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Abstract. A new ice core was drilled in West Antarctica on
Skytrain Ice Rise in field season 2018/2019. This 651 m ice
core is one of the main targets of the WACSWAIN (WArm
Climate Stability of the West Antarctic ice sheet in the last
INterglacial) project. A present-day accumulation rate of
13.5cmw.e.yr~! was derived. Although the project mainly
aims to investigate the last interglacial (115-130ka), a robust
chronology period covering the recent past is needed to con-
strain the age models for the deepest ice. Additionally, this
time period is important for understanding current climatic
changes in the West Antarctic region. Here, we present a
stratigraphic chronology for the top 184.14 m of the Skytrain
ice core based on absolute age tie points interpolated using
annual layer counting encompassing the last 2000 years of
climate history. Together with a model-based depth—age re-
lationship of the deeper part of the ice core, this will form the
ST22 chronology. The chemical composition, dust content,
liquid conductivity, water isotope concentration and methane
content of the whole core was analysed via continuous flow
analysis (CFA) at the British Antarctic Survey. Annual layer
counting was performed by manual counting of seasonal
variations in mainly the sodium and calcium records. This
counted chronology was informed and anchored by absolute
age tie points, namely, the tritium peak (1965 CE) and six
volcanic eruptions. Methane concentration variations were
used to further constrain the counting error. A minimal er-
ror of 1 year at the tie points was derived, accumulating
to £5%-10 % of the age in the unconstrained sections be-

tween tie points. This level of accuracy enables data inter-
pretation on at least decadal timescales and provides a solid
base for the dating of deeper ice, which is the second part of
the chronology.

1 Introduction

Detailed investigations of past climate, especially develop-
ments in the last 2000 years, provide an important bench-
mark, capturing both natural and anthropogenic climate
change. Ice cores, especially from polar regions, are some
of the most powerful environmental archives for palaeocli-
mate studies for several reasons. One of these reasons is
that they record many climatic parameters simultaneously,
including small air samples of past atmospheres trapped in
tiny air bubbles (e.g. MacFarling Meure et al., 2006; Mitchell
et al., 2013). Linking instrumental climate observations (e.g.
Bromwich et al., 2013; Dalaiden et al., 2020) with ice core
data reaching further back in time is a powerful tool for
assessing the processes that contribute to ongoing climatic
change. As with any other environmental archive, this use of
ice cores as climate records requires the development of re-
liable and precise chronologies and depth—age relationships
with well-constrained uncertainties.

For polar ice cores, there are three main dating approaches,
which are combined when possible to establish a robust
chronology: (1) the identification and counting of recurring
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annual stratigraphic features (chemical and physical) in the
ice core (Rasmussen et al., 2006; Sigl et al., 2016; Winstrup
et al., 2019); (2) flow modelling based on the physical pa-
rameters of the glacier on which the ice core was drilled
(e.g. Parrenin et al., 2004); and (3) the identification of ab-
solute time markers, which is used either to anchor or sup-
port these relative dating methods. The most common age
markers are sulfate peaks (Castellano et al., 2005; Sigl et al.,
2015) or tephra layers (Dunbar et al., 2003; Tetzner et al.,
2021; Emanuelsson et al., 2022) caused by volcanic erup-
tions, but radiometric markers or cosmogenic events like the
bomb peak in 1965 CE (Morishima et al., 1985), solar storms
(Mekhaldi et al., 2015) or the Laschamps event (Loulergue et
al., 2007) can also be used. Their imprint, for example, in the
tritium or 19Be content of the ice, can be utilised to tie the
annual-layer-counted and ice flow-modelled chronologies to
a particular absolute date. These markers are also useful to
assess the uncertainties of the layer counting.

The ice core investigated in this study was drilled as part of
the WArm Climate Stability of the West Antarctic ice sheet
in the last INterglacial (WACSWAIN) project. This project
aims to decipher the, so far unclear, fate of the West Antarctic
Ice Sheet (WAIS) and the Filchner—-Ronne Ice Shelf (FRIS)
during the last interglacial (LIG), which was the last natural
warm period, ~ 120000 years before present. For this pur-
pose, an ice core was drilled at Skytrain Ice Rise (Fig. 1), a
location that is adjacent to both WAIS and FRIS but that, ac-
cording to modelling studies (DeConto and Pollard, 2016),
likely remained ice-covered during the LIG. Here we present
the first part of a chronology for the Skytrain ice core. We fo-
cus on the last 2000 years contained in the top 200 m and use
a combined approach of annual layer counting and the identi-
fication of absolute age markers, namely the tritium peak and
volcanic eruptions. High-resolution methane data are used to
further support and verify the chronology. This depth—age re-
lationship for the last 2000 years will be used to constrain a
chronology of the deeper part of the core, which is discussed
in our companion paper (Mulvaney et al., 2022) that is cur-
rently in preparation.

2 Methods

2.1 The WACSWAIN ice core

The drilling site (79°44.46’ S, 78°32.69’ W) for the ice core
at Skytrain ice rise in West Antarctica was selected based
on initial ground-penetrating radar exploration that showed
a well-pronounced Raymond arch and undisturbed layering
within the study area (Mulvaney et al., 2021). The mean an-
nual surface air temperature at the site is —26 °C, so no sub-
stantial influence of surface melt was expected. The surface
elevation at the drilling site is 784 m above sea level (a.s.l.).
The core was drilled to bedrock during the 2018/19 field sea-
son and has a total length of 651 m. Each 80 cm core piece
was weighed to calculate density. The depth of bubble close-
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off, determined by high-resolution discrete total air content
analysis, was reached at 58 m total core depth. Dielectric pro-
filing (DEP) measurements (Wilhelms et al., 1998) were car-
ried out on each core piece before processing.

2.2 Continuous flow analysis

Chemical analyses of the Skytrain ice core were carried out
at the British Antarctic Survey (BAS) in Cambridge via con-
tinuous flow analysis (CFA). This setup comprises an in-
ductively coupled plasma mass spectrometer (ICP-MS) for
23Na, 24Mg, 2T Al 3Ca, and **Ca; two fast ion chromatog-
raphy (FIC) systems for anion and cation analysis; a parti-
cle counter; a fluorescence detection setup for H>O», NHI,
and Ca?*; and two conductivity meters and two Picarro
spectrometers — one for online stable water isotope analy-
sis and one for methane concentration analysis (Grieman et
al., 2021). An overview of the instruments and their specifi-
cations is given in Table 1.

