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a b s t r a c t

TALDICE (TALos Dome Ice CorE) is a 1620 m deep ice core drilled at Talos Dome, an ice dome located at
the edge of the East Antarctic Plateau in the Ross Sea Sector. The Antarctic Ice Core Common Chronology
(AICC2012) extended the age scale of the core until ~150 ka (1438 m depth) (Bazin et al., 2013), while no
age scale was available below 1438 m depth.

In this work we present the new TALDICE-deep1 chronology using the new measurements of d18Oatm,
dD and 81Kr as well as the inverse model IceChrono1.

The TALDICE-deep1 chronology stops at 1548 m, as the portion below this depth is probably affected
by mixing processes. The new age scale extends the climate record for the Ross Sea Sector of the East
Antarctic Ice Sheet back to MIS 10.1e343 ka (1548 m depth) and identifies both MIS 7 and 9 warm stages,
which show specificities in the dD signal. However, it is not possible to recover the isotopic record
beyond stage 10.1 as the signal shows a quasi-flat shape. Thereby, the new chronology TADICE-deep1
doubles the extension of the previous age scale as it covers the three past glacial/interglacial cycles.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Because of ice thinning from the top to the bottom of the ice-
sheet, the deepest sections of ice cores store most of the paleocli-
matic information. However, phenomena acting in the lowermost
layers of ice-sheets, such as strong diffusion and physical layer
mixing, may affect the quality of the record and its interpretation
(NEEM community members, 2013; Tison et al., 2015). Improving
dating techniques for the deeper sections of ice cores, as well as
extending climate records further back in time, represents one of
the major challenges of the ice core science community, which is
now involved in the quest of the oldest ice core (Lilien et al., 2021;
tal Sciences, Informatics and

sce.ipsl.fr (I. Crotti).

r Ltd. This is an open access article
Parrenin et al., 2017).
The low accumulation rates of ice core drilling sites on the East

Antarctic plateau prevent annual layer counting. Consequently,
deep ice cores need the employment of dating strategies based on
various approaches combining age markers of gas and ice phases
(e.g. volcanic tephra) with ice flowmodelling (Parrenin et al., 2007;
Bazin et al., 2013). Some tracers provide absolute or orbital dating
constraints, i.e., dating constraints for each individual ice core,
while other tracers provide relative dating constraints, i.e., strati-
graphic tie points, to adjust the timescale of one ice core relative to
another ice core age scale.

Air trapped in polar ice cores has the unique property of con-
taining global tracers of the atmosphere, which record the varia-
tions of atmospheric composition over time at different drilling
sites in both hemispheres (Loulergue et al., 2008; Petit et al., 1999;
Raynaud et al., 1993). The d18O of atmospheric O2 (d18Oatm) and CH4
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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represent two signals well suited to define relative age scales for
different ice cores through records synchronization. d18Oatm is
characterized by an atmospheric turnover time on the order of
1000e2000 years and can be used to provide tie points on
millennial and multi-millennial timescales (Capron et al., 2010),
while CH4 is characterized by a much shorter residence time (5e10
years) and is used for synchronization on multidecadal to millenial
timescales if sampling resolution and width of the age distribution
allows for.

In addition to gas synchronization tools, some independent
absolute constraints can be obtained. Radiometric dating, based on
the well-known radioactive decay of certain isotopes, represents an
alternative and complementary dating technique. Recent instru-
mental developments have enabled the use of 81Kr (229,000 years
half-life) for dating ice cores. Its dating range of 0.03e1.3 Ma
(million years) perfectly fits the expected age range of Antarctic ice.
As a noble gas isotope, it is not involved in complicated geochem-
ical reactions and it is well mixed in the atmosphere (Lu et al.,
2014). Moreover, the anthropogenic 85Kr can be measured simul-
taneously with 81Kr to quantify any contaminationwithmodern air.

However, absolute dating and gas records cannot not be
employed alone to construct ice core age scales and they are
frequently associated with glaciological modelling to build robust
chronologies. The most common modelling approach for Antarctic
ice cores is based on the application of Bayesian tools such as, the
Datice or IceChrono1, respectively developed by Lemieux-Dudon
et al. (2010) and Parrenin et al. (2015), which compute the best
compromise between markers (absolute and relative) and prior
estimation of the ice and gas chronologies (background scenario).
The background scenario consists in the estimation of depth-
profiles of three glaciological quantities: accumulation rate, thin-
ning function and Lock-In-Depth (LID). The LID corresponds to the
lowermost depth where air can diffuse in the firn (Buizert et al.,
2013; Landais et al., 2006). The calculation of the LID is essential
for dating purpose, as it provides a tool to link gas and ice chro-
nologies. A first determination of this depth can be estimated from
a firn densification model adapted to the surface characteristics of
the site of interest (Br�eant et al., 2017). Measurements of d15N of
molecular N2 also provide constraints on the LID: because of the
effect of gravity, d15N in the firn air, and thus enclosed in air bub-
bles, is proportional to the LID at the time of depth enclosure in
absence of any abrupt mean temperature change (Severinghaus
et al., 1998). An ice flow model (e.g. Parrenin et al., 2004) pro-
vides an estimation of the thinning function using scenario of past
temperature and accumulation rate as well as temperature profile
in depth. dD or d18O profiles are used to calculate the accumulation
rate (Parrenin et al., 2007).

TALDICE (TALos Dome Ice CorE) is a 1620 m deep ice core drilled
at Talos Dome, an ice dome located on the edge of the East Antarctic
plateau, about 290 km from the Southern Ocean, 250 km from the
Ross Sea, 275 km from the Italian Mario Zucchelli Station, 550 km
North of Taylor Dome, 1500 km NW of Siple Dome, and 1100 km
East of Dome C (Frezzotti et al., 2004). The drilled core is longer
than expected since the target area was missed by less than 200 m
and the bedrock was not reached. The drilling reaches a 1.6 km
wide valley, not noticed in the low-resolution radar profiles avail-
able at that time and spotted later in high resolution radar surveys
(Figure 1b). The ice thickness at the drilling site is ~1795 m, sur-
rounded by subglacial hills at about 1550 m (Jordan et al., 2008).

The first official age scale for the TALDICE core, TALDICE-1, is
defined by Buiron et al. (2011), combining glaciological modelling
to CH4 and d18Oatm records synchronization with already dated ice
cores from Antarctica and Greenland. The dating method is based
on the Datice tool (Lemieux-Dudon et al., 2010). The TALDICE-1
chronology is built only until 1428 m depth, corresponding to a
2

