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Abstract

Glacier ice stores a unique range of past environmental signals and therefore serves
as an invaluable archive of Earth’s climatic history. However, to fully exploit this
archive, the knowledge of the age distribution of the ice is key. Radiometric dating
methods are an important addition to traditional age dating techniques like annual
layer counting, especially when these fail due to discontinuities in the record.
This thesis aims to establish the 39Ar dating tracer as a well-understood tool for
dating glacier ice. The advent of the atom-optical Atom Trap Trace Analysis (ATTA)
technology for 39Ar measurements has been associated with a significant reduction
of required sample sizes and the tracer can therefore now routinely be applied to
glacier ice.
As a major part of this thesis, the ATTA laboratory in Heidelberg was improved to
deliver higher atom count rates for high-quality measurements with large long-term
sample throughput.
Furthermore, two studies on Alpine glaciers are presented in this thesis, the summit
glacier of Weissseespitze, where part of a 6000 a continuous record was dated, and
the Jamtalferner, which is a much younger, highly variable low-altitude glacier. In
both campaigns, 39Ar ages are complemented by other tracer ages from radiocarbon
or tritium, emphasizing the importance of this tracer in covering the full age range
found in Alpine glaciers.
The specific requirements for the application of 39Ar dating to glacier ice are in-
vestigated by comparing different ice sampling and sample preparation techniques.
Additionally, the diffusion of argon in ice is quantified by 39Ar measurements on a
long-stored ice core, showing the negligibility of contamination via this pathway for
storage times below several decades.
Finally, to make 39Ar, and also the gaseous dating tracers 81Kr and 85Kr, more
conveniently applicable to ice dating, a new gas extraction system was designed,
tested and applied to an Antarctic ice core. It enables the gas extraction from the
otherwise unused waste line of a continuous flow analysis.





Zusammenfassung

Gletschereis speichert eine einzigartige Bandbreite an historischen Umweltsignalen
und dient daher als wertvolles Archiv für die Klimageschichte der Erde. Um
diesem Datenschatz jedoch vollständig nutzen zu können, ist die Kenntnis der
Altersverteilung des Eises von großer Bedeutung. Radiometrische Datierungsmeth-
oden sind eine wichtige Ergänzung zu traditionellen Altersbestimmungstechniken
wie der Zählung von Jahresschichten, insbesondere wenn diese aufgrund von diskon-
tinuierlicher Schichtung versagen.
Das Ziel dieser Dissertation ist es, den 39Ar-Tracer als ausgereifte Methode zur
Datierung von Gletschereis zu etablieren. Der Fortschritt der atom-optischen Atom
Trap Trace Analysis (ATTA)-Technologie für 39Ar-Messungen hat zu einer erhe-
blichen Reduktion der benötigten Probenmengen geführt, sodass Gletschereis nun
routinemäßig auf diesen Spurenstoff hin untersucht werden kann.
Ein wesentlicher Bestandteil dieser Arbeit war die Optimierung des ATTA-Labors in
Heidelberg, mit dem Ziel höhere Atomzählraten zu erreichen und damit qualitativ
hochwertige Messungen mit nachhaltig hohem Probendurchsatz zu ermöglichen.
Darüber hinaus werden in dieser Dissertation zwei Studien über alpine Gletscher
vorgestellt: ein 6000 Jahre zurückreichender, kontinuierlicher Datensatz vom Gipfel-
gletscher der Weißseespitze, sowie ein Datensatz vom deutlich jüngeren, niedrig
gelegenen und stark variierenden Jamtalferner. In beiden Untersuchungen werden
39Ar-Altersdaten um die Altersbestimmung mittels Radiokohlenstoff oder Tritium
ergänzt, wodurch die Bedeutung von 39Ar für die Abdeckung des gesamten Al-
tersspektrums alpiner Gletscher hervorgehoben wird.
Die spezifischen Anforderungen der 39Ar-Altersdatierungsmethode werden heraus-
gearbeitet, indem verschiedene Techniken bei der Probennahme und -aufbereitung
miteinander vergleichen werden.
Durch Bestimmung der 39Ar-Gehalte in einem lang gelagerten Eisbohrkern, konnte
die Diffusion von Argon in Eis quantifiziert und so gezeigt werden, dass die Kontami-
nation durch diesen Prozess für Lagerzeiten von einigen Jahrzehnten vernachlässigbar
ist.
Zu guter Letzt wurde ein neues Gasextraktionssystem entwickelt, getestet und auf
einen antarktischen Eisbohrkern angewendet, um 39Ar sowie die ebenfalls gasförmigen
Datierungstracer 81Kr und 85Kr besser für die Altersdatierung von Eis nutzbar zu
machen. Dieses System ermöglicht die Gasextraktion aus der bisher ungenutzten
Überlaufleitung eines Continuous Flow Analysis Systems.
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Frequently Used Abbreviations

ACT activated charcoal trap
AMS Accelerator Mass Spectrometry
AOM Acousto Optical Modulator
APD Avalanche Photo Diode
ArTTA Argon Trap Trace Analysis
a.s.l. above sea level
ATTA Atom Trap Trace Analysis
BI beam imaging (usually 40Ar)
BP before present (before the year 1950)
BCE Before Common Era
CE Common Era
CFA continuous flow analysis
Col collimator (referring to the transversal cooling stage as well as its laser)
IUP Institute of Environmental Physics, Heidelberg
KIP Kirchhoff-Institute for Physics, Heidelberg
LIA Little Ice Age
LLC Low Level Counting
LR loading rate (usually 38Ar)
LSS last steady state
MC Monte Carlo method based on repeated random sampling
m.i.e. meters ice equivalent
MOL Magneto Optical Lense
MOT Magneto Optical Trap
m.w.e. meters water equivalent
NPBS non-polarizing beam splitter
PBS polarizing beam splitter
PDF probability density function
QMS quadrupole mass spectrometer
RF radio frequency
STP standard temperature and pressure
WSS Weissseespitze
TMP turbo molecular pump
TU tritium unit
TA tapered amplifier
ZSL Zeeman slower (referring to the vaccuum part as well as the laser)



1 Introduction

Glacier ice represents one of the most invaluable natural archives of Earth’s climatic
history. Over millennia, glaciers have steadily accumulated layers of snow that,
once compacted into ice, encapsulate a wealth of information, from atmospheric
gas compositions and aerosol depositions to stable water isotopes and trace impu-
rity content. Their frozen layers serve as time capsules, recording natural climatic
variability and anthropogenic influences. As such, ice cores derived from glaciers
have fundamentally reshaped our understanding of past climate dynamics, offering
insights that range from shifts in temperature and precipitation patterns to broader
changes in atmospheric circulation and biogeochemical cycles.

Polar ice records, with their exceptional longevity and relatively undisturbed stratig-
raphy, have been critical in delineating Earth’s climatic transitions over hundreds
of thousands of years (e.g. EPICA community members, 2004; NEEM community
members, 2013). Yet, despite their profound contributions, polar records are not
without limitations. Their remote locations and distinct meteorological conditions
mean that they might not fully capture the nuances of climate variability experienced
in more densely inhabited regions (Bohleber, 2019).

In contrast, Alpine glaciers offer a complementary and, in many ways, equally
essential perspective. Located in mountain ranges that are often in close proximity
to major population centers and industrial areas, Alpine ice cores integrate signals
of both natural processes and localized anthropogenic impacts. These mid-latitude
archives, although sometimes challenged by complexities such as discontinuous layer-
ing due to episodic mass loss, can provide higher temporal resolution records that
are directly relevant to regions where human activities and natural environmental
changes are taking place. Moreover, the dense network of historical instrumental
climate records in these regions provides a unique opportunity to cross-validate
and calibrate the proxy signals retrieved from Alpine ice. This integration not only
deepens our understanding of recent climatic shifts, such as those observed during the
Little Ice Age, but also enhances the predictive power of contemporary climate models.

One of the fundamental challenges in interpreting glacier ice as a paleo-climatic
archive is establishing a robust age scale. The stratigraphy not only records environ-
mental signals but also encapsulates the history of snow accumulation and glacier
growth. In cases where a hiatus in accumulation is followed by renewed glacier
growth, a distinct discontinuity arises in the age-depth profile, leading to significantly
younger ice above the break. For cold-based glaciers below 4000 m a.s.l. (a target of

1



1 Introduction

this project), the annual deposition of layers is not guaranteed. Furthermore, with
the pronounced mass loss of glaciers in recent decades, even surface ages become
unknown and can exhibit magnitudes of several centuries. Consequently, the method
of annual layer counting becomes unfeasible, and age constraints must be derived
solely from radiometric dating techniques. This reliance on radiometric methods
is crucial for constructing an accurate chronology, which in turn underpins the
paleo-climatic interpretation of the glacier ice record.

For dating glacier ice from the past century, isotopes such as 3H (T1/2 = 12.32 a)
and 210Pb (T1/2 = 22.3 a) are routinely used (Gäggeler et al., 1983; Eichler et al.,
2000). In contrast, recent advancements in micro-radiocarbon techniques, which
analyze microscopic organic material from glacier ice, have become essential for
samples older than approximately 1000 a (Uglietti et al., 2016; Hoffmann et al., 2018).
However, micro -14C dating is susceptible to misinterpretation due to contamination,
reservoir effects, and possible in-situ production, and these issues have yet to be fully
quantified (May, 2009; Hoffmann, 2016; Hoffmann et al., 2018). Additionally, for ice
younger than about 1000 a, the 14C method is limited by calibration uncertainties
(Ramsey, 1995). Many European Alpine glaciers do not reach ages suitable for 14C
dating, often representing remnants of the Little Ice Age, with the majority of their
stratigraphy being substantially younger. This creates an urgent need for radiometric
dating methods that can accurately date glacier ice in the 100 to 1000 a range.

The noble gas radioisotope 39Ar, with T1/2 = 268 ± 3 a (Golovko, 2023), offers
an ideal solution for this gap by covering a dating range of 50 to 1000 a, a period for
which no other radiometric dating method is available (Loosli, 1983). This dating
window is also critical for applications in groundwater management, ocean circulation
studies, and climate archives (Lu et al., 2014). Since 39Ar as a noble gas is not
involved in geochemical processes, has a well-defined atmospheric source, and a
constrained atmospheric input function (Gu et al., 2021; Happel, 2024), it is ideally
suited for dating purposes. Yet, its extremely low isotopic abundance in air (39Ar/Ar
= 8.1×10−16, Collon et al., 2004a) has, until now, limited its routine use. Traditional
measurements via Low-Level Counting (LLC) in an underground laboratory at the
University of Bern require extensive measuring times (8-60 days) and large water
samples (1-3 metric tons), rendering LLC impractical for routine glacier ice dating,
even though some polar ice sheet studies have been conducted (Loosli, 1983).

Atom Trap Trace Analysis (ATTA) is an atom-optical technique initially devel-
oped for rare Kr isotopes (Chen et al., 1999) and has now been adapted for routine
analysis (Jiang et al., 2012), including applications to polar ice (Buizert et al., 2014).
By exploiting the high selectivity of resonant photon scattering during laser cooling,
ATTA can effectively distinguish the rare 39Ar isotope from its abundant counter-
parts. This approach, independent of the isotope’s half-life, enables rapid analysis
with relatively small sample sizes, opening the door to a wide array of applications
in Earth and environmental sciences (Lu et al., 2014). At the Kirchhoff-Institute
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for Physics in Heidelberg (KIP), a specialized ATTA setup for 39Ar (ArTTA) has
been developed. Initial experiments demonstrated its capability for dating large
groundwater samples (Ritterbusch et al., 2014), and subsequent improvements have
reduced the required sample size to just a few ml STP of Ar (Ebser et al., 2018).
For example, obtaining 3 ml STP of Ar now permits practical dating of ocean water
(from 10 l). A first effort for ice dating with 39Ar was conducted by Feng et al. (2019),
showing the feasibility of measurements of 4-7 kg of ice (yielding 0.5-1.7ml STP of
Ar). Subsequently, 39Ar measurements on ice were used by Ritterbusch et al. (2022)
to establish an age scale for an ice core from the Tibetan plateau.