A schematic of the entire CFA setup is given in Fig. 2.
Longitudinal CFA sticks of 3.2cm x 3.2cm x 80cm were
cut from the whole length of the ice core using a band saw
in a cold room. The ends of each stick and every break sur-
face were scraped before melting to reduce contamination.
The sticks were continuously melted at a speed of about 3.5—
4cmmin~! in the firn section, ~ 3cmmin~! for the middle
section of the core and ~ 1.6cmmin~! for the basal 100 m.
The electrically heated melt head consists of five meltwa-
ter lines, four outer and one inner, of which only the central
one was used for analysis (see also Fig. 2). The whole length
of the core was analysed. Calibration of the ICP-MS, FICs,
fluorescence and water isotope instrument was performed at
the beginning and the end of each measurement day using
standard solutions of known chemical and isotopic compo-
sition. Further information on limits of detection, sensitivity
and the standardisation process can be found in Grieman et
al. (2021).

Both FIC systems for cation and anion analysis were run
in parallel, sampling from the same core depth interval. Both
FICs consist of two internal measurement systems. They
use a dual column system. Each of the two 1.0 mL sample
loops was loaded sequentially from the continuous meltwa-
ter stream at a flow rate slightly above 1.0 mL min~'. For the
anion detection, a Dionex ICS-6000 fast ion chromatography
(FIC) system with conductivity detection was used. The sam-
ple was separated using Dionex AS15 (5um, 3 x 150 mm)
columns and a 60 mM NaOH eluent. A similar approach for
anion detection has been used in the field (Schiipbach et al.,
2018). Details about the cation system can be found in Grie-
man et al. (2021). The depth resolution of the ICP-MS anal-
ysis is a running average of about 4 cm for Na, Mg and Ca.
The depth resolution of the fluorescence calcium detection
was found to be ~ 1.4 cm. The FIC instruments have a the-
oretical depth resolution of about 4 cm, but one sample was
measured every 2.63 cm (Grieman et al., 2021) and not con-
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Figure 1. Map of West Antarctica and the Ronne Ice Shelf (modified from USGS, 1999) showing the drilling site (arrow) of the ice core

drilled on Skytrain Ice Rise.

Table 1. Overview of the instrument specifications used in the continuous flow analysis of the Skytrain ice core. The values given for depth
resolution of the ICP-MS, FIC and fluorescence instruments were determined in Grieman et al. (2021). The other values were estimated
during the Skytrain CFA measurement campaign. The term “Depth resolution” refers to the minimal depth interval (layer thickness) that can
be resolved by the respective method. The column “Points per millimetre” refers to the number of data points recorded per millimetre of ice
core at an average melt speed for the respective instrument throughout the last 2000 years.

Instrument Model

Analytes Depth Points per
resolution  millimetre
ICP-MS Agilent 7700x 23Na, 2*Mg, 27A1,43Ca, *¥Ca  3.84.7cm 29
FIC cation Dionex ICS-3000 Nat,CaZt, Mg2™, NHI, Kt  >4cm -
FIC anion Dionex ICS-6000 NO;, F~, MSA, C17, SO~ >4cm -
Fluorescence FIALab precision measurement Ca2t, NHZ‘, H,O, 1.4cm 1.7
technologies photomultiplier tube
fluorometers (PMT-FL)
Particle counter ~ Abakus (Klotz) Dust content (particles) <2cm 1.7
Conductivity Amber Science, Inc. 3082 series Liquid conductivity <2cm 1.7
Conductivity Dionex conductivity detector (CDM-1)  Liquid conductivity <2cm 1.7
Water isotopes  Picarro L2130-i CRDS 180,D 5-10cm 1.6
Methane Picarro G2301 CRDS CHy > 10cm 1.6
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Figure 2. Schematic of the CFA setup at the BAS ice core analysis lab. The meltwater from the inner part of the core is distributed to 12
different analytical systems. The small numbers on the lines denote meltwater flow rates in millilitre per minute.

tinuously. At this resolution, an annual layer thickness of at
least 5 cm was estimated to be distinguishable using the ICP-
MS method. The fluorescence calcium detection method was
estimated to be able to detect layers with a minimum thick-
ness of 2 cm. These depths resolutions, meaning the capabil-
ity of the respective system to resolve layers down to a cer-
tain thickness, are mainly dominated by smoothing effects
in the tubing and the interfaces and not by the measurement
capabilities of the instruments themselves (see Table 1, col-
umn “Points per millimetre”). The depth assignment of each
dataset was calculated by combining the melt speed, mea-
sured by vertical dislocation of the encoder on top of the
melting stick, the flow rates and the measured time delays
from the melt head to the respective instruments. The top
and bottom depth measured for each core piece during the
cutting of the core were used as depth assignment bound-
aries, so there are no propagating depth errors with increas-
ing core depth. The time at which each break in the ice core
reached the melt head was manually recorded in Labview by
the system operator. Time delays for each instrument were
then added to these recorded times to determine instrument
analysis times for each ice core break depth. The melt rate
was used to adjust ice core depths assigned to instrument
analysis times between each break. If this melt rate correc-
tion resulted in depth assignments deeper than the depth of
the following break or if the melt rate was not recorded, then
an evenly spaced depth scale was applied between ice core
breaks.

To determine time delays between the melt head and the
instruments, the liquid conductivity data on a depth scale es-
timated using no time delay was compared to DEP data at
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the same depths for each CFA measurement day; because
DEP was measured directly on the solid core, its depth is
assumed to be correct. First the depth scale of the liquid con-
ductivity was assigned using the variable melt speed read-
out from the decoder as described above. Any unexpected
spikes in this recorded melt rate were removed by interpola-
tion. The MATLAB “xcorr” function was then used to esti-
mate a depth “lag” between the two datasets for each CFA
day. This depth lag is an estimate of the time delay between
the melt head and the conductivity detectors. The depth as-
signments of the liquid conductivity, dust and fluorescence
Ca”* measurements were corrected using this depth lag. The
ICP-MS calcium data on an instrument analysis timescale for
each CFA measurement day were then compared to the raw
fluorescence Ca>t data. The xcorr function was used to esti-
mate the analysis time delay between the fluorescence Ca>*
measurements and the ICP-MS calcium measurements. The
sum of this time delay and the time delay calculated for the
depth shift of the calcium fluorescence data was used to shift
the instrument analysis time of the ICP-MS and cation and
anion FIC raw data before applying the depth scale to the
raw data.

