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Popular summary

The Greenland and Antarctic ice sheets contain a vast amount of information about the Earth’s past climate. Snow
has been accumulating in these regions for hundreds of thousands of years, trapping atmospheric air, which is
stored as bubbles in the ice. Researchers access this information by drilling into the ice, extracting a core and
analysing the atmospheric gas concentrations, the chemical composition, and other parameters. Age scales are
developed to describe the relationship between the depth of a core and its age, which is essential to know for
the interpretation of climate data. They use different sources of information, such as counted annual layers,
synchronised climate data from different records, and absolute age markers, for example volcanic eruptions,
which can be identified in the stratigraphy, all while considering snow accumulation, ice densification and ice
flow.

However, these traditional methods have their limitations, as they require the reliable identification and syn-
chronisation of time markers with other archives. Both become increasingly difficult to achieve with depth, as
the temporal resolution decreases, often leaving several meters at the bottom of an ice core undated. Absolute age
estimates can help verify and extend existing chronologies in deep ice. The 3¢Cl/!°Be ratio has the potential for
such estimates. 3*Cl and '°Be are radionuclides, which are created in atmospheric reactions initiated by radiation
coming from space. The radiation is variable, so the production rate of individual radionuclides varies over time,
but their ratio is theoretically constant. Both are deposited on the ice sheets and their concentrations can be
measured in ice cores. Since they are unstable and radioactively decay over time, lower concentrations are found
in older ice, which can be used to estimate its age. The half-life of the ratio is 384 thousand years, which means
ice of this age will have a 3Cl/1°Be ratio half as high as the ratio in present-day snow.

In reality, the application is slightly more complicated. The 3¢Cl/*°Be ratio in ice varies with the climate, as
36Cl and '°Be are different elements, which are transported and deposited differently. In our research, we were
able to estimate the influence of the climate and apply a correction, which significantly improved the precision
of age estimates. A second issue is the loss of 3°Cl at low accumulation sites, where gaseous H3°Cl can be
formed and escape the snow before it turns into ice. We were able to show that this mainly affects ice from
warm, interglacial periods, while 3¢Cl in ice from cold, glacial periods is preserved. Additionally, it was possible
to estimate the amount which was lost and calculate back the 3*Cl concentrations of the initially deposited
snow. A third challenge was posed by unexpected behaviour of '°Be in deep ice. Concentrations were lower
than expected and decreased faster with depth and age than possible through radioactive decay alone, which can
distort age estimates. Our research suggests that an extraction step in the standard sample preparation procedure
may lead to a loss of '°Be, preventing a quantitative extraction in deep ice. The extraction step can be skipped
if the sample size is small, but the mechanism should be researched further to ensure a quantitative extraction in
future measurements.

It has been suggested that the West Antarctic Ice Sheet melted in the last interglacial period about 120 thousand
years ago, as it was warmer and the sea-level was 6 to 9 meters higher than today. An ice core drilled in West
Antarctica was previously dated to an age of 126 thousand years old, showing that the ice sheet did not disap-
pear. The bottommost 24 meters of ice could not be dated with traditional methods, but with the help of the
36Cl/%Be ratio we were able to show that the ice sheet not only survived the last interglacial period, but has been
present for at least 500 thousand years. With the improvements achieved for the dating method, other basal ice
sections from Greenland and Antarctica can be dated in the future as well.
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1 Motivation

Ice cores are unique paleo-climate archives, as they contain the only direct record of the past atmosphere, as well
as a plethora of isotopes and impurities which can be used as climate proxies. The compiled carbon dioxide record
over the last 800 kyr, for example, demonstrates the slow natural variability of atmospheric CO, concentrations
between 190 and 280 ppm, which is strongly contrasted by the sharp increase over the last few decades, reaching
427 ppm in 2025 (10).

Current research is aimed at retrieving a continuous ice core as old as 1,500 kyr to investigate the mid-Pleistocene
transition, which lasted from about 1,200 until 700 kyr ago and describes a change in the periodicity of glacial-
interglacial cycles from 41 to 100 kyr (14). A preliminary analysis of the core suggests 1,200 kyr old ice at a depth
of 2,480 m, while bedrock was reached at a depth of 2,800 m in 2024 (15). Similar to other ice cores from
Greenland and Antarctica, the bottommost section is challenging to date, since the temporal resolution decreases
as the ice is stretched thin from the enormous weight of the ice sheet resting above it (89, 100). Additionally,
disturbances in the stratigraphy are possible, complicating the identification of time markers used to constrain
the age scale or to synchronise it with existing chronologies (24, 33, 37, 60). For the interpretation of any proxy
data, however, a reliable age scale is crucial.

Cosmogenic radionuclides, such as 3*Cl and '°Be, are produced in the atmosphere and deposited on the polar
ice sheets, where they decay over time, so they have the potential to provide absolute age estimates, independent
of existing chronologies and stratigraphic disturbances. The 3¢Cl/!°Be ratio was first suggested to be used as a
dating tool in the 1980s by Nishiizumi et al. in Antarctica and Elmore et al. in Greenland (30, 65). The aim
of this thesis was to test the dating method on ice of known age, improve it, and apply it to ice of unknown
age from Antarctica. Three challenges, outlined in sections 2.2, 2.3, and 2.4, respectively, were identified and
partly overcome: the variability of the deposition flux, which determines most of the age estimate uncertainty,
the reversible deposition of **Cl in firn, which can lead to poor signal preservation, and the mobility of 1°Be in
deep ice, which can alter the original signal.

2 Background

2.1 Radionuclide production

Radionuclides are produced by nuclear reactions in the atmosphere, initiated by galactic cosmic rays (GCRs).
These rays originate from supernovae in the Milky Way and consist mostly of protons, alpha particles, heavier
nuclei, and electrons, which reach our solar system with an essentially isotropic intensity distribution known as
the local interstellar spectrum (LIS). In the heliosphere, the energy spectrum is modulated, because the movement
of plasma inside the Sun generates a magnetic field which is carried out into space by the solar wind, deflecting
electrically charged GCRs (11). An accurate description of all interactions requires complex equations, which are
impractical to use, but the differential energy spectrum near Earth J (7', @) resulting from the overall modulation
of the LIS by the solar magnetic field in the Heliosphere can be quantified with the empirical solar modulation
function @ in MeV in the force field approximation as

T? - E2

J(T,®) = Jus(T + ‘I’)m7

)

where Ji 15 is the differential energy cosmic ray flux outside the Heliosphere and 7" and Ej are the respective total
and rest mass energy of a cosmic ray particle (36). Figure 1 shows the LIS model of Herbst et al. (43) for protons
and the effect that different values of @ have on the spectrum. @ is GCR component specific and calculated
from the solar modulation potential ¢ in MV as ® = Zep, where Z is the atomic number and e is the elemental
charge.
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Figure 1: The local interstellar spectrum of protons after Herbst et al. (43), the effect of different values for the solar modulation
function ® and vertical cut-off energies of selected geomagnetic latitudes.

The geomagnetic field of the Earth constitutes a second stage of deflection for GCRs and creates a highly regional
distribution of the flux reaching the atmosphere. For the discussion of radionuclide production, it is usually
sufficient to consider the dipole component, whose field lines are perpendicular to vertically arriving cosmic rays
at the equator, but parallel at the geomagnetic poles, leading to a strong latitude dependence of the GCR flux
with higher values at the geomagnetic poles (11). The particle rigidity R is defined as the momentum to charge
ratio and describes a particle’s resistance to deflection by the geomagnetic field. It can be expressed as

A
R=2\/(Ey+E) - B}, @

where A and Z are the particle’s atomic mass number and charge number, respectively, Ej is its rest mass energy
and E is its kinetic energy. For a magnetic dipole moment M, it is possible to calculate a latitude depend-
ent geomagnetic cut-off rigidity R.(A), which is the minimum rigidity required for a particle to penetrate the
geomagnetic field and reach the Earth. For vertically arriving cosmic rays, it can be calculated as

14.9M
RC,V(/\) = 700084(/\)7 (3)

where My = 7.8 x 1022A m? is the present-day dipole moment of the geomagnetic field (2). The relationship
between rigidity 12 and energy per nucleon £ described in Equation 2 was used to calculate examples for cut-off
energies corresponding to specific latitudes in Figure 1. While all vertically arriving particles can penetrate the
Earth at the geomagnetic poles, increasingly higher energies are needed towards the equator.

Once in the atmosphere, primary cosmic ray particles initiate a cascade of nuclear reactions. Alpha and heavier
particles break up into their constituent nucleons upon first impact with an atmospheric nucleus and subsequent
reactions occur with secondary protons and neutrons until the initial energy is dissipated. In this cascade of
reactions, cosmogenic radionuclides can be produced by spallation reactions on heavier nuclei or through neutron
capture. The production rate P of a radionuclide j at an atmospheric depth X, defined as the weight per area
above a certain height in the atmosphere, is the sum over all reactions between secondary cosmic ray particles &
(protons and neutrons) and target nuclei ¢ (N3, O3, Ar, ...), integrated over the entire energy spectrum of the
cosmic ray flux. It is given as

P =Y MY /0 05k (Ex) - Jo(6, Re, By, X) dEy, 4)
7 k
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where NN; is the density of a target nucleus ¢ in atoms g™ and 0j;;,(E},) is the cross section for a specific reaction
between a target nucleus ¢ and a cosmic ray particle component k to produce radionuclide j in cm?. The central
idea of this thesis is to date ice cores using the radionuclides **Cl, produced in reactions with argon, and 1°Be,
generated through interactions with nitrogen and oxygen. Although reactions yielding 3Cl exhibit considerably
larger cross-sections, the vastly higher atmospheric abundances of nitrogen and oxygen compared to argon result
in 1°Be production rates that exceed those of 3*Cl by about an order of magnitude.