gas age of ~141 ka (thousands of years before present) due to the
low resolution of the available d18Oice and CH4 records (Buiron et al.,
2011). In order to reduce the uncertainties associated with the first
age scale, Schüpbach et al. (2011) propose TALDICE 1-a, a refined
age scale covering the time span between 55 and 112 ka
(1293e1380m depth), based on new high-resolution methane data
produced by Continuous Flow Analysis (CFA). The new CH4 mea-
surements allow the reduction of the uncertainties associated with
the age scale from 1.9 ka in TALDICE-1 to 1.1 ka in the considered
time interval. Then, the TALDICE chronology is improved a third
time and included in the AICC2012 (Antarctic Ice Core Chronology,
2012) framework (Bazin et al., 2013; Veres et al., 2013), a multi-
proxy and multi-site ice and gas orbital chronology which spans
the last 800 ka. AICC2012 is based on the same dating strategy
applied for TALDICE-1 (Datice model and synchronization),
including several new gas measurements for all involved cores. For
TALDICE, new d18Oatm measurements extend the record of Buiron
et al. (2011) from 1402 m down to 1553.95 m depth. Despite the
novel gas record, the poor resolution of both methane and d18Oatm
data in the deeper part of the core do not allow to extend the
chronology beyond ~150 ka (gas age) at 1438 m depth. Moreover,
the complexity of the glaciological background in the lowermost
portion of the TALDICE ice core makes the definition of a pre-
liminary age scale based on the pure glaciological modelling hard to
obtain. Indeed, the ice flow dynamics are complex at Talos Dome
site. The ice stream surges on the two sides of the dome, either
through the small outlets located in the Transantarctic Mountains,
or through Wilkes Land, near an efficient ice stream (Masson-
Delmotte et al., 2011). The internal layering below the dome is
detectable only up to 1400e1500 m. Below that limit reflecting
horizons are irregular and discontinuous (Frezzotti et al., 2004). In
addition, stratigraphicmarkers in the deeper portion of the ice core,
such as volcanic layers (tephra and sulphates peaks), are not
detected below 1400 m depth (Delmonte and Severi, personal
comm.). To expand the age scale back in time, Bazin et al. (2013)
point out that new d18O (or dD) and d18Oatm records at higher res-
olution are necessary in the deep part of the core, to improve
synchronization with other ice core records and to assess the
stratigraphic integrity of the ice.

In this work we present the new age scale, named TALDICE-
deep1, for the TALDICE ice core between 1438 m and 1548 m
depth based on the combination of classical and new dating tech-
niques. We base our chronology on new measurements of gas
phase parameters (d18Oatm, d

15N and dO2/N2) and dD for the ice
phase. In addition, considering the complicated glaciological
background and the lack of climatic signal below 1548 m depth, we
integrate the dating approachwith the application of the novel 81Kr
dating technique on three different depth intervals. We build the
new age scale with the use of the IceChrono1 probabilistic model
(Parrenin et al., 2015), which requires the selection of gas markers,
ice markers and the definition of a background scenario for the
accumulation rate, thinning function and LID. We use a similar
strategy to the one employed by Bazin et al. (2013), however we
adapt it to the complicated conditions of the deepest portion of
TALDICE. In particular, we define gas and ice age markers through
the comparison of TALDICE with only EDC d18Oatm and dD records,
avoiding amulticore approach, due to high uncertainties associated
with the background scenario. We do not include the CH4 record in
our synchronization strategy since the available data set (Buiron
et al., 2011; Schüpbach et al., 2011) below 1438 m depth has not
the necessary high resolution needed for comparison with other
cores. Moreover, because of the centennial variability of CH4, this
tracer cannot be used to check the integrity of the stratigraphy. In
addition to d18Oatm, considering the absence of stratigraphic
markers (e.g. volcanic layers) in this portion of the core, we define



Fig. 1. Location of East Antarctic deep cores on bed topography map (BedMachine) (Morlighem et al., 2020) (a) and radar survey in the Talos Dome area (b). In figure (b) black line
indicates depth and contours of subglacial hills and the black cross indicates the TALDICE drilling site (Jordan et al., 2008).
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ice markers from water isotopes profiles synchronization.
This paper is structured as follows: we provide new gas and ice

data set, as well as 81Kr dating results, from 1438 m to the bottom
(section 2), synchronization results (section 3), background chro-
nology definition (section 4) and the inverse method approach to
construct the TALDICE-deep1 chronology (section 5). Results, un-
certainties and a posteriori evaluation of the 81Kr dating method are
discussed in section 6, along with a preliminary climatic interpre-
tation of the new dD record.
2. New data set for TALDICE

2.1. d18Oatm, dO2/N2 and d15N

Buiron et al. (2011) and Bazin et al. (2013) report the isotopic and
the elemental composition of trapped air (d18Oatm, d15N and dO2/
N2) for the TALDICE core in 228 samples between 583 m and
1553 m depth with a mean resolution of 1.5 ka. To increase the
resolution of the available data set and to obtain a complete record
down to the bottom of the core, 81 new data points are added. Ice
samples of ~40 g each, stored at �20 �C, are decontaminated and
handled following the procedure described in Extier et al. (2018).
The extraction of air trapped in the ice is performed at LSCE, using a
semi-automatic extraction line (Capron et al., 2010), and d18Oatm,
d15N and dO2/N2 of air are measured using a dual inlet Delta V plus
(Thermo Electron Corporation) mass spectrometer. To produce the
final dataset, several corrections are applied on raw data, taking
into account instrumental sensitivity and processes acting in the
firn as described in Extier et al. (2018). Lastly, the d18Oatm record is
corrected for gas loss fractionation using dO2/N2 data.

The new dO2/N2 dataset is characterized by low values, i.e. on
average - 62 ± 25‰ with values down to �124‰ (Figure 2a and b).
The typical values of dO2/N2 for ice analysed shortly after drilling
and not affected by gas loss are around �10‰ at Dome C (Extier
et al., 2018), and such values were also previously observed at
TALDICE (Figure A.1). Due to the gas loss, our new dO2/N2 results
cannot be directly used for dating purposes, but they are still useful
to correct d18Oatm data as in previous studies (Extier et al., 2018;
Severinghaus et al., 2009). For samples showing dO2/N2 values
more negative than �50‰ (i.e. much more negative than values
measured before in ice cores affected by gas loss), the equation
proposed by Extier et al. (2018) does not correct properly the
d18Oatm. We thus propose an alternative gas loss correction
3

equation tailored for samples affected by extreme gas loss, based on
EDC d18Oatm and dO2/N2 data set. Detailed gravitational and gas loss
correction calculations are described in Appendix A.

The new d18Oatm data set fits well with the available profile of
TALDICE (Buiron et al., 2011; Bazin et al., 2013), validating our
measurements and gas loss correction approach. The extended and
corrected d18Oatm and dO2/N2 datasets between 1350 m depth and
the bottom are shown in Figure 2. Due to the small size of the
available samples, measurements in replicates are not possible. The
1s uncertainty associated with the measurements is calculated on
30 replicates of air samples and is equal to ±0.04‰ for the d18Oatm

data set, ± 1.24‰ for dO2/N2 measurements and ±0.02‰ for d15N
data. The combined d15N record is also used to estimate the LID.
Detailed explanations and LID calculation are reported in section
4.2.
2.2. 81Kr dating

Krypton is a noble gas present in the atmosphere with a con-
centration of 1.10 ppmv (Aoki and Makide, 2005). Its 81Kr isotope,
with an atmospheric abundance of 9.3$10�13 (Zappala et al., 2020),
is naturally produced in the upper atmosphere by cosmic-ray
induced spallation and neutron activation of stable krypton
(Loosli and Oeschger,1969; Lu et al., 2014). 81Kr has a long residence
time in the atmosphere and, due to its chemical stability, is well-
mixed. Buizert et al. (2014) suggests that 81Kr might be applied as
a dating tool for ancient air trapped in polar ice, in the 0.03e1.3 Ma
age range, also for cores affected by disturbed stratigraphy or
discontinuous records.

81Kr dating represents a new dating approach in ice cores. Until
now it has been successfully applied only on outcropping old ice
from Taylor Glacier, Antarctica (Buizert et al., 2014) and Guliya Ice
Cap, Tibetan Plateau (Tian et al., 2019). The typical sample size for
the initial study is about 40e80 kg of ice, fromwhich 5e10 mL STP of
krypton can be extracted for the analysis with the Atom Trap Trace
Analysis (ATTA) method (Jiang et al., 2012; Lu et al., 2014). However,
recent developments of the ATTA machine reduces the sample size
down to 1 mL STP of krypton, which can now be extracted from
about 10 kg of Antarctic ice (Jiang et al., 2020; Tian et al., 2019).