2.3 Absolute age markers

2.3.1 Tritium analysis

Every chronology of an environmental archive established
using relative stratigraphic counting techniques requires ab-
solute age markers to verify the counted age over depth and
to evaluate the corresponding age uncertainty. Vast amounts
of anthropogenic tritium (*H) were injected into the atmo-

https://doi.org/10.5194/cp-18-1831-2022



H. M. Hoffmann et al.: The ST22 chronology for the Skytrain Ice Rise ice core — Part 1

sphere by thermonuclear explosions from the late 1950s un-
til the partial test ban treaty became effective in 1963 CE,
with some tests continuing after that. This tritium emission
has been reported to be globally distributed and was found in
Antarctic snow samples (Taylor, 1964), where it still could
be detected 15 years ago (Fourré et al., 2006). Twenty firn
samples between 10.4 and 18.95 m depth were selected for
tritium analysis. This depth range was chosen based on a
first estimation of the accumulation rate from seasonal vari-
ations in the water isotope signal of snow pit samples from
the drilling site and the initial annual layer counting using
the sodium ICP-MS signal. The *H content of the meltwa-
ter was measured at the Federal Institute of Hydrology in
Koblenz, Germany (sample data in Table Al). The samples
were distilled, and tritium was electrolytically enriched. The
tritium concentration was measured by low background lig-
uid scintillation counting (Quantulus GCT 6220) with a de-
tection limit of about 0.7 TU (Schmidt et al., 2020) .

Tritium concentrations were found to be very low (<
12 TU) but measurable. The results are shown in Fig. 3, along
with tritium concentrations that were measured in precipi-
tation at Invercargill (NZ) and in a snow pit at Vostok sta-
tion (Antarctica) in 2008 (Fourré et al., 2018). The peak of
the Skytrain tritium concentration (10.92 TU) was visually
matched with the peak concentrations in the precipitation
data. Based on this visual comparison, the year 1965 CE was
identified at a depth of 7.2 m w.e. in the Skytrain ice core. As
an important result, the near-surface accumulation rate could

be derived to be 13.5cmw.e. yr— .

2.3.2 Volcanic eruptions

One of the most commonly used age markers in ice cores are
the chemical and physical signatures of well-dated, global
or hemispheric volcanic eruptions (Sigl et al., 2015). These
eruptions can be identified as peaks in acidity from the DEP
signal or in the non-sea-salt sulfate concentration (Castellano
et al., 2005). On the East Antarctic plateau, these volcanic
signatures are very distinct and are visible as clear peaks
above the background sulfate concentration (Baroni et al.,
2008). However, the geographic location in West Antarctica
and the comparably low elevation of the Skytrain ice core
mean that this site is much more influenced by marine air
masses with large inputs of marine biogenic and sea-salt sul-
fate (e.g. Dixon et al., 2004). This difference is also con-
firmed by two nearby ice cores from the Antarctic Peninsula,
where high background biogenic sulfate overwhelms the vol-
canic signal (Emanuelsson et al., 2022). As such, the Sky-
train ice core shows high and variable sulfate levels, and it is
not possible to definitively identify volcanic eruptions from
the DEP or CFA data. This issue has also been reported for
other near-coastal ice core sites and can restrict the use of
volcanic tie points in stratigraphic age models (Philippe et
al., 2016; Winstrup et al., 2019).

https://doi.org/10.5194/cp-18-1831-2022
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Therefore, this study used a new method to identify vol-
canic eruptions from the sulfur (S) isotope composition of
sulfate (from now on denoted as SO?[) in the ice. Volcanic S
emissions have been shown to have distinctive, isotopically
light values compared to other dominant inputs from sea-salt
or marine biogenic SOi_ (Rees et al., 1978; Nielsen et al.,
1991; Patris et al., 2000), meaning that S isotope analyses
can be used to determine which SO?[ peaks have a volcanic
origin and define the precise depth of volcanic tie points. Sul-
fur (S) isotope analyses were conducted at the Department
of Earth Sciences at the University of Cambridge Isotope
Group clean laboratories using a Thermo Scientific Neptune
Plus™ multi-collector inductively coupled mass spectrom-
eter (MC-ICP-MS). Potential depth intervals for volcanic
eruption identification were selected based on the depth of
the tritium peak, the initial layer counting and the identifi-
cation of peaks in SOi_ from the CFA data. The ice was
cut into 5-7cm length sections and scraped with a razor
blade to remove potential surface contaminants. After melt-
ing, an aliquot of these samples was measured for discrete
SOﬁ_ concentrations on the IC (ion chromatograph), and

then the volume needed to target 30 nmol of SOZ_ was trans-
ferred to acid-clean Teflon vials and evaporated to dryness at
80 °C. The samples were resuspended in 70 uL of ultra-pure
water (resistivity > 18 MQ2cm) and passed through anion-
exchange columns following methods adapted from Burke
et al. (2019) to separate the SOi_ from other components in
the ice.

All measurements on the MC-ICP-MS were made in high-
resolution mode, using an Aridus introduction system. We
used standard-sample bracketing protocols with Na;SO4 to
account for mass bias and instrumental drift following the
method developed by Paris et al. (2013). Sulfur isotope com-
positions were reported using §*S notation, as the difference
of either the 3*S/32S or 335 /328 ratio of each sample from
the Vienna-Canyon Diablo Troilite (VCDT) in parts per mille
(%0) (Eq. 1).