This thesis aims to establish the 39Ar dating technique as a well-understood tool for
glacier ice. In order to achieve a common basis and build a general understanding of
the atom-optical processes involved, chapter 2 gives an overview of the fundamental
concepts of atom trapping. An introduction to the formation and dynamics of glaciers
is given in chapter 3, also addressing different age-depth models that can explain
age-gradients in an ice sheet and introducing the basic concepts of diffusion of gases
in ice.
In chapter 4, the different methods involved in the presented work are discussed:
from ice sampling methods in the field to the gas extraction from ice samples and
the subsequent measurements in the ATTA laboratory. For the latter, the ATTA
apparatus and its components as well as the measurement routine are discussed.
Furthermore, an improved analysis of the ATTA measurements that was developed
in a partly-supervised master thesis by Kindermann (2024) during the time of this
project is introduced. After these three introductory chapters, the focus is turned
toward the methodological results of this thesis and the applications to glacier age
dating.
While the results presented here mostly concern glacier ice dating and its different
aspects, the actual majority of the work during this thesis was done in the ATTA
laboratory. Optimizing the system to a good performance and ensuring stability
upon reaching it cost large amounts of time and effort. The key findings regarding
the optimization of the apparatus and its stable operation are discussed in chapter 5.
Furthermore, the parallel project of establishing an online database for all ATTA
samples is shortly introduced.
The first methodological aspect of dating glacier ice with 39Ar, treated in chapter 6,
is the investigation of possible Ar diffusion into ice during storage. As the collision
diameter of Ar is on the threshold of gases with significant diffusion in ice (Huber
et al., 2006), the question of maximum storage times before an 39Ar analysis and the
key aspects affecting the diffusion are explored.
In chapters 7 and 8, two campaigns of 39Ar dating of Alpine glaciers are presented
which were conducted in collaboration with colleagues from the Institute for Inter-
disciplinary Mountain Research in Innsbruck, Austria. First, the summit glacier at
Weissseespitze (WSS), exhibiting a continuous age record reaching back 6000 a, is
discussed. 39Ar age data in combination with 14C ages allows a full coverage of its
profile. With this, an age model can be fitted and thus a continuous age-depth profile
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that can be applied to other depth-resolved tracer data is established. In the second
application, the Jamtalferner glacier is explored, which exhibits ages below 300 a for
most of its extent. Together with 3H data and findings from human activities in the
valley, the picture of a transient glacier closely impacting the life around it over time
is drawn.
Chapter 9 tackles a general problem that ATTA measurements of ice samples en-
counter. For 39Ar, as well as the other ATTA tracers 85Kr and 81Kr, one to several
kg of ice are needed per sample. This is a problem, especially for valuable ice cores
with limited ice amounts where an ATTA dating measurement has to compete with
other analyses for the ice. By designing and testing a gas extraction unit that can
be coupled to the routinely applied continuous flow analysis system (CFA) for ice
cores, the unused gas from its waste line can be extracted and trapped for a later
ATTA analysis. Several tests have been conducted and, eventually, a successful gas
extraction campaign from an Antarctic ice core was performed, indicating a reliable
system with a very low risk of contamination.
Finally, in chapter 10, two projects that were conducted in collaboration with external
partners are briefly summarized. Both show the value of 39Ar in complementing the
dating range of 14C: one being an ice core from the Dôme du Goûter which provides
a continuous record of aerosols, dust, and sea salt deposition back to the Younger
Dryas; the other project is a "horizontal ice core" from a glacier on Svalbard, sampled
from the glacier surface along its descent that can help to extend the ice core records
of this remote region.

While the initial motivation for this PhD-project was based on the application
of the 39Ar dating method to different glacial settings, it very soon became apparent
that the most urgent need for this and many other projects of the ATTA collab-
oration was the actual lab work in the ATTA laboratory at the KIP. Improving
its performance as well as ensuring stable and long-term measurement operation
therefore quickly became the actual main content of the daily work. The main focus
of the PhD-project therefore shifted towards atom-optical topics for the first large
part of this thesis. With high numbers of students motivated to write their theses in
environmental physics in recent years, the application of the method to glaciers and
other environmental systems as well as the interpretation was therefore conducted
in slices of smaller bachelor and master projects in close cooperation and with the
supervision of the author. In the later part of the thesis, the focus shifted to the final
interpretation of the accumulated environmental data, often refining and combining
the smaller projects into a bigger picture. Therefore, in most chapters, the bachelor
and master theses, which were closely supervised by the author and which laid the
basis for this final evaluation, are referenced.
Because of the large bandwidth of technical developments in the ATTA laboratory
and applications to environmental systems that were conducted within the ATTA
collaboration in Heidelberg in recent years, the evaluation in this thesis had to be
restricted to the overarching topic of glacier ice dating. However, as large amounts
of the author’s time were also invested in the preparation of the laboratory for the
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execution of other measurements, the total of 216 environmental samples that were
measured during the author’s supervision of the ATTA laboratory are listed in the
appendix A.5. With this achievement of a large and continuous sample throughput
over several years, the ATTA technology has taken the next step, away from a mainly
experimental toward a routinely applicable analysis.
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2 Fundamentals of 39Ar-ATTA

This chapter introduces the fundamental concepts needed to understand the methods
employed in this thesis as well as the environmental systems that are analyzed. First,
the main tracer of interest, 39Ar is discussed with its properties and role in dating
environmental archives. Subsequently, the basic concepts required for ATTA are
introduced.
The second part introduces glaciers as the environmental system in the focus of this
thesis, covering their structure and dynamics as well as climatic history.

2.1 Argon and the 39Ar Isotope - Dating with a
Noble Gas Radionuclide

Argon is the third most abundant gas in the atmosphere, constituting 0.934% by
volume. However, being a noble gas with no inclination for chemical reactions and
being color- and odorless, it was only discovered in 1894 by Lord Rayleigh and Sir
William Ramsay, for which the former earned the Nobel Prize in 1904 (Rayleigh and
Ramsay, 1895). While 24 known isotopes of Ar exist, only a few are encountered
naturally, namely 36Ar, 38Ar, 39Ar, 40Ar and 42Ar. Table 2.1 gives an overview of
these isotopes and some of their physical properties. 40Ar is the prevailing isotope,
making up 99.6 % of the total Ar. It originates from the decay of 40K which naturally
occurs in the earth’s crust and mantle. In contrast, primordial Ar e.g. in the sun
exclusively consists of 36Ar and 38Ar.
The 39Ar isotope was first discovered by Brosi et al. (1950) in irradiated potassium
salts. The atmospheric 39Ar, however, is mainly produced by the spallation

40Ar(n,2n)39Ar, (2.1)

which takes place in the stratosphere through cosmogenic neutrons with energies
above the threshold of 10.1MeV. Work by Gu et al. (2021) and Happel (2024)
shows that variations in the cosmic ray flux have changed the 39Ar concentration by
maximally 20 % in the past millennia. This is an effect that has to be corrected for
when dating with this tracer. Besides the production of 39Ar in the atmosphere there
is also production in the ground. Even though this does not have a strong effect on
the atmospheric concentration, it can play a role when investigating archives in the
subsurface. Work by e.g. Musy and Purtschert (2023) has shown that production
via neutron activation of 39K

39K(n,p)39Ar (2.2)
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2 Fundamentals of 39Ar-ATTA

Table 2.1: Characteristic parameters of the main Ar isotopes. Note that the concentration
of 40Ar is marginally increasing over time (Bender et al., 2008) and the natural
concentration of 39Ar is changing over time due to its cosmogenic production (Gu
et al., 2021; Happel, 2024). The last column gives the relative frequency shift in MHz
of the cooling transition for the different isotopes to 40Ar. Data taken from IAEA
(a), Golovko (2023), Rausch, D’Amico et al. (1999), Collon et al. (2004a), and Welte
(2011). 37Ar is listed as it can be used to quantify underground production of Ar
(compare Musy et al., 2022).

Isotope Nat. Abundance
[mole fraction] Nucl. Spin I T1/2 ∆ν40Ar [MHz]

36Ar 0.3336(4) % 0 stable -450.1
37Ar - 3/2 35.0 d -
38Ar 0.0629(1) % 0 stable -208.1
39Ar 8.1(3)× 10−16 7/2 268(3) a 492.2
40Ar 99.6035(4) % 0 stable 0.0
42Ar < 6× 10−21 0 32.9 a -

is dominant in the first few meters below the surface, before cosmogenic neutrons are
stopped by the matrix. This effect does not play a significant role in the dating of
e.g. groundwater, however, it can be employed for the new idea of surface exposure
dating with 39Ar (compare section 8.4). Further into the subsurface, the production
via muon capture reactions such as

39K(µ−, p)39Ar and (2.3)

40Ca(µ−, p)39Ar (2.4)

is affecting layers down to several tens of meters of depth, possibly altering the
39Ar concentration in groundwater. Even deeper, the neutron activation becomes
dominant again due to neutrons from primordial uranium and thorium. This process
is highly dependent on the matrix material and the abundance of the mentioned
elements.
For the dating of glacial ice presented here, all these non-atmospheric production
processes do not play a significant role, as the target materials such as 39K and 40Ca
are not present in significant quantities.

2.1.1 Basics of Radiometric Dating

The interest for 39Ar is sparked by its radioactive properties, mainly its half-life
of 268±3 a (Golovko, 2023), which make it unique among other feasible tracers for
environmental archives. It decays via β− decay to 39K.
Figure 2.1 shows the dating ranges of different tracers. In this graph, all tracers except
SF6 and CFCs are based on their radioactive decay properties, the fundamental
principles of which will be discussed in the following.
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2.2 Argon Isotopes and their Level Structure

Figure 2.1: Visualization of dating tracers and their applicable dating ranges in years. Note
that 39Ar fills the gap between the modern tracers and 14C, which for hydrological
systems and glaciers lacks precision below 1000 a. Figure taken from Robertz (2023).

The law of radioactive decay describes the depletion of the number of radioactive
atoms N over time t by

N(t) = N0 · e−λt = N0 · e
− ln(2)

T1/2
t

(2.5)

where N0 is the initial number of radioactive atoms, λ the specific decay constant
and T1/2 the specific half-life of the species of interest. This can be rewritten to give
the decay time in dependence on an initial and current concentration:

t =
T1/2

ln(2)
· ln
(︃

N0

N(t)

)︃
. (2.6)

With this law at hand and a known initial concentration, a measured current
concentration can be translated to a time at which e.g. a sample must have been
cut off from atmospheric re-equilibration. In the case of glacial ice, this means that
the time an air bubble has been closed off from the atmosphere and continuously
losing 39Ar due to its decay, i.e. the age of the glacier ice, can be obtained from
determining the current 39Ar concentration relative to its initial concentration.

2.2 Argon Isotopes and their Level Structure

In the following, the atomic spectrum of Ar will be discussed, laying the base for the
atom-optical methods presented subsequently. In parts, the introduction leans on
Ringena (2021) and Robertz (2023).
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2 Fundamentals of 39Ar-ATTA

Ar is a noble gas with 18 electrons and therefore has filled electronic shells with an
electron configuration of

1s22s22p63s23p6 = [Ne]3s23p6. (2.7)

Each tuple nle denotes an electronic state which is defined by its principle quantum
number n and the orbital angular momentum l with values of l = 0, 1, ..., n − 1.
Furthermore, each of these momenta has magnetic sublevels with quantum numbers
ml = −l,−l+ 1, ..., l− 1, l. The superscript indicates the number of electrons in this
specific level.
The first excited state is reached when an electron is transferred to the energetically
next shell, in this case, the 4s shell. Because this happens by exciting an electron
from a filled shell the required energy is very high with approximately 11.6 eV. As
this translates to wavelengths around 107 nm, light in the vacuum ultraviolet (VUV)
regime is required for the excitation from the ground state. Such lasers are not
commercially available and therefore the transition for laser cooling does not excite
from the ground state but a meta-stable state (lifetime of ≈38 s, Katori and Shimizu,
1993) from which smaller energies and thus commercially available lasers can be
employed. The excitation to the meta-stable state is achieved via electron impact
excitation in a plasma, a concept which is introduced in section 2.6
The configuration of the states of the cooling transition is given by

[Ne]3s23p54s1 → [Ne]3s23p54p1, (2.8)

where the first state is the meta-stable state.
Having introduced the electron configuration is the first step towards the energy
level structure. The next important parameter for the level structure is the coupling
of the electrons. As discussed, the excited electron occupies a shell of higher n than
the others and because the orbital radius scales with n2 it is significantly further
away from the inner ones. With this in mind, the inner part of the electron shells
can be described as a ’body’ where the electrons couple with each other. This results
in a LS-coupling of the total body spin S⃗ =

∑︁
i s⃗i and the total body orbit angular

momentum L⃗ =
∑︁

i l⃗i to the total body angular momentum j⃗body = S⃗ + L⃗. The
excited electron now couples to this body, first with its orbital angular momentum l⃗
to j⃗body, resulting in K⃗ with K = |jbody − l|, |jbody − l|+ 1, ..., |jbody + l| and finally
with its electron spin s⃗ to K⃗, resulting in the total angular momentum of all electrons
J⃗ with J = |K − s|, |K − s| + 1, ...., |K + s|. The coupled quantum numbers of
the body do not change from the meta-stable to an excited state and are therefore
valid for both states of 2.8 with S = 1/2 and L = 1. Thus also the total angular
momentum of the body is the same for both states with j⃗body = 3/2 (Zappala, 2017;
Feng, 2019). Other energy states can also have j⃗body = 1/2.
As seen from the numbers in 2.8, the quantum numbers of the excited state electron
are le = 1 and se = 1/2 and of the meta-stable state electron lg = 0 and sg =
1/2. The resulting coupling possibilites for K are therefore Kg = (1/2), 3/2 and
Ke = (1/2, 3/2), 5/2, with the non-considered numbers in brackets. The energy levels
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2.2 Argon Isotopes and their Level Structure

addressed with the current ATTA method are Kg = 3/2 for the ground state and
Ke = 5/2 for the excited state, resulting in Jg = 2 and Je = 3 (again only the relevant
ones for ATTA). A convenient notation for these energy states is the Racah-notation

nl[K]J . (2.9)

In this notation, the cooling transition appears as

4s[3/2]2 → 4p[5/2]3. (2.10)

For the stable isotopes of Ar, this is the full description of the quantum numbers.
However, for 39Ar a non-zero nuclear spin I = 7/2 results in the hyperfine splitting of
the energy states. The quantum number J as the total angular momentum has to be
replaced by the quantum number F which is given by F = |I−J |, |I−J |+1, ..., |I+J |.
The right side of figure 2.2 shows the hyperfine splitting of 39Ar. The meta-stable
state splits into five substates with Fg = 11/2, 9/2, ..., 3/2, the excited state in seven
states Fe = 13/2, 11/2, ..., 1/2. The cooling transition is then chosen as

4s[3/2]2(F = 11/2) → 4p[5/2]3(F = 13/2), (2.11)

because due to the selection rules of ∆F = −1, 0, 1 the excited state can only decay
back into the ground state. The spontaneous decay rate of the chosen cooling
transition, a relevant property for the number of scattering events per time interval
and thus the exerted force, is (Metcalf and van der Straten, 2012)

γ = 2π · 5.87MHz. (2.12)