In order to provide an absolute dating of three different depth
intervals in the lowermost part of the TALDICE core and to assess
the integrity of ice stratigraphy, three samples covering consecu-
tively 4e5 m core length each and weighing from 5.5 to 9.5 kg, are



Fig. 2. New data set for deep portion of the TALDICE ice core. d18Oatm (a) and dO2/N2(b) record between 1350 m and 1620 m depth, new measurements presented in this study (red
stars) and measurements published by (Bazin et al., 2013; Buiron et al., 2011) (blue stars). dD record between 1350 m and 1620 m depth (d), the new high resolution dD profile (red
curve) (10 cm between 1438 m and 1486 and 5 cm resolution below 1438 m depth to the bottom) is superimposed on 1-m resolution dD record (black curve) (Stenni et al., 2011).
The core is divided in three sections on the basis of the chronology. From the top until 1438 m TALDICE is dated by the AICC2012 chronology, between 1438 m depth and 1548 m
depth we define the TALDICE-deep1 age scale. Below 1548 m depth the climatic signal is not preserved. The mesa hill is depicted at 1550 m depth.

Table 1
Ice sample details and radio krypton dating results. Reported errors are 1-s errors. Upper limits have a 90% confidence level. The average 85Kr activity in the northern
hemisphere has been ~75dpm/cc at the time of sample processing. The measured 85Kr concentrations are below the detection limit, verifying that no relevant contamination
with modern air has occurred. Additional to the statistical error on the 81Kr-age from atom counting, a systematic error due to the uncertainty in the half-life of 81Kr has to be
taken into account. This error would shift all 81Kr ages up or down together. a dpm/cc¼ decay per minute/cubic centimetre STP of krypton, b pMKr¼ percent modern Krypton.

Depth (m) Air Extracted/Ice Weight (mL STP/kg) Sample Used (mL STP, Kr) 85Kr (dpm/cc)a 81Kr (pMKr)b 81Kr-Age (ka) Systematic error (ka)

1559e1563 700/9.6 ~0.7 <0.3 30.5 ± 1.6 397 ± 18 ±19
1573e1575
1577e1578

550/5.4 ~0.6 <0.8 24.9 ± 3.5 470 ± 54 ±23

1613e1618 760/9.5 ~0.8 <0.1 29.4 ± 1.5 410 ± 19 ±20
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selected between 1560 and 1617 m depth. The chosen samples
belong to 13 1-m-long bags of TALDICE CUT B (54� 55 mm), stored
at the European Cold Laboratory Facilities (University of Milano-
Bicocca, Italy) at �30 �C. We ship the bags to LSCE (France) with
a dedicated transport at constant temperature of �20 �C and then
store in the cold room at the same temperature for several weeks.
We carry out samples cutting, decontamination and air extraction
at LSCE, following the protocol described in Tian et al. (2019). We
extract air from TALDICE samples and collected in three stainless
steel cylinders that we send to the University of Science and
Technology of China (USTC) for krypton purification and 81Kr
analysis with the ATTA method, as described by Jiang et al. (2012)
and Dong et al. (2019). The anthropogenic 85Kr is measured
simultaneously with 81Kr to quantify any contamination with
modern air. The ice sample details and krypton dating results are
reported in Table 1. For all three samples the measured 85Kr activity
is below the detection limit, so no correction for contamination
with modern air is necessary. For the calculation of the 81Kr-ages,
the changes in the past atmospheric 81Kr abundance due to varia-
tion of the cosmic ray flux on the Earth (Zappala et al., 2020) are
taken into account. The age uncertainty calculation is based on the
statistical error of the atom counting. The detailed 81Kr data anal-
ysis can be found in Appendix B.
4

2.3. dD of water

The complete record of hydrogen isotopic composition (dD) in
the TALDICE ice core at 1-m resolution is published in Stenni et al.
(2011). The 1-m record is characterized by a resolution of 128 years/
m during the LIG, when the AICC2012 chronology ends. Here we
present new continuous dD dataset at 5 and 10 cm resolution
starting at 1438 m down to the bottom, which aims at increasing
the record resolution. Discrete samples at 10 cm-resolution be-
tween 1438 m and 1486 m depth are measured at the University of
Venice using a Thermo Fisher Delta Plus Advantage mass spec-
trometer coupled with a HDO device. The precision of dD mea-
surements is ±0.7‰ (1s). Below 1486 m depth, discrete 5 cm-
resolution analyses are carried out the University of Venice and
LSCE using the Cavity Ring Down Spectroscopy technique (CRDS).
Analysis are performed using a Picarro isotope water analyser
(L2130-i version) for both laboratories. The data are calibrated us-
ing a linear calibration with three lab-standards periodically cali-
brated vs V-SMOW. Intercomparison of standard waters are
performed between the two laboratories over the analysis period.

A comparison of our new dD TALDICE record with the previous
data set published by Stenni et al. (2011) is shown on Figure 2c.
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3. Synchronization and age markers definition

Ice flowmodelling for dating the ice, as well as the identification
of dated volcanic horizons (e.g. tephra layers, sulphate spikes) and
orbital tie points represent the main classical strategies to define
the ice chronology. The deep part of TALDICE ice core, unfortu-
nately, does not provide suitable conditions to employ any of the
above mentioned approaches. We decide to apply a dating strategy
which involves the use of the new d18Oatm TALDICE profile as a
stratigraphic tool, synchronizing it with the dated EDC signal
(Extier et al., 2018) in parallel with the alignment between TALDICE
and EDC dD signals (EPICA Community Members, 2004). The syn-
chronization between dD records is based on the principle that
large climatic variations observed in the stable water isotopes re-
cords are synchronous in all Antarctic cores. The dD matching be-
comes an essential tool, in our case, to find the best visual matching
scenario and to provide markers to define the ice age scale.
3.1. d18Oatm synchronization

The new TALDICE d18Oatm profile allows the synchronization of
the record below 1438 m depth with the extended d18Oatm data set
published for the EDC ice core (Extier et al., 2018) on the AICC2012
gas age scale (Bazin et al., 2013). We select the EDC dataset span-
ning the time window from Termination III to Termination IV at
relatively high resolution: ~160 years for Termination III and ~700
years for Termination IV (Extier et al., 2018). Due to the relatively
low resolution of our TALDICE d18Oatm record (1.55 m, ~2620 years),
we cannot apply any automatic matching algorithm for synchro-
nization. We employ the manual wiggle-matching technique to
choose TALDICE tie points. When possible, we define tie points at
mid-slope, however maxima and minima are selected as well. We
perform several sensitivity tests increasing and decreasing the
number of tie points and verifying the degree of agreement be-
tween the two records. After several visual experiments we define
22 gas agemarkers between 1455.92m and 1548m depth (Table 2),
which represent the minimum number of data points allowing
superimposition of the two curves with the maximum degree of
agreement (r ¼ 0.81) (Figure 3). Within these 22 tie points, 15 are
located at slope breaks (50%, 25% or 75% of the transition) in the
Table 2
Tie points defined by d18Oatm record synchronization between TALDICE and EDC ice
cores on the AICC2012 gas age scale.