X 32
S — (8 S/‘S S)sample 1 ()
(8+S/8328)

X

standard

The relative deviation between the §33S and 83*S ratios
was calculated using A33S notation (Eq. 2), where values
outside an analytical error of zero indicate mass-independent
fractionation (Farquhar et al., 2001). Mass-independent frac-
tionation of S occurs when sulfur dioxide is photo-oxidised
to SOZ_ by short-wave UV radiation above the ozone layer
(Savarino et al., 2003), meaning that non-zero A33S values
can be used as a marker of stratospheric volcanic eruptions
(Gautier et al., 2019; Burke et al., 2019).

ABS = s3g _ ((8348 F1)0515 1) )

All samples were measured at least in triplicate. Long-
term reproducibility was quantified by repeated measure-
ments of an HSO4 ICP-MS standard (534S = +3.13 %,
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Figure 3. Tritium analysis of the Skytrain ice core (red squares) compared to (a) Invercargill precipitation concentration (green circles) and
(b) snow pit data from Vostok station (Antarctica) (blue circles) (Fourré et al., 2018). The samples denoted by open squares were below the

detection limit (< 0.7 TU).

o = 0.06, n = 26) and IAPSO seawater (§**S = +21.18 %o,
o =0.09, n =26), which showed good agreement to pub-
lished values from multiple previous studies (Craddock et al.,
2008; Das et al., 2012). Conservative errors of +0.20 %o and
+0.15 %o were assigned to all §3*S and A33S values, respec-
tively, equalling £2¢ variability of repeat measurements of
standards and replicate samples.

These analyses allowed for a clear distinction between
background and volcanic S isotope compositions and the
identification of the exact depth interval of well-dated vol-
canic eruptions. The samples interpreted to reflect back-
ground conditions had §3*S values ranging from +15.86
to +18.76 %0 (mean=+17.43%o), and the samples de-
fined as volcanic had values ranging from —12.31 to
+14.32 %0 (mean = +5.64 %o0). Many of the volcanic sam-
ples also showed mass-independent fractionation (range
APS = —1.36 to +0.93 %o), whereas all background A33S
values were within an analytical error of zero, giving addi-
tional evidence to define the depth of stratospheric volcanic
eruptions.

A total of 43 samples were analysed, and seven vol-
canic events were identified (Table B1), corresponding to
the 1815 CE eruption of Tambora; the 1458 CE eruption of
Kuwae; and four eruptions at 1285, 1276, 1257 and 1229 CE
from the Samalas sequence (Sigl et al., 2015). A peak poten-
tially representing an eruption of unknown origin in 1110 CE
was also identified. Examples of the peak selection for vol-
canic tie points are shown in Fig. 4.
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2.3.3 Methane measurements

To further constrain the layer-counted chronology below the
depth of the deepest confidently identified volcanic eruption
(1229 CE, 97.45m), we measured methane concentrations
in the Skytrain ice core and compared them to the high-
resolution WAIS Divide ice core methane dataset (Mitchell
et al., 2011; Kohler et al., 2017). In total, 39 discrete Sky-
train ice core samples from the archive piece (quarter core)
were selected at 1.5-1.6 m depth intervals between 84 and
143.20 m, working around any cracks and breaks to achieve
the best ice quality for gas analysis. This depth interval over-
laps with the presumed depth of the 1257 CE volcanic erup-
tion sequence.

The samples were analysed at Oregon State University
(USA) using a melt and refreeze wet-extraction technique as
described in detail in Grachev et al. (2009), Mitchell et al.
(2011) and Lee et al. (2020). In brief, samples of approxi-
mately 10 x 3 x 3cm (long side orientated vertically along
the core) were sealed in individual glass vacuum flasks and
attached to the extraction line. The extraction procedure is
automated to give exact replication of the method for each
sample. The samples are firstly kept frozen in an ethanol
bath while evacuating the flasks to vacuum. A warm water
bath then melts the samples, releasing the trapped air into
the headspace above the meltwater. Refreezing of the sam-
ples, again in an ethanol bath, precedes expansion of the
extracted air into a gas chromatograph (GC) for measure-
ment of the CH4 concentration. Expansion is repeated four
times per sample. All concentrations were referenced to the
WMO X2004A reference scale (Dlugokencky et al., 2005)
and were calibrated using a NOAA primary air standard with

https://doi.org/10.5194/cp-18-1831-2022
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Figure 4. Examples of the depth selection for 8348 sampling for identification of volcanic eruptions based on DEP (density corrected, top),
FIC sulfate (middle) and CFA liquid conductivity (bottom) signals. Panel (a) shows the peaks selected for identification of the 1815 CE
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of a potential 1110 CE eruption. The green bars denote the samples that had volcanic S isotope compositions. The grey bars denote other
samples that were analysed in the search for the respective eruption but that had background S isotopic compositions.

a calibrated concentration of 481.25 ppb CHy4. Final concen-
trations were corrected by subtraction of an average back-
ground value of 8.25 ppb, determined by expanding the air
standard over gas-free ice samples that are measured using
the same procedure as described above. A solubility correc-
tion accounts for the small portion of air that remains dis-
solved in the meltwater and is therefore not extracted, follow-
ing the derivation in Mitchell et al. (2013). A total of 1 ppb

https://doi.org/10.5194/cp-18-1831-2022

was added to each sample to account for the solubility, giving
the final CH4 value.

Two true-depth replicate samples are usually measured in
this method. However, available ice resulted in only one sam-
ple of large enough volume for the required methodology. As
a result, one measurement per depth level is presented here.
Given the strong validation of the method in previous stud-
ies, the requirement for only matching overall CHy trends
as opposed to absolute values of CH4 for this dating pur-
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pose, and the good correspondence of the trends observed in
the Skytrain CHy in comparison to the WAIS record, this is
determined to be satisfactory. The overall uncertainty of the
CH4 data presented here is estimated to be 2-3 ppb, based
on errors of previous studies using the same analytical sys-
tem where duplicate measurements were available (Mitchell
et al., 2011, 2013; Epifanio et al., 2020).