Altogether, as indicated in table 2.1, the cooling transition for 39Ar is 492.2MHz
apart from the cooling transition of 40Ar, which lays the foundation for the ATTA
method.
Also, the meta-stable state draws its long-lived property from the selection rules.
Because they request ∆J = −1, 0, 1, the transition to the ground state is not possible
via dipole transitions and is, thus, highly suppressed.
In addition to the cooling transitions, a few other transitions have to be addressed
in the ATTA experiment. Because the energy splitting of the hyperfine structure is
very small, off-resonant excitation to other energy levels becomes possible. To not
’lose’ atoms to a wrong energy state, the atoms from other hyperfine states have to
be repumped to the original meta-stable state, requiring additional laser frequencies
referred to as repumpers (compare figure 2.2). Furthermore, to selectively de-excite
(quench) 40Ar atoms to the ground state a quench laser is employed. As indicated in
figure 2.2, the laser excites 40Ar atoms to the 4p[5/2]2 level, from where they can
decay down to the ground state and therefore do not cause a noise signal in the
apparatus due to off-resonant scattering of the 39Ar cooling lasers.
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2 Fundamentals of 39Ar-ATTA

0J 1 2 3

[Ne]3s23p6

4s[3/2]1

4p[5/2]2

4s[3/2]2

4p[5/2]3

3/2
5/2
7/2
9/2

11/2
13/2

F
1/2

3/2
5/2
7/2
9/2

11/2

Fquench 
802 nm

843 nm

107 nm

cooling transition
812 nm

hyperfine splitting 39Ar I=7/2

cooling: f39

1st RP: f39-680MHz

2nd RP: f39-1242MHz

3rd RP: f39-1664MHz

E
meta-stable

ground state

plasma excitation

Figure 2.2: Part of the energy spectrum of Ar relevant to ATTA, energy not to scale.
The nl[K]J notation is used. As 107 nm lasers are not available, rf-generated plasma
is used to populate the meta-stable state. On the right, the hyperfine splitting of
39Ar due to its nuclear spin of I = 7/2 is shown. The orange arrow indicates the
cooling transition from the meta-stable state, purple arrows indicate the repumper
transitions for 39Ar (the possible fourth repumper is omitted in the experiment, as it
contributes only very weakly). Green arrows indicate the quench transition from the
meta-stable state and its decay down toward the ground state and the pink arrow
the VUV transition down to the ground state.

2.3 Interaction of Atoms with Light

The ATTA method for trapping and counting 39Ar atoms is based on the principles
of laser cooling, which essentially means that force on atoms is exerted from precisely
tuned lasers. In the following section, the mathematical basics of the interaction of
light and atoms will be given, based on the chapter in Ringena (2021).

Density Matrix Model

To describe the system of an atom and laser light the density matrix model can be
employed. The approach will result in the optical Bloch equations and the scattering
rate of the photons. The following section closely follows Metcalf and van der Straten
(1999), which also gives a more detailed discussion.
In quantum mechanics the normalized wavefunction |Ψ⟩ describes the full system of
a pure state. For a Hilbert space of n dimensions, this wavefunction can be expanded
in the basis Φn with coefficients ci:

Ψ =
n∑︂

i=1

ciΦi. (2.13)

Alternatively, one can use the density operator ρ to describe the system. It is defined
as

ρ = |Ψ⟩ ⟨Ψ| . (2.14)
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2.3 Interaction of Atoms with Light

From these two equations follows the n×n density matrix, where the n wavefunctions
scan the Hilbert space entirely:

ρij = ⟨Φi| ρ |Φj⟩ = ⟨Φi|Ψ⟩ ⟨Ψ|Φj⟩ = cic
∗
j . (2.15)

However, the description by a pure state does not work anymore when spontaneous
emission is introduced into the system. Here, the system becomes a statistical
mixture of several states Ψn each with probability pi. The density operator is then
written as

ρ =
∑︂
i

pi |Ψi⟩ ⟨Ψi| . (2.16)

For a two-level system with excited state |e⟩ and ground state |g⟩, the density matrix
from equation 2.15 results in

ρ =

(︃
ρee ρeg
ρge ρgg

)︃
=

(︃
cec

∗
e cec

∗
g

cgc
∗
e cgc

∗
g

)︃
(2.17)

for the state given by |Ψ⟩ = ce |e⟩+ cg |cg⟩.
The energy difference between ground and excited state is given by ∆E = h̄ωa. The
angular frequency of a laser driving the transition is given by ωL and the detuning
of the laser light δ = ωL − ωa is assumed to be small compared to the resonance
frequency: |δ| ≪ ωa. By assuming a weak coupling (|Ω| ≪ ωL) the rotating wave
approximation (RWA) can be applied which neglects terms of the Hamiltonian
oscillating with frequency ωL + ωa.
An important parameter for the time evolution of the density matrix elements is the
transition’s Rabi frequency Ω, which is defined as

Ω = −eE0

h̄
⟨e| r |g⟩ = E0

h̄
µeg (2.18)

with the electron coordinate operator r, the laser light field amplitude E0, the
elementary charge e, and h̄ the reduced Planck constant, and the transition dipole
matrix element µeg. With this number, the evolution equation for the terms ρij can
be found in expressions similar to

dρgg
dt

=
dcg
dt

c∗g + cg
dc∗g
dt

= i
Ω∗

2
ceeiδtc∗g − cgi

Ω

2
c∗ee

iδt ≡ i
Ω∗
2
ρ̃eg − i

Ω

2
ρ̃ge, (2.19)

where ρge˜ ≡ ρgee−iδt (Metcalf and van der Straten, 1999). Similarly, the time
derivatives of the other density matrix elements can be found.
In this system, spontaneous emission can now be described by an exponential decay
of the coefficient ρeg(t) with a constant rate γ/2:(︃

dρeg
dt

)︃
spont.

= −γ

2
ρeg. (2.20)
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2 Fundamentals of 39Ar-ATTA

Combining all this yields the optical Bloch equations (OBEs):

dρgg
dt

= γρee +
i

2
(Ω∗ρ̃eg − Ωρ̃ge)

dρee
dt

= −γρee +
i

2
(Ωρ̃ge − Ω∗ρ̃eg)

dρ̃ge
dt

= −
(︂γ
2
+ iδ

)︂
ρ̃ge +

i

2
Ω∗(ρee − ρgg)

dρ̃eg
dt

= −
(︂γ
2
− iδ

)︂
ρ̃eg +

i

2
Ω(ρgg − ρee). (2.21)

These equations can then be solved for the steady state in which the population
difference u between excited and ground state is constant, meaning u ≡ ρgg −
ρee =constant. Solving the OBEs yields:

du

dt
=

d(ρgg − ρee)

dt
= −γu− i

(︁
Ω∗ρ∗eg − Ωρge

)︁
+ γ = 0, (2.22)

leading to the solutions

u =
1

1 + s
(2.23)

s ≡ |Ω|2

δ2 + γ2/4
≡ s0

1 + (2δ/γ)2
(2.24)

s0 ≡
2|Ω|2

γ2
≡ I

Is
with the latter being (2.25)

Is =
πhcγ

3λ3
for σ± polarized light. (2.26)

s is the saturation parameter and s0 the on-resonance saturation parameter. For
a low saturation parameter, s ≪ 1, the population is mostly in the groundstate
whereas for high s the population is equally distributed between ground and excited
state (u = 0).
The scattering rate γs of photons is then given by the spontaneous decay rate γ and
the excited state’s population ρee:

γs = γρee =
s0γ/2

1 + s0 + (2δ/γ)2
(2.27)

where δ is the laser detuning and γ the decay rate of the excited state (5.87MHz,
Metcalf and van der Straten, 1999). The result gives a measure of the interaction
between the light field and atom with the tunable laser parameters s0 and δ. It
can be seen that with increasing laser power and thus increasing s0, γs saturates
at γs = γ/2, the maximum possible scattering rate. In the following, the resulting
control of the atom and light forces are discussed.
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2.3 Interaction of Atoms with Light

2.3.1 Light Induced Forces

The force a light field exerts on an atom is governed by the above derived scattering
rate which gives the time of an absorption and emission cycle of a photon by an
atom and the momentum transfer from photon to atom.
The momentum each photon carries is given by p⃗ = h̄k⃗. This momentum is transferred
to an atom upon absorption and excites the atom to a higher energy state where
the atom stays until it de-excites with the emission of a photon. In the case of
spontaneous emission, the direction of the emission is randomly spatially distributed,
resulting in a net zero momentum gain of the atom averaged over many emission
cycles. In contrast, the absorption of photons of a single laser coming from a specific
propagation direction defined by k⃗ results in a net force F⃗ from that direction:

F⃗ = h̄k⃗γs, (2.28)

where the scattering rate derived in equation 2.27 gives the absorption-emission
cycles per time. Combining the two equations results in

F⃗ = h̄k⃗γ
s0/2

1 + s0 + (2δ/γ)2
. (2.29)

It can be seen that the force can be increased with increasing laser power, however
saturating at

F⃗max = h̄k⃗γ/2. (2.30)

A very important parameter is the detuning δ of the laser light to the atom’s internal
energy transition. While this can be manually tuned with a laser, it also experiences
shifts due to other effects, of which the Doppler effect and the Zeeman effect will be
discussed in the following.

2.3.2 Doppler Effect

The Doppler shift is caused by different frames of reference between atom and photon.
It causes a frequency shift of the laser light experienced by the atom depending
on the relative velocity of the two. In the atom’s frame of reference, the frequency
appears shifted by

δD = −k⃗ · v⃗, (2.31)

with the wavevector k⃗ of the photon and the atom velocity v⃗.
The effect is very important for the ATTA method, as the velocities of the atoms in
the apparatus range from several hundred m/s down to almost zero velocities and
because the laser light is directed at the atoms from many different angles. With the
scalar product in equation 2.31, the resulting frequency shift is also dependent on
the relative angles. All in all, to tune the lasers to the right frequencies in the right
components of the apparatus, the Doppler shift always has to be taken into account
and serves as the main tool for selectively addressing atoms of a certain velocity
class.
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2 Fundamentals of 39Ar-ATTA

A very good example of the relevance of the Doppler effect is the Zeeman slower,
where atoms are cooled down from several hundred m/s velocities to several tens of
m/s. As discussed in more detail in section 4.3, the cooling laser here is directed
anti-parallel to the atom beam. Therefore, with the deceleration of the atoms,
the Doppler shift changes and the atoms go out of resonance and are not further
decelerated. To keep the atoms in resonance the subsequently introduced Zeeman
effect is employed.

2.4 Interaction of Atoms with Magnetic Fields

In order to manipulate atoms in a lab environment, access to their internal structure
is a major step towards more control. By adding magnetic fields to the toolbox, a
new type of control is gained over the atom’s inner energy levels. To understand the
basics of the interactions of atoms with magnetic fields the Zeeman effect will briefly
be discussed in the following, more detailed discussion can be found e.g. in Haken
and Wolf (2004).

2.4.1 Zeeman Shift

When an atom experiences an external magnetic field B⃗0 it experiences a shift in its
potential energy depending on the atom’s magnetic moment µ. The energy shift due
to this Zeeman effect is given by

∆Epot = −µ⃗ · B⃗0. (2.32)

Hereby, the magnetic moment is made up of the total angular momentum of the
atom given by L⃗, J⃗ , S⃗ or F⃗ . In the following, the magnetic moment of the hyperfine
structure, µ⃗F , is chosen as a substitute for any magnetic moment µ⃗L,J,S,F :

µ⃗F = −µBgF F⃗ /h̄ (2.33)

with the Landé-factor gF and the Bohr magneton µB.
The Zeeman effect causes the previously degenerate sublevels to shift their energies
depending on their magnetic quantum number. For an atom with hyperfine splitting
these sublevels are given by mF = −F,−F + 1, ..., F .
Considering an external magnetic field in z-direction: B⃗0 = e⃗zBz, the vector of µF

only has discrete projections on the z-axis, denoted by the quantum number mF .
With this relation, the z-component of the magnetic moment can be written as

(µ⃗F )z = −
(︂
µBgF F⃗ /h̄

)︂
z
= −µBgFmF , (2.34)

so that the energy difference amounts to

∆E(F,mF ) = µBgFmFBz. (2.35)
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The Landé g-factor is given by (Fox, 2006)

gJ = 1 +
J(J + 1) + S(S + 1)− L(L+ 1)

2J(J + 1)
, respectively (2.36)

gF ≈ gJ
F (F + 1) + J(J + 1)− I(I + 1)

F (F + 1)
. (2.37)

Thus, the magnetic sublevels split energetically and their separation increases lin-
early with the magnetic field. Robertz (2023) and Ritterbusch (2013) list the most
important Landé factors for the energy levels relevant in ATTA.
Note that these relations only apply to small magnetic fields. At higher field strengths
the Paschen-Back effect has to be considered.

With equation 2.35, the detuning δZ of a transition from |JmJ⟩ to |J ′mJ ′⟩ is given
by the difference between the two energy shifts ∆EZ :

δZ = (mJgJ −mJ ′gJ ′)
µBB

h̄
. (2.38)

As a result of the different Landé g-factors for 39Ar due to its hyperfine splitting, the
forces in the atom traps are reduced. This is discussed in more detail in the theses
of Robertz (2023) and Ritterbusch (2013).

2.5 Cooling and Trapping of Atoms

So far the basic concepts of light interaction with atoms were discussed, which was
restricted to one laser from one direction interacting with the atoms. This concept
will now be expanded to multiple beams, as their interplay makes up many of the
magneto-optical elements of the ATTA apparatus. If laser powers are low enough to
neglect stimulated emission, then the forces of the laser beams can simply be added
to obtain their joined effect.