Depth TALDICE (m) Depth EDC (m) Gas age (ka) Uncertainty (±ka)

1447.92 1930.08 158.8 4.9
1455.92 1919.42 163.1 4.3
1483.00 1991.81 179.8 4.0
1492.95 2041.79 190.3 6.2
1498.95 2068.01 195.7 5.8
1503.87 2089.34 199.7 2.7
1509.00 2143.21 209.3 5.0
1510.00 2181.61 215.9 7.7
1511.92 2221.86 224.0 5.4
1518.00 2256.98 233.7 6.5
1519.90 2284.32 239.7 3.7
1521.93 2298.62 242.2 3.0
1525.00 2331.01 248.7 3.9
1527.95 2352.46 256.6 5.2
1528.92 2364.23 261.0 7.9
1529.00 2391.71 270.6 7.7
1533.00 2426.71 282.9 3.8
1536.93 2460.24 293.2 5.4
1538.92 2500.29 308.1 4.6
1541.00 2513.95 314.0 6.8
1545.00 2580.40 334.4 3.5
1548.00 2589.72 336.3 3.0
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TALDICE record, 6 points at maxima and 1 at a minimum.
Then, we associate with each tie point a corresponding

AICC2012 age from the EDC d18Oatm record(Figure 3a). The final age
of each TALDICE tie point is calculated as the mean age obtained
from five different possible visual matchings between the two re-
cords, following a similar approach applied by Capron et al. (2010).
The uncertainty (reported in Table 2) is calculated adding the un-
certainty of the visual matching between TALDICE and EDC d18Oatm
records (difference between the maximum and the minimum
estimated EDC AICC2012 age for one single TALDICE tie point),
TALDICE d18Oatm resolution on the initial TADICE-1 age scale
(Buiron et al., 2011) and the uncertainty associated with AICC2012
gas age scale for EDC. Detailed uncertainty calculations are reported
in Appendix C. As expected, the synchronization results show a
good agreement between the two d18Oatm records in the time span
158e252 ka (r ¼ 0.86), the TALDICE record displays a signal similar
to the EDC one in terms of shape and intensity. On the other hand,
between 252 and 280 ka the matching between the two profiles
appears less clear (r ¼ 0.60) due to the relative higher values of the
TALDICE d18Oatm record (average of ~0.70‰) with respect to the
EDC ones (average of ~0.48‰), and the lack of the ~260 ka peak in
our data set, attributable to the low resolution. For the part older
than 280 ka, a good agreement (r ¼ 0.62) between the two data set
is visible until Termination IV (~343 ka). In order to refine the
synchronization during this time period we perform 7 new d18Oatm

measurements on the EDC core in the time interval between 335 ka
and 337 ka (2587.20e2594.90 m depth), which improves the res-
olution over the ~336 ka excursion just at the start of the deglaci-
ation (Figure 3b). This short event is also visible in the TALDICE
profile, and it allows the synchronization of the two records with a
high degree of confidence until 335 ka. Below 1548 m depth, cor-
responding to a gas age of 336 ka, the synchronization is more
difficult due to the lower variability of d18Oatm and we do not select
additional tie points (Figure 3a).

The uncertainty associated with the d18Oatm records synchro-
nization spans from a minimum of 2.7 ka to a maximum of 7.9 ka,
and its evolution along with the depth is variable and strictly
influenced by the uneven sampling of TALDICE d18Oatm data points
(see Table 2). However, our simple synchronization provides a
uniform evolution of the gas age scale as a function of depth and
allows for identification of a preserved d18Oatm signal down to
1548 m depth.

3.2. Water isotopes synchronization

We define ice age markers through the synchronization be-
tween the new TALDICE dD profile below 1438 m depth and the
EDC dD profile (55 cm resolution) (EPICA community members,
2004) drawn on AICC2012 ice age scale, which covers the last
800 ka (Bazin et al., 2013). For matching purposes, we select the
EDC dD portion of the profile spanning from 150 ka to 450 ka, with a
mean data resolution of ~250 years for Termination III and ~340
years for Termination IV. The preliminary estimation of the tem-
poral resolution of TALDICE water isotopes below 1438 m depth,
obtained from the dD synchronization, is ~127 years for Termina-
tion III and ~190 years for Termination IV. We employ the same
visual synchronization approach applied for the d18Oatm record, but
here we mainly select mid-slopes points thanks to the high-
resolution of both EDC and TALDICE records.

The choice of tie points has fallen on the minimum number of
points (18), which provides the highest degree of agreement be-
tween the two records (r ¼ 0.91), with the purpose of better con-
straining the synchronization over the interglacial periods MIS 7.5
and 9.3. The result of the dD visual matchings are displayed in
Figure 4. The complete list of the selected tie points and the



Fig. 3. Synchronization of TALDICE and EDC d18Oatm records between 150 and 336 ka. (a) TALDICE (blue curves) d18Oatm record and gas tie points (red dots) synchronized on EDC
(black curve) (Extier et al., 2018 and new measurements) drawn on the AICC2012 gas age timescale (Bazin et al., 2013) (b). Focus on new event detected before Termination IV in
both cores.
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Fig. 4. Synchronization of TALDICE and EDC dD records between 150 and 350 ka. TALDICE (blue curves) dD record and ice tie points (red dots) synchronized on EDC (black curve)
(EPICA community members, 2004) drawn on the AICC 2012 ice age timescale (Bazin et al., 2013).
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associated uncertainties are reported in Table 3. Each marker point
has an associated uncertainty, called cumulative uncertainty, and
its calculation is explained in details in Appendix C. The synchro-
nization effort exhibits a good agreement between the two isotope
profiles between ~174 and ~249 ka (r ¼ 0.88), as during MIS 7 sub-
stages are well constrained. The uncertainties of the tie points in
this age window are almost constant and set around the average
value of ~3.5 ka. In contrast, the portion older than ~249 ka, is
characterized by larger uncertainties up to 6 ka when constraining
Table 3
Tie points defined by dD record synchronization between TALDICE and EDC ice cores
on the AICC2012 ice age scale.

Depth TALDICE (m) Depth EDC (m) Ice age (ka) Uncertainty (ka)

1470.05 1951.07 174.2 3.0
1483.95 1976.48 180.0 2.7
1500.90 2065.91 198.3 3.6
1506.30 2102.32 204.4 2.6
1508.00 2125.53 209.2 4.0
1511.10 2196.59 220.8 3.9
1512.80 2220.68 227.1 3.5
1516.20 2253.90 236.0 3.7
1524.40 2312.42 246.6 3.1
1529.85 2381.50 270.4 5.8
1531.25 2410.21 280.7 2.9
1535.60 2448.49 292.3 3.5
1538.45 2486.11 305.4 3.0
1540.20 2502.06 312.2 6.3
1543.50 2556.84 330.7 5.3
1545.95 2579.17 335.8 3.4
1547.40 2595.56 340.4 4.4
1547.65 2602.60 343.8 3.2
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the MIS 9, since the TALDICE isotope profile show a second inter-
glacial peak around ~330 ka which is not identified in the EDC dD
signal (more details are given in section 6.3). However, the syn-
chronization provides a high degree of agreement (r ¼ 0.95) be-
tween the two records down to the depth of 1547.65 m, where the
estimated ice age is ~343 ka. Below 1548 m depth we cannot
observe any similarity between TALDICE and EDC dD records,
concluding that no climatic signal is preserved in this portion of the
core. The dD signal below the last tie point does not show any
significant variability, similarly to what is observed in the d18Oatm
profile (Figure 3).

4. Background scenario

To build the TALDICE-deep1 age scale we employ the inverse
model IceChrono1 (Parrenin et al., 2015), which provides the best
compromise between a background chronology (based on ice flows
and snow densification simulations) and observations (ice and gas
stratigraphic links between cores and absolute ages). The back-
ground scenario is defined by three profiles in function of depth for
the following glaciological parameters: thinning function, accu-
mulation rate and LID. The background scenario is usually
computed by firn densification and ice flow models; however, the
LID can be calculated from the application of the firnificationmodel
as well as from the barometric equation using d15N data. In the
following two sub-sections we describe how we define the back-
ground scenario associated with the deep portion of the TALDICE
ice core, integrating previous estimation of glaciological parame-
ters from Buiron et al. (2011) (Section 4.1) with our new d15N data
set (Section 4.2).
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4.1. Accumulation rate and thinning function

In order to build the TALDICE-deep1 age scale we use the
accumulation rate and thinning function estimated by Buiron et al.
(2011) for the TALDICE-1 age scale until 1597 m depth, while we
estimate a new LID profile from novel d15N measurements (Section
4.2). Our choice is driven by the fact that no new data set of field
measurements is available for the TALDICE ice core for the accu-
mulation rate and the thinning function, estimated with the 1-D ice
flow model (Parrenin et al., 2007).

