error of about 110 years.

EDC depth (m)

7355+ 1.1
7448 +1.1

NGRIP depth (m) Uncertainty (yr)

21101 +1.1 110
21275+1.1 111

Peak 1
Peak 2

records for each onset and termination of the fast transitions, from
the onset of the Holocene back to 50 kyr. We inferred a 100 year
synchronisation uncertainty (2¢) except for the initial slow
methane rise of DO 1 and for the DO 2,3 and 4, for which we
assessed errors between 130 and 160 years (Table 7).

3.2.5. Delta-depth markers

3.2.5.1. Vostok delta-depth markers. We used the two delta-depth
estimates (63+7m at 150333 m and 20+2m at 2784 m)
proposed by Caillon et al. (2001); Caillon et al. (2003), for transition
5d/5c¢ and termination III, respectively (these estimates being
assessed on the basis of 6'°N, §*°Ar and ice isotopic measurements).

3.2.5.2. EDC delta-depth markers. For termination [ and II, we used
the delta-depth estimates with uncertainties proposed by Dreyfus
Boissier (2008) on the basis of §°N and ice isotopic measurements.
In addition, we added a set of 17 delta-depth markers with
uncertainties defined in Dreyfus et al. (2007) (Table 2, therein).
Those latter estimates were deduced from warming or cooling
events which were assumed to be simultaneously recorded in the
gas phase (CO; and CHy4) and in the ice matrix (ice isotopes). A more
rigorous work would require us to assess and introduce a time shift,
which is known to occur between the greenhouse gas and ice
isotopic signals (Caillon et al.,, 2003). This would lead to apply
different delta-depth values or to introduce error correlations
between the delta-depth markers.

3.2.5.3. NGRIP delta-depth markers. We used the delta-depth esti-
mates proposed by Huber et al. (2006) for DO 9 to 12, on the basis of
6N, 6*%Ar and ice isotopic measurements (16.29 = 1.5, 15.39 + 1.5,
15.01 £2 and 11.85+1.5m at 2099.90, 2124.10, 2157.65, and
2222.00 m, respectively, A. Landais, personal communication).

4. Results and discussion

First, we give an overview of the new dating scenarios (Section
4.1). We restrict ourselves to the EDC and EDML cores, because at
this stage of the study, too few data are used to constrain the Vostok
chronologies, and moreover we "artificially* limited the possibility
of change in the NGRIP gas age scale (see Section 3.2.1). We
subsequently present the methane and ice isotope records,
according to the new dating scenarios, on the well-constrained
period from present-day back to 50 kyr, and discuss the new North-

Table 5

EDC-Vostok gas stratigraphic links derived from methane records during the last
and the penultimate deglaciation; YD-PB=Younger Dryas to Pre-Boreal;
BA-YD = Bolling-Allerod to Younger Dryas; GL-BA =Glacial to Bolling-Allerod;
TII = Termination II.

EDC depth (m) Vostok depth (m) Uncertainty (yr)

YD-PB 418.2 319.96 150
BA-YD 442.7 346.16 150
GL-BA 476.1 372.2 150
TII 1722 1852.1 300
TII 1770 1879.7 300
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Table 6

NGRIP depth and GICCO5 age of the major rapid climate changes, as recorded in the
ice isotope. The GICCO5 ice age of each event is attributed to each corresponding
methane events, and provide a gas age marker. YD-PB = Younger Dryas to Pre-
Boreal; GL-BA = Glacial to Bolling—Allerod; DO = Dansgaard-Oeschger event.

NGRIP depth (m) age (yr) Uncertainty (yr)
YD-PB 1516.37 11760 60
GL-BA 1638.01 14740 60
D02 1824.08 23440 100
DO3 1897.12 27860 100
D04 1911.63 28920 100
DO5 1969.62 32580 100
DO6 1994.17 33880 100
DO7 2027.61 35600 100
DO8 2087.90 38360 100
DO9 2119.17 40200 100
DO10 2142.27 41500 100
DO11 2175.27 43480 100
DO12 2239.68 46900 100

South timing, in particular during the last deglaciation (Section
4.2). Finally in Section 4.3, we analyse the reconstructed accumu-
lation rate, close-off depth and thinning function, in order to vali-
date the new dating scenarios between 0 and 50 kyr.