Additionally, methane concentrations were analysed con-
tinuously in a 17m long ice core section (144-161 m) ad-
joining the discrete sample section on the deeper end us-
ing the BAS CFA system and a Picarro G2301 CRDS in-
strument. Similar to the CHy4 dissolution effect described for
the discrete CHy4 data, the continuously measured data are
always lower than the actual atmospheric value because a
small amount of air dissolves in the meltwater on its way
to a hydrophobic membrane module (Fig. 2). Absolute val-
ues of this highly resolved continuous data are typically as-
signed using a few discretely measured CH4 anchor points.
We do not have any discrete CH,4 data for the depth section
that was measured in a continuous fashion. Therefore, we
calibrated the instrument’s output by measuring NOAA pri-
mary air standards (405.8 ppb and 869.1 ppb CHy calibrated
against the WMO X2004A reference scale, Dlugokencky et
al., 2005) and checked for linearity (R? =0.998) using a
working gas standard (602.0 ppb). We then made daily cal-
ibrations mimicking gas extraction from meltwater through
a full loop using degassed deionised water and the work-
ing gas standard. Therefore, CH4 values were calibrated to
the NOAA scale using a slope of 0.970 and an intercept of
—6.278. We estimated the dissolution factor to increase the
raw measurements by 8.73 %. The instrumental CFA CHy4
uncertainty is 10 ppb.

The combined discrete and continuous methane concen-
trations from 84 to 161 m were then matched to the high-
resolution CH4 data from the WAIS Divide ice core (Fig. 5).
The variations of the WAIS CHy4 record on the gas age scale
were visually aligned with the Skytrain CHy on its depth
scale. Seven tie points were manually identified (Table C1)
and are shown by the dashed lines in Fig. 5. Subsequently the
WALIS Divide ice core gas age (WD2014, Sigl et al., 2019)
was assigned to the corresponding Skytrain ice core depth.
To determine the gas-age—ice-age difference (delta age), the
age difference between the derived Skytrain ice core gas ages
and the matching volcanic tie point ice ages in the depth in-
terval between 84 and 98 m was calculated . This delta age
was found to be about 300 years. The delta age was then
added to all the matched gas ages to convert them into the
respective ice ages. Please note that it is beyond the scope of
this paper to establish and analyse the full gas age chronol-
ogy of Skytrain ice core. Here the methane data were used
to support the annual-layer-counted ice age chronology. The
full gas age scale based on CFA methane measurements will
be addressed in the companion paper.
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3 Core chronology

3.1 Layer identification
3.1.1 Manual identification

It should be noted that the layer identification in the Sky-
train ice core was generally challenging, mainly because of
the high noise and (marine) background levels of the respec-
tive species. This is a feature of the site and not caused by
the analytical methods. We therefore would like to emphasise
that the annual layer counting only serves as an interpolation
between the absolute age markers and does not stand as a
chronology alone. Annual layers were identified using chem-
ical species that are known to show seasonal variations in
concentration. Because of the comparably high and variable
(mainly marine) background of many chemical species (e.g.
sulfate) in the Skytrain ice core, it was not sensible to apply
automated layer identification algorithms like StratiCounter
(Winstrup et al., 2012). Instead, the counting was performed
manually using Matchmaker, a graphical MATLAB applica-
tion, which allows annual layer counting of multiple records
simultaneously (Rasmussen et al., 2008). Some of the most
common parameters used to investigate seasonal variations
and to identify annual layers in the firn section of Antarctic
ice cores are the H>O» concentration and stable water isotope
ratios (Schlosser and Oerter, 2002; Sigg and Neftel, 1988).
However, in the Skytrain ice core, these parameters only
show a seasonal cycle in the top 10—15 m of the core. Below
15 m, both signals become too smoothed to resolve annual
variability. Sodium and MSA (methanesulfonic acid) also
commonly show seasonal variability in Antarctic ice cores.
Sodium concentrations peak in the austral winter layer, due
to the combined influence of sea ice emissions and increased
transport, and MSA peaks in the austral summer due to en-
hanced biological activity (e.g. Sigl et al., 2016; Osman et al.,
2017). In the Skytrain ice core, MSA peaks at the same time
as sodium. This phenomenon of migration into winter snow
layers has been observed perviously (Pasteur and Mulvaney,
2000). Conversely, sulfate concentrations are highest in the
austral summer (Preunkert et al., 2008). Therefore, minima
in the SOi_ /Na ratio coincide with maxima in sodium and
MSA and are used in this study to underpin the identifica-
tion of annual layers. Examples of Na (ICP-MS), MSA (FIC)
and SOi_ (FIC) / Na data along with calcium concentrations
from fluorescence detection at the same depths are shown in
Fig. 6. Another parameter which is known to show seasonal
variations in coastal Antarctic sites is nitrate (Wagenbach et
al., 1988). However, this parameter was also measured using
the FIC system and did not have an advantage in terms of
depth resolution compared to the MSA. Measured intensities
were low, and therefore this component was not considered
as an annual marker.

The proposed relationship between the markers described
above is clearly visible in the data. In particular, parallel an-
nual variations in MSA and Na concentrations are distinct.
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H. M. Hoffmann et al.: The ST22 chronology for the Skytrain Ice Rise ice core — Part 1 1839

Gas age [y BP (1950 CE)]
205 305 405 505 605 705 805 905 1005 1105 1205 1305

800 T T T T T T T T T T T 750
— —+ — WAIS discrete
780 - —=— Skytrain discrete | | 730
I Skytrain CFA | |
760§ A 710
\ ) Fi : % L~
LA fooom, 1690 8
—_ -~ O é ! * | o Q.
'8_ 740 F 54‘. | &"'."\"‘ LS " \“’L-.‘Zf: v"ﬂ‘ ‘.T\x o
= ‘. & 1 : Vo, 1670 ¥
N 720 ! ' ' V¥ O
T 1 ! 1 ! % e
5 '. / | ; RN N r‘T\ 65 9
= 700 f ! \,, ', /}l-'\_%. . Vo Sn g
et 1 \ ! ! ) “
£ , H,v 7 L [V 630 O
x L ! 1 -
o 680 ! P‘Xx ' 610 <
! 1°" =z
660 | 1590
640 [ 1570
620 1 1 1 1 1 1 1 1 550
80 90 100 110 120 130 140 150 160 170

Depth [m]

Figure 5. Skytrain methane measurements compared to WAIS Divide ice core methane measurements (Mitchell et al., 2011). The green
squares denote discrete Skytrain methane measurements completed at Oregon State University. The green line shows the continuous methane
concentrations analysed using the BAS CFA system. The Skytrain ice core methane record on a depth scale was compared visually to best
fit the variability of the WAIS record on its age scale (WD2014) (Sigl et al., 2019). The “y BP” abbreviation denotes years before present
(1950 CE). The selected tie points are marked by the grey dashed lines connecting the shown records.