Input parameters for the 1-D model are past accumulation rate
and temperature changes. Those quantities are derived from the
hydrogen isotopic content of the ice (dD) through the following
equations:

T ¼ T0 þ DdDcorra (1)

A¼A0 exp ðbDdDsmoÞ (2)

where T0 and A0 are the current surface temperature (�C) and
accumulation rate (cm of ice equivalent per year) at the ice core site.
DdDcorr is the temporal deviation to the present-day hydrogen
isotopic content of precipitation at the site, corrected for past
d18Osw variations derived from the marine benthic stacks (Lisiecki
and Raymo, 2005). Due to the lack of the complete TALDICE dD
profile, Buiron et al. (2011) calculate the recordmultiplying by 8 the
available d18O data set (Stenni et al., 2011). We decide to use the
Buiron et al. (2011) data set as well, even if the 5 and 10 cm dD
profile is now available, as it would not impact on the background
scenario. DdDsmo is a 50-yr average of DdDcorr, a represents the
spatial slope present-day isotopic thermometer (Frezzotti et al.,
2004; Magand et al., 2004) and b is related to the glacial-
interglacial amplitude of accumulation rate changes, tuned for
the best fit of age markers for the TALDICE-1 chronology (Buiron
et al., 2011). All the coefficients applied in the 1-D model are re-
ported in Buiron et al. (2011). Unfortunately, the model contains
poorly-constrained parameters and a simplistic description of the
ice flow, generating errors in the estimation of the thinning func-
tion and accumulation rate profile with respect to the depth,
especially in the lowermost portion of the core (below 1500 m
depth). For such reason, we define high relative uncertainties as
constant values and larger with respect to the pure values of
thinning function and accumulation rate, respectively equal to
s ¼ 1 and s ¼ 0.5.
4.2. LID estimation from the new d15N data set

The LID can be estimated either from firnification model
(Goujon et al., 2003) or from the isotopic composition (d15N) of
gases trapped in the ice (Landais et al., 2006).

Taking into account the firn density increase from the surface to
the depth where air stops diffusing, the firnification model defines
the LID as:

LID¼
ðLID

0

Dðy; tÞdy (3)

where D is the density of the material at the time t and at vertical
coordinate y (Parrenin et al., 2012).

The LID (m) can also be estimated independently from the fir-
nification model, and based on the d15N profile, through the
application of the barometric equation (Sowers et al., 1992):
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d15N¼DmgLID
.
RT (4)

whereDm is themass difference between 15N and 14N (gmol�1), g is
the gravitational acceleration (ms�2), R the gas constant
(JK�1mol�1) and T the mean firn temperature (K). T is calculated
following equation (1) reported in section 4.1. The Lock-in-Depth in
Ice Equivalent (LIDIE) is then calculated multiplying the LID by 0.7,
the compaction factor typical of modern conditions on the East
Antarctic Plateau (Herron and Langway, 1980; Parrenin et al., 2012),
as no firn density profile is available for the deeper portion of
TALDICE. For the definition of TALDICE-1 age scale, Buiron et al.
(2011) estimate the LIDIE until 1597 m depth through the appli-
cation of the firnificationmodel. Here, we calculate the LIDIE profile
for the portion of the core between 1356 and 1597 m depth from
our new d15N data set for the definition of the TALDICE-deep1
chronology.

The uncertainty associated with our d15N-LIDIE estimation is
described in Appendix C. In Figure 5, we compare the two LIDIE
estimations and we observe that the firnification model estimates a
quasi-constant LIDIE of ~62 m over the depth range of interest
(1438e1597 m depth), while the LIDIE deduced from the d15N data
set (smoothed red curve, Figure 5a) shows an increasing trend with
depth, from ~48 m at 1438 m depth to ~65 m at 1597 m depth. We
also calculate the difference between the two estimated quantities
(Figure 5b) and we find out that it decreases over depth. At 1438 m
the LIDIE calculated with the firnification model exceeds the LIDIE
obtained from the barometric equation by ~16 m, while at ~1574 m
depth the two parameters converge on the common value of ~60m.
Below that depth, down to 1597 m, the LIDIE deduced from d15N
data becomes larger of about 5 mwith respect to the modelled one.
5. TALDICE-deep1 age scale based on a probabilistic model

IceChrono1 is an inverse model based on a similar approach to
the Datice tool (Lemieux-Dudon et al., 2010), which is used to build
both the TALDICE-1 age scale (Buiron et al., 2011) and the TALDICE
AICC2012 age scale (Bazin et al., 2013), but including mathematical,
numerical and programming improvements. The dating strategy of
IceChrono1 is based on finding the best compromise between the
background scenario and observations (absolute ages, stratigraphic
links between cores, orbital ages and reference horizons) of several
cores. It combines different sources of information, mathematically
described as probability density functions (PDF), which are sup-
posed to be independent (prior and observation) and are combined
using a Bayesian framework to obtain the most probable scenario.
This scenario provides a posteriori estimation of the background
parameters and the ice and gas chronologies (Parrenin et al., 2015).

To construct the TALDICE-deep1 chronology we adopt a
simplified approach, avoiding the multi-cores comparison strategy
as in IceChrono1, and synchronize the TALDICE ice and gas records
only with the EDC core data. Below 1438 m depth the background
scenario (thinning function and the accumulation rate parameters)
is poorly constrained and the multi-core synchronization effort
would not improve the age scale quality. We use the following
parameters as input files for IceChrono1 model: (i) the background
scenario, which consists in accumulation rate, thinning function
and LIDIE quantities defined with respect to depth (as described in
section 4); (ii) gas stratigraphic links (tie points) between TALDICE
and EDC d18Oatm profiles (section 3.1); (iii) ice stratigraphic links
(tie points) between TALDICE and EDC dD signals (section 3.3); (iv)
absolute ages obtained from 81Kr dating, with the exception of the
bottom sample (section 3.4). In addition, we define the relative
uncertainties associated with all the elements of the background



Fig. 5. LIDIE for the deep portion of the TALDICE ice core. New dD profile (‰) (a). LIDIE estimated with the Goujon model (grey curve) applied for the TALDICE-1 age scale (Buiron
et al., 2011) and LIDIE calculated from barometric equation with our new d15N data set (dark red curve with star markers) and smoothed data (red curve) (b), both profiles are
function of depth. Difference between LIDIE defined from firnification model and the LIDIE calculated from the barometric equation (m) in function of depth (c).
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scenario and the cumulative uncertainties related to gas and ice tie
points. Uncertainties are carefully estimated and calculations are
detailed in Appendix C. All the input files are defined until 1578 m
depth, which corresponds to the last 81Kr age that we consider to be
coherent with our gas synchronization results.
6. Results and discussion

6.1. The TALDICE-deep1 age scale and added value of 81Kr dating
results

The combination of our different observations for the portion of
the TALDICE ice core below 1438 m depth (absolute ages, gas
stratigraphic links and ice stratigraphic links) with the previous
data sets published by Buiron et al. (2011) and Bazin et al. (2013)
extends the core chronology beyond the limits set by the
AICC2012 age scale. The TALDICE-deep1 gas and ice age-depth re-
lationships, defined from our background scenario on which we
applied the inverse model IceChrono1, are shown in Figure 6a and
b. In particular, the TALDICE-deep1 age scale exhibits a double-
feature evolution as the trend appears coherent with the
AICC2012 curve until ~1500 m depth, while below this depth we
observe a change in behaviour and the curve shows an extremely
steep shape, indicating the presence of enhanced thinning until
1550 m depth.