2.5.1 Optical Molasses

Considering an atom in one dimension with velocity v⃗ and two counterpropagating
laser beams with wavevectors k⃗ and −k⃗, the resulting force can then be written as
in the following way with equations 2.29 and 2.31:

F⃗ = F⃗+ + F⃗− =
γh̄k⃗s0

2

[︄
1

1 + s0 + (2(δ − k⃗ · v⃗)/γ)2
− 1

1 + s0 + (2(δ + k⃗ · v⃗)/γ)2

]︄
,

(2.39)
taking into account the Doppler shift but no magnetic field. For an atom at rest, the
detuning is experienced equal for both lasers by the atom and therefore the net force
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2 Fundamentals of 39Ar-ATTA

adds up to zero.
For low velocities and small detunings, this expression can be approximated with

F⃗ ≈ 8h̄k2δs0v⃗

γ(1 + s0 + (2δ/γ)2)2
≡ −βv⃗. (2.40)

It becomes apparent that a dampening force on the atoms with v⃗ ̸= 0 can be realized
when choosing δ < 0, as can be seen in figure 2.3. This effect comes from the interplay
of the light force with the relative velocity of the atoms to the laser light. Due to
the Doppler effect, for a δ < 0, atoms moving towards a laser beam are more on
resonance and therefore experience a stronger force and are slowed down, resulting
in a general cooling of the atoms in the direction of the laser beams. For a δ > 0 this
effect would be reversed and therefore atoms would be heated and accelerated away.
This simple setup for atom cooling is called an optical molasses, as it viscously
dampens an atom. However, due to the missing spatial dependence of the cooling
force, it is not yet fit for trapping atoms. This is the main difference to the magneto-
optical trap (MOT), which will be discussed in the following.

Velocity [γ/k]

Fo
rc

e
 [
ℏ
kγ

]

Figure 2.3: The velocity-dependent dampening force for a one-dimensional optical molasses.
F± are the forces for each single laser beam, while FOM is the resulting net force.
β (compare equation 2.40) can be interpreted as the dampening coefficient of the
optical molasses. The saturation parameter is set to s0 = 2 and the laser detuning to
δL = −γ. Figure similar to Metcalf and van der Straten (1999), taken from Robertz
(2023).

2.5.2 Magneto-Optical Trap

When adding an inhomogeneous magnetic field to the setup of the optical molasses,
the Zeeman effect changes the properties of this setup in such a way that atoms can
be trapped at its center. An inhomogeneous magnetic field achieved by coils in an
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anti-Helmholtz configuration, introduces a position-dependent shift of the energy
levels due to the Zeeman effect, increasing the further away from the trap center
an atom is positioned. With this property, a confinement not only in velocity but
also in position space is achieved. Since its first publication by Raab et al. (1987) it
has proven a very versatile and robust atom trap. Here, an overview of its working
principle is given. More detailed elaborations can be found in Chu (1998) and Metcalf
and van der Straten (1999).
The inhomogeneous magnetic field is implemented as a quadrupole field B⃗(r⃗), which
in one dimension, close to the center, can be approximated by B(z) = Bz. In
the following B > 0 is assumed. Furthermore, the transition J = 0 to J = 1 is
considered, for which the magnetic sublevels mJ of the excited state, therefore, have
a position-dependent energy, compare figure 2.4.
For the one-dimensional case now consider two laser beams traveling in ±z direction,
with polarizations σ±. With these polarizations, the σ+ beam couples with the
mJ = 0 → 1 transition, and the σ− beam with the mJ = 0 → −1 transition.
The effective detuning experienced by an atom with velocity v⃗ = ve⃗z is given by

δ± = δL⏞⏟⏟⏞
laser detuning

∓ k⃗ · v⃗⏞⏟⏟⏞
Doppler shift

± (geme − ggmg)
µBB

h̄⏞ ⏟⏟ ⏞
Zeeman effect

. (2.41)

Again, the resulting net force is the sum of the two single forces: F⃗ = F⃗+ + F⃗−. The
expression can be expanded for small Doppler and Zeeman detunings compared to
the laser detuning, resulting in

F⃗ = −βv⃗ − κr⃗, with κ = (geme −mgmg)µB⏞ ⏟⏟ ⏞
=µ′

B
h̄k

β. (2.42)

This equation can be interpreted as the harmonic oscillator with κ being the spring
constant and β the dampening coefficient with the definition from 2.40 (Metcalf and
van der Straten, 1999).

2.5.3 Isotopic Separation of 39Ar

Having discussed all the relevant properties of Ar and also the atom-optical tools
that are available, it can now be brought together to discuss its necessity for the
detection of the 39Ar isotope. In a simple approach, having discussed the different
energy level structures of the different isotopes, resulting in a shift in the resonance
frequency of ∆ =492.2MHz in the preceding sections, one could propose to use
simple spectroscopy for the detection of 39Ar. This, however, disregards the influence
of non-resonant excitation. Taking a simple model assuming Lorentzian lineshapes,
as proposed by Collon et al. (2004b), the selectivity S of a single excitation can be
expressed as

S = 4×
(︃
∆

Γ

)︃2

when ∆ ≪ Γ, (2.43)
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J mJ

L

Figure 2.4: Schematic of one dimension of a MOT with the spatial dimension on the
x-axis and the energy on the y-axis. The transition from the ground state |g⟩ =
|J = 0,mJ = 0⟩ to the excited state |e⟩ = |J = 1,mJ = 0,±1⟩ is driven by laser light
with frequency ωL detuned to the atomic resonance by δ. A linearly inhomogeneous
magnetic field causes a splitting of the three excited substates indicated by the
black diagonal lines. The center of the trap is defined as the point of zero magnetic
field. The magnetic field causes the energy level |J = 1,mJ = −1⟩ to shift to lower
energies when moving in the positive z-direction. At location z = z1, the state
|e⟩ = |J = 1,mJ = −1⟩ then lies closer to resonance with the laser light and therefore
scatters more photons than the other state. Since the transition to this state from
|g⟩ = |J = 0,mJ = 0⟩ requires a σ−-photon (in the frame of reference of the atom),
the atom selectively scatters the light of the counter-propagating laser beam, resulting
in a force towards the trap center. The figure is inspired by Metcalf and van der
Straten (1999) and adapted from Ringena (2021).

where ∆ is the frequency difference between the isotopes and Γ the interaction
linewidth. In the here relevant case, Γ = 2π · 5.87MHz (Metcalf and van der Straten,
2012) and therefore S = 712. Which means that for equal amounts of 39Ar and 40Ar
in a sample, every 712 resonant excitations of 39Ar, one off-resonant excitation of
40Ar occurs. With the natural abundance of RA = 8.1× 10−16, the probability of a
39Ar resonant photon to scatter an 39Ar atom rather than a 40Ar atom is given by

P39

P40

= S ·RA = 6 · 10−13. (2.44)

This means that a spectroscopy signal would be by far dominated by the off-resonant
scattering of 40Ar and thus could not provide a detectable 39Ar signal. The solution for
the detection of 39Ar using photon excitation lies in the probability for N consecutive
photons to scatter 39Ar over 40Ar:

P39

P40

⃓⃓⃓⃓
N

= SN ·RA. (2.45)

It is apparent that it is only a matter of a high enough N to reach selectivity. In
the case of 39Ar, for N > 6 photons the selectivity becomes greater than 1 (actually
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P39/P40|N=6 = 105) and grows exponentially with N . Therefore, it is only a matter of
designing an apparatus that only receives a signal of 39Ar if it has undergone at least
6 photon scattering events. With laser cooling techniques like the magneto-optical
trap, where scattering rates in the order of 107 photons/s are to be expected, the
detection of an atom at rest at the center of the MOT for a minimum detection time
of 40 ms, as is the case in the current apparatus, fulfills these criteria by far. In this
way, the ATTA method reaches selectivities far beyond what is needed for the 39Ar
detection and is only limited by the total detected atoms.

2.6 Electron Impact Excitations in Inductively
Coupled Plasmas

As discussed in section 2.2, the excitation from the ground state to the first excited
state cannot be driven by conventional lasers. Therefore, the so far established
method is the excitation in a plasma. For the understanding of this process, a brief
overview is given in the following
Plasma is one of the four fundamental states of matter and consists of free charged
particles. In the here-discussed case, it is a weakly ionized plasma inductively driven
by a strong radio-frequency signal (RF) at 100W and at a frequency of about
150MHz. The plasma is sustained by ionizing neutral atoms.
The main production mechanism of metastable Ar, Ar∗m, is electron impact excitation
of neutral atoms (Ferreira et al., 1985; Bogaerts and Gijbels, 1995; Belostotskiy et al.,
2009):

Ar + e−(≥ 11.55 eV) → Ar∗m + e−, (2.46)

where 11.55 eV is the energy difference between the ground state and metastable state.
In addition to this direct excitation to the metastable state, there is a contribution
of atoms excited to a higher-lying state which cascade down to the metastable state.
There are several loss mechanisms by which atoms are lost from the metastable state.
Among these are the electron-induced quenching to a close-lying non-metastable
state followed by possible radiative decay to the ground state, collisions with the
walls and subsequent relaxation, and also metastable-metastable collisions leading to
a relaxation of the one and ionization of the other atom. A more detailed discussion
is given in Robertz (2023) and in the Ferreira et al. (1985), Bogaerts and Gijbels
(1995), and Belostotskiy et al. (2009).
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3 Fundamentals of Glaciers

Glaciers can broadly be defined as bodies of ice that originate from the accumulation
of snowfall (Cuffey and Paterson, 2010). In the following sections, the process of ice
formation from snow and firn and the different zones of glaciers will be introduced.
Subsequently, a short overview of the climate history of the Holocene is given, to
provide an idea of what to expect for past glacier dynamics.
The introduction to glaciers, their dynamics, properties, and simple models to
describe them is based on Cuffey and Paterson (2010) and lecture notes of the 2018
block lecture series by Pascal Bohleber, Kurt Roth, and Josef Lier.

3.1 Glacier Ice Formation

The ice which makes up glaciers has by definition been formed from snow. In this
case, the word ’snow’ refers to the material that has not been altered from the state in
which it precipitated. Once the snow accumulates on the ground and has compacted a
little bit the term firn is used. The definition is not uniform in the existing literature,
however, as the transformation from snow, via firn to ice is continuous, it is hard
to draw strict lines of definitions. Cuffey and Paterson (2010) stated among others
the following densities for the continuously compacting material: snow: 50-70 kg/m3,
damp new snow: 100-200 kg/m3, firn: 400-830 kg/m3, glacier ice: 830-923 kg/m3.
The force driving the compactification is gravity, such that the weight of the snow
from above compresses the snow below. It is obvious that the transformation highly
depends on the temperature in the snowpack. For higher temperatures, e.g. found in
low-lying Alpine glaciers, the snow compacts very quickly and turns into ice within
a few ten meters of the firn column. In contrast, for very cold locations such as
Antarctica or Greenland, the compactification occurs much slower and densities of
ice are reached at depths around 100m (Cuffey and Paterson (2010) table 2.2).
While in the context of this thesis, firn is not of further interest, the full focus is
set on the glacier ice. This is due to the fundamental difference that defines ice
as a material with closed-off pores, while in firn the pores are still interconnected.
Thus, the pore close-off depth is the important depth at which dating with gas-like
tracers such as 39Ar becomes feasible. Above this depth, the pores are essentially
connected to the atmosphere and gas is exchanged. However, at the close-off depth
the formerly connected pores in the firn are sealed off to form individual bubbles.
Further densification of the ice is achieved by the compression of these bubbles.
The density of ice where bubbles account for a fraction ν of the total volume can
therefore be calculated via

ρ = νρb + (1− ν)ρi, (3.1)
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with the density of pure glacier ice denoted by ρi and the density of the enclosed gas
in the bubbles by ρb. The former is usually taken as 917 kg/m3 (for a temperature
around 0° C and low pressure, Cuffey and Paterson, 2010).

3.1.1 The Age of Ice

As this thesis focuses on ice dating via the radioactive 39Ar isotope, a short comment
on its applicability to glaciers is made. With Ar being a noble gas and therefore
not taking part in any chemistry, in the natural environment Ar will always be
found as a gas. Dating ice with a gas-like tracer therefore poses the question of to
what extent the gas partakes in the glacial dynamics. As discussed in the previous
section, the glacial material is defined as ice from the moment when its pores are
closed and bubbles in the ice are cut off from the atmosphere. From this moment on,
atmospheric air is trapped inside the bubbles (also compare section 3.5.2) and the
clock of radioactive decay starts ticking. Dating ice with a gas-like tracer therefore
dates the moment of the close-off of the bubbles, rather than the moment of the
snowfall. The age difference between the ice age and the gas age, often referred to as
∆age, therefore needs to be considered. From the discussion in the previous section,
it is apparent that this age difference can vary greatly from location to location.
Low values will be found for low-lying Alpine glaciers, increasing with altitude and
finally reaching up to several thousand years for ice sheets in Antarctica (Cuffey and
Paterson, 2010).
For age dating of groundwater and ocean water, the mixing of different water parcels
and therefore the mixing of different ages results in the usual approach of assigning
age distributions rather than a single age. In the case of glacier ice dating, a simple
tracer age is assumed to pose a valid approach. The much higher viscosity of glacier
ice compared to water and the selection of sites exhibiting the preservation of clear
annual layers present a different situation than in hydrological systems.

3.2 The Zones of a Glacier

Due to the behavior of glacier ice like a viscous fluid, the accumulated ice of an
Alpine glacier at the top of a mountain finds its way down the mountain slope in
the shape of extended glacier tongues. In this way, the ice reaches low altitudes
with higher temperatures where gradually the mass balance of the glacier becomes
negative and the ice starts melting. Therefore, to describe the full complexity of a
glacier covering a range of altitudes, different zones of a glacier can be identified.
Figure 3.1 schematically shows the transition from the accumulation zone (net gain)
down to the ablation zones (net loss) (closely following Cuffey and Paterson, 2010):

• Dry snow zone: No melting occurs even in summer

• Percolation zone: Some melting occurs in this zone, especially during summer.
The meltwater percolates into the snow before refreezing at a certain depth,
forming ice layers and lenses. The boundary to the wet snow zone is reached,
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3.2 The Zones of a Glacier

where the entire snow column from the last winter has been raised to melting
temperature.