4.1. EDC and EDML new ice and gas chronologies and confidence
intervals

Figs. 2 and 3 present the overall new ice and gas chronologies, in
comparison with the background chronologies, for the entire EDC
and EDML cores, respectively. Also shown is the uncertainty (2¢)
relevant to the new ice age scales, as well as the delta-depth
reconstructions and the data constraints. Figs. 4 and 5 present the
same curves, but using the 0-20 kyr temporal window.

As can be noted from these figures, the new dating scenarios are
in agreement with the data constraints. Moreover, on Fig. 3, one can
note that the delta-depth reconstruction for EDML is in agreement
with the values assessed by Loulergue et al. (2007), on the basis of

Table 7

Gas stratigraphic links derived from the match of the EDML CHy4 record with the
Greenland CH4 stack record from present back to 55 kyr BP. YD-PB = Younger Dryas
to Pre-Boreal; BA-YD = Bolling-Allerod to Younger Dryas; GL-BA=Glacial to
Bolling-Allerod; DO = Dansgaard-Oeschger event.

Transitions NGRIP depth (m) EDML depth (m) Uncertainty (yr)
YD-PB 1511.54 716.55 100
BA-YD 1540.08 767.19 100
GL-BA 1627.89 827.53 100
Slow raise 1673.15 905.30 160
DO3 end 1796.95 1044.32 130
DO3 onset 1818.63 1070.99 160
DO2 end 1879.28 1149.2 130
DO2 onset 1891.96 1152.90 130
DO4 end 1901.97 1165.33 130
DO4 onset 1909.45 1173.42 100
DO5 end 1954.86 1224.54 100
DO5 onset 1963.88 1233.39 100
DO6 end 1981.94 1248.48 100
DO6 onset 1991.88 1260.59 100
DO7 end 2003.66 1272.56 100
DO7 onset 2024.93 1286.72 100
DO8 end 2042.86 1311.85 100
DO8 onset 2086.67 1337.84 100
DO9 onset 2115.88 1373.84 130
DO10 end 2125.12 1391.77 100
DO10 onset 2141.01 1404.59 100
DO11 end 2149.46 1417.60 100
DO11 onset 2173.20 1441.59 100
DO12 end 2185.66 1451.82 100
DO12 onset 2236.86 1490.22 100
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Fig. 2. EDC overall new dating scenario for ice and gas: (A) New and background ice
and gas chronologies and uncertainty on the ice age estimate (orange dashed line,
right Y-axis). Ice chronologies are dashed lines while gas chronologies are solid lines;
background chronologies are in dark grey while new ice and gas chronologies are red
and blue lines, respectively. (B) Difference between new and background ice age scales
(i.e., new minus background, red line); red triangles are ice age markers; orange
squares, orange and green diamonds are EDC-EDML, EDC-Vostok and EDC-NGRIP ice
stratigraphic links, respectively; error bars correspond to 2¢ uncertainties. (C) Differ-
ence between new and background gas age scales (blue line); new delta-depth
reconstruction (black dashed line, right Y axis); blue triangles are gas age markers;
blue and purple circles are respectively EDC-EDML and EDC-Vostok gas stratigraphic
links; red circles are delta-depth data inferred by Loulergue et al. (2007), which are not
used to constrain the new dating scenarios but are plotted for comparison; error bars
are 2¢ uncertainties.

the EDC and GRIP °Be records. A possible underestimation of the
uncertainty attached to the EDC delta-depth proposed by Loulergue
et al. (2007) may explain a slight disagreement with our delta-
depth reconstruction for EDC (see Fig. 2).