S
=]
1

—20 E

! 0 L b kL
WM]WWMM Mwww 8 of \.JU‘M\-NJMU \\W \«-uw \'W\.wm

EZOO' Es

2 M \\//k ISV VIS 1

EDJV Y A M £ M vt e ity AL

o |

= 0 ‘ —400’ \

%20 .“‘I.‘ %200—

3 10¥\_7f\,h¥//\\_,,\,——r.‘/a,, J“ﬁ\_“h/\‘\\m/\,/\‘ “ 0,/\7/\‘“./'L”"/..\—~/'\“l\’ k'k\/\fu\/‘\ //\\
022 225 23 Deé;ﬁ[m] 24 245 25 137 137.5 138 D;;:?m] 139 139.5 140

(a) (b)

Figure 6. Skytrain ice core chemical records from (a) 15-18 m (~ 1952-1961 CE) and (b) 140-143 m (~ 713-752 CE). Above ~ 70 m,
annual layers were identified by common peaks in Na (ICP-MS signal) and MSA (FIC signal) along with minima in SOi_ (FIC) / Na ratios.
Below ~ 70 m, calcium concentrations were used as the primary annual layer indicator. The grey bars denote the identified annual layers.

This variability strongly suggests that the measured sodium due to the limited depth resolution of the FIC method. The
signal is showing seasonal variability. Sodium was therefore sodium-derived depth—age relationship also became linear
used as the primary indicator for annual layer counting of below ~ 70 m and no longer followed the exponential shape
the top ~ 60-70 m. Below ~ 60-70m, annual layers in the expected due to thinning. This linearity is due to the limited
MSA and SOZi /Na signals could no longer be identified depth resolution of the ICP-MS measurements. However,
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Fig. 6a shows that there is a strong correlation between the
higher-resolution fluorescence calcium signal and the sodium
signal, which has also been observed in other Antarctic ice
core records (e.g. Curran et al., 1998). Based on this finding,
below ~ 60-70 m, calcium was used as the primary indica-
tor for seasonal variations, in combination with sodium and
liquid conductivity (Fig. 6b). The aim was to achieve a grad-
ual transition between the primary markers by attempting to
slowly include more peaks from the calcium signal into the
sodium count until the calcium record became the primary
seasonal indicator. Therefore, an exact depth for the shift to
calcium as the primary indicator cannot be given. Below a
depth of ~ 200 m, the depth—age relationship of the calcium
signal also became linear, which suggests that the limit of the
fluorescence calcium depth resolution (1.4 cm) was reached.
Further counting would only have resulted in an increasing
and hard to determine age uncertainty.

3.1.2 Power spectra

To support our findings of the manual layer identification,
similar to the approach in Bigler et al. (2011) we calcu-
lated simple power spectra for the most important compo-
nents (Na, Ca, MSA and conductivity) in two different depth
intervals (Fig. 7).

In the shallow part, the sodium and MSA power spectra
show clear maxima around 10-15 cm layer thickness, which
is in good agreement with the findings from the manual layer
identification. In addition, the calcium data show enhanced
values around 10—-15 cm but less distinct. The two large peaks
in the MSA data between 2 and 3 cm must be attributed to
noise in the measurement and cannot refer to actual layers.
In the deeper part of the core, the maxima in the power spec-
tra are less obvious, mainly due to the expected higher noise
level. There is a clear rather wide maximum in the Ca record
between about 4 and 12cm layer thickness, which corre-
sponds well to the layer thicknesses that have been identified
manually in this depth section (see also Fig. 9). In addition,
in the conductivity record there is a small maximum around
5 cm layer thickness, matching the findings from the manual
layer counting. Remarkably, all records of Na, Ca and lig-
uid conductivity show rather pronounced maxima between
about 40—45 cm layer thickness. These variations might hint
to some decadal variations. An in-depth discussion of these
features is, however, beyond the scope of this study.

3.2 Strategy for integration of absolute age markers and
layer counting

The absolute age markers, including the date of the tritium
peak, the volcanic eruptions, and the methane measurements,
were regarded as intermediate reference points in the layer
counting procedure. While the depth of the tritium peak and
the positions of the volcanic eruptions were considered to be
robust with a small age error (< 1 year), the methane refer-
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ence points are less well defined, mainly because of the un-
certainties in the assumed delta age of the gas record. Above
13.5 m, the depth of the 1965 CE tritium peak was used as a
fixed starting point to calibrate the layer identification pro-
cedure. In the first test, the counting was performed using
the Na, MSA and SOi_/Na ratios as described above. The
deviation from 1965 CE in the initial counting attempt was
roughly 10 %. In a second counting run, the layer counting
was adjusted to fit the position of the 1965 CE peak to 1 year.
The same strategy was subsequently applied to fit the dates
of volcanic eruptions. For this deeper part below 13.5 m, ini-
tial calibration of the layer count was performed between the
well-defined depths of the 1285, 1257 and 1229 CE volcanic
eruptions. Peak identification in this section mainly relied on
the calcium fluorescence and the conductivity signals. Af-
ter these two initial tunings of the counting procedure, layer
counting below 13.5m was continued back in time to meet
the 1815 CE Tambora eruption depth and consecutively fur-
ther to 1458 CE. As explained in Sect. 3.1, at a depth between
about 60—70 m, variations in the Na, MSA and SOﬁ_ /Nara-
tios no longer resolve annual cycles. Therefore, a gradual
transition to incorporate more layers visible in the higher-
resolution calcium data was implemented. To confirm this
transition, the time frame between 1285 and 1815 CE was
also counted forward in time to assess the uncertainty in
the chronology when transiting from high-resolution to low-
resolution data. It should be noted that in the layer counting
procedure, the depths of the 1965, 1285, 1257 and 1229 CE
tie points were considered to be fixed within 1 year, whereas
the depth of the 1458 CE eruption was not. This difference
is mainly due to the fact that around the 1458 CE depth
the peak identification method switched from the sodium-
to calcium-dominated approach, leading to a larger age un-
certainty in that depth interval. Only the calcium and con-
ductivity records were used for annual layer counting be-
low the depth of the 1229 CE eruption to 2000 years BP.
At this depth, annual layers were no longer resolved. The
annual-layer-counted chronology, including all age marker
tie points, is shown in Fig. 9.