Global radionuclide production rates are not constant, because the LIS, the solar magnetic field, and the geo-
magnetic field can change over time. Short-term variations are dominated by changes in the solar magnetic
field, whose amplitude increases and decreases with a 11-year periodicity. With the present-day value for the
geomagnetic field, the 9,400-year reconstruction of the solar modulation function by Steinhilber et al. (85) with
a resolution of 22 years suggests a 13 % standard deviation from the mean for the **Cl and !°Be production
rates, caused by variations in the strength of the solar magnetic field. Over longer timescales, production rate
changes are dominated by changes in the geomagnetic field. A reconstruction of it by Channell et al. (19) with a
resolution of 1,000 years suggests a 26 % standard deviation from the mean over the last 1.5 million years. As our
solar system rotates around the centre of the Milky Way, it passes in and out of its spiral arms, which presumably
leads to higher and lower LIS intensities (18). However, this occurs on timescales of tens of millions of years, far
longer than typical ice core ages. For the intent of dating ice, the LIS can, therefore, be regarded as constant.

While these influences on production rates make radionuclide records a powerful tool for reconstructions of
geomagnetic and solar magnetic field strengths (9, 62, 63, 64, 93, 104) and chronology alignment through peak
synchronisation (1, 22), they complicate radioactive decay dating by overlaying the decay signal with a changing
production signal. As 3°Cl and '°Be are affected in a similar way, however, their production rate ratio of 0.086
is theoretically independent of the varying magnetic field strengths, as shown in Figure 2. It has a half-life of
384 kyr, resulting from the half-lives of 301 kyr for 3*Cl and 1,387 kyr for °Be, respectively (20, 31, 52). A
production related difference of 25 % between the 3¢Cl concentrations in two samples could be misinterpreted
as a decay signal, which would suggest an age difference of 150 kyr, while the 3¢Cl/*°Be ratio would be unaffected
by the production rate difference.

A 36CI/1%Be with M = 7.8 x 1022 Am? B 36CI/1%Be with ¢ = 550 MV
0.093 0.093
Troposphere 60 — 90° Troposphere 60 — 90°
------- Troposphere -++-+ Troposphere
0.092 4 — Global 0.092 7 — Global
—---- Stratosphere ---- Stratosphere
0.091 0.091

0.090

0000 4 T

36Cl/A%Be
36CI/*%Be

0.089 - 0.089 /1

0.088 - 0.088

0.087 0.087 A

0.086 T T T T T T 0.086 T T T T T T T T T
0 200 400 600 800 1000 0 2 4 6 8 10 12 14 16

Solar modulation potential ¢ / MV Geomagnetic field strength M / 1022 Am?

Figure 2: Influences of A solar modulation and B the geomagnetic field on the 3¢Cl/'®Be production rate ratio in different
atmospheric domains.

2.2 Transport and deposition

The number of available cosmic ray particles with sufficient energy to generate additional radionuclides decreases
with atmospheric depth, resulting in approximately two thirds of radionuclide production occurring in the stra-
tosphere and one third in the troposphere (38, 39, 70). For the stratosphere, a residence time of one to two years
has been estimated for both, 3*Cl and °Be (40, 41, 72, 88), and their primary pathway into the troposphere is
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the exchange of air masses across the tropopause at mid-latitudes, where also the highest deposition fluxes are
observed globally. In other regions, the precipitation rate largely determines the deposition flux, as wet removal
is more effective than dry deposition, resulting in a global distribution that does not directly reflect the latitude
dependent production profile (32, 38, 105): the production is highest at the geomagnetic poles, but Greenland
and Antarctica are amongst the regions with the lowest radionuclide deposition fluxes.

Once deposited, the 3¢Cl/'°Be ratio R decays with

R=Ry-e M, (5)

In(2)
t1/2

time ¢ in years. In a sample of unknown age, the time since deposition can be calculated as

and R is the ratio after a

where Ry is the initially deposited ratio, k is the decay constant given by & =

{ = —%m (R/Ro). (©)

However, the initial >*Cl/!°Be ratio at the time of deposition is usually unknown. Even though the 3¢Cl/'Be pro-
duction rate ratio is constant in time, the measured 3°Cl/1°Be ratio in ice is not. It is site-specific, and varies
significantly within a given record, as demonstrated in Table 1, which lists the mean 3¢Cl/!°Be ratios measured
in different, Antarctic and Greenland ice cores with their respective, relative standard deviations from the mean.

Table 1: Mean, decay-corrected 3¢Cl/'°Be ratios in different ice cores (7, 47, 56, 94, 101).

Ice core Time period Mean 3¢Cl/'°Be 0 relacive
Dome Fuji  7,440-7,362yrBP  0.12 19 %
Dye3 527-40yr BP 0.15 44 %
GRIP 307-102,000yr BP  0.26 25 %
Milcent 761-129 yr BP 0.18 30 %

The initial 3*Cl/!°Be ratio of an undated sample can, therefore, neither be assumed to reflect the production rate
ratio of 0.086 nor to be identical to a single measurement of the ratio in recent precipitation. However, it can
be estimated with the mean, decay-corrected **Cl/!°Be ratio measured in ice of known age from the same site.
The uncertainty of the mean value 0 (Rp) can be estimated with the one-o standard deviation from the mean. It
directly affects the uncertainty of the estimated age o (t) with

de 1
U(t):di%'U(Ro)zki&)'U(Ro)j 7)

showing that the absolute uncertainty of age estimates scales linearly with the relative uncertainty of the mean
initial ratio, about 5.5 kyr per percentage point. Itis, therefore, desirable to understand what causes the variability
of the 3¢Cl/*°Be ratio and whether there is a climatic influence that can be removed from the signal to reduce it
and thereby lower the dating uncertainty.

The deposited ratio is a likely product of the different transport and deposition mechanisms of 3*Cl and °Be re-
lated to their physical and chemical properties: 3*Cl predominantly forms hydrogen chloride gas, while '°Be at-
taches to aerosols (41, 42,103, 105). As shown in Table 1, the mean 3¢Cl/1°Be ratio is higher than the production
rate ratio of 0.086 in all ice core records, which suggests a depletion of °Be in respect to **Cl in polar precip-
itation. A possible mechanism for this is the rainout (in-cloud) or washout (below-cloud) of '°Be in air masses
moving from mid-latitudes towards the poles (61, 67, 68). While 3¢Cl is likely to be removed as well, the de-
gree of depletion may be lower. Measurements in precipitation samples from Indiana in the United States and
Switzerland showed an increase of the 3¢Cl/1°Be ratio throughout the course of individual precipitation events,
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supporting the hypothesis of a faster °Be removal (51, 56). While a preferential removal of '°Be could increase
the long-term mean 3¢Cl/!°Be ratio, it would also have the potential to cause short-term variability, related to the
amount of precipitation en-route. The modelled radionuclide deposition flux of a recent modelling study showed
an increasing trend for the 3°Cl/!°Be ratio towards the poles, in agreement with the ice core data presented in
Table 1 (105). However, the authors of the modelling study hypothesised that a higher scavenging efficiency for
gaseous H3¢Cl compared to aerosol-bound °Be in mixed-phase (ice and water) clouds was responsible for the
increase of the ratio (86, 87, 91, 105), which is another plausible explanation.

2.3 Chlorine loss

A second challenge for dating ice with the 3°Cl/!°Be ratio is the loss of 3°Cl at low accumulation sites. The issue
has been studied in snow pits from Vostok in East Antarctica, where the accumulation rate is extremely low with
just 2.1gem™yr! (28). Nuclear bomb tests in the 1950s, especially those performed on ships and small islands
in 1954, 1956, and 1958, produced large quantities of anthropogenic **Cl through neutron activation of sea-salt
35Cl (49, 88). Highly elevated **Cl concentrations up to a thousand times above natural levels were measured in
different Antarctic and Greenland ice cores, peaking in 1958 and returning to pre-bomb levels by the mid 1980s
(29, 41, 88). In Vostok, however, the peak was much broader than in other cores and shifted upwards to snow
about 10 years younger. 3°Cl concentrations remained elevated up to the surface, corresponding approximately to
the year 1997 (26). In Figure 3, the profile is compared to 3*Cl concentrations from Dye3 in Greenland (aligned
to depths corresponding to the Vostok timescale), demonstrating the apparent mobility of 3¢ClL.
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Figure 3: 3¢Cl concentrations from a snow pit at Vostok station, East Antarctica, and modelled concentrations taking into account
advective transport and diffusion (black line). 3¢Cl concentrations from Dye3 in Greenland, corresponding to the same event,
are shown in grey. Figure taken from Delmas et al. (26).