Figs. 2-5 confirm that the method presented can be applied on
several cores simultaneously, on large depth intervals and with
numerous chronological data of different types. They also show
that the uncertainties assessed for the new ice age scales behave as
expected: a growing trend with depth and superimposed drops in
the neighbourhood of data. All these results constitute a real dating
improvement, as compared with to the performance of either direct
or inverse glaciological modeling that has been used for dating
purposes to date.

4.2. Methane and ice isotope records: new North-South timing

4.2.1. Matching the methane records

On the time window 7-20 kyr, the EDC, EDML and Greenland
methane records are shown on panel A in Fig. 6, according to the
new dating scenarios. In comparison with the current gas age
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Fig. 3. EDML overall new dating scenario for ice and gas: (A) New and background ice
and gas chronologies and uncertainty on the ice age estimate; see Fig. 2 for plot
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background, red line); orange squares are EDML-EDC ice stratigraphic links; error bars
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blue and green circles are EDML-EDC and EDML-NGRIP gas stratigraphic links,
respectively; red filled circles are delta-depth data; red empty circles are delta-depth
inferred by Loulergue et al. (2007) but unused in the application; error bars are 2¢
uncertainties.
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graphic links, respectively; blue and purple circles are EDC-EDML and EDC-Vostok gas
stratigraphic links, respectively; error bars are 2¢ uncertainties.

15

20000

18000 500

16000 7

14000 400 2
— i
% 12000 £
<) 300 £
5. 10000 @
o g
Q

8000 El
g 200 o

6000 ‘ g

3
4000 100 —
2000
ole 0
0 100 200 300 400 500 600 700 800 900 1000
Depth (m)

Fig. 5. EDML new ice and gas chronologies with uncertainty, compared to the back-
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orange diamonds are EDML-EDC ice stratigraphic links; blue and green circles are
EDML-EDC and EDML-NGRIP gas stratigraphic links, respectively; error bars are 2¢
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scenarios shown on panel A in Fig. 1, the new gas scenarios resolve
the mismatch during the deglaciation. The matching of the
Greenland and Antarctic methane records also holds for the DO
events and DO like-events from 2 to 12 (not shown).

During the Glacial to Bolling—Allerod transition (hereafter GL-BA),
the new NGRIP gas age is about 200 years younger than the gas
chronology proposed by Blunier et al. (2007). The abrupt rise of the
Greenland methane stack record starts and stops at 14 700 and

A

900

800

CH4 (ppbv)
o ~
(=] (=]
=1 =)

v
o
o

400

300 - - - . - - -
7000 8500 10000 11500 13000 14500 16000 17500 19000
B Age (yr BP)
-30 -380
| -390
i
-35 Vn'r
_ W f -400
1 )
- -4
g Y s
- N l l o
3 b | g
g -420 8
3 -as 2
@
-430
N
-50 | i) I.J Lk \l -440
450
7000 8500 10000 11500 13000 14500 16000 17500 19000
Age (yr BP)

Fig. 6. New ice and gas chronologies for the EDC and EDML cores (light and dark blue
lines, respectively) and for the NGRIP core (orange line), during the last deglaciation:
(A) methane records; (B) ice isotope records.
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14 450 yr before present (BP) respectively (where present is defined
as 1950 AD), which falls within the uncertainty estimated by Blunier
et al. (2007). Our results also suggests that the EDC3gas_a and
EDML1gas_a (i.e., the sp4 scenario) are respectively 450 and 150
years too young, during the GL-BA, and that EDC3gas_a is 350 and
300 years too young during the Bolling-Allerod to Younger Dryas
(hereafter BA-YD) and YD-PB transitions, respectively.

4.2.2. North-South timing as recorded in the ice isotope records

The climatic transitions as recorded in the Greenland and
Antarctic ice isotopic records (the EDC 6D record, Jouzel et al.
(2007), the EDML 6'®0jce record, EPICA Community Members
(2006) and the NGRIP 6'®0jc, Johnsen et al. (2001)) are plotted
against the new dating scenarios on panel B in Fig. 6, as well as on
panel A in Fig. 7, on the time intervals 7-20 kyr and 30-50 kyr,
respectively. The panel B in Fig. 7 shows the latter records according
to EDC3, EDML1 and GICCO5, for comparison.