• Wet snow zone: The entire snow of the last winter has reached melting
temperatures and the melt water has percolated into deeper firn layers from
previous years.

• Superimposed ice zone: While in the upper zones layers of refrozen ice are
discontinuous and covered by firn, in the superimposed ice zone these layers
have merged into one large ice layer and are visible at the surface. The upper
boundary can be identified as the transition from firn to ice at the end of the
snow-melt season. The lower boundary marks the equilibrium line, further
below the glacier has a net loss of ice mass over the course of a year.

• Ablation zone: The glacier experiences a net loss of mass every year and
therefore the bare ice of the glacier is visible without any firn or superimposed
ice on top at the end of the melting season. For many current Alpine glaciers,
this zone extends to the top of the glacier, as they are not in equilibrium
anymore and are losing mass along their entire profile every year.

Figure 3.1: The zones of a glacier. Figure taken from Cuffey and Paterson (2010).

3.2.1 Moraines

When the ice of a glacier moves along, it has a strong effect on the topography of
its bedrock. Due to its large weight and sliding motion, it scrapes away rock at its
interfaces. Furthermore, it can accumulate debris from rockfalls and so on. When
reaching an equilibrium state, ice will constantly move downward into the ablation
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zone, where the ice is slowly lost. Here, the rocky debris accumulates and forms a
so-called terminal moraine. Also along the sides of a glacier tongue, large structures
of rocky debris will form in lateral moraines. Due to these structures, the past glacial
extent is still visible even when a glacier has long since retreated. As the rocks have
often been carved out of the bedrock by the glacial flow, they can be assumed to
not have been exposed to daylight before their deposition in the moraine. Therefore,
surface exposure dating by cosmogenic nuclides (compare section 8.4) can serve as a
valuable method to determine the time of formation of a moraine.

3.3 Stress, Strain and Deformation of Glacier Ice

Ice might seem like a solid material comparable to something like glass, however,
it exhibits a very characteristic property, namely that it behaves like a viscous
fluid. Thus, under applied stress τ it deforms and flows around obstacles or down a
mountain slope. Glacier tongues are the most prominent product of this liquid-like
behavior. To approach this property more mathematically, in the following the stress
tensor and its relation to the strain rate are discussed.
The entries of the stress tensor τi,j are defined as the stress in direction i acting on
the surface j. Therefore, the stress vector τi is given by

τi = τi,j(njF ), (3.2)

with nj the normal vector of a surface with area F . The entries of the stress tensor τi,j
can be divided into the diagonal elements which represent forces acting perpendicular
to a surface as compressive or expansive stress, and into the non-diagonal elements
which represent shear stress, acting tangentially on a surface and resulting in shear
deformation. Figure 3.2 depicts a scenario of the deformation of an ice block under
only normal (left) and pure shear stress (right). In a normal glacier setting, both
forces act at the same time, thus thinning and shearing of layers occurs as they move
along the flow.
The strain rate of ice ϵ̇, i.e. the relative deformation per time along one axis, is
expressed by

ϵ̇ =
∂ϵ

∂t
=

∂ux

∂x
, (3.3)

with the general case again expressed as a tensor:

ϵ̇i,j =
1

2

(︃
∂ui

∂xj

+
∂uj

∂xi

)︃
. (3.4)

Empirically, it can be shown that the deformation (strain) rate ϵ̇i,j is proportional to
the nth power of the applied shear stress τi,j, expressed in Glen’s law :

ϵ̇i,j = A · τni,j, (3.5)

where the flow parameter A is highly dependent on ice temperature but among others
also on ice crystal size and orientation. Both, A and n are determined empirically
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with n ranging between 1.5 and 4.2 approximately (Cuffey and Paterson, 2010).
Commonly a value of n = 3 is used. This stands in contrast to Newtonian viscous
fluids which have a linear relation. It means that most of the deformation takes
place in regions of highest total stress and therefore typically close to the bed or side
margins of a glacier.

z

x

extension and compression simple shear

τxx=τzz≠0; τxz=τzx=0 τzx=-τxz≠0; τxx=τzz=0 

Figure 3.2: A block of ice (shaded area) deforming due to compression/expansion (left)
and shear forces (right) along the flow of a glacier. Figure adapted from Cuffey and
Paterson (2010).

3.4 Models for Age-Depth Relation of Glaciers

Establishing an age-depth relation for a glacier location or even a single ice core is an
important step toward the interpretation of further data and measurements. When
layer counting is feasible this is easily done. However, when this is not possible and
only a few discrete ages along the ice core are known, a functional relation of age
and depth is needed to find a continuous profile.
Modeling the age-depth relation can be done in very intricate ways (e.g. see a 3D full
Stokes ice flow model by Licciulli et al., 2020), however, as the focus of this thesis is
not the ultra-precise modeling of specific glacier sites it will be restricted to simpler
models based on simplified glacier dynamics.

The Nye-timescale

Derived from Glen’s flow law, the Nye-timescale (Nye, 1957, 1963; Cuffey and
Paterson, 2010) is an early approach to age-depth relationships. It links the age at a
certain depth in a kinematic approach with the average vertical velocity over the ice
column:

∆t =
∆z

uz(z)
⇒ t(z) =

∫︂ z

0

dz′

uz(z′)
, (3.6)

where t is the age of the ice (time since snowfall) and uz(z) the vertical velocity at
depth z. Furthermore, z = 0 is set at the glacier surface with the z-axis pointing
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downwards. In the model, depth is always given in meters of water equivalent (m
w.e.). Here, an expression for uz(z) is needed.
With the mass balance in m w.e., an equation linking the accumulation rate b to the
sum of temporal ice thickness change and spatial changes in the ice thickness H and
horizontal velocity ux is given by:

∂H

∂t
+

∂

∂x
(ux ·H) = b. (3.7)

Assuming a spatially and temporally constant H this equation simplifies to

∂ux

∂x
=

b

H
. (3.8)

With the assumption of incompressible ice (∂ux

∂x
+ ∂uz

∂z
= 0), equation 3.8 can be

rewritten for the vertical velocity. Integrating over z then leads to:

uz(z) = b
(︂
1− z

H

)︂
(3.9)

and by inserting into equation 3.6 the wanted age-depth relationship is obtained:

t(z) =
H

b
ln
(︂
1− z

H

)︂
. (3.10)

The vertical velocity derived in equation 3.9 therefore linearly decreases with depth
while the age increases logarithmically with depth. This model works well for the
upper 2/3 of the glacier, however, below it leads to an inconsistency at the ice-rock
interface. Here, ux(H) ̸= 0 follows from equation 3.8 which contradicts the idea of
the glacier being frozen to the bedrock. Furthermore, this model is rather suited for
mountain slopes while our glacier location of interest is more of an ice-divide type.
Here, the ice flow can differ significantly and therefore needs further discussion.

The Raymond model

The interest in ice-divide-type settings comes from the central regions of the large
ice sheets in Greenland and Antarctica. Raymond (1983), therefore, calculated the
strain rate for an isothermal ice divide from an idealized model of such a divide. The
strain rate is linear for this case:

ϵ̇ = −2b

H

(︂
1− z

H

)︂
. (3.11)

Using equation 3.3, the vertical velocity uz(z) is determined, and from that the
age-depth relation is calculated with equation 3.6:

t(z) = −H

b

(︃
1− 1

1− z/H

)︃
. (3.12)

The main restriction of this model is the assumption of isothermal conditions through
the ice column. However, while for polar ice sheets where temperatures differ by up

28



3.5 Diffusion

to 60°C (Cuffey and Paterson, 2010) this is certainly a drawback, for thin alpine
glaciers like the later discussed Weissseespitze this should not play a significant role.
In this case, the temperature profile varies with season rather than depth. Fischer
et al. (2022) show temperature data for the WSS over several years where a variation
of a few degrees is visible for layers near the surface. However, averaging these
fluctuations over a year gives an almost isothermal ice body.

The 2p model

The Raymond model was later generalized by Bolzan (1985), who introduced a
"thinning parameter" p in addition to the accumulation rate b. In the attempt to
approximate the ice sheet as a two-layer system, this second parameter accounts for
different temperature distributions in the ice, which highly influence the viscosity
and thus the parameter A in Glen’s law 3.5. The resulting age-depth relation stated
in Jenk et al. (2009) is given by

t(z) = −H

bp

(︃
1− 1

(1− z/H)p

)︃
, (3.13)

which for p = 1 is equivalent to 3.12.

3.5 Diffusion

Diffusion is a process by which matter or heat is transported through a system as a
result of random molecular motion. Effectively, it leads to a net transport along a
gradient, thus smoothing out concentration or heat differences.
The first scientists who took a quantitative approach to diffusion were Fourier (1822)
on the subject of heat conduction and later Fick (1855) who applied the formulas to
diffusion. The underlying understanding is that the rate of transfer of a diffusing
substance through a unit area is proportional to the concentration gradient measured
normal to the section, as stated in Fick’s first law:

J = −D
∂C

∂x
, (3.14)

with J being the diffusion flux (amount of substance per unit area per unit time
[n/m2·s]), C the concentration of the diffusing substance, and D the diffusion
coefficient in [m2/s]. The negative sign arises because diffusion occurs opposite to
the concentration gradient.
Using the law of mass conservation

∂C

∂t
+

∂

∂x
J = 0, (3.15)

and inserting it into equation 3.14 and assuming a constant D yields the fundamental
differential equation of diffusion known as Fick’s second law:

∂C

∂t
= D

∂2C

∂x2
. (3.16)

29



3 Fundamentals of Glaciers

3.5.1 Diffusion in a Cylinder

As the systems in which diffusion is explored in this thesis are cylindrical-shaped ice
cores, the standard cartesian coordinate system is not convenient. Fick’s second law
3.16 reformulated in the more convenient cylindrical coordinates with radial diffusion
then becomes

∂C

∂t
=

1

r

∂

∂r

(︃
rD

∂C

∂r

)︃
. (3.17)

For the case of diffusion into a cylindrical ice core, the situation is best described by
initial conditions with a constant concentration C0 outside of the cylinder of radius
a and an initial uniform concentration C1 inside the cylinder, thus:

C = C0 for r = a and t ≥ 0, (3.18)

and
C = C1 for r ≤ a and t = 0. (3.19)

The solution is given by Crank (1975) as

C(r, t) = C1 + (C0 − C1)

(︄
1− 2

a

∞∑︂
n=1

exp(−Dα2
nt)J0(rαn)

αnJ1(aαn)

)︄
, (3.20)

where Jk(x) is the Bessel function of the first kind of order k while αn are the positive
numbers that fulfill J0(aαn) = 0. Crank (1975) also provides a solution for small
times (Dt/a2 small) and provided r/a is not small:

C(r, t) = C1 + (C0 − C1)
a1/2

r1/2
erfc

a− r

2
√
Dt

+
(a− r)(Dta)1/2

4ar3/2
i erfc

a− r

2
√
Dt

+
(9a2 − 7r2 − 2ar)Dt

32a3/2r5/2
i2erfc

a− r

2
√
Dt

+ ...,

(3.21)

with the error-function complement

erfc z = 1− erf z =
2

π1/2

∫︂ ∞

z

exp(−η2)dη. (3.22)

Equation 3.21 can be rewritten in terms of the two dimensionless parameters Dt/a2

and r/a as long as the former is small (Dt/a2 ≪ 1) and r/a not small. Both are
fulfilled in all applications throughout this thesis.

Mean Concentration

As this thesis aims to develop a better constraint on the diffusion of Ar in ice by
measurements of the rare isotope 39Ar on whole sections of ice cores, there is no
access to the detailed radial profile of the diffusing gas. Rather, the bulk of the
entered gas is measured and then the diffusion coefficient is calculated. Therefore,
the measured concentration has to be compared to the radial integral over equation
3.20:

C̄(t) =
1

πa2

∫︂ 2π

0

∫︂ a

0

C(r, t) · rdrdϕ =
2

a2

∫︂ a

0

C(r, t) · rdr. (3.23)

The integral is not solved analytically but computed numerically in this thesis.
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3.5.2 Diffusion in Ice