It has been hypothesised, that the deposition of 3¢Cl, especially as H3¢Cl gas, is reversible. The phenomenon
has been researched extensively for sea-salt chlorine, which can be converted to HCI gas by acidic species, such
as nitric acid (HNOj3) and sulphuric acid (H,SOy), during transport and after deposition (45, 53, 54, 95). In
freshly emitted sea-salt, the ClI7/Na* ratio by weight is 1.8 (57) and lower values indicate a chlorine loss, while
higher values can indicate an excess (74). As the sea-salt flux decreases with an increasing distance from the ocean,
HCI gas becomes a significant contributor to the ionic budget, leading to heightened CI~/Na* ratios in surface
snow (12). However, the ratio rapidly decreases with depth, eventually reaching values below 1.8, showcasing the
reversibility of HCI deposition (12, 26, 95). The process appears to be strongly related to precipitation, as the
snow is buried before a re-emission of HCI can occur at sites with higher accumulation rates, where no decrease
of the Cl7/Na* ratio is observed in firn (95). A threshold of 4-8 gcm™ yr™! has been suggested for preservation
(12, 81). Dirill sites in Antarctica and Greenland with a well preserved 3*¢Cl bomb peak signal at the expected
depth also fulfil this preservation criterium (41, 69, 88).

For 3¢Cl/!°Be dating, the main potential issue related to the reversible deposition of HCl is a varying degree of
unquantified 3*Cl loss. A rearrangement of the 3*Cl concentration in firn or the loss of a constant fraction would
be unproblematic, but if the initially deposited 3**Cl/'°Be ratio is not preserved and the degree of 3*Cl loss varies
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over time, the long-term variability of the measured 3*Cl/1°Be increases, adding to the climate related transport
and deposition variability. In practice, a larger uncertainty for the estimated initial ratio would be obtained,
which would translate into a larger uncertainty for age estimates, as shown in Equation 7. As a secondary effect,
the loss of ¢Cl would increase the mass of ice needed for the measurement of the radionuclide. The issue appears
to be limited to low accumulation sites, where, however, the oldest ice is often found. At EDC, where the present-
day accumulation rate is 2.7 gcm™ yr™! (83), the so far oldest continuous ice core was drilled with a bottom age
of over 800 kyr (16). The new Beyond EPICA Oldest Ice Core (BE-OIC) ice core has been estimated to reach
back more than 1,200 kyr in time and has been drilled at LDC, where the present-day accumulation rate is about
2.5gem™?yr! (15, 78). 3Cl/'°Be dating may still be possible at these sites, as Rothlisberger et al. showed that
sea-salt chlorine is also preserved in glacial times at EDC, even though glacial accumulation rates are even lower
(81). A Cl7/Na* ratio close to the sea-salt reference value of 1.8 was explained with the neutralisation of acidic
species, responsible for the conversion of NaCl to HCI, with increased amounts of alkaline dust prevalent in
glacial periods (81). Similarly, the dust may have neutralised H*¢Cl gas, converting it to a less volatile species and
leading to a preservation of the deposited **Cl/1°Be ratio in glacial ice. While limiting the selection of dateable
samples, it would enable age estimates even at low accumulation sites.

2.4 '°Be mobility

A third process which can affect the 3°Cl/1°Be ratio in ice is the post-depositional mobility of °Be. Anomalous
behaviour has been observed in the EDC and EPICA Dronning Maud Land (EDML) ice cores from Antarctica
as well as the GRIP ice core from Greenland (4, 8, 48, 73). At EDC, °Be was measured with a resolution of
11 cm in about 100 m of ice representing the time from 680 to 800 kyr BP (73). Concentration spikes up to one
order of magnitude higher than in samples from adjacent depths were observed for several 11 cm pieces of ice
by Raisbeck et al.. For comparison, the Matuyama-Brunhes geomagnetic field reversal investigated in the same
publication only caused a '*Be concentration enhancement by a factor of 2, so the spikes are unlikely to reflect
changes in the production signal. Raisbeck et al. argue that the spikes rather result from a post-depositional
localisation process and since smoothing over several thousand years did not remove the spikes, they concluded
that the migration occurs predominantly horizontally, not from adjacent depths.

In a different approach to radionuclide dating, Auer et al. measured 2°Al and '°Be in the EDML ice core (4).
The benefit of 26Al over 3°Cl is that its chemical behaviour is closer to that of 1°Be, which means it attaches to
atmospheric particles as well and the 26Al/*°Be ratio should be less sensitive to climatic changes affecting the radi-
onuclides’ transport and deposition. While this appears to be the case in surface snow, where the 26Al/!°Be ratio
remained close to its atmospheric value, the measured 26Al/**Be ratio in ice from the deepest EDML section ex-
hibited a peak over a several thousand years and a ten-fold increase of the °Be concentration was observed in the
deepest measured sample (4). Auer et al. suggested that these observations may be caused by a post-depositional
mobilisation of '°Be. In Greenland, a similar process has been observed in the GRIP ice core, where the fraction
of dust-associated 1°Be increased from less than 10 % to about 50 % (8, 92).

The three drill sites, EDC, EDML, and GRIP, differ considerably in terms of their geophysical locations, impurity
contents, and bottom ages. However, anomalous '°Be behaviour was observed below depths of 2,700 m in all
cores, suggesting that pressure and temperature may play a more critical role than the age of the ice. Near the
bottom, all three cores are close to their pressure melting points. As the temperature increases near bedrock, pre-
melting occurs: a liquid layer forms on the surface of solid ice grains even below the bulk melting point of the ice
(75). This process is facilitated by the concentration of soluble impurities at grain boundaries and triple junctions,
which depresses the local melting temperature. The resulting inter-granular liquid phases have been shown to be
acidic and enable the mobility of various impurities (25, 34, 58, 82), possibly including '°Be. Additionally, the
acidic brines have been found to promote geochemical reactions and remineralisation (5), potentially leading to
the formation of new beryllium compounds or the incorporation of beryllium into other minerals.

For age estimates with the 3¢Cl/1°Be ratio, well-preserved radionuclide concentrations are crucial. A small-scale
mobility and an association with dust are unproblematic, as long as the process occurs over small distances
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in comparison to the sample size and °Be concentrations can still be quantitatively determined. If, however,
19Be concentrations in deep ice are redistributed to a degree where it alters the initially deposited 3°Cl/!°Be ratio
of a given sample, the benefit of theoretically removing the production signal may be compromised and more
reliable results may be achieved with the 3*Cl concentration alone. If new compounds are formed and prevent
the quantitative detection of '°Be, the standard sample preparation methods have to be revised.

3 Methodology

3.1 Drill sites

Within the scope of this thesis, ice from three Antarctic drill sites was analysed. EPICA Dome C is located on
the East Antarctic Ice Sheet at 75°05’59” § 123°19°56” E, as shown in Figure 4, at an elevation of 3,233 m. The
snow accumulation rate of 2.7 gecm™ yr™! is extremely low at this site and the 3,260 m long ice core drilled here
extends continuously to over 800 kyr BP (16, 83). We measured 3*Cl and °Be concentrations in discrete samples
from interglacial and glacial periods with ages between 3 and 887 kyr BP to investigate the loss of >Cl, assess the
variability of the 3Cl/!°Be ratio, and compare the decrease over time to the expected radioactive decay. A second
set of glacial EDC samples was analysed with the aim of better understanding post-depositional °Be mobility.

m\Vostok

‘LDC g
EDC Law DO

Figure 4: Antarctica with selected, relevant drill sites. The map was generated using medium resolution vector polygons of the
Antarctic coastline (Version 7.10) from the SCAR Antarctic Digital Database (ADD) (35).

Additional samples were collected from Little Dome C (LDC), which is located at a distance of only 40 km from
the EDC station and therefore provides very similar conditions: the accumulation rate is 2.5 gcm™yr™! (78). It
is also the drilling location of the Beyond EPICA Oldest Ice Core project, which has retrieved ice as old as 1.2
million years with several hundreds of meters below left undated (15). In this project, the ice of a 462 m long core
from the Rapid Access Ice Drilling campaign was analysed (77). We determined the 3Cl and '°Be concentrations
in discrete samples from the Holocene and the last glacial period to investigate the loss and preservation of 3¢Cl.

Several measurements were also conducted on ice from an ice core drilled at Skytrain Ice Rise, which is an
independent ice rise with an altitude of 784 m, located in West Antarctica, adjacent to the Ronne Ice Shelf
and the West Antarctic Ice Sheet (WAIS) at 79°44°30” S 78°32°42” W (59). The 651 m deep core was drilled
to assess the stability of the WAIS during the last interglacial period, when the Southern Ocean and Antarctica
were warmer than today (59, 98). 3°Cl and '°Be concentrations were analysed in continuous samples with
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annual and biennial resolution from recent decades to assess the preservation of nuclear-bomb produced 3¢Cl.
Additionally, discrete samples from the Holocene and the last interglacial period were analysed and compared to
different climate proxies. Then, the average initial 3°Cl/!°Be ratio was estimated and used to date five samples of

unknown age below the published age scale, which extends to 126 kyr BP at a depth of 627 m (60).

3.2 DPreparation of 36Cl and '°Be

Radionuclide concentrations were determined by adding a precisely known mass of stable isotope carrier to an
ice sample and measuring the ratio of radionuclide atom counts relative to stable isotope atom counts in an
accelerator mass spectrometer (AMS). For '°Be, this ratio is 190% and the concentration ¢ (}°Be) in atoms per
gram ice can be calculated as

m(°Be) - Ny ''Be

10
Be) =
c("Be) M (“Be) -mpe ?Be’

(8)

where m (Be) is the mass of added ?Be carrier, N is the Avogadro constant, M (*Be) is the molar mass of
9Be, and mice is the mass of the ice sample. 3°Cl concentrations were determined in the same way using the
parameters of >>Cl and 3Cl and adding the mass of naturally occurring chlorine in the sample to the carrier mass.
While negligible at EDC, an average sea-salt chlorine mass of 3.5 % of the carrier mass was present in Skytrain
samples.