Comparison of Figs. 1 and 6, panels B, suggests that the EDC3
and EDML1 ice chronologies are both too young during the GL-BA
and YD-PB transitions. According to the new dating scenarios, the
end of the GL-BA transition should be shifted towards older ages by
300 yr for EDC and 250 yr for EDML. Meanwhile, for the end of the
BA-YD transition, the shifts towards older ages should be 125 and
75 yr for EDC and EDML, respectively. On the basis of our results, we
propose a new dating for the warming in Antarctica during the last
deglaciation, with the onset and end dated to 17 900 + 300 and
14 550 +£130yrBP (see the 2¢ uncertainty plotted on Fig. 4),
instead of 17 400 and 14 250 yr BP.
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Fig. 7. EDC oD (light blue), EDML (dark blue) and NGRIP (orange) 6'®0 ice isotope
records, on the time interval 30-50 kyr: (A) plotted against the new dating scenarios
(this work); (B) plotted against the EDC3, EDML1 and GICCO5 ice age scales. The DO
events (i.e., Dansgaard-Oeschger) and Antarctic counterparts are shown and the new
timing for the major DO, e.g., 8 and 12, is underlined.

At last, as shown on Fig. 7, the timing between the Greenland DO
events and the Antarctic DO like-events from 5 to 12 is also
modified. These changes lead to new dating scenarios in better
agreement with the bipolar see-saw concept (Stocker, 1998; Blunier
and Brook, 2001; EPICA Community Members, 2006), not only for
the last deglaciation transitions but also for the major DO and DO-
like events, e.g., DO 8 and 12. The new timing for the DO 2, 3, 4 and
11 should not be considered here because the stratigraphic links
between the EDML methane record and the Greenland methane
stack record are imprecise (the EDML record is noisy for DO 2, 3 and
4) or non existent (there is a gas in the EDML record for DO 11).

4.3. Analysis of the reconstructed glaciological entities

4.3.1. Corrections to the modeled accumulation, thinning and close-
off depth

Fig. 8 displays the ratios between the new and the background
accumulation rate, thinning function and close-off depth for EDC
and EDML. These ratios are corrections relative to the background
scenarios (see Section 3.1). In the time window 0-40 kyr, the
corrections are in agreement with the modeling errors expected for
the corresponding glaciological entities.

The corrections applied to the EDC modeled thinning function
are very small (a maximum correction of 5%). They are in agree-
ment with ice flow modeling uncertainties expected in the top part
of domes. For EDML, the latter corrections are larger (close to 18%
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glaciological entities, plotted against the new chronologies: (A) Ice isotope records; (B)
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to the measurement unit "m-ie“, i.e., meters of ice equivalent); (D) Ratio between the
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B. Lemieux-Dudon et al. / Quaternary Science Reviews 29 (2010) 8-20 17

between 25 and 28 kyr possibly due to the low density of
constraints). Such results are consistent with the EDML drilling
location down-stream on a flow line, which implies that both
temporal and spatial variations of the forcing fields must be
assessed in the modeling, conversely to EDC.

The corrections applied to the close-off depth expressed in
meters of ice equivalent, do not exceed 22% for both EDC and EDML.
These corrections are consistent with the typical variations of
modeled and measured close-off depths (Goujon et al., 2003;
Landais et al. (2006a); Loulergue et al., 2007), particularly when the
related changes in the firn density profiles are considered.
A discussion on the reconstructed EDC close-off depth is detailed in
Section 4.3.3.