When studying ice cores and trying to infer e.g. past climatic conditions from
the gases and other tracers within the ice core, great attention has to be paid
to any effects altering the concentration of such tracers apart from the original
atmospheric value. When dealing with noble gases, at least any chemical altering of
their concentration can be ruled out. However, attention has to be paid to possible
effects due to diffusion. On the one hand, diffusion already happens in the ice sheet
possibly smearing out signals along an ice core (Bereiter et al., 2014; Pol et al., 2010).
On the other hand, once the ice core has been extracted and is stored it is very
vulnerable to diffusive contamination by atmospheric air due to its small volume
and large surface. E.g. helium, having a small collision diameter, exhibits a very fast
diffusion in ice (Gordon Davy and Miller, 1970; Satoh et al., 1996; Friedrich, 2003)
which makes storage prior to the analysis impossible. In general, measurements
have shown a critical collision diameter of about 3.6Å, above which diffusion in
ice is highly suppressed (Huber et al., 2006). This critical threshold was mainly
observed when comparing O2/N2 and Ar/N2 ratios in ice cores, where O2 and Ar
exhibit collision diameters slightly below the threshold while the one of N2 is slightly
above (Craig et al., 1988; Sowers et al., 1989; Bender et al., 1995; Ikeda-Fukazawa
et al., 2005; Bereiter et al., 2009; Suwa and Bender, 2008; Kobashi et al., 2015). Also
compare figure 3.3. This threshold is caused by the diffusion in ice presumably being
limited by the size of the channels in the ice matrix (steric diffusion), meaning that
the size of the channels is of the same order as the size of the molecules (or atoms in
the case of Ar). Huber et al. (2006) argues that the size of the hexagonal passages
in the ice, which are each formed by six H2O molecules, is about the critical size of
3.6Å. Compared to this, they list the collision diameters given by Reid (1966) as
3.467Å for O2, 3.542Å for Ar and 3.798Å for N2, which shows that Ar and O2 are
just below, N2 just above the threshold.
However, there is little experimental data to constrain the diffusivities and present
values for the diffusion coefficient of Ar as well as O2 and N2. The only attempt to
measure the diffusion coefficient for Ar that the author is aware of is by Satoh et al.
(1996), who determined the diffusivities of He, Ne, and Ar in ice by supersaturating
glacial as well as artificial ice and measuring the emitted gas over time. Their
results are shown in figure 3.4. For Ar, they obtained only one data point with large
uncertainties in the order of 10−11 m2

s at 263K.
Efforts have been made to simulate the diffusion process and understand its working
principle. Ikeda-Fukazawa et al. (2002), Ikeda-Fukazawa et al. (2004b) and Ikeda-
Fukazawa et al. (2004a) for example were able to understand the principle of diffusion
as one which breaks the hydrogen bonds, thus, calculating values much larger than
previous estimates (compare figure 3.4), which still concluded that diffusion of O2

and N2 would be negligible. All these simulations were done for ice from depths
where the gas molecules are dissolved in the ice crystal in the clathrate hydrates
and where diffusion is driven by the concentration gradient. They used the potential
barrier, calculated from the potential energies of the atoms in the lattice for the
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Figure 3.3: Fractionation factors of gases during bubble close-off from model fits plotted
against their diameter (diameter values taken from Reid, 1966). Ar is slightly below
the critical size of 3.6 Å, above which no fractionation is visible. Figure from Huber
et al. (2006).

activation energy Q of the Arrhenius equation:

D = D0exp
(︃
− Q

RT

)︃
, (3.24)

where D0 is the maximal diffusivity at infinite temperature, R = 8.314m3PaK−1mol−1

the universal gas constant, and T the temperature.
Finally, Kobashi et al. (2015) using the results of Ikeda-Fukazawa et al. (2004b)
estimates a diffusion coefficient for Ar at 270K of DAr = 4.0 · 10−11 m2s−1.
When investigating diffusion during storage, diffusion coefficients for temperatures
around -20 °(253 K) are of special interest. Kobashi et al. (2015) presents the following
geometrical relationship between the diffusivities of O2, Ar, and N2 which provides a
temperature-dependent DAr:

DAr(T ) = DO2(T )−
DO2(270K)−DAr(270K)

DO2(270K)−DN2(270K)
· (DO2(T )−DN2(T )). (3.25)

The values for O2 and N2 are calculated with equation 3.24 using the follow-
ing constants from Ikeda-Fukazawa et al. (2005): DO2,0 = 3.5 · 10−9m2

s , QO2 =

9700 J
mol , DN2,0 = 2.0 · 10−10m2

s , QN2 = 5100 J
mol .

The resulting diffusivity of Ar at 253K is DAr,253K = 3.0 · 10−11m2

s .
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Figure 3.4: Diffusion coefficient D plotted against the potential barrier ∆E for atmospheric
gases at 270K. The open triangles are the experimental data from Kahane et al.
(1969) and Haas et al. (1971) for He and Ne, and Satoh et al. (1996) for Ar. The open
circles are estimates under the assumption of the interstitial diffusion mechanism.
The solid circles show the results of Ikeda-Fukazawa et al. (2004b). Figure from
Ikeda-Fukazawa et al. (2004b).

Diffusion in Bubbly Ice

So far diffusion has been discussed only for pure ice. However, there are air bubbles
present in the ice from alpine glaciers. This changes the situation significantly as one
has to think of diffusion in ice with bubbles as a process involving a large reservoir
of gases (bubbles) and a medium through which the diffusion takes place (ice). With
the focus on the effects of possible atmospheric contamination by diffusion into an ice
core, the scenario consists of the following steps: (1) Atmospheric gas dissolving into
the ice. The amount of gas per ice volume depends mainly on the solubility of the gas
in the ice. (2) Diffusion of the gas inside the ice, driven by a concentration gradient.
This can be seen as the bottleneck of the process. (3) Diffusive concentration changes
in the ice along the concentration gradient will immediately be compensated by the
gas exchange of ice and bubbles. (4) Over time, the concentration gradient in the
bubbles will be balanced due to the diffusive flux. In a recent publication, Yi and Han
(2024) investigated the diffusion process of noble gases between bubbles theoretically
and identified the first step, the dissolution of the gasses as the rate-limiting step.
Yan et al. (2019) introduced the idea of scaling the diffusivity simply by the ratio
of gas molecules in ice and bubbles in order to account for the bubbles. Thus, the
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effective diffusivity is given by
Deff = Z ·D, (3.26)

where D is the normal diffusion coefficient and

Z =
nAr,ice

nAr,bub
. (3.27)

with nAr,ice and nAr,bub the number of Ar atoms in the ice and bubbles, respectively.
nAr,ice ≪ nAr,bub is assumed.
The number of Ar atoms in the bubbles can be derived from the total number of
molecules/atoms in the bubbles and the molar fraction of Ar in the air fAr. With
the ideal gas law, this becomes

nAr,bub =
p0V mice

RT0

· fAr, (3.28)

where p0 = 101325 Pa is the atmospheric pressure, V the gas content in ice in
m3

kg , mice the mass of the ice sample, R the universal gas constant and temperature
T0 = 273K.
The gas content V was calculated by the measured mass mice and the volume Vg of
the extracted gas:

V =
Vg

mice
. (3.29)

The number of Ar molecules in the ice phase depends on the solubility SAr, the
partial pressure PAr, and the number of water molecules nice:

nAr,ice = SAr · PAr · nice. (3.30)

The number of water molecules is given by:

nice =
mice

MH2O
(3.31)

with MH2O = 0.018 kgmol−1 the molecular weight of water.
The pressure inside the bubbles is in this case assumed to be atmospheric as the
depth of alpine ice cores suitable for Ar dating is comparably low and due to the
relaxation of the pressure inside the bubbles as argued by Bender et al. (1995).
Therefore, the partial pressure is given by

P = p0 · fAr. (3.32)

Inserted into equation 3.27 one obtains

Z =
S ·R · T0

V ·MH2O
. (3.33)

The solubility follows the same temperature-dependency as the diffusivity in equation
3.24 (Ikeda-Fukazawa et al., 2005):

S = S0exp
(︃
− E

RT

)︃
, (3.34)
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where S0 is the maximum solubility at infinite temperature and E is the activation
energy for solution. As S0,Ar is not available, a similar approach as in equation 3.25
is provided by Kobashi et al. (2015) for solubilities:

SAr(T ) = SO2(T )−
DO2(270K)−DAr(270K)

DO2(270K)−DN2(270K)
· (SO2(T )− SN2(T )), (3.35)

for which the additional constants SO2,0 = 3.7 · 10−13 Pa−1, EO2 = 7900 J
mol , SN2,0 =

4.5 · 10−13 Pa−1, and EN2 = 9200 J
mol , (Ikeda-Fukazawa et al., 2005) are used.

The resulting solubility of Ar at 253K is SAr,253K = 7.9 · 10−15 Pa−1.
To give a number to these equations, for the sample DDG-41, further discussed in
chapter 6, 1/Z resulted in about 75000, which means that 75000 times more Ar is
located in the bubbles than in the ice matrix.

3.6 Holocene Climate Variability

While ice cores from the polar regions cover periods of up to several hundred thousand
years and therefore the climate variability between glacial and interglacial periods,
ice cores from the Alpine regions commonly cover only the last interglacial period,
namely the Holocene. However, also the Holocene in itself did not consist of a
stable climate. While the current man-made climate change is well known, earlier
climate variations are not so much a matter of common knowledge. Therefore, in the
following, a brief and by no means complete overview of some of the more pronounced
climatic variations of the Holocene is given. The reason for this discussion is that
in order to put the knowledge drawn from the different ice dating projects in the
following chapters into context, these climate variations are of course one of the
defining factors of the glaciation of Alpine regions. The following section closely
follows the overview by Wanner et al. (2008) and Wanner et al. (2015) and will
mainly mention the different warm and cold periods, as the discussion about their
causes and consequences is beyond the scope of this thesis and the debate about the
exact drivers, timings, and amplitudes is ongoing.
The Holocene started with the transition of the colder climate of the Younger Dryas
to warmer conditions about 11.7 ka BP. Since then, the climate has experienced
several multi-decadal to century-scale cooling intervals.
In a very simple approach, the Holocene can be subdivided into four periods. An
early Holocene with continuous warming, especially in the Northern Hemisphere
between roughly 11.7 and 8-7 ka BP. A middle Holocene with warm temperatures
between 8-7 and 5-4 ka BP. A cooler late Holocene between 5-4 ka BP and the onset
of the industrialization around 1860 CE, and the warming Industrial Era since about
1860CE.
The change from the warm middle Holocene to the gradually cooling late Holocene
was most probably triggered by the declining orbitally driven insolation in the
Northern Hemisphere during the boreal summer. Data suggests that since the
Holocene Climatic Optimum, a cooling occurred in the Northern Hemisphere until
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the beginning of the Industrial Era (Wanner et al., 2015). With this cooling,
reglaciation of the Alpine regions went along, after the ice coverage had presumably
reached lower levels than the current ones in the middle Holocene.
The cooling trend after the Holocene Climatic Optimum can be reconstructed from
proxy compilations (e.g. Marcott et al., 2013) but stands in contrast to Earth
system model simulations which suggest a global warming trend (Liu et al., 2014;
Osman et al., 2021). This discrepancy is referred to as the ’Holocene temperature
conundrum’ (Liu et al., 2014; Essell et al., 2024). Essell et al. (2024) argues that
it originates from a bias of the proxy-based large-scale reconstructions towards the
Northern Hemisphere, thus not capturing the global mean temperature trend which
should have remained stable. On the Northern Hemisphere, orbital forcing led to
decreasing summer insolation in the course of the Holocene (Wanner et al., 2008).
Therefore, the argued cooling trend after the Holocene Climatic Optimum peaking
in the LIA should be understood as a Northern Hemisphere phenomenon with local
spatiotemporal variations and not a global one.
Overlaid on this general Northern Hemisphere cooling trend are several multi-decadal
to centennial temperature variations. For example, the time of the Roman Empire
experienced warmer temperatures until about 500CE. There is then evidence for
a potential cooling during the European Migration Period around 650 CE before
the Medieval Warm Period caused warm temperatures again between 700-1000CE.
Subsequently, probably as a result of the general cooling trend being reinforced
by major volcanic eruptions, approximately from the year 1300CE the Little Ice
Age (LIA) caused a distinct cooling. During the LIA, glaciers experienced a strong
advance, reaching sizes unprecedented at any other point during the Holocene peaking
around 1850CE before giving way to the warming trend of the Industrial Era. For
more background on the Little Ice Age please refer to PAGES 2k Consortium (2013),
Breitenmoser et al. (2012), Wanner et al. (2022), and Matthews and Briffa (2005).
Since 1850CE, the current warming trend has led to increasing temperatures on a
global scale (Neukom et al., 2019) with accelerated impacts since the 1980s (Wanner
et al., 2022) and significantly reducing glacier sizes around the world.
All in all, when focussing on the European Alps, the major glacial dynamics of
the Holocene can be summarized as the following: during the early and middle
Holocene, the Alps lost most of their glaciers below 4500 m resulting in less ice cover
than found today. With the onset of the late Holocene, a neoglaciation took place
which is nicely seen by the findings of ice with younger ages the more lower-lying the
glaciers are (Bohleber et al. (2020), figure 4). The neoglaciation reached its maximum
during the LIA around 1850CE when glacier coverage in the Alps was higher than
throughout the entire Holocene before. This also resulted in the emergence of large
moraines along the ice margins of the LIA glacier positions, ’overwriting’ large parts
of the earlier moraine record but still providing valuable evidence for the past glacial
dynamics (e.g. Braumann et al., 2021).
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In the following chapter the different steps from retrieving a sample at the glacier
site, to the gas extraction at the Institute of Environmental Physics, Heidelberg
(IUP), and finally to the measurement in the ArTTA lab at the Kirchhoff-Institute
for Physics, Heidelberg (KIP) are portrait. Furthermore, a summary of the ATTA
measurement method and its different components is given.

4.1 Ice Sampling Methods

There are different ways to retrieve ice samples from a glacier. A very simple approach
is to cut ice blocks from the surface of a glacier or other accessible places, e.g. glacier
caves (Feng et al., 2019) or ice caves (Colucci et al., in preparation). This method
easily provides large amounts of ice, however, it is very limited in its accessibility to
the stratigraphy of the glacier as it is restricted more or less to the surface. A much
more widely used way to retrieve glacier ice is by coring or drilling. In this case,
a hollow coring drill is used to, step by step, drill down into a glacier, every time
retrieving a core with the length of the drill set. With this method, the whole ice
column of a glacier is accessible, which in the Alps amounts up to several tens or few
hundreds of meters (Bohleber, 2019), at the poles to several kilometers (Cuffey and
Paterson, 2010). The drills can have different diameters and thus retrieve different
amounts of ice per depth. Within the scope of this thesis, ice cores with 2" to 3"
diameters were taken. The drawback for a method like 39Ar dating, which requires
large amounts of ice (approx. 1-4 kg per sample) is the loss of high-depth resolution
as long sections of an ice core might be required per sample. The obvious advantage
of coring is the access to the whole depth and thus also to the age profile of a glacier.
This way, depending on the location, continuous age records can be obtained with an
ice core, e.g. reaching back 800 ka (Jouzel et al., 2007). In the case of drilling, there
are several methods available. The ice core can be drilled mechanically or thermally
(Talalay et al., 2015) depending on the needs in the field. In the fieldwork leading
up to this thesis, all the above-mentioned retrieval methods were applied to varying
degrees.