All samples were prepared following the same standard procedure, with slight modifications depending on the
sample type and mass, as visualised in Figure 5. First, the ice was weighed and stable isotope carrier was added,
which defined the ratio of radionuclide atoms relative to stable isotope atoms. If any amount of the sample was
lost in one of the preparation steps, it would not have affected the measurement outcome, as isotopic ratios,
the measured parameter, would remain unchanged. Enough carrier had to be added to handle the sample,
while the addition of too much carrier would have lead to larger errors from low ratios of radionuclide to stable
isotope. In practice, between 0.15 and 0.30 mg of *Be carrier was added to each '°Be sample and between 2.0
and 4.0 mg of *Cl and 3’Cl carrier was added to each 3¢Cl sample. If several 1°Be samples were combined into
one %¢Cl sample, the chlorine carrier was equally split between beryllium samples. Samples were then either
melted at room temperature or in a microwave with attention being paid to temperatures not increasing more
than a few degrees above the melting temperature. Most samples were prepared using ion exchange columns
(IECs): each liquid sample was transferred to an individual drip bag, which was then connected to a poly-prep
prefilled chromatography column with AG 50W-X8 resin (Bio-Rad Laboratories, Inc., Hercules, CA) to isolate
Be. The discharge was passed on to a chlorine column, which had been prepared with AG-4X4 resin (Bio-Rad
Laboratories, Inc., Hercules, CA) in advance. Beryllium and chlorine were thereby isolated from the remaining
sample, which was discarded.

In a next step, beryllium columns were eluted with 25 mL of a 4 M hydrogen chloride (HCI) solution. When only
19Be was of interest and the sample weighed less than 40 g, the IEC isolation and elution steps were skipped. For
some of the experiments discussed in paper 111, the Be solution was acidified at this point to test whether stronger
leaching or particle dissolution can affect the detected '°Be/?Be ratio. Then, several mL of a 25 % ammonia
solution were added to each sample to precipitate beryllium hydroxide (Be(OH),) at a pH > 9 over night. On
the next day, the samples were centrifuged at 4,200 rpm for 20 minutes and decanted, leaving a Be(OH); gel.
8 mL of MilliQ water was added to the gel for washing, before the sample was centrifuged again at 4,200 rpm
for 20 minutes and decanted. The Be(OH); gel was then transferred to a quartz glass and dried for 2 hours on a
heating plate, before it was placed into a tube furnace and oxidised to beryllium oxide (BeO) at a temperature of
850 °C overnight. Together with about 1 mg of Niobium, the beryllium oxide was then transferred into a target
and pressed into a small tablet.
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Figure 5: Overview of the radionuclide sample preparation including possible variations of the procedure for the melting of ice
and the beryllium preparation.

Chlorine columns were eluded with 45 mL of a 1 M nitric acid (HNO3) solution. To each sample, 1.0 mL of a
silver nitrate (AgNO3) solution with a concentration of 48 mgmL™ was added and the sample was left in a dark
place over night, so thatsilver chloride (AgCl) could precipitate. On the next day, the samples were centrifuged at
4,200 rpm for 20 minutes and decanted. The remaining silver chloride was then dissolved with 3 mL of MilliQ
water and 0.5 mL of a 25 % ammonia (NH3) solution. 1.0 mL of saturated barium nitrate (Ba(NO3),) solution
was added to precipitate barium sulphate (BaSOy), as the 3¢S isotope is an isobar to >*Cl and can interfere with
the measurement. The next day, the sample was centrifuged at 4,200 rpm for 20 minutes and decanted. The
liquid was kept and 1.0 mL of 65 % nitric acid solution was added to re-precipitate AgCl over 2 hours before
the samples were centrifuged at 4,200 rpm for 20 minutes and decanted again. To wash the samples, AgCl was
re-suspended in 3.0 mL of MilliQ water, which was repeated a second time after centrifuging and decanting the
samples. They were then placed in a 65 °C warm oven to fully dry for 20 hours.

Beryllium and chlorine samples were then sent to ETH Ziirich, where the ratio of radionuclide to stable isotopes
was determined via accelerator mass spectrometry. °Be/°Be ratios were normalised to the ETH in-house standard
S2007N with a nominal ratio of '°Be/?Be = (28.1 £ 0.8) x 107!, which in turn was normalised against the
ICN 01-5-1 standard with a nominal value of 1°Be/?Be = 2.709 x 10711(21, 66). 3°Cl/3>Cl ratios were normalised
with the in-house standard K382/4N57, which has a nominal value of 3¢Cl/Cl = (17.36 & 0.34) x 107'2 (21).

The ratios were then used to calculate absolute radionuclide concentrations according to Equation 8.
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3.3 Production calculations

For different purposes and on various timescales, the theoretical production rates of **Cl and °Be were calcu-
lated according to Poluianov et al. (70). The production rate P is calculated as the product of the cosmic ray
energy spectrum Ji (Ek, ¢), in units of sr™! s cm™ with the yield function Y (E, X)), integrated over the energy
spectrum from the cut-off energy F j, to infinity as

P(o, X, Be) =Y /E Yi(Ep, X) - Jy(Br, ) dEy, ©)
k c,k

where ¢ is the solar modulation potential, X is the atmospheric depth, R, is the cut-off rigidity, and E}, is the
energy of cosmic ray component k. The yield functions Y are given in units of atoms g™! cm™ sr™! and represent
the number of atoms produced per gram of air at an atmospheric depth X, by primary cosmic ray component
k with the unit intensity (one primary particle in interplanetary space per steradian and cm?) (70). For the
global production rate Pg (¢, R.), P is integrated over the entire atmospheric depth X and the Earth’s surface
Q (latitude and longitude) with

1
PoloR) = 3 [ [ Plo. X, R(@) -4 -aq. 10

where 2= normalises the global production to a mean value per unit area for the spherical Earth.

For all production calculations, the yield functions were adapted from Poluianov et al. (70). For the GCR flux,
the local interstellar spectrum published by Herbst et al. (43) was used as an input, modulated with different
values for the solar modulation potential ¢ according to Equation 1. For comparisons with radionuclide data
from the Skytrain ice core covering the last decades, the solar modulation potential reconstruction by Usoskin
et al. (90) was used in combination with the present-day value of My = 7.8 - 10?2 Am? for the geomagnetic
field (2). For comparisons with radionuclide data in the EDC ice core over the last 900 kyr, the geomagnetic
field reconstruction of Channell et al. (19) (PISO-1500 stack) was used to calculate respective cut-off rigidities
(see Equation 3), while a constant value of ¢ = 550 MV for the solar modulation potential was used for the GCR
flux. For comparisons between stratospheric and tropospheric production, the average of the mean monthly
tropopause pressure between 1836 and 2015 from the NOAA/CIRES/DOE 20* Century Reanalysis (V3) dataset
was used to define the latitude dependent boundary between the two atmospheric layers (84).

4  Summary of papers

This thesis is a compilation of three papers. The first one focusses on conditions enabling the preservation of
36Cl at low accumulation sites and the long-term variability of the 3¢Cl/!°Be ratio over the last 900 kyr. In the
second paper, the climate-related variability of the 3¢Cl/!°Be is analysed and the age of the previously undated
bottommost 15 m of the Skytrain ice core is estimated. For the third paper, high-resolution °Be measurements in
horizontal replicates and variations of the '°Be sample preparation procedure were conducted to better understand
the post-depositional behaviour of '°Be in deep ice and ensure quantitative extraction in the future.

10
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4.1 Paper1

Kappelt, N., Muscheler, R., Baroni, M., Beer, J., Christl, M., Vockenhuber, C., Bard, E., and Wolff, E., 2025. Ice core
dating with the 3°Cl/1°Be ratio. Quaternary Science Reviews, 355, 109254, doi: 10.1016/j.quascirev.2025.109254.

For the first paper, we measured radionuclide concentrations from the Holocene, the last termination and the
last glacial maximum in ice from LDC, a low accumulation site, where chlorine loss was expected under present
day conditions. The aim was to assess the potential preservation of **Cl under glacial conditions, when higher
atmospheric concentrations of alkaline dust preserved sea-salt chlorine at EDC, where the environmental con-
ditions are similar (81). In a second series of measurements, the 3°Cl and °Be concentrations were measured in
discrete samples from the EDC ice core with ages between 3 and 887 kyr, to assess the feasibility of dating ice
with the 3¢Cl/1%Be ratio.

At LDC, the 3¢Cl/'°Be ratio and the Cl~/Na* ratio suggest similar behaviour for 3°Cl and sea-salt chlorine.
During the LGM, the ratios indicate a good preservation, as they remained close to their respective reference
values: the production rate ratio of 0.086 for the 3¢Cl/!°Be ratio and the sea-salt reference value of 1.8 for
the Cl7/Na* ratio (57, 70). Following decreasing non-sea-salt Ca?*, which is a proxy for dust, lower ratios
indicate a loss of 3*Cl and CI~ during the last termination and in the Holocene. In the very early Holocene, the
36Cl/1%Be ratio indicates a preservation of 3*Cl and the Cl~/Na* ratio indicates an excess of Cl~, likely due to
excess HCI gas, which is reversibly deposited under present-day conditions, but may have been preserved in this
period, in which the accumulation rate was slightly higher than today. The radionuclide measurements in EDC
ice confirmed, that the best strategy for dating with the 3°Cl/!°Be ratio at low accumulation sites is to focus on
glacial samples. However, even with this limitation, the radionuclide ratio varied significantly between samples,
exhibiting a relative standard deviation of 33 %, which would translate to an age uncertainty of about 180 kyr
according to Equation 7, not considering the measurement uncertainty of the 3¢Cl/!°Be ratio in a hypothetically
undated sample. Additionally, the '°Be flux was found to decrease faster than one would expect from physical
decay alone, while the 3°Cl decreased as fast as its physical half-life would suggest. The study inspired further
research of potential correlations between the **Cl/!°Be ratio and climate proxies in the ice core record in paper 11,
as well as studies of potential post-depositional '°Be mobility in paper 1.