The inverse model also calculates the chronology uncertainty in
the chronology, which is influenced by the errors associated with
tie points and dated horizons. Figure 6c shows the uncertainty
related to the age-scale at different ages. The youngest portion of
the chronology, from ~150 ka to 170 ka, shows a relatively high
error of about ~4 ka. This result is influenced by the uncertainty
defined over the oldest portion of the AICC2012 age scale, around
150 ka, and the presence of a limited number of markers for both
ice and gas matrices. Then, the uncertainty decreases down to an
average value of ~2 ka between 170 and 343 ka due to the large
number of both ice and gas tie points, which improves the con-
straints on the chronology.

This study includes the first application of 81Kr analysis on small
9

ice samples (<10 kg) as a tool to assist an ice core chronology.
Previous applications of 81Kr dating are performed on 40e80 kg of
ice blocks or shallow cores frommargin sites. In this application, we
date three layers below 1548 m depth to assess the preservation of
the stratigraphic order. Indeed, the first 81Kr dated sample is
located between 1559 and 1563 m depth and provides an absolute
81Kr age estimation of 397 ± 19 ka. The age depth relationship
evolution below 1564 m is driven by the 81Kr dated horizon be-
tween at 1573e1578 m, 470 ± 54 ka and the error curve exhibits a
sharp increase caused by the high uncertainty associated the two
shallower Kr dated layers (Figure 6c). The deepest 81Kr age
constraint at 1613e1618 m depth carries a comparable age
(410 ± 20 ka) with respect to the upper samples; indicating the
presence of processes that induces an alteration of the stratigraphic
order, as folding and/or mixing. This finding indicates that 81Kr
dating can be applied to date deep ice when no other constraints
are available to verify the preservation of the stratigraphy.

We stop the TALDICE-deep1 chronology at 1548 m depth, cor-
responding to an age of 343 ka. This choice is driven by the absence
of climatic variability in the dD and d18Oatm profiles below this
depth and the exponential increase of the age scale uncertainty
(Figure 6). In addition, the 81Kr results indicate that below 1548 m
depth the stratigraphic order might be compromised. We suggest
that the position of the drilling site, located inside a deep gorge and
close to a mesa hill at 1550 m depth (Urbini et al., 2008) might
cause disturbances of the ice flowand/or folding of the ice at deeper
depths or act as holder for stagnant ice (Lilien et al., 2021).
6.2. A posteriori evaluation of the thinning function

The thinning function presented here for the core portion below
1438 m, relies on ice, gas markers and comparison with the EDC
timescale because glaciological constraints are not available.
Interestingly, (Montagnat et al., 2012) observe that grains with
orientations departing from the single maximum appear below
~1410 m down to 1500 m depth hence suggesting a complex
glaciological behaviour. Below a depth of 1500 m the increase of
crystals size does not allow any statistical analysis (Montagnat,



Fig. 6. TALDICE-deep1 age scale for both gas and ice matrix with the respective uncertainties. TALDICEedeep age/depth relationship for the ice matrix (a) and for the gas matrix (b)
superimposed on their respective age markers obtained from the synchronization between TALDICE and EPICA dD and d18Oatm profiles and 81Kr dated horizons (green triangles).
Uncertainty in ka associated to the TALDICE-deep1 ice (red curve) and gas (blue curve) chronology (c). The chronology stops at 1548 m depth (343 ka), below that depth we cannot
extend the age scale (shaded area).

Fig. 7. Thinning functions for TALDICE, Vostok, and EDC. Comparison between the thinning function obtained from the a priori ice flow model (black curve) and the one calculated
by the inverse model (red line) with the associated uncertainty (red shade) for the deep portion of TALDICE ice core (a). Total thinning functions deduced from the inverse method
for Vostok (red curve) and EDC (red dashed curve) (Bazin et al., 2013) and the composite thinning for TALDICE core derived from the inverse model applied to construct the
AICC2012 age scale (blue dashed curve) (Bazin et al., 2013) and TALDICE-deep1 chronology versus depth (m) (b).
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personal comm).
Due to the poor glaciological constraints, we associate the

background thinning function defined by Buiron et al. (2011) for the
TALDICE-1 age scale with high uncertainties (s ¼ 1) to let the ice
and gas markers shaping the final thinning function. As shown in
Figure 7a, the inverse method computes a thinning function for the
deep portion of the ice core which does not agree with the
respective a priori estimation. The a posteriori thinning function is
characterized, as the curve defined by the AICC2012 chronology, by
the presence of “bumps”. These “bumps” are generally the
expression of upstream or temporal variations of ice thickness at
10
the deposition site (Parrenin et al., 2004, Parrenin et al., 2007). The
TALDICE-deep1 thinning function shows only one bump, visible at
1473 m depth (~175 ka), associated with a value of 0.04, and fol-
lowed by a sharp decrease in the function down to a value of ~0.01
until 1510m depth (~220 ka). Considering the large deviation of the
a priori thinning function from the calculated one (factor of 2) and
the complex glaciological background in the deeper portion of
TALDICE, this bump can be interpreted as the manifestation of
irregular ice flow in those deep layers as observed in the EDC ice
core at 500 m from the bottom (Dreyfus et al., 2007). Between
1510 m and 1551 m depth the function shows a quasi-constant
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behaviour set on the value of 0.005; while between 1551 m and
1578 m the thinning function tends to join the a priori curve as only
few constraints (age markers) are defined (Bazin et al., 2013)
(Figure 7b). In particular, it is characterized by a steep slope below
~1100 m, as it reaches small values at relatively shallow depths.
Similar small values are observed in the Dome Fuji core and are
connected to very small basal melting rate (Parrenin et al., 2007).
EDC shows a similar behaviour to the TALDICE thinning function,
with a “bump” close to the bottom and a quasi-vertical shape in the
deepest portion of the core. However, for the lowermost portion of
the core the thinning function shows values close to 0.05, which are
associated with basal melting (Parrenin et al., 2007). On the other
hand, the Vostok core shows higher value of the thinning function
in comparison to the other cores, close to 0.1 at the bottom. Such
different feature at Vostok might be connected to the presence of
melting conditions at the bottom due to the influence of the sub-
glacial lake (Parrenin et al., 2004).

The small thinning value below 1500 m indicates that,
compared to the other Antarctic cores, TALDICE does not experi-
encemelting. The absence of melting processes is also confirmed by
the modelled temperature profile with the depth, as the average
temperature at the bottom is estimated to be �6 �C (Frezzotti,
unpublished data.).
6.3. TALDICE dD unique behaviour during interglacial periods

The TALDICE-deep1 age scale extends the core chronology
beyond the previous AICC2012 age scale (~150 ka, 1438 m depth)
(Bazin et al., 2013) up to ~343 ka (at 1548 m depth). In addition,
taking into account the peripheral and coastal position of Talos
Dome (Frezzotti et al., 2004), the TALDICE ice core provides the
unique chance to investigate the past climate and environmental
changes in the Ross Sea sector spanning the last three glacial/
interglacial cycles.

Our new dD profile drawn on the TALDICE-deep1 age scale
makes possible to identify a well preserved climatic record and to
Fig. 8. New dD and d18Oatm data set on the TALDICE deep-age scale. New dD record of TALD
stages 7.5 and 9.3 are highlighted (light grey shading). while the isotopic signal is not preser
curve with stars) on the TALDICE-deep1 chronology (b). Termination III and IV are highlig
1548 m depth (dark grey shaded area).