3.3 Investigation of seasonality

To better assess and quantify the seasonality in the signals of
the most important chemical and physical markers (Na, Ca,
Mg, MSA, SO?[ and conductivity), a more detailed investi-
gation of the annual variations has been carried out similar
to the procedure used by Winski et al. (2019). First, the CFA
records within the annual intervals defined by the counting
markers were interpolated over a 12-month period. Then, the
CFA signals for the respective species were averaged for each
month over different depth intervals of the core (0-50, 50-80,
80-115 and 115-184 m). To normalise these mean concen-
trations and make them comparable, the monthly-averaged
signals were subsequently divided by their respective annual
mean. The relative deviations from the annual mean in per-
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cent are presented in Fig. 8. The horizontal axes show the
annual patterns of the signal over 12 months, with zero de-
noting 1 January. The depth intervals for averaging were cho-
sen based on observations from the layer counting. The first
one (0-50m) mainly relied on the counting of the sodium
and MSA peaks, the second on sodium and calcium, and the
last two mainly on calcium and conductivity.

The sodium signal shows the most distinct seasonality in
the top 50 m, with maximum values in the Antarctic win-
ter and deviations of more than 40 % from the annual mean.
In the deeper sections, the annual cyclicity is much less pro-
nounced. This is due to the fact that sodium was no longer the
primary component for layer counting and also to the loss of
resolution. Magnesium shows a very similar annual pattern,
as expected (Curran et al., 1998), but with a maximum varia-
tion of about 15 % from the annual mean that was much less
distinct compared to the sodium. Calcium shows the highest
amplitude seasonal cycle, with values up to 80 % above the
mean in the Antarctic winter. Calcium shows the strongest
variation in the lowest investigated core section (115-184 m),
which is caused by the fact that it was the main component
for annual layer counting in this depth interval. However,
the seasonality is also very pronounced in shallower depths,
which supports the assumption that the total calcium signal
is actually showing annual variations. MSA appears to have a
seasonal variation in the top 50 m, where it was also included
in the counting scheme. For the deeper parts, the MSA signal
varies around the mean and no longer shows a cyclic trend.
This result is mainly due to the very limited depth resolution
of the FIC instrument. The low FIC resolution also affects
the sulfate signal. Similar to the MSA signal, the sulfate also
varies randomly around the mean, and no obvious seasonal-
ity can be detected. This is also the case for the nitrate signal,
which is influenced by the same limitation of depth resolu-
tion. The liquid conductivity signal appears to show a sea-
sonal variation with a peak in Antarctic autumn. However,
for conductivity the deviation from the mean is only about
5 %, which is very small compared to the other signal vari-
ations. A small drift in seasonality is visible, which is most
obvious between the top 50 m and the other depth intervals.
This drift is very likely caused by the change in layer count-
ing strategy around 60-70 m depth. The DEP signal should
be expected to show similar seasonality as the liquid con-
ductivity, but unfortunately these measurements were also
done with rather limited depth resolution. Therefore, with
this methodological approach, no seasonality in the DEP sig-
nal could be detected. The dust signal also does not show a
seasonality, which in this case is not caused by limited depth
resolution but (unlike some Greenland records for example)
by a very noisy dataset.
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3.4 Chronology characteristics and the dating
uncertainty

The combined approach of annual layer counting and the
identification of absolute age markers led to a stratigraphi-
cal core chronology for the Skytrain ice core reaching back
to 1950 & 122 years before 1950 CE at 184.14 m total depth
(see Fig. 9). In the following, age will be noted as years be-
fore present (years BP), with present referring to the year
1950 CE. The average annual layer thickness, also shown in
Fig. 9, varies between 0.1 and 0.15mw.e. in the topmost
part of the core to 0.05-0.1 m w.e. below about 90 m depth.
There are two phases of accelerated layer thinning that are
not related to changes in density (see Fig. 9). The first sec-
tion is between ~ 815 m total depth (—40 to —5 years BP),
and the second is between ~35-46m total depth (120-
200 years BP). We attribute these intervals of thinning, espe-
cially the second one, and the overall thinning in the top 90 m
to the effects of a distinctive Raymond arch at the drilling
site (Raymond, 1983), which has been detected by ground-
penetrating radar (Mulvaney et al., 2021). The thinning and
more rapid ageing effects of the ice due to this glaciological
feature were underestimated in initial age—depth models and
only became obvious after identification of the absolute age
markers. We cannot rule out that changes in accumulation
rate also contribute to the thinner layers.