4.2 Paper 1

Kappelt, N., Wolff, E., Christl, M., Vockenhuber, C., Gautschi, P, and Muscheler, R., 2025. 500-thousand-year-
old basal ice ar Skytrain Ice Rise, West Antarctica, estimated with the 3°Cl/"°Be ratio. Climate of the Past, doi:
10.5194/egusphere-2025-1780 (in press).

In a second study, we measured radionuclide concentrations in ice from the Skytrain ice core with the aim of
reducing the dating uncertainty related to the climatic variability of the 3¢Cl/1°Be ratio and dating five samples
from below the established chronology, which extends to 126 kyr BP at a depth of 627 m (60). While the site
should not be affected by chlorine loss with an accumulation rate of 13.5 gecm™yr™ (44), this assumption was
tested by comparing the depth and shape of a nuclear bomb test related peak in the **Cl concentration from the
1950s to the signal recorded at other sites with and without 3°Cl loss. Radionuclide concentrations were then
determined in discrete samples from the Holocene, the last glacial period and from depths between 627 m and

bedrock at 651 m.

The comparison of bomb peak data showed that there is no apparent loss of 2Cl at Skytrain Ice Rise, the accu-
mulation rate is high enough to preserve the radionuclide. Without this possible interference, the influence of
different climatic conditions on the 3*Cl/!Be ratio was analysed and correlations with different climatic prox-
ies were tested. Both, 3Cl and '°Be concentrations were correlated with the 680 signal, but with different
sensitivities, hinting towards a dilution effect and an additional contribution, likely from different degrees of
washout, different temperature dependent scavenging efficiencies, or both. This results in the 3¢Cl/!°Be ratio
also correlating with the 080 signal, which was used to apply a §'#0O-based climate correction to reduce the

1
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standard deviation of the mean initial >**Cl/1°Be ratio from 14 to 10 % of the mean. In the five undated samples,
the 36Cl/*Be ratio decreases steadily with depth and suggests an ice age of 552 =+ 112 kyr BP about 1 m above
bedrock. However, the shallowest two samples indicated ages younger than 126 kyr BP, hinting towards potential
issues with post-depositional °Be processes, similar to those found at EDC in paper 1, further motivating us to
closer investigate the behaviour of °Be in deep ice in paper 11. Based on 3¢Cl decay alone, older age estimates
were obtained, in better agreement with other dating methods (96).

4.3 Paper m

Kappelt, N., Larkman, P, Bohleber, P, Adolphi, F, Christl, M., Vockenhuber, C., Gautschi, P, Wolff, E., and
Muscheler, R., 2025. Post-depositional processes of '°Be in deep ice. The Cryosphere (manuscript).

Low !°Be concentrations in the oldest samples from the EDC and Skytrain ice cores, as well as concentration
spikes reported by Raisbeck et al. (73) inspired a closer investigation of '*Be in deep ice. We analysed eight A-
cuts (approximately one quarter of a 10 cm diameter core) from EDC, one from each of the eight glacial periods
which occurred over the last 800 thousand years. Each A-cut was further divided into five depth intervals with
seven horizontal replicates, weighing between 20 and 40 g each. The aim was to assess the horizontal variability
of '%Be concentrations and its potential development with increasing depth and age. Different variations of the
standard sample preparation procedure were tested to investigate possible effects of acidic pre-treatment and the
use of ion exchange columns in comparison to directly precipitated '°Be (see Figure 5). Additionally, the grain
boundary structure of one sample from each depth was analysed with a Large Area Scanning Microscope (LASM)
(50) to test whether it can have an influence on the °Be concentration.

Apart from the deepest sample, the range and standard deviation of '°Be concentrations among horizontal replic-
ates showed a tentative increase, supporting a horizontal migration of '°Be, as suggested by Raisbeck et al. (73).
Although no spikes similar to those of Raisbeck et al. were found in our samples, a local accumulation and deple-
tion from such a mobility seems plausible. A pre-treatment with nitric acid had no effect on '°Be concentrations,
the average difference to untreated samples being close to 0 at/g. It was hypothesised that an association with
dust or the inclusion in newly formed compounds could prevent the quantitative analysis of '°Be, but our data
shows that there is no systematic impact of stronger acidic treatment, suggesting that all °Be is measured using
the standard preparation procedure. Samples prepared with ion exchange columns, on the other hand, exhibited
systematically lower 1°Be concentrations than directly precipitated samples. The relative discrepancy became lar-
ger with depth, increasing to up to 40 % at an age of of 750 kyr, approximately the amount which appeared to
be missing in previous, deep EDC samples of paper 1. Applying a correction to the initial '°Be data based on
the approximate impact of the columns results in an exponential fit to the data with a °Be half-life in agreement
with the correct value 0f 1,387 kyr. An explanation for lower concentrations with ion exchange columns could be
the association of 1°Be with dust, which is either not retained in columns and flushed out with the meltwater, or
is retained but requires stronger elution to release '°Be quantitatively. The dust associated fraction of '°Be in the
GRIP ice core increased from about 10 % at the surface to about 50 % at a depth of 3,000 m (92), similar to the
amount lost with IECs. The analysis of the microstructure showed that even for such small samples as used in
this study, the grain boundary content of adjacent samples is identical, while 1°Be concentrations differ, which
means '°Be can not be distributed homogenously along grain boundaries. In conclusion, ion exchange columns
appear to lead to lower 1°Be concentrations in deep ice, which should be tested with ice from other drill sites as
well.

Table 2 lists the contributions of all authors to the three papers included in this thesis.
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Table 2: Author contributions to the papers.

Contribution Paper I Paper IT Paper 11T
Conceptualisation N. Kappelt N. Kappelt N. Kappelt
R. Muscheler R. Muscheler R. Muscheler
M. Baroni E. Wolff P. Larkman
E. Wolff P. Bohleber
E. Adolphi
Data curation N. Kappelt N. Kappelt N. Kappelt
M. Baroni M. Christl P. Larkman
M. Christl C. Vockenhuber M. Christl
C. Vockenhuber P. Gautschi C. Vockenhuber
ASTER team P. Gautschi
Formal analysis N. Kappelt N. Kappelt N. Kappelt
P. Larkman
Funding acquisition N. Kappelt N. Kappelt N. Kappelt
R. Muscheler R. Muscheler R. Muscheler
M. Baroni E. Wolff P. Bohleber
E. Bard E. Wolff
E. Wolff
Investigation N. Kappelt N. Kappelt N. Kappelt
M. Baroni M. Christl P. Larkman
M. Christl C. Vockenhuber P. Bohleber
C. Vockenhuber E. Wolff M. Christl
ASTER team C. Vockenhuber
Methodology N. Kappelt N. Kappelt N. Kappelt
R. Muscheler E. Wolff P Larkman
M. Baroni R. Muscheler P. Bohleber
J. Beer E Adolphi
M. Christl R. Muscheler
C. Vockenhuber E. Wolff
ASTER team
E. Wolff
Resources R. Muscheler E. Wolff P. Larkman
M. Baroni M. Christl P. Bohleber
M. Christl C. Vockenhuber F. Adolphi
C. Vockenhuber P, Gautschi M. Christl
E. Bard C. Vockenhuber
ASTER team P. Gautschi
R. Muscheler
Supervision R. Muscheler E. Wolff P. Bohleber
E. Wolff R. Muscheler R. Muscheler
E. Wolff
Visualisation N. Kappelt N. Kappelt N. Kappelt
P. Larkman
Writing - original draft N. Kappelt N. Kappelt N. Kappelt
E. Wolff P. Larkman
Writing - review & editing All authors All authors All authors

5 Discussion

5.1 Loss of 36Cl and climate influences

It has been suggested in different studies, that stratospheric 3°Cl is present in the gas phase, while 3*Cl produced
in the troposphere attaches to acrosols, similar to 1°Be (41, 103, 105). Under this assumption, tropospheric and
stratospheric contributions of 30 and 70 %, respectively, to the modelled 3**Cl deposition flux were estimated for
the region from 60 to 90°S (105). At EDC, the mean 3¢Cl/'°Be ratio measured in LGM ice is 0.119, close to
the calculated production rate ratio 0.086 and representative of the overall atmospheric 3¢Cl/!°Be ratio without
36Cl loss. In recent Holocene ice (younger than 6,500 yr BP), the ratio is 0.037, 31 % of the LGM value and
about the same as the tropospheric contribution to the overall flux (see Figure 6). Since aerosol attached 3°Cl is
more likely to form salts and remain in the solid phase, it would be possible that only the 3*Cl of tropospheric
origin is preserved in the Holocene. At LDC, the Holocene 3¢Cl/!°Be ratio of 0.017 is even lower relative to
the sites LGM value of 0.092, only 19 %. Acidic conversion to H3*Cl may further decrease the aerosol bound
fraction of 3°Cl, similar to the processes affecting sea-salt aerosols, which are emitted with a Cl7/Na* ratio of
around 1.8, while the annual average Cl™/Na* ratio in aerosols at EDC is 0.7, due to the acidic conversion of
chloride to HCl during transport (53). Some HCl gas is deposited in the snow, causing a CI~/Na* ratio of around
6 at the surface of EDC, but the average Cl™/Na* ratio in firn between a depth of 10 and 50 m is 0.58, so initially
deposited HCI gas is fully re-emitted and additional conversion to HCI can occur in the firn (53, 81). Therefore,
it is unlikely that dry deposition of gaseous H3¢Cl can contribute to the recorded radionuclide signal in the
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Figure 6: Comparison of the 3¢Cl deposition flux source contributions from Zheng et al. (105) with the measured Holocene and
LGM 36Cl/"°Be ratios at LDC and EDC.