The corrections applied to the modeled accumulation rate
directly provides the multiplying factors (varying with depth and
time), to apply to the accumulation model, i.e., the classical rela-
tionship with the ice isotope. Some overall larger corrections are
calculated for EDML, in comparison with EDC, with a maximum
correction of 26% during the Holocene. One can note that the shape
of the inverse correction, apart from its timing, is similar to the
trend of the climatic signal during the deglaciation transitions and
the early Holocene. The new EDML accumulation rate scenario is
discussed in the following section.

4.3.2. Accumulation rate reconstructions

Fig. 9 compares the new and the background scenarios for the
EDML accumulation rate. It also shows the EDC and EDML ice
isotopic records plotted against the new ice age scales, as well as
the reconstructed accumulation rate for EDC.

The resulting new EDML accumulation scenario shows little
resemblance with the ice isotopic signal, especially between 3 and
11 kyr. The new scenario does not predict high values for the early
Holocene optimum and the accumulation is lower than predicted
by the classical relationship with the isotope. Such a difference
seems likely, as EDML site stands along a flow line. The Holocene ice
originates up to 20 km upstream (Huybrechts et al., 2007). More-
over, large spatial variabilities in accumulation are observed in the
neighbourhood of the EDML drilling site, close to 20% on the 30 km
traverse between DMLO5 (B32 drilling) and DML19 sites (Oerter
et al., 2000). Rotschky et al. (2004) also reported changes in
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Fig. 9. New EDC and EDML accumulation rate reconstructions and isotope records,
plotted against the new chronologies: (A) New EDML (red, left Y-axis) and new EDC
accumulation rate (blue, right Y-axis) compared to the background EDML accumula-
tion (grey, left Y-axis). (B) New EDML 6'80;c. record (red) and EDC 6D record (blue).

accumulation rate varying from 45 to 65 kg m™2yr~! eastwards of
point DMLO5, along the ice divide, and some accumulation spots
below 45 and above 85kgm™yr~L. On this basis, the temporal
variability of processes affecting the accumulation pattern may also
explain the low reconstructed rates in the 4-11 kyr period: (i)
Wind-scouring known to occur in the area, may have triggered
snow redistribution mechanisms, (ii) large scale or regional
changes in the air mass advection during the Holocene are also
possible, and (iii) both mechanisms may be responsible for changes
in the previous ice divide location.

We must however remain cautious regarding the EDML accu-
mulation rate reconstruction. The corrections to the accumulation
rate and the distortion of the ice age scale (see Equation (3)) are
dependent: inaccurate data constraints may result in inaccurate
accumulation corrections. One has therefore to question the set of
chronological data used to constrain the new dating scenario. The
EDML ice chronology is tightly linked to the EDC ice chronology by
means of stratigraphic links derived from volcanic sulfate spikes.
Udisti et al. (2004) mentioned that only a few common volcanic
spikes can be unambiguously identified during the last deglacia-
tion. They underlined the existence of a reliable triplet of sulfate
spikes at 390 m depth in the EDC core (i.e., around 13 kyr on the
new ice age scenario). In our application, we included as strati-
graphic links, the reliable triplet mentioned above, but also other
pairs of common sulfate spikes proposed by Udisti et al. (2004) for
EDC and EDML. The uncertainties assessed for the latter strati-
graphic links might have been underestimated. To solve this issue
and refine the proposed accumulation rate scenario, other strati-
graphic links such as tephra layers might be considered, as well as
proxies of accumulation changes such as chemical records.

4.3.3. Delta-age and close-off depth reconstructions

Fig. 10 shows the delta-age and delta-depth reconstructions for
the EDC core, as estimated with three different scenarios: (i) the
sp1 scenario (Loulergue et al., 2007) built with the (Goujon et al.,
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Fig. 10. Comparison of the EDC delta-age and close-off depth scenarios for the last
50 kyr: (A) Delta-age scenarios: sp1 scenario (black), sp4 scenario (blue) and the
present work scenario (red). (B) Close-off depth scenarios (labelled "CODIE* to refer to
the measurement unit "m-ie“, i.e., meters of ice equivalent): sp1 scenario (black), sp4
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2003) densification model on the basis of an accumulation rate
history, which is consistent with the EDC3 age scale, (ii) the sp4
scenario (Loulergue et al., 2007) (see Section 1) and (iii) the new
dating scenario.