11
study glacial and interglacial main events and sub-events back to
MIS 10.1 (1548 m, ~343 ka) (Figure 8a), which are not identified in
other studies (Stenni et al., 2011). The d18Oatm signal appears as well
to be preserved until Termination IV (Figure 8b).

Masson-Delmotte et al. (2011) identify TALDICE as an outlier, in
comparison to the other plateau sites, as it shows a different
behaviour of the isotopic profile during the LIG at ~118 ka, prior to
the glacial inception. Our aim is to study if the TALDICE dD signal
shows the same unique behaviour for the older warm periods. We
thus perform the same comparison exercise for the oldest inter-
glacial periods MIS 7.5 (240.8e245.8 ka) and 9.3 (324.6e338.8 ka)
with Vostok, EDC and Dome Fuji dD records (EPICA community
members, 2004; Petit et al., 1999; Uemura et al., 2018) on
AICC2012 age scale (Bazin et al., 2013) (Figure 9).

The TALDICE signal is coherent with the Vostok, EDC and Dome
Fuji profiles during the culmination of the deglaciation for bothMIS
7.5 (~243 ka) and 9.3 (~335 ka), showing a clear shaped peak. On
the other hand, prior to the glacial inception, the TALDICE dD curve
does not display a monotonous decrease as in the other cores but is
characterized by a plateau between 235 and 240 ka for MIS 7.5 and
by a second peak during MIS 9.3 (~335 ka) as for MIS 5.5.

Our results confirm that TALDICE appears to record a different
climatic and/or environmental signal during interglacials of the
past 350 ka in comparison to the other cores drilled in the Antarctic
Plateau. Masson-Delmotte et al. (2011) hypothesize that the pecu-
liar behaviour of the water isotopes signal during MIS 5.5 in TAL-
DICE might be connected to elevation changes and/or variations of
sea ice extent or changes in the regional high latitude moisture
transport. On the other hand, Bradley et al. (2012) explain the same
anomaly in the dD signal observed during MIS 5.5 as consequence
of a fall in surface elevation along the eastern edge of the Ross Sea
over this period. Considering the unique position of the Talos Dome
site, located close to the Ross Sea and at the border between the
Transantarctic Mountains and Wilkes Subglacial Basin, all hypoth-
eses appear intriguing and further investigation is needed.
ICE ice core on the TALDICE-deep1 age scale (red curve) for the last 343 ka (a). Warm
ved on the oldest portion of the core (dark grey shaded area). New d18Oatm profile (blue
hted (light grey shading). The isotopic signal (dD and d18Oatm) is not preserved below



Fig. 9. Comparison of TALDICE water stable isotope record (dD) on AICC2012 (MIS 5.5.) and TALDICE-deep1 (MIS7.5 and 9.3) age scale with other deep Antarctic ice core records.
TALDICE dD profile (blue curve) is compared with EDC (red curve), Vostok (green curve) and Dome Fuji ice (purple curve) cores during MIS 5.5 (a), MI 7.5 (b) and MIS 9.3 (b).
TALDICE MIS 5.5 (Masson-Delmotte et al., 2011), EDC (EPICA community members, 2004), Vostok (Petit et al., 1999) and Dome Fuji (Uemura et al., 2018) profiles are drawn on the
AICC2012 age scale (Bazin et al., 2013).
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7. Conclusions

In this study we define the chronology called TALDICE-deep1 -
for the lowermost and less investigated portion of the TALDICE
core, providing an extension back in time of the previous dating
efforts (Bazin et al., 2013; Buiron et al., 2011; Schüpbach et al.,
2011).

The age scale is built through the application of the IceChrono1
inverse model, which provides the best compromise between a
background chronology and observations (tie points). We define
gas matrix tie points for the oldest part of the core through the
classic approach of manual wiggle matching between the new
d18Oatm record of TALDICE and the d18Oatm profile of EDC. On the
other hand, due to the absence of ice stratigraphic markers (e.g.
volcanic tephra), we are forced to employ a non-conventional
dating strategy, which includes the definition of ice age markers
from TALDICE and EDC dD records for synchronization. In addition,
we constrain the chronology through the application of the novel
81Kr dating on three ice samples. Our study represents the first
application of 81Kr dating of about 5e10 kg of ice from a deep ice
core to constrain the chronology. The dating effort for the deep
portion of TALDICE demonstrates that the ice stratigraphy is pre-
served until 1548 m depth at an age of ~343 ka, i.e. in a zone where
12
the thinning function reaches value close to 0, a value rarely
observed in other deep ice cores. We cannot extend the chronology
below 1548 m depth due to the lack of climatic variability in both
dD and d18Oatm profiles. In addition, the 81Kr dated samples indicate
that below 1548 m the stratigraphy might be disturbed by mixing/
folding process or by the presence of stagnant ice, as recently
observed at Little Dome C (Lilien et al., 2021).

The TALDICE ice core can be now divided in three main sections:
(i) between the top and 1438m depth where the core age is defined
by the AICC2012 chronology (Bazin et al., 2013), (ii) between
1438 m depth and 1548 m where the TALDICE-deep1 chronology
applies and (iii) below 1548 m depth to the bottom (1620 m depth)
a proper age scale cannot be defined due to lack of a clear preser-
vation of the climatic signal.

Our new dD and d18Oatm records below 1438 m depth, provides
the unique chance to investigate climate and environmental
changes back to MIS 10.1 (~343 ka, 1548 m depth) in the Ross Sea
sector of the EAIS. The comparison with other records from Plateau
sites during interglacial periods identifies the existence of a
different behaviour in the TALDICE dD record during MIS 7.5 and
9.3, as already observed for MIS 5.5 (Masson-Delmotte et al., 2011).
Further research is needed to investigate this unique pattern.
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Appendix A. Gravitational and gas loss corrections

Gases and isotopes in the firn layer above the ice are mainly
13
affected by gravitational separation above the ice (Craig et al., 1988).
To correct d18Oatm measurements for the gravitational effect we use
the d15N values obtained for the same samples applying the
following formula:

d18Oatm corrected ¼ d18O� 2 d15N (A.1)

The factor of 2 arises from the fact that the gravitational effect is
proportional to the mass difference between the two isotopes,
meaning that it is two times larger for d18O (18O/16O) as for d15N
(15N/14N) (Craig et al., 1988). dO2/N2 values are corrected as well for
gravitational fractionation effects using d15N but with a factor of 4
as in the following equation (Extier et al., 2018):

dO2

.
N2 corrected ¼ dO2

.
N2 � 4d15N (A.2)

It has been demonstrated that the O2/N2 ratio of the ice sample
decreases over time when ice is stored at temperatures higher
than �50 �C, since O2 is preferentially lost from clathrate hydrates
through ice crystal after the coring in comparison to N2 (Ikeda-
Fukazawa et al., 2005; Kawamura et al., 2007; Landais et al., 2012).