Holocene, while it has been estimated that at least 60 % of '°Be is deposited dry in central Antarctica (42, 71),
supporting the idea that only tropospheric 3*Cl is recorded in the ice. The average Cl~/Na* ratio at LDC in the
available dataset between a depth of 29 and 47 m is 0.56 (79), very similar to the EDC value. LDC is located at a
distance of merely 40 km from EDC, the environmental conditions are very similar at the two sites, and a similar
sea-salt aerosol fractionation can be expected for the local atmosphere. The preservation of 3*Cl would have to
be very sensitive to the accumulation rate, if the lower 3Cl/!Be ratio in the Holocene is caused by the 8 % lower
accumulation rate at LDC. In our study, only a few samples from each site were measured, limiting our ability to
draw robust conclusions on the cause of the difference. To confirm whether there really is a significant difference
between them, it would be helpful to analyse additional samples.

For dating with the 3¢Cl/'%Be ratio, it is helpful to know whether samples need to be carefully selected to avoid
those affected by 3°Cl loss or if the loss is predictable enough to account for it in any sample. Four parameters
are of interest for this purpose. The Cl~/Na* ratio is a measure of Cl~ loss, analogous to the 3¢Cl/1°Be ratio as a
measure of 3¢Cl loss. The accumulation rate is the defining parameter for chlorine loss under present day condi-
tions, used to distinguish sites with and without loss. Non-sea-salt calcium (nss-Ca**) is a proxy for atmospheric
dust concentrations, which have been suggested to prevent sea-salt fractionation when sufficiently high. The wa-
ter isotopic signature is considered an overall climate signal and is tightly linked to both, the accumulation rate
and nss-Ca®* concentrations. Figure 7 demonstrates the relationship between the different parameters over the
entire EDC core. As described by Rothlisberger et al. (81), high nss-Ca** concentrations provide the conditions
for a stable CI~/Na"* ratio close to the sea-salt reference value of 1.8. A gradual decrease of the ratio towards lower
nss-Ca®* concentrations can be observed below 20 pg kg™ in cold climates. For very low nss-Ca®* concentrations
in warm periods with higher accumulation rates, the scatter becomes very large and the Cl7/Na* ratio is rather
unpredictable, especially for D values higher than —400 %eo.

A similar behaviour is observed for the 3*Cl/1°Be ratio. The Eemian is the previous interglacial period, was warmer
than the Holocene, and ice from this period contains the highest isotope ratios and accumulation rates of the
record. Looking at correlations with different parameters, the data points from the Eemian appear to disrupt all
trends which are present for lower isotope values, so samples with §D values higher than —400 %o were excluded
from the correlation analysis. A correlation between the 3°Cl/!°Be ratio and the deuterium signal at LDC is
also observed only for 6D values lower than —390 %o. The deuterium signal is strongly intertwined with the
accumulation rate and the nss-Ca?* concentration, but correlates with the 36Cl/1°Be ratio the strongest out of
the three parameters at EDC. The correlation is a likely combination of two effects: the transport and deposition
related increase of the 3°Cl/!°Be ratio and the increasing preservation of 3°Cl in colder climates. Also at sites
without 3¢Cl loss, like Skytrain and GRIP (101), higher 36Cl/!°Be ratios are observed in glacial periods compared
to interglacial periods, which may be linked to a decreasing scavenging eficiency for °Be in mixed phase clouds,
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Figure 7: Relationship of the Cl~/Na* ratio with A the nss-Ca?* concentration, B the deuterium signal and the accumulation
rate (colour coded) in the EDC ice core over the last 800 kyr, using chemistry data from Wolff et al. (97), deuterium data from
Jouzel et al. (46), and accumulation data from Bouchet et al. (16). The dashed line marks the reference value of freshly emitted
sea-salt, 1.8 (57).

which are more prevalent in cold periods, while 3¢Cl scavenging remains consistently high (27, 86, 87, 105).
However, at EDC, the 3¢Cl/!°Be ratio is much more sensitive to changes in the deuterium signal, as the slope
of a linear fit to the data is about six times higher than at Skytrain (see Figure 8), likely due to the additional
36Cl preservation contribution.

For '°Be, the negative correlation of the concentration with the accumulation rate and the positive correlation
of the flux with the accumulation rate are consistent with a dry deposition fraction of about 60 %, as suggested
by Raisbeck and Yiou and Heikkili et al. (42, 71), and a lower scavenging efficiency in mixed phase clouds.
For 3¢Cl, however, both, the concentration and the flux, are negatively correlated with the accumulation rate.
It is possible, that the dry deposition fraction increases towards colder climates over the entire range of 6D
values, as more stratospheric H3¢Cl gas is converted to salts, which can be irreversibly deposited. This would
suggest that a measured 3°Cl/!°Be ratio close to the production rate ratio does not necessarily indicate a complete
preservation of 3*Cl at EDC, but rather results from the combined increased 3*Cl concentrations and decreased
19Be concentrations in a colder climate. A good correlation also exists between the 3¢Cl/1%Be ratio and the
Cl™/Na* ratio (r = 0.67, p < 0.001). A linear fit to the data shows that the 3¢Cl/!°Be production rate ratio of
0.086 is reached at a Cl7/Na* ratio of 0.92, when significant amounts of sea-salt chlorine are still lost, making
incomplete 3°Cl preservation despite at 3Cl/!°Be ratio of 0.086 likely. The 3¢Cl/'°Be ratio of 0.12 reached at a
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Figure 8: Comparison of the correlations between the decay corrected 3¢Cl/'°Be ratios from EDC and Skytrain with the deuterium
signal. Isotope data are published in (46) and (60).
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Cl~/Na* ratio of 1.8, indicating complete sea-salt chlorine preservation, is more likely to represent a complete
preservation of 3°Cl as well. Due to the cold climate, it is higher than the production rate ratio at EDC.

5.2 Detrending radionuclide data

The relationship with 6D can be used to detrend the 3*Cl/1°Be ratio at EDC without distinguishing between
loss and transport/deposition effects. Analogous to the methodology of paper 11, where this was applied to data
from Skytrain, predicted 3¢Cl/**Be ratios and *Cl concentrations are calculated based on the linear relationships
shown in Figure 9, panels A and C. The decay corrected measured 3*Cl/!°Be ratio and 3°Cl concentration are then
divided by the predicted values, reducing the variability as shown in Figure 9, panels B and D. The variability of
the 3°Cl/'°Be ratio at EDC is larger than at Skytrain, as shown in Table 3, but the one-sigma standard deviation
from the mean is significantly reduced from 0.43 to 0.32 through detrending. This is useful for reducing the
uncertainty of age estimates (5.5 kyr per percentage point, see Equation 7), but detrending the 3¢Cl concentration
and flux with the deuterium signal yields even lower relative standard deviations of 0.28 and 0.27, respectively.
The reduction is larger for the concentration (see Table 3), since calculating the flux already transforms the data in
a similar way. Detrended, both datasets are almost identical (R? = 0.982). The 28 % variability of the detrended
36Cl concentration is similar to the variability of the calculated production rate based on the geomagnetic field
reconstruction by Channell et al. (19), which has a standard deviation of 22 % from the mean over the last 800 kyr,
suggesting that the remaining variability of the detrended signal is dominated by production rate variability.

A B
0.25 o ---- r=—0.65,p=0.00 ¢ 35CI/*°Be (decay corr)
36C1/*%Be = —0.00229 - 6D — 0.872 = 184 +
fa *
S 1.4
- 0.20 o 2
5 < o + Pt
1.0
g & g v 4 ]
z 2 0.6 . +
_ o . =04
g o1 e g 0.2 7=043
g ' T - \\\} ¢ 38Cl/*°Be (6D detrend, decay corr) _
=R t + +\\ * 18 E
S 010+ H T + ' M { \ F14 2
-~ 4 +
- 1.0 2
+ Tl ¢ OO U . t i E
R . Y lolom [o6 s
0.05 N 4 Loz @
T T T T T T T T T T
-450 —440 -430 -420 -410 -400 0 500 1000 1500 2000 2500 3000
6D / %0 Depth /m
C D
20
---- r=-0.86,p=0.00 4 3%Cl (decay corr)
Tcn 17.5 - 36Cl conc = —256 - 6D — 1.01e+05 z 18 R
o £ ¢
B S 1.4 + . } . {
S T < Iy
2 ¢ ' g Lo ¥ 4 ¥ I
T 1254 TS pel o 06 - ¢
E $ 4] N S oad - 0= 047
T 10 H\+ ¢ 35CI (6D detrend, decay corr)
L7 ~s —_
s T ' 18 E
g 751 ++ Sl + { F14 2
S - T + . 4 1.0 :
S s P A PR B W S Rl
] PO ¢ o=028 [[06 O
~ [v]
2.5 v o2 g
T T T T T T T T T T
—450 —440 —430 -420 -410 -400 0 500 1000 1500 2000 2500 3000
6D / %0 Depth /m

Figure 9: Radionuclide detrending at EDC. A and C: Correlation of the the 6D signal with the decay corrected 3¢Cl/°Be ratio
and 3¢Cl concentration, respectively. B and D: Comparison of the variability before and after detrending of the decay corrected
36Cl/"%Be ratio and 3¢Cl concentration, respectively.