Panel A in Fig. 10 confirms that the sp1 scenario overestimates
the EDC delta-age, as observed by Loulergue et al. (2007). The delta-
age behaviour in the 22-32 kyr time interval cannot be discussed,
due to the poor quality of the data constraints. Conversely, in the
neighbourhood of the Laschamp excursion (41 kyr), the gas and ice
ages are both well-constrained (see Section 3.2.3) and yield good
confidence.

On panel B in Fig. 10, the new EDC scenario assesses a thinner
close-off depth (denoted CODIE on Fig. 10) than simulated by the
densification models during the glacial periods. The high close-off
depth values estimated by densification models have already been
questioned by ¢°N measurements in Antarctica (Landais et al.,
2006a). Further studies are however necessary in order to settle the
issue. From the gravitational fractionation of 6'°N in firn, the depth
of the diffusive column can be assessed. However, our poor
knowledge of the convective and non-diffusive zones in Antarctic
firn during glacial periods (up to 40 m, A. Landais, personal
communication) makes it difficult to deduce an accurate close-off
depth (sum of convective, non-diffusive and diffusive zones) from
0'>N measurements (Caillon et al. (2003); Landais et al. (2006a),
Dreyfus et al., this issue).

5. Summary and further prospects

A new dating method based on inverse techniques allows
calculating consistent gas and ice chronologies for several ice cores
on large depth intervals. The method enables us to cross-constrain
the age scales with global or regional stratigraphic markers. It
provides the best compromise between the constraints brought by
glaciological models and data. It does not improve the description
of the glaciological models (ice flow models and/or firn densifica-
tion models), but it refines the existing dating scenarios of accu-
mulation rate, thinning function and close-off depth, and it
provides improved gas and ice age chronologies in agreement with
the glaciological data. At the same time, an age uncertainty is
estimated on the basis of the probabilistic formulation of the
method.

We applied this method to four ice cores at the same time,
Vostok, EDC, EDML and NGRIP, using background dating scenarios
provided by the literature. We proved the method able to be
applied simultaneously to several Greenland and Antarctic cores
and to produce new dating scenarios in agreement with several
chronological constraints.

We focused on time intervals that were properly constrained
with gas and ice temporal markers, stratigraphic links and delta-
depth measurements. In the time interval 0-50 kyr and particularly
during the last deglaciation, we improved the overall gas and ice
age consistency and reconciled the Greenland and Antarctic
methane records. We also suggested that the EDC3 reference
chronology is too young during the last deglaciation.

In addition, we analysed the differences between the new and
pre-existent scenarios of accumulation rate, thinning function and
close-off depth, and the new values are kept within the limits of
physical mechanisms. Our application however supports the idea
that during glacial periods and for cold sites such as EDC, the close-
off depth may be smaller than predicted by densification models.
Moreover, the EDML accumulation rate reconstructions question
the accumulation rate model accuracy and/or the reliability of the
volcanic sulfate matching during the Last Glacial Maximum to
Holocene transition. In this respect, the search for additional
stratigraphic links such as tephra layers would help solve this issue.

The new dating method (as well as the proposed dating
scenarios between 0 and 50 kyr) opens perspectives for perfecting
the interpretation of paleoclimate records. In particular, the timing
between Antarctic and Greenland climate (as recorded in the ice
isotope) confirms the concept of an underlying see-saw mecha-
nism. In the future, the method may provide some insights both on
the sources of inaccuracy of the forward glaciological models, and
on the origins of the glaciological data variability (e.g., firn prop-
erties, ice isotope, 6"°N, ice microstructure and fabric, etc.), by
analysing the differences between the new and pre-existent
scenarios of accumulation rate, thinning function and close-off
depth, and by comparing them with the paleo-records. For the layer
counted age scales, such analysis may help to identify inaccurate
determinations of annual layer thickness (for instance during cold
periods with thin annual layers).