4.2 Argon Gas Extraction from Ice Samples

After the sampling in the field, the ice samples were usually transported to the cold
rooms (which are kept at about -20°C) at the IUP in styrofoam boxes. Thereafter,
the first step towards the extraction of gas from the ice sample is its cleaning. To
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a) b) c)

Figure 4.1: Images of the ice sample preparation: a) Cutting off potentially melted and
refrozen layers off the surface of an ice block; b) Ice core sample after decontamination
in the melting vessel; c) Melting vessel cooled and evacuated, connected to the
extraction line just before melting.

prevent any contamination of the later gas sample by e.g. refrozen meltwater on
the outside or in cracks of a sample, thus entrapping modern atmospheric air, a few
millimeters of ice are shaved off the outside of the ice cores or blocks, and cracks
are scraped out. The smaller the surface-to-volume ratio, the less important role
this contamination possibly plays. Therefore, ice cores with large diameters or large
ice blocks with no cracks are preferable. Apart from this possible contamination by
entrapped atmospheric air, the handling of an ice sample is done very straightfor-
wardly. Different from e.g. radiocarbon analysis, where great care has to be taken
for very clean handling and processing of the ice core (Hoffmann et al., 2018), the
noble gas extraction from ice cores can be done without a special protocol. A second
reason for the removal of the outside layers is the effect of Ar diffusion into the ice
during storage (compare chapter 6), which mainly affects the outermost layers.
The prepared ice samples are weighed and put into a 12.6 l stainless steel bucket
(compare figure 4.1), which can be closed with a large ISO-K to ISO-KF25 adaptor
flange. The bucket is transported to the extraction lab while being cooled in a
styrofoam box with dry ice and subsequently attached to the extraction line.

The extraction line was set up by Beyersdorfer (2016) and further developed and
characterized by Hopkins (2018). In recent years the extraction lab was supervised
and upgraded for a broader range of sample types by Arck (2019) and Arck (2024).
The sample preparation procedure for ice samples was already applied in the scope
of the work by Feng et al. (2019) for a limited amount of samples. However, during
the work performed within this thesis, the extraction procedure was further refined
and put into a routine working mode. As the extraction steps were already discussed
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in several master and bachelor theses supervised in the scope of this thesis (Krastel,
2022; von Reventlow, 2022; Marks, 2024; Langenbacher, 2024), the steps will only be
summarized here. A technical drawing of the extraction line can be found in figure
4.2
Once the ice sample bucket is connected to the extraction line via an ISO-KF25
valve, it is evacuated for about 45 minutes until pressures of around 10−2 mbar are
reached. The flanges are then leak tested and once the tightness is assured the
melting of the ice can be initiated. This is done by putting the bucket into a bath of
hot water, while its valve is kept close. Once the ice is entirely melted, the valve can
be opened and the gas from the bubbles in the ice (and water vapor) is transported
into the extraction line. For a thorough degassing, the bucket is gently shaken.
Coming from the bucket, the gas passes a water trap, cooled to about -75°C by a
dry-ice-isopropanol mixture, and is then guided onto a gas trap.

Figure 4.2: Technical drawing of the extraction line for Ar gas from ice samples adapted
from Arck (2024). For details see main text.

The gas traps used in the setup are liquid nitrogen-cooled activated charcoal traps
(ACTs) of different sizes, depending on the gas amount they are supposed to trap.
When cooled to -196° C they behave like suction pumps and adsorb nearly all Ar. To
release the gas again, the traps are heated to 150° C by an induction heating device.
Once all gas from the ice has been trapped onto the ACT, the valves to the ice bucket
and water trap are closed. The ACT can now be heated out and the gas amount
and gas composition are checked. For the latter, a quadrupole mass spectrometer
(QMS) of type RGA SRS-100 is employed.
The next step is the purification of the gas. Coming from air bubbles, it roughly has
an atmospheric composition. Two titanium sponge getters are employed to remove
all non-noble gases. The first one at 900°C for reactive gases like N2, O2 and CO2,
and the second one at room temperature to adsorb residual H2. Behind the getters,
another ACT is trapping the >98% pure Ar gas. Another step of measuring the gas
amount and composition is done here before the gas is frozen onto the final, mobile
ACT. This one can then be stored until the measurement in the ATTA lab.
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4.3 Overview of the ArTTA Apparatus

The following section gives an overview of the individual components of the ATTA
experiment as it is currently set up in the ATTA1 lab at the KIP in Heidelberg

The effort to establish an ATTA laboratory, also called Argon Trap Trace Analysis
(ArTTA) laboratory in Heidelberg dates back to the work of Welte (2011). The hy-
perfine spectroscopy of 39Ar was conducted (Welte et al., 2009) and first estimations
of the 39Ar countrate for atmospheric samples predicted a value of 6 39Ar atoms
per hour (Welte et al., 2010), a value which has been reached in the time frame
of the here presented project. Shortly after, a first measurement on 39Ar atoms in
an atmospheric sample was reported by Jiang et al. (2011), however, with too low
count rates for actual environmental applications. This changed with the work by
Ritterbusch et al. (2014) from the laboratory in Heidelberg which reported a count
rate of around 3.5 39Arh−1 for modern samples during a groundwater campaign.
Furthermore, an intercomparison study with LLC results from the University of Bern
successfully confirmed the proportionality of 39Ar-ATTA. The groundwater samples
were taken in the vicinity of Heidelberg and revealed ages between modern and more
than 644 a already showing the applicability of the 39Ar dating range for typical
groundwater systems.
In the following years, further progress of the method in Heidelberg was made by
Ebser (2018) who first reached count rates of 6-7 39Arh−1 and established the gas
recycling mode for measurements, thus enabling much smaller sample sizes of few kg
of water or ice. Furthermore, he developed a Bayesian analysis of the measurement
data and applied the 39Ar dating tracer to ocean ventilation (Ebser et al., 2018).
Furthermore, Feng et al. (2017) put effort into the development of optimized transver-
sal cooling of the atom beam, applied 39Ar for the first time to ice samples (Feng
et al., 2019), and started the work on a second ATTA lab (Feng, 2019) in Heidelberg.
While continuing the work on the second lab, Ringena (2021) also demonstrated for
the first time that trapping Kr and Ar isotopes at the same experiment with good
count rates is possible, thereby showing the feasibility of a dual-ATTA. Schmidt
(2021) then pushed the measurement of different environmental samples forward
with a focus on gas-rich limnological samples, built a new pre-vacuum for the ATTA
1 lab, and provided the code for the Bayesian sample analysis. With a running and
continuously measuring ATTA1 lab, Robertz (2023) worked in the ATTA2 lab to
deepen the understanding of the velocity distributions in the atom beam, setting up
better beam diagnostic tools and gaining a better understanding of the plasma source.

Figure 4.3 shows a schematic overview of the ATTA experiment. It includes the
vacuum parts and also optical components for the cooling and trapping of the atoms.
Note that the figure is only an overview and lacks the exact details, especially about
the pre-vacuum and inlet part. However, it shows the most important details and
can therefore serve to understand the general setup.
In the following, the components of the apparatus will be introduced from left to right.
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As all components have been discussed in earlier theses from the ATTA Heidelberg
group, most parts and their working principle will only be briefly discussed and the
literature with more detailed elaboration is indicated.

Vacuum System

The vacuum system is designed to meet the trade-off of a maximal inflow of gas
through the source tube and the need for minimal background pressure in the MOT
chamber. For this purpose, the first vacuum chamber is equipped with two 2000 l/s
turbo-molecular pumps (TMP) which keep background pressures at a minimum.
In routine operation mode, the working pressure inside the source chamber is at
8 · 10−6 mbar while the pressure in the MOT chamber stays around 2.5 · 10−7 mbar.
Ebser (2018) provides a first model of the vacuum system, indicating the need
for differential pumping stages to achieve a steep pressure gradient in the system.
However, during the course of this thesis, the differential pumping stages between the
source chamber and the 2D-MOT chamber were removed, as the work by Kindermann
(2024) and Moraw (2024) indicated a large local pressure increase within the stages
which could lead to deexcitation of the metastable atoms. The differential pumping
stages further downstream are still installed but will be removed at the next larger
vacuum system alteration.
Downstream of the source chamber, each chamber is pumped with a 300 l/s TMP.
All outflows of the TMPs are joined and the gas is compressed into a reservoir with
a 50 l/s TMP. In recycling mode, the gas then reenters the source chamber from the
reservoir, in throughflow mode, the reservoir is pumped by another 50 l/s TMP and
a Pfeiffer ACP 15 roots vacuum pump.
To keep the sample gas clean over the 20 h of routine measurement time, two getters
are installed. One is a commercial SAES CapaciTorr HV 200 which is heated and
can absorb a wide variety of gases. Due to ongoing problems with high hydrogen
levels, a second getter aimed at hydrogen removal was installed which consists of an
activated titanium sponge and is operated at room temperature.
Furthermore, an RGA SRS100 quadrupole mass spectrometer is attached to the
source chamber and enables a live gas composition analysis in the vacuum system.

Plasma Discharge Source

From the reservoir, the gas flows through the plasma discharge source. To enable
subsequent laser cooling it is necessary to excite the atoms to a metastable energy
state, from where the atoms can be manipulated with ordinary lasers (compare
sections 2.2 and 2.6). To ignite a plasma, high pressures are needed. Therefore,
the source tube has a small inner diameter of 10mm. For the rf-fields to enter, it
cannot be metallic and is therefore made of Al2O3. Around the last part of the tube,
an antenna is wound (compare figure 4.4) which provides the driving rf-field of the
plasma. The antenna has a length of 110 cm and usually shows a slight resonance
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getter pumps

roots pumps

Figure 4.3: Schematic overview of the ATTA apparatus. In the top left, the inlets for
aliquots of reference, blank, and sample gas are seen. From here the gas enters the
system and ends up in the reservoir. With the subsequent dosage valve, the working
pressure can be controlled. From the reservoir, the gas enters the metastable Ar
plasma source. To ensure a high pressure gradient between the source and MOT
chamber, several turbo-molecular pumps (TMPs) pump the system. The transverse
cooling stage of the collimator (Col) and the subsequent focusing unit, the 2D MOT
are indicated, as well as the following 40Ar Quench. In the Zeeman-slower (ZSL), the
atoms are longitudinally slowed before entering the magneto-optical trap (MOT),
where the atoms are trapped and detected via their fluorescence. The last vacuum
chamber is for beam alignment. All gas is directed back to the reservoir and re-enters
the system. Figure adapted from Robertz (2023).

around 150 MHz, where it is therefore operated. A VCO with a Mini-Circuits ZHL-
100W-S+ amplifier supplies the strong rf-signal which is impedance matched with a
MFJ VHF matching box.
As the atoms are meant to be trapped within the apparatus, lower velocities are
desirable. Therefore, the source is cooled by liquid nitrogen, thus shifting the velocity
distribution towards smaller values. The currently installed source is displayed in
figure 4.4 where the metal cup through which the liquid nitrogen flows can be seen.
Due to the throughflow this source design consumes comparably large amounts of
liquid nitrogen, however, a new design by Robertz (2023) has not yet been fully
optimized and therefore not yet implemented in the ATTA1 measurement setup.
Robertz (2023) also conducted a quantitative analysis of the rf-source and interested
readers are pointed to this work.
Generally, the plasma discharge source is still the part of the ATTA apparatus that
has the highest potential for optimization. With an excitation efficiency to the right
metastable level of roughly 10−3 (Ritterbusch, 2013) it holds great potential for
further improvements and, therefore, increase of the countrates.
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Figure 4.4: a) Illustration of the rf-plasma-source. The antenna is made of 1 mm x 4 mm
flat copper wire with capton coating and held in place by Rescor 914 holders. In the
middle of the coil, the Al2O3 source tube is visible, through which the Ar enters the
vacuum system. The indicated stainless steel cup is continuously cooled by liquid
nitrogen and thermally coupled to the tube by a layer of indium. b) The collimator
was originally designed by Ritterbusch (2009) and a wider version was implemented
by Feng (2019) and is now installed in the ATTA 1 apparatus. The laser light enters
through the vacuum fiber connectors and is shaped into an elongated rectangular sheet
of light. The 45° mirrors guide the light onto the two pairs of opposing collimator
mirrors (in blue), where it is reflected back and forth until it exits at the back. The
angles of one of each pair of mirrors can be adjusted from outside the vacuum, as
well as the pointing of the whole cage system. For details see main text. Illustrations
taken from Ebser (2018).

Collimator

While most of the other components of the ATTA apparatus are only briefly summa-
rized here, the working principle of the collimator will be discussed in more detail as
a significant increase of the 39Ar count rate was achieved during the here presented
project by optimizing the position of the collimator (see chapter 5).
The ATTA apparatus is equipped with two stages of transversal cooling. The first and
most important one is the collimator. Because the atoms exit the plasma discharge
source diffusively, one of the key challenges for the ATTA apparatus is the collimation
of the atom beam trajectories within a small enough radius. This is needed for a
maximal amount of atoms to make their way to the MOT chamber without hitting
the walls and thereby deexciting. The technical details of the collimator and their
design are discussed by Ritterbusch (2009), Ritterbusch (2013), and Winkelvoß (2024)
and a technical drawing can be found in figure 4.4 b). The collimator consists of
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two pairs of 40mm x 160mm/150mm mirrors with reflectivities of >99.6%. A flat,
rectangular-shaped atom beam is fed by two 1" mirrors at 45° past the short mirror
onto the long mirror side from where it is reflected onto the opposite, short mirror.
It is reflected back and forth between the two mirrors, with a changing angle relative
to the longitudinal axis of the system before exiting the mirrors at the back (compare
figure 4.5). Thus, one laser beam is used to address atoms over an extended region
while the changing angle changes its Doppler effect with respect to the atoms and
thus its detuning. By doing so, the trajectories of different velocity classes of atoms
can step by step (reflection by reflection) be collimated.