The lower variability of the detrended 3¢Cl concentration means that the 3*Cl/!°Be ratio offers no improvement
over 3Cl alone at EDC, but would instead yield age estimates with a larger uncertainty. Even with the same
relative standard deviation, lower age uncertainties would be achieved, which is evident from the full Gaussian
error propagation of Equation 6. Shortening the 3¢Cl/1%Be ratio to R, the age uncertainty o (t) is calculated as
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Table 3: Standard deviations relative to the mean for different isotope ratios and datasets, including variants with deuterium
detrending and/or applied weights (subscript w) based on the the represented time period (discussed in section 5.3).

EDC Skytrain

36C1/1%Be 36Cl conc 3°Cl flux | 3¢Cl/1%Be 3¢Cl
o 0.43 0.47 0.33 0.14 0.47
O 5D detrend 0.32 0.28 0.27 0.09 0.17
Ow 0.39 0.37 0.29 0.09 0.24
O 5D detrend, w 0.28 0.24 0.25 0.09 0.15
Ry, « /Ry 1.18 1.02 1.02 1.12 1.26
RO, 8D detrend, w /RO, 3D detrend 1.13 0.960 0.993 1.08 1.08

ot =\ (o) + (otng) '+ (%se)’
) () (e ())w

where k is the decay constant. For 3°Cl, R and Ry need to be substituted for the concentration ¢ (3*Cl) and the
estimated initial concentration cg (3*Cl), respectively. In Figure 10, the calculated age uncertainties are plotted
against the relative uncertainty of the initial >*Cl/!°Be ratio Ry and initial 3*Cl concentration ¢ (**Cl) for three
different ages. The measurement uncertainties were estimated as explained in the supplement of paper 1 with
updated AMS efficiencies of 24 - 107* and 9.2 - 10™% for 3Cl and '°Be, respectively, and for a sample mass of
800 g. Since the uncertainty of the decay constant, Ak = 1.5 kyr (3), is negligible, the y-intercept is determined
by the relative measurement uncertainty of the ratio o(R) or the 3°Cl concentration o(c (**Cl)). This will
always be larger for the ratio, since 0(R)/R > o(c (*°Cl))/ ¢ (**Cl) and kr < ksecy. The relative uncertainty of
the initial ratio 0(Rp)/ Ry or concentration o (cq (3°Cl))/ ¢ (3*Cl) (relative o in Figure 10) also has a stronger
influence on age estimates with the ratio, as the uncertainty scales with 1/k and the effective half-life of 384 kyr for
the ratio is longer than the half-life of 301 kyr for 3¢Cl alone. In the EDC ice core, age estimates are, therefore,
more precise when calculated with the 3¢Cl concentration rather than with the 3¢Cl/1°Be ratio. Additionally,
potential issues with '°Be in deep ice are avoided when not using the ratio.
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Figure 10: Age estimate uncertainties depending on the uncertainty of the initial 3Cl/"°Be ratio or initial **Cl concentration (o)
for different ages calculated with Equation 11 and radionuclide concentrations representative of 800 g EDC ice.

At Skytrain, detrending the 3*Cl concentration with the deuterium signal strongly reduces the standard deviation
from 0.47 to 0.17. Again, the standard deviation is similar to the calculated production rate variability based on

17



DATING ICE CORES WITH THE 3¢CL/!°BE RATIO

the geomagnetic field reconstruction by Channell et al. (19), which has a standard deviation of 15 percent from
the mean over the last 126 kyr, corresponding to the time period of the well-dated Skytrain dataset. The standard
deviation of the detrended 3¢Cl/1°Be ratio of 0.09 is even lower, so age estimates benefit from a significant uncer-
tainty reduction through the production signal correction that the ratio provides at this site, although the effect
is dampened due to the factors discussed in reference to Figure 10. With the deuterium detrended 3¢Cl concen-
tration, however, all but one age estimate are older than with the ratio, all ages are older than 126 kyr BP, the
oldest age of the established ST22 chronology, and the estimates are in better agreement with independent 8'Kr
and “°Ar derived age estimates (98). At this point, the confidence in purely 3°Cl derived ages is therefore higher
than those obtained with the 3¢Cl/!°Be ratio, especially for samples whose '°Be content was extracted using ion
exchange columns.

5.3 'The influence of temporal resolution

Whether the 3¢Cl/!°Be ratio or the 3*Cl concentration is used, the mean value of the decay corrected data of
known age is used to estimate the initial value, while the standard deviation serves as an estimate of the uncer-
tainty. However, the standard deviation depends on the temporal resolution, which is arbitrary. High resolution
data could depict short-term weather effects or production rate changes related to the solar magnetic field, which
are not relevant on longer timescales. A comparison of the annually resolved 3¢Cl/1°Be ratio from recent decades
with older data in Figure 11 demonstrates this well: the standard deviation of the high-resolution data is more
than twice as high (0 = 0.046) as the standard deviation of the deeper data with lower resolution (o = 0.021).
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Figure 11: Comparison of the 3¢Cl/"°Be ratio from recent decades with data from the last 126 kyr in the Skytrain ice core. Note
the break in the x-axis and the change in time scale from calender years to kilo-years before present.

The EDC and Skytrain radionuclide datasets are discontinuous with large temporal gaps between measurements,
but to estimate the influence of the resolution on the standard deviation, the reconstructed 3*Cl production rate
based on the geomagnetic field reconstruction by Channell et al. (19) can be analysed. It would represent an ideal-
ised scenario without climatic influences and a continuously measured signal. With the published resolution of
1 kyr, the relative standard deviation from the mean is 22 % over the last 813 kyr (EDC timeframe) and 15 % over
the last 126 kyr (Skytrain timeframe). A lower resolution can be simulated by binning the data into increasingly
wider time intervals and averaging the production rates within each bin. The resulting relative standard deviation
for different sampling resolutions is shown in Figure 12 for the EDC and Skytrain timeframes. While the mean
remains unchanged in this approach, the standard deviation depends on the exact bin alignment. The starting
point was, therefore, shifted in 1 kyr increments to calculate all possible configurations for a given resolution. The
minimum and maximum possible standard deviations define the shaded areas shown in Figure 12. The decrease
of the standard deviation with lower resolutions is substantial. For example, lowering the resolution from 1 to
30 kyr within the Skytrain timeframe cuts the uncertainty in half, from 15 % to 7 %, which would imply a reduc-
tion of the age uncertainty from 67 to 33 kyr for a 188 kyr old sample (see also Figure 10). This example describes
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Figure 12: Theoretical impact of the temporal resolution on the relative standard deviation of the reconstructed 3¢Cl production
rate based on the geomagnetic field reconstruction of (19) over the time period of the Skytrain ice core (5-126 kyr BP, blue) and
EDC ice core (5-813 kyr BP, green).

the Skytrain sample at a depth of 637 m, whose age was estimated with the deuterium detrended 3°Cl concentra-
tion. The age range within the sample can be estimated by fitting an exponential function to the five samples and
calculating the age difference between the top and bottom depth of each sample, which is shown in Figure 13.
The estimate suggests that the time period contained in the approximately 1.6 m long samples rapidly increases
from 21 to 119 kyr. Uncertainty estimates based on the variability observed with a resolution of 1kyr would,
therefore, likely overestimate the age uncertainty.
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Figure 13: An exponential fit to the deuterium detrended 3¢Cl age estimates (paper Il supplementary information) was used to
calculate the age difference between the top and bottom depth of each deep Skytrain ice core sample. Orange bars indicate
the one-c measurement uncertainty while grey errorbars indicate the combined measurement uncertainty and initial value
uncertainty.

Unfortunately, the Skytrain and EDC datasets are discontinuous, so the resolution can not be adjusted. Down-
sampling to a resolution of 119 kyr would also not be possible, since the entire well-dated section at Skytrain is
only 126 kyr old. Instead, the varying temporal resolution can be taken into account when calculating the mean
and the standard deviation by weighting the samples based on the time period they represent. For values of the
decay corrected 3¢Cl/1°Be ratio R;, measured in ice samples ¢ representing time periods (bottom minus top age)
tR,i> the weighted mean Ry y, and standard deviation o(Rg ) can be calculated as

ROW_ ZZ R7

= 12
7 ditRi 12
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and

tri (Ri — Row)?
o(Row) = \/ZZ Ryé-tRi 0 ) , (13)

respectively. Outliers representing only a short time period of radionuclide deposition are given less weight, while
sample representing a long time period are given more weight. This also introduces a bias, as glacial samples with
lower accumulation rates and deeper samples with a lower temporal resolution are given more weight, so it needs
to be applied carefully. Table 3 shows how this affects the mean relative to the mean without weighting as
well as the standard deviations of different decay corrected radionuclide parameters. At EDC, both, the mean
36Cl concentration and flux are barely affected by applying weights, with and without deuterium detrending. This
seems counter-intuitive, as glacial samples with lower accumulation rates and higher radionuclide concentrations
are given more weight than interglacial samples. However, most samples from EDC are glacial samples, which
were selected to avoid interference from 3°Cl loss, especially in the older half of the core. The mean 3°Cl/1°Be ratio,
on the other hand, increases with applied weights, which is driven by low 1°Be concentrations in the deepest part
of the core; applying weights to the deuterium detrended '°Be concentration returns a 11 % lower mean value,
once again showing that using the ratio at EDC is problematic in the deepest section, at least for the samples
potentially suffering from °Be loss due to the extraction with ion exchange columns (see paper 11). The standard
deviation decreases slightly for all radionuclide parameters at EDC, which means that weighting can improve the
uncertainty of age estimates by limiting the influence of values, which deviate further from the mean but only
represent a short time period. As the lowest uncertainty is achieved with the deuterium detrended and weighted
36Cl concentration, this parameter can be used to test the reliability of age estimates at EDC. Estimates for the
age of samples older than 600 kyr BP based on the mean decay corrected value of younger samples are shown
in Figure 14. While the uncertainties are large, all estimates are in agreement with the established AICC2023

chronology (16).
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Figure 14: Estimated ages of the radionuclide samples older than 600 kyr BP at EDC in comparison with the AICC2023 age
scale (16). Ages were estimated using the §D detrended 3¢Cl concentration with the decay corrected and weighted mean
36Cl concentration between 0 and 600 kyr BP as the estimated initial concentration ¢y (3¢Cl). Uncertainties were estimated with
the one-o standard deviation analogous to the methodology of paper II.