The overall uncertainty of the ice core chronology consists
of (i) the uncertainty in identification and counting of an-
nual layers by the operator, (ii) the uncertainty of the depth
and age assignment of the tie points and (iii) irregularities
in the stratigraphical order (e.g. missing layers). Therefore,
a purely mathematical assessment of the error of the derived
age—depth relationship is very difficult, and all attempts at
quantifying the dating uncertainty must be considered as es-
timates. By far the largest source of error is missing or over-
counting of annual layers by the operator, in combination
with the limited resolution of the analytical methods. We
tried to minimise these errors by using several independently
measured chemical species simultaneously for annual layer
counting as described above (see Fig. 6). Based on the find-
ings in Sect. 3.2, we estimated three different counting error
ranges for the core sections from 0-38.22 m (the depth of the
Tambora eruption), 38.22-93.22 m (the depth of the 1285 CE
eruption) and 97.45-184.11 m. These error ranges are shown
as the blue shaded area in Fig. 9. For the topmost depth in-
terval a cumulative age error of =5 % was derived from two
iterations of annual layer counting. This error increases with
distance from the age markers (here the Tritium peak and
the Tambora eruption) and was set to =1 year at the depths
of the tie points. In the second depth interval, the transition
from the sodium- to calcium-dominated layer counting was
performed. Together with a phase of layer thinning in this
section, it was not possible to reduce the counting error to
less than £8 % at the depth of the presumed 1458 CE erup-
tion (75.8 m). Therefore, this volcanic marker was not used
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as a fixed tie point, and the error range for the whole second
depth interval was set to =8 %. The depth range between the
1285 CE and 1229 CE tie points (93.25-97.45 m) was con-
sidered to have an age error of 1 year because this interval
was used to calibrate and tune the counting procedure in the
first place. In the deepest section, the error was estimated
from the comparison of the counted chronology with the age
markers derived from the methane measurements (black cir-
cles in Fig. 9). The cumulative error aimed to incorporate all
of these age markers in its range, but they were not used as
fixed tie points in the chronology. This approach led to an
uncertainty range of +10 % of the respective age in the sec-
tion between 97.43 and 184.11 m. The highest uncertainty
in the lowest section is also justified by the fact that the
counting error will increase with depth due to the calcium
fluorescence instrument resolution reaching its limitations at
layer thicknesses below 5 cm w.e. and the cumulative uncon-
strained counting error.

https://doi.org/10.5194/cp-18-1831-2022

4 Conclusions

The first part of the ST22 chronology for Skytrain ice core
covering the last 2000 years before present was successfully
established. This time period of the most recent past is cru-
cial for understanding current climate change processes, and
a well-constrained chronology is a prerequisite for any fur-
ther data interpretation. An age of 1950 before 1950 CE (BP)
was reached at a depth of 184.14 m. The dating of the ice core
is based on stratigraphical methods. Annual layer counting
has been carried out using primarily the sodium signal as a
seasonal indicator in the top ~ 60-70 m (about 300 years BP)
and calcium for the lower part (~ 60-184 m). The seasonal-
ity of the chosen parameters was also supported by power
spectra analyses. The annual layer counting was finally con-
strained to a set of absolute age markers. These age markers
include the tritium peak (1965 CE) and six volcanic eruptions
identified via sulfur isotope analysis. Methane measurements
were used to further verify the counted chronology, although
they were not used as fixed age tie points. Based on the
depth of the 1965 CE tritium peak, a surface accumulation of
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13.5cmw.e. yr~! was determined. The overall uncertainty of

the record is dominated by counting errors of the operator. A
minimum error of 1 year at the depths of the tie points was
assumed. In between the tie points, a cumulative age error
of £5 % in the top part (0-38.22 m), &8 % in the middle part
(38.22-93.22 m) and £10 % in the unconstrained bottom part
(93.22-184 m) was determined. In the lowest part of the in-
vestigated core section, a gradual transition to the age model
used for the deep ice will be established (Mulvaney et al.,
2022). The retrieved depth—age relationship was found to age
much faster than expected from initial purely glaciological
modelling. At least two phases of enhanced layer thinning at
shallow core depths (above 90 m) were observed. This thin-
ning is attributed to the influence of a pronounced Raymond
arch. The conservative uncertainty approach allows for in-
terpretations on at least decadal timescales. Overall, the first
part of the ST22 chronology provides a robust age scale to
interpret climatic signals recorded in the Skytrain ice core
during the last 2000 years, as well as for developing the age
model for the deeper ice.

Appendix A: Tritium sample data

Table A1. Sample data and results of the tritium measurements in
the Skytrain ice core. The deepest five samples were below the de-
tection limit.

Depth absolute Depth  Mass water TU  Error
[m] [mw.e.] [g] TU

104 5.12 327 235 0.5
10.85 5.373 341 277  0.80
11.3 5.627 395 261 078
11.75 5.886 407 261 081

12.202 6.150 399 6.72  1.61

12.643 6.409 407 10.08  2.32
13.093 6.641 396 924 213
13.544 6.938 390 1092 251

13.995 7.197 412 1092 251

14.447 7.457 427 454 123
14.899 7.730 428 252 0.88
15.349 8.000 433 261 0.83
15.798 8.270 436 073  0.63
16.249 8.540 426 0.82 0.62
16.7 8.810 438 0.76  0.66
17.15 9.089 426 < 0.7

17.6 9.370 438 <0.7

18.052 9.649 443 <0.7

18.502 9.925 444 <0.7

18.954 10.207 439 < 0.7
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Appendix B: Volcanic eruption sulfur isotope data

Table B1. Sample data and results of the 834S and discrete sulfate
measurements in the Skytrain ice core. Values are reported in per
mille, relative to VCDT. Data of the other samples that were not
clearly identified can be found in the Supplement.

Volcano  Depth  Depth 8348 A33s SOy
[CE] top bottom  [%o] [%0] [ppb]
[m] [m]

1815 3822 38.29 10.94 0.28 149.81
1458 75.75 75.8 3.76 —0.03 405.52
1458 75.8 75.85 4.89 0.19 369.05
1285 93.22 9327 447 —0.40 145.96
1276 94.08 94.15 13.37 —0.03  66.57
1257 95.18 95.23 —4.84 —1.26  168.07
1257 95.23 95.28 —12.31 —-1.36 138.15
1257 95.28 95.33 9.21 0.39 430.34
1257 95.33 95.38 17.19 0.93 275.30
1229 97.43 97.48 4.07 —045 11548
1110? 107.26  107.31 14.32 —0.24  203.58

Appendix C: Methane age tie points

Table C1. Age reference points picked from visual comparison of
Skytrain, WAIS Divide and Antarctic composite methane data. A
delta age of 300 years was used to convert gas age into ice age
for Skytrain ice core. The “y BP” abbreviation denotes years before
present (1950 CE).

Depth [m] CHg4 [ppb] Gas age [yBP] Ice age [y BP]
92.7 683.6 357 657

95.2 717.7 395 695

111.98 679.4 595 895

123 695 752 1052

138.39 686.3 923 1223

154.6 627.4 1149 1449

159.5 656.8 1214 1514

Data availability. The Skytrain ice core chronology data and some
additional data regarding the sulfur isotope analysis can be found in
the Supplement.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/cp-18-1831-2022-supplement.
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