The gas loss correction for d18Oatm is based on the measured
dO2/N2 (Extier et al., 2018; Landais et al., 2003a, 2003b;
Severinghaus et al., 2009) and follows the linear relationship:

d18Oatm corrected ¼ d18Oatm þ ðdO2 =N2 þ10Þ � 0:01 (A.3)

This correction is estimated in two different ways. In Landais
et al. (2003b), d18Oatm and dO2/N2 values are measured on neigh-
boring Vostok ice core samples that are stored over different time
periods. The second set of ice samples is stored 10 years longer
at �20 �C than the first set of samples and an increase of d18Oatm by
0.3‰ is observed between the two series in parallel with a decrease
of dO2/N2 of 30‰. In Severinghaus et al. (2009) and Extier et al.
(2018), samples at the same depth are measured for d18Oatm and
dO2/N2 with differences in dO2/N2 reaching 30‰. From paired dif-
ference plot for the d18Oatm vs dO2/N2, the same slope of 0.01 for
variations of d18Oatm vs dO2/N2 due to gas loss are obtained. In the
Extier et al. (2018) dataset, the dO2/N2 measurements from the
EPICA Dome C ice core are performed in 2017 at the latest, i.e. after
13 years of storage at �20 �C. The dO2/N2 values measured for this
series are on average �38 ± 18‰ with the most extreme value
being a dO2/N2 of �78‰.

In our new dataset for the TALDICE samples, dO2/N2 are on
average - 62 ± 25‰with values down to�124‰ (Figure A.1). This is
significantly less than what is observed for the EPICA Dome C or
Vostok ice cores previously, and we can wonder if the same
correction should be applied by extrapolating the results observed
over variations of dO2/N2 over 30‰. Actually whenwe compare the
new dataset obtained in 2020 and corrected with equation (A.3),
with data obtained in 2011 and 2012, corrected with the same
equation and published in Bazin et al. (2013), we observe a huge
scatter. We hypothesize that the gas loss correction extrapolated
from Extier et al. (2018) to values of dO2/N2 lower than �100‰ is
too strong. We calculate a mean decrease of about 7.30‰ between
2011 and 2012 series and of 48.88‰ between 2011 and 2019 series.
In order to revise this correction for low dO2/N2 values, we thus
explore again the EPICA Dome C raw data obtained in Extier et al.
(2018) extracting the neighboring samples and showing differ-
ences of dO2/N2 larger than 40‰ (Table A.1). It is not possible to
have neighboring samples with exactly the same depth with such a
high dO2/N2 difference, but we find high dO2/N2 difference for EDC
samples with a depth difference of less than 2 m. Comparison of
d18Oatm and dO2/N2 values between samples taken at less than 2 m
depth difference is justified by the fact that natural d18Oatm and dO2/

https://www.pangaea.de/
https://www.pangaea.de/
https://github.com/parrenin/paleochrono
https://doi.pangaea.de/10.1594/PANGAEA.887327
https://doi.pangaea.de/10.1594/PANGAEA.887327
https://doi.pangaea.de/10.1594/PANGAEA.824894
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N2 variations occur on long-time (orbital) scale while our samples
are chosen on a depth range where 1 m records less than 500 years
of climatic history.

The slope for these EDC samples that experienced extreme gas
loss is only 0.007, thus only 70% of the classical slope for more
moderate gas loss (0.01) Equation (A.3). For TALDICE samples
associated with a dO2/N2 lower than �50‰, we thus apply the
following equation instead of the classical one:

d18Oatm corrected ¼ d18Oatm þ ðdO2 =N2 þ10Þ � 0:007 (A.4)
Table A.1
EPICA Dome C raw data obtained in Extier et al. (2018) extracting the neighboring
samples showing differences of dO2/N2 larger than 40‰. Data comparison allows the
calculation of the average slope equal to 0.007 to correct d18Oatm data with dO2/N2

values lower than - 50‰.

Depth (m) dO2/N2 (‰) d18Oatm(‰) Ratio Dd18Oatm vs
DdO2/N2

2315.473
2316.628

�8
�52

1.70
2.11

�0.009

2352.873
2353.450

�7
�66

1.41
1.79

�0.006

2357.850
2358.923

�57
�8

1.60
1.26

�0.007

2346.823
2346.850

�9
�56

1.51
1.77

�0.006

2433.750
2435.373

�45
�5

1.24
0.91

�0.008

2334.750
2335.273

�52
�12

1.88
1.65

�0.006

2363.350
2364.423

�58
�7

1.52
1.25

�0.005

Average slope Dd18Oatm vs DdO2/N2 ¼ �0.007.

Fig. A.1. dO2/N2 measurements for the TALDICE core between 1350 m and 1620 m depth performed in 2011 (blue diamonds), 2012 (green diamonds) and 2019 (red diamonds).
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Appendix B. 81Kr and uncertainty calculation

The 81Kr abundance R81 in the sample is determined by the
number of counted 81Kr atoms in the sample as compared to the
atmospheric reference. If 85Kr is found to be present in the sample,
indicating contamination of modern krypton, then correction must
be applied to the measured 81Kr abundance. The measured 85Kr
activity in the TALDICE samples is below the detection limit, so no
correction is applied. If the 81Kr abundance in the atmosphere had
been constant in the past, the 81Kr-age would simply be:

81Kr� age ¼ �t1=2
.
ln ð2Þ ln ðR81Þ (B.1)

where t1/2¼ (229 ± 11 ka) is the half-life of 81Kr. However, the 81Kr
abundance in the atmosphere has not been completely constant in
the past due to variations of the cosmic ray flux on the earth which
lead to a potential difference in the 81Kr-age of up to 4% (Buizert
et al., 2014; Zappala et al., 2020). As the atmospheric 81Kr abun-
dance of the past 1.5 Ma can be calculated based on reconstructions
of the relative geomagnetic field intensity, the atmospheric 81Kr
input history can be taken into account when calculating the 81Kr-
age. This is done for the 81Kr-ages of the TALDICE samples given in
Table 1.

The error of the measured 81Kr abundance is given by the sta-
tistical error of the atom counting. This error propagates to the
81Kr-age, also taking into account the 81Kr input history. Due to this
reason, and because the relation between the 81Kr-age and the 81Kr
abundance is not linear, the error of the 81Kr-age can be asym-
metric. Due to the uncertainty of the 81Kr half-life, there is an
additional systematic error on the 81Kr-age. This systematic error
would affect all the 81Kr-ages in the same way, so that they would
shift up or down together.
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Appendix C. Uncertainties calculation on IceChrono1 model input
files

In this section we describe how we calculate the uncertainties
associated with the background scenario quantities and with the
air-ice stratigraphic links. Our background scenario is made by the
thinning function and the accumulation rate quantities defined by
Buiron et al. (2011) with 1D ice flowmodel, while the LID is derived
from the new d15N data set.

Considering the difficulties encountered in the definition of the
background scenario for the deep portion of TALDICE core, due to
the poorly constrained 1D ice flow model, we choose to define
relative uncertainties as constant values and larger with respect to
the values of thinning function and accumulation rate, hence
respectively equal to s ¼ 1 and s ¼ 0.5. This strategy, already
applied by Bazin et al. (2013), allows the IceChrono1 model to base
the output chronology on the stratigraphic links and on the LIDIE,
rather than on the glaciological quantities. On the other hand, the
LIDIE relative uncertainty is carefully calculated at each depth level.
At first we calculate the uncertainty as the absolute difference be-
tween the LIDIE obtained for the TALDICE-1 background chronol-
ogy (Buiron et al., 2011) and then we transform it in relative
uncertainty (ru), which is calculated through the following
formula:

ru¼ ln½ðxþ sÞ = ðx� sÞ� =2 (C.1)

where x is value of LIDIE associated with a certain depth and s is its
uncertainty.

We compute the uncertainties for the gas and ice stratigraphic
links (tie points) as well. We calculate for each tie point the cu-
mulative uncertainty (cu), which follows the equation above:

cu¼
�
sID

2 þ res2 þ sref
2
�1=2

(C.2)

where sID is the difference between the maximum and the mini-
mum age associated with the single tie point, res is the a priori
temporal resolution of the record estimated from theTADICE-1 age
scale and sref is the uncertainty associated with AICC2012 gas or ice
age scale for the EDC core.
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