At Skytrain, weighting significantly increases the mean 3¢Cl/!°Be ratio and 3¢Cl concentration, which is expected
as the well-dated ice core only extends to 126 kyr BP and weighting by resolution therefore strongly favours glacial
samples. As the deepest deuterium detrended ¢Cl/*°Be ratios and 3°Cl concentrations are among the highest
of the dataset, a slight increase is also observed in the detrended data, as shown in Table 3. Without deuterium
detrending, the weighting results in a lower standard deviation due to the low impact of Holocene data and a
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lower variability among glacial data in comparison to the whole dataset. After detrending, the weighting has very
little influence on the standard deviation, reflecting the overall more stable conditions at Skytrain. This means
the uncertainty would remain the same, but age estimates would become slightly older with weighting, due to
the elevated mean initial value. In the case of the 3¢Cl/'°Be ratio, this would make estimates for the shallowest
two samples more reasonable, as they increase from 4877¢ kyr and 110755 kyr to 84775 kyr and 146772 kyr,
respectively.

5.4 Comparison to other dating methods

The decay of 3¢Cl or the 3*Cl/'°Be ratio is not the only option for obtaining independent age estimates for old
ice. Similar methods using other radionuclides have been tested or are under development and can be compared
to 3¢Cl and '°Be in terms of the required sample mass and uncertainty.

The 2°Al/'°Be ratio has been proposed as an alternative to the 3¢Cl/!°Be ratio, as it benefits from the chemical
similarity of Al and Be. Both metals attach to aerosols in the atmosphere, while 3Cl is also present in the
gas phase, so the 26Al/'%Be ratio in the deposition flux should be less variable and climate-dependent. Indeed,
the 26Al/1°Be ratio measured in atmospheric samples from different locations and in firn from four Antarctic
locations deviated no more than 5% from the mean (4). The half life of 26Al is 717 kyr, so it is suited for an
older age range than 3°Cl, but its atmospheric production rate is about 20 times lower than that of 3¢Cl (4, 70),
so several kilograms of ice are required for a measurement. In a pilot study, Auer et al. (4) determined the
26A1/1%Be ratio in drill chips from the EPICA EDML ice core drilled at Kohnen station. The depth range of
2,554-2,760 m lies below the established chronology, which extends to an age of 150 kyr at a depth of 2,400 m
(80). The ratio varied significantly with depth and exhibited a peak spanning over several samples, corresponding
to several thousand years. Auer et al. concluded that perturbations of 2°Al in deep ice could be responsible for
the unexpected concentrations, similar to the mobility that has been suggested to alter °Be concentrations, but
without keeping 2°Al/!°Be ratios constant. While it should be tested whether similar behaviour is observed in
other ice cores, the results suggest that the advantage of a lower variability due to chemical similarity is lost in
deep ice, while requiring more ice to be measured.

A well-suited radionuclide for ice core dating is 8'Kr with a half-life of 229 kyr (6, 55). Asa noble gas, itis inercand
has a long atmospheric lifetime, so it is globally well-mixed and insensitive to short-term production variability
(102). Changes to the atmospheric abundance are small and slow compared to ¢Cl, 2°Al, and '°Be, which are
removed from the atmosphere within years (40, 41, 88). To account for these changes, the isotopic abundance of
the past can be estimated based on geomagnetic field reconstructions (17, 102). While susceptible to uncertainties
of the geomagnetic field reconstruction, the reaction cross sections and the half-life of 8K, the correction based
on the calculated abundance is smaller than 4 % and the calculated present-day value agrees with measurements
of modern air (17, 102). Without the variability that complicates dating with the other radionuclides, the main
source of the age estimate uncertainty is the measurement uncertainty, but recent advancements in the detection
method using Atom Trap Trace Analysis (ATTA) significantly reduced uncertainties as well as the required sample
mass. Due to the low abundance of 8'Kr, the method was first tested using 350 kg of Antarctic blue ice (dense,
ancient ice exposed at the surface by wind ablation) samples, but quickly developed to work with just a few
kilograms of ice, for example using deep ice from the Talos Dome ice core, where three approximately 400 kyr
old samples were dated with uncertainties of 9 to 16 % (23). 8 Kr was also used to extend the EDC age scale; the
lowest of three samples weighed 6.4 kg and its estimated age was 887 kyr BP with a 10 % uncertainty (16). With
further improvement of the ATTA system, 8!'Kr can now be measured in just 1kg of ice (76). For comparison,
600 to 900 g of ice were used to measure **Cl in deep EDC samples for paper 1 and about half as much ice is
needed now, as a new AMS ion source at ETH Zurich allows for more efficient sample consumption.

Another method for obtaining independent age estimates is based on the increasing abundance of atmospheric
40Ar, which is a decay product of “°K and continuously gasses out from the Earth’s crust and mantle. In a
study with the aim of determining the rate of increase, the “°Ar/3®Ar ratio relative to modern air 540/38 At was
determined in ice samples of the last 800 kyr weighing between 200 and 500 g (13). Plotting §°/38Ar against
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the age, a regression line with a slope of (—0.066 %= 0.007) %o/Myr gave the best fit to the data, which translates
to an age estimate uncertainty of 11%. However, a reproducibility of 0.012 %o was determined from the one-o
standard deviation of 15 Holocene samples, which equates to a minimum uncertainty of 180 kyr and applies to
the entire age range used for calibration (13). For discontinuous blue ice up to 2.7 Myr old, “°Ar dating has been
proven useful (99).

If possible, it is ideal to combine different dating methods to obtain the most reliable age estimates, especially
since gasses and dissolved radionuclides can often be measured in the same sample. However, gas measurements
are not always possible, if the quality of the ice is poor, while **Cl and °Be can still be measured in most cases.

6 Conclusions

e were able to show that old ice can be dated with the decay of the e ratio, which enables the inter-
W bl h hat old be dated with the decay of the 3¢Cl/1°B hich enables th
pretation of otherwise inaccessible data in the deepest sections of ice cores, where traditional dating methods can
no longer be applied. Three key challenges were addressed in this thesis.

The initial 3°Cl/!°Be ratio of a sample at the time of deposition can only be estimated, the best guess being
the mean decay-corrected 3°Cl/!°Be ratio in samples of known age. The standard deviation can be large, as the
transport and deposition of both, 36Cl and °Be are influenced by the climate. By applying a §D- or §180-
based climate correction, it was possible to reduce the standard deviation and, therefore, the uncertainty of age
estimates for the EDC and Skytrain ice cores. An additional reduction can be achieved by weighting individual
data points by the time period they represent, but attention needs to be paid to avoid introducing potential bias.

While 3¢Cl loss was initially assumed to be a major issue, it has been found to be of little relevance to the dating
method. The linear relationship between deuterium and the 3¢Cl/!°Be ratio holds up over almost the entire range
of dD values, extending far into the regime of interglacial 3°Cl loss, which means it is captured by the climate
correction. Larger uncertainties at EDC compared to Skytrain are rather caused by the overall higher variability
of the 3°Cl/1°Be ratio at this site.

The third challenge for 3¢Cl/'°Be dating is that '°Be concentrations appear to decrease faster with age than
possible through radioactive decay alone, as demonstrated by an underestimated half-life of an exponential fit to
the EDC '°Be data and overall younger ages at Skytrain with the 3¢Cl/!°Be ratio compared to 3¢Cl alone. Direct
comparisons between directly precipitated °Be with samples passed through ion exchange columns showed a
systematic and depth dependent '°Be deficit in samples passed through columns, which is how previous EDC and
Skytrain samples were treated. Depending on the variability of 3*Cl compared to the 3¢Cl/*°Be ratio, however,
using 3°Cl alone may still yield more precise estimates.

While uncertainties for 3*Cl/1°Be or 3°Cl dating are large in comparison to the continuous AICC2023 or ST22
chronologies, alternative methods for absolute dating, such as 8!Kr and “°Ar dating, yield estimates with a similar
precision and need similar masses of ice. Basal ice core sections of unknown age in Greenland and Antarctica
could best be dated using all three methods. However, the advantage of the 3*Cl/!°Be ratio is that it does not
require gas extraction, which can become difficult if the ice quality is poor.
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