The new dating method proves to be a very useful tool,
combining widespread chronological information in order to
calculate consistent ice core chronologies. However, the reliability
of the chronologies calculated by this means depend on the quality
and accuracy of the chronological constraints. It is therefore of
importance to: (i) carefully choose the data incorporated in the
dating process, as well as the background dating scenarios, (ii)
carefully estimate the associated uncertainties and (iii) cautiously
analyse the results. This method offers perspectives in the field of
paleoclimatology and could be extended for applications to marine
and continental cores.
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Appendix. Background error covariance matrix

The B matrix is defined as B= E[(e?)(?)T], €’ is the euclidean
distance between X' and X, the true and background dating
scenarios, respectively.

Defining very precisely the B matrix is of course out of reach in
practical applications, since X is unknown. However, there are
different means of getting some insights on B. One can for instance
perform a statistical analysis, comparing the glaciological dating
scenarios built with simple flow models for dating purposes, to the
ones simulated with more complex flow models. Such a statistical
analysis is not in the scope of this paper and we only use a very
preliminary shaping of the B matrix.

We assume no error correlation between the background enti-
ties of two distinct ice cores. We further assume no error
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correlation between AP ¥, T ¥ and ¢ ¥ The B matrix is therefore
made of diagonal blocks B", where each block related to the core k is
written:

Bpxr O 0
B = 0 Bp« O (A1)
0 0 Bk
We independently set ¢% ¥, the standard deviation vectors and
pb’ k the correlation matrices associated with the three sub-
matrices Bgpsx, Bpsx and Beox:
_ [.bk] [,bk] [ bk
[BAb‘k]ij_ {af‘ ]i[aA L[p/* ]u (A2)
_ [,bk] [.bk] [ bk
[BTb'k]ij_ [UT L[UT ]j[pT ]u (A3)
_ [.bk] [,bk] [ bk
[Bcb‘k]ijf [GC L[UC ]j[pf ]U (A4)

We define the pg« and pey correlation matrices as functions of
age differences while the pp, matrix is set as a function of depth
differences. This separation is based on the distinct dependence of
AP K and T ¥ ejther on age or on depth. Changes in accumulation
rate are not linked to the drilling depth but more naturally to the
paleoclimate change through time. The total thinning of an ice layer
is more intrinsically a mechanical state attached to the depth of the
layer.

The error variance on APK (resp. CP*y is assumed to depend on
the product of oy, oPk (resp. ac, o) a scalar parameter, and the
normalized squared distance between the past and present-day site
temperature (i.e., the further we are from present-day climate the
greater the uncertainty on background accumulation rate and
close-off depth). a4 o> (resp. ac o™¥) is set equal to 0.5. The
correlation matrix pﬂ"‘ (resp. p’&"‘) is defined as a Gaussian distri-
bution of y?*, which depends on L§* (resp. L2¥), a correlation length
parameter in time unit set to 4000 yr. pﬂ'k (resp. p,’i"‘) is therefore

written:
bk _ bk 2
{pf‘,k] ;= exp| — %(Wi Lb‘:l/j )
‘A
bk (W) ")
, _ _ (%
{pc ]U = exp 2( le_.k )

The error variance on T ¥ is chosen in order to agree with the
following comment: the longer the ice particle trajectories,
the greater is the error of the forward model. One candidate for g% ¥
the error variance vector, can therefore be a growing function of the
inverse of T ¥ (the total thinning experienced by the ice layer
between depths Z%_1 and zki):

’

1 1~dzf
[Ul—;'k]i: gk (A6)

]
T0 E+ﬁjzlﬁ

where H is the total ice thickness and a7 o ¥ a parameter which

is set to 0.45. The related correlation profile is here again chosen as
a Gaussian distribution with an associated correlation length
parameter [ ¥ set to 70 m:

bk 1(zi—2z
pr| =exp|—5
o+ 2\ B

(A7)
ij
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