Figure 4.5: Illustration of the plasma source tube with rf-antenna and the collimator
mirrors with added indications of the distance between source and collimator, z1, the
length of the collimator z2, and the radius of the connecting tube to the next vacuum
chamber rt The drawing is not to scale and angles are not the true angles. The laser
is added only for visualization and does not depict the true angles and number of
reflections.

To understand the limitations of the collimation process, the interplay between
maximum radial velocity, maximum longitudinal velocity, and the dimension of the
collimator has to be understood. For a constant radial acceleration a, due to the
light force within the collimator, the following set of equations for the radial velocity
vr, and longitudinal velocity vz is derived:

(i) vr − a · t2 = 0 (ii) vr(t1 + t2)−
1

2
at22 = rt, (4.1)

where t1 = z1/vz and t2 = z2/vz are the travel times of the atoms from the source
to the beginning of the collimator (z1) and through the length of the collimator
(z2) (compare figure 4.5). The first equation demands the collimation of the atom
trajectories (i.e. vr = 0) within the length of the collimator. The second equation
demands the radial spread of the atoms over the distance z1 + z2 to stay below rt,
in order to pass the subsequent differential pumping stage. Solving these equations
derives the maximum radial velocity which can be collimated within a spread of less
than rt, the radius of the subsequent differential pumping stages, and thus can reach
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the MOT:

vrc =

√
2art · z2√︁
z22 + 2z1z2

; vzc =
az2
vrc

=

√︃
a

2rt

√︂
z22 + 2z1z2. (4.2)

where vzc denotes the corresponding maximum longitudinal velocity. This means that
with a higher radial velocity vr > vrc the atoms would require a smaller longitudinal
velocity than vzc to be collimated, however, meanwhile reaching a larger transverse
displacement than rt. In the case of a larger longitudinal velocity vz > vzc, the
maximum radial velocity which can still be collimated is decreasingly smaller than
vrc. The maximum radial velocity which can still be collimated as a function of the
longitudinal velocity is obtained by

vrmax(vz) =

{︄ √︂
2art +

a2z21
v2z

− az1
vz
, vz ≤ vzc

az2
vz
, vz > vzc

. (4.3)

The collimator receives light addressing the cooling transition of the atoms as well
as three repumper frequencies. The repumper frequencies are needed firstly, to
pump the atoms coming from the source to the correct hyperfine state and secondly,
to pump them back to this hyperfine state once they are lost due to off-resonant
excitation into the wrong excited hyperfine state (compare section 2.2).
All in all, the collimator increases 38Ar loading rates and 39Ar count rates by a factor
of about 120 and is therefore a critical element of the apparatus.

2D MOT

After the atoms have made their way through the connecting tube from the source
chamber into the 2D-MOT chamber, a second transversal cooling stage focuses their
trajectories toward the MOT. This is realized by a 2D MOT, which is often referred
to as a magneto-optical lens (MOL). In combination with a magnetic field from two
coils in an anti-Helmholtz configuration, two pairs of counterpropagating laser beams
exert a force on the atom beam, further collimating and even focusing it. The slight
red detuning of the laser frequencies (same detuning as in the 3D-MOT) introduces a
transversal-velocity dependence of the light force, while the inhomogeneous magnetic
field adds a radial spatial dependence (compare the introduction to magneto-optical
traps in section 2.5.2). The 2D-MOT receives the same frequencies as the 3D-MOT,
including two repumper frequencies, preventing the atoms from being lost to the
wrong hyperfine states.

40Ar Quench

As the vast majority of the Ar entering the system is made up of 40Ar (>99.6%
for atmospheric composition, IAEA, a) and as the 40Ar transition is only 492MHz
away from the 39Ar transition there is a significant background of non-resonant light
scattered by 40Ar present in the MOT chamber during a measurement. Therefore,
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to obtain better signal-to-noise ratios for single-atom detection it is desirable to
suppress the scattering of 40Ar. The quench laser at a wavelength of 801.699 nm is
tuned in such a way that it excites 40Ar to another excited state from which the
atoms can deexcite into the ground state (compare section 2.2 and figure 2.2).
Additionally, the fluorescence signal from the 843 nm light which is emitted upon the
deexcitation into the ground state can be used as an absolute atom flux measurement.
In contrast to fluorescence detected from a cycling transition, there is a one-to-one
correspondence of emitted 843 nm photons and the number of deexcited atoms.
For more details, please refer to Robertz (2023), who refined this absolute flux
measurement tool.

Zeeman Slower and Booster

So far, the atom beam has been cooled transversally only. However, to trap the
atoms in the MOT the longitudinal velocity has to be decreased substantially. For
this purpose, a 1.8m long Zeeman slower (ZSL) is connected to the far side of the
quench chamber. It exhibits a long magnetic coil with an increasing number of
windings towards the MOT chamber, which creates an increasing magnetic field.
Together with a laser with a frequency detuning of about -750 MHz compared to the
cooling transition (compare section 4.4), this slower addresses atoms with velocities
up to 600 m/s and slows them down to about 60 m/s (details on the ZSL design can
be found in Welte, 2011; Feng, 2019). The increasing magnetic field is needed to
counteract the decreasing Doppler effect upon deceleration which would cause the
atoms to fall out of resonance with the ZSL laser (compare section 2.4).
With decreasing longitudinal velocities two effects come into play. First, transversal
heating takes place due to the scattering events in the ZSL. Second, the original and
also the now gained transversal velocities increasingly widen the atomic beam with
decreasing longitudinal velocities, as the flight time per length increases. Therefore, to
prevent a large spread of the atom beam in the last part of the ZSL it is purposefully
designed such that a second slowing stage is needed for further deceleration. This is
achieved with the Booster, which constitutes a second frequency in the ZSL laser and
acts as a second ZSL in combination with the magnetic field of the MOT. Thus, the
atoms are slowed down in the MOT trapping region where they already experience
the trapping force of the MOT beams.

Magneto-Optical Trap

The magneto-optical trap constitutes the measurement chamber of the apparatus.
Here, the atoms are trapped by three counterpropagating pairs of laser beams in
combination with a magnetic field from two coils in an anti-Helmholtz configuration
(see section 2.5). The laser frequencies are set to a detuning of -8 MHz and thus exert
a velocity-dependent force on the atoms. In combination with the inhomogeneous
magnetic field, which increasingly shifts the energy levels of the atoms due to the
Zeeman effect the further they move out of the MOT center, this configuration
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traps atoms in a very confined region at its center. Once trapped here, a clear light
signal can be detected even from single atoms as they emit photons from the cycling
transition. Connected to the MOT chamber are two detection devices. A CCD
camera is mainly employed for the loading rate measurements and the optimization
of the MOT and an avalanche photodiode (APD) which is used for the 39Ar detection
(for details see Ritterbusch, 2013 and for the exact detection mechanism see Ebser,
2018).

Beam Imaging

The last chamber of the apparatus is the beam imaging chamber. It serves as a beam
diagnostic tool for the visualization of the cross-section of the metastable atom beam
(for details, see Ebser, 2012). A sheet of 40Ar resonant light is directed through the
atom beam with a 45° angle with respect to the longitudinal axis. By looking at the
flouresence of the atom beam in this sheet of light the atom beam density can be
visualized with a camera. This tool helps to aim the atom beam through the center
of the apparatus thus optimizing the balance and angles of the collimator cage and
the 2D-MOT beams. As it detects the fluorescence of a cycling transition, it does
not provide a reliable signal of the absolute number of metastable atoms in the beam.
Slower atoms take longer to transverse the sheet of light and therefore scatter more
light resulting in a larger signal. Furthermore, the beam imaging so far only provides
a good signal for 40Ar. However, due to the high density of this isotope in the atom
beam, it changes e.g. the absorption of light inside the collimator, thus changing its
collimation effect. It should therefore not be employed for the optimization of the
angle of the collimator mirrors.

4.4 Laser Setup

The laser setup for the ATTA apparatus has to fulfill several demands. It has
to provide ten different frequencies with the required power for the experiment.
Furthermore, it has to run stably over many days and it has to offer a flexible
frequency locking which is needed to switch between the trapping of different isotopes.
Therefore, a system is adopted which consists of a reference laser, locked to an Ar
spectroscopy cell, and several offset lasers which are offset locked to the reference
laser. Furthermore, the quench laser with a frequency 10 nm away from the other
lasers has its own spectroscopy locking. All lasers are external cavity diode lasers
(ECDLs, Ricci et al., 1995; Hawthorn et al., 2001) from Toptica: three Toptica DL
Pro and one Toptica TA100 with an integrated amplifier. The reference laser is
locked by saturated absorption spectroscopy in a glass cell with meta-stable 40Ar to
the cooling transition 4s[3/2]2 → 4p[5/2]3 at 811.754 nm. The quench laser is locked
to the transition 4s[3/2]2 → 4p[5/2]2 at 801.699 nm. Figure 4.6 gives an overview of
the laser system and the important frequencies.
The offset lasers are locked with frequency offset locks (beat locks) to a frequency
relative to the reference laser. The functionality and setup of those is discussed
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Figure 4.6: Overview of the current laser system in the ATTA 1 lab. On the left side, the
laser light generation, locking, and amplification are depicted. In the middle, the
frequency shifting with AOMs and mixing is shown. Which frequencies are used for
which atomic module is displayed on the right-hand side. Frequencies are given as the
39Ar cooling resonance ± a certain detuning in MHz. Design adapted from Ringena
(2021). A more detailed scheme of the optical table can be found in figure 5.6.

in detail in Trautmann (2011) and Kundy (2023). The signal for the offset lock is
obtained by overlaying the corresponding offset laser with the reference laser and
monitoring the signal on a photodiode. Thus, a beat signal proportional to the
relative frequency difference of the two lasers is created and with the help of some
electronics can then be used for the locking of the reference laser to a specific relative
frequency shift with a PI controller. This kind of frequency locking of the offset lasers
allows for very flexible adjustments of the frequency and is therefore very suitable
for the fast switching between isotopes.
The first offset laser is used to generate the cooling light for the collimator, 2D- and
3D-MOT as well as the ZSL and Booster laser and is therefore referred to as the
cooler laser. A second offset laser, referred to as repumper (RP) laser, is necessary,
as the frequencies of the 2nd and 3rd repumper require a larger shift. Lastly, the
reference laser itself is employed to generate the frequency for the first repumper
frequency.
Besides the requirement for different frequencies and flexibility in locking them, an
important specification of the laser setup is the minimum amount of laser power it
needs to provide. With DL pros at 812 nm typically providing around 50-80mW
of laser power with an anti-reflection coated diode and around 100-150mW for
Fabry-Perot diodes, this is by far not enough to meet the required laser powers.
Therefore, power amplification by tapered amplifier (TA) diodes is employed. These
are semiconductor laser diodes with a tapered gain profile (the model used is Eagleyard
EYP-TPA-0808-02000-4006-CMT04-0000 ) which achieve an amplification to more
than 1W from a seed power of about 12mW. To ensure a stable operation, the TA
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setups need to very precisely couple the seed light into the chip and the amplified
light into the next fiber. The employed setup was designed in this group and is
extensively discussed in Nicolai (2017). In total, five TAs are used in the laser setup.
One for each laser, except the quench laser, and additionally for the subsequent
amplification for the collimator and MOT cooler light.
So far, the discussed components can be found in the left box of figure 4.6, and
the underlying laser light and the necessary power have been generated, now the
exact frequencies for each component of the ATTA apparatus come into play. As the
ATTA method needs frequencies adjusted to the respective atom velocity and thus
Doppler shift in each component, acousto-optical modulators (AOMs) are used to
shift the laser frequencies by several hundred MHz. The employed AOMs are mostly
Gooch & Housego, 3200-124 and 3080-125. The middle part of figure 4.6 displays
the exact rf-frequencies applied to the AOMs. Recently, the AOM model Gooch &
Housego, 3200-125 has been tested and provides much better efficiencies (up to 90%
double pass efficiency vs. formerly about 50%) and will be incorporated in the new
setup of the ATTA2 lab.
The final step the laser setup has to fulfill is the mixing of the different frequencies
into optical fibers, directing the light to each component of the apparatus. This can
be seen in the right part of figure 4.6. In total eight fibers direct up to 4 frequencies
per fiber to the vacuum apparatus1. The general principle of the frequency mixing
is based on polarizing beam cubes in combination with λ/2-waveplates. This setup
enables the overlapping of two beams per cube with the option of flexibly adjusting
the splitting ratio between the two light paths by turning the λ/2-waveplate. The
whole setup is optimized in such a way that only for the spatial overlapping of
the ZSL and Booster light, half of the power is lost. There has been an effort to
overcome this waste of light power (Winkelvoß, 2021), however, it has not yet been
implemented in the ATTA1 lab.

4.5 Measurement Routine

A routine measurement with the ATTA apparatus takes 20 hours. With the current
count rates of 5-6 39Ar atoms/h this amounts to around 100-120 atoms measured for
an atmospheric sample. The underlying Poissonian statistics, thus, yield a statistical
error of roughly 10%.
Reference measurements are conducted before and after each sample measurement to
determine the current performance of the apparatus, which is later used to calculate
the 39Ar abundance in the sample. A sample with about 10 times the atmospheric
39Ar abundance is used to detect an equal amount of atoms in 2 h measurement time
as an atmospheric measurement would detect in 20 h.
Besides the sample and reference measurements, blank measurements (referred to
as dead sample) are conducted with gas from a sample with an 39Ar abundance

1The MOT fiber is later split up into three fibers on a fiber bench 1:3 splitter. The discarded
power from the polarization cleaning is used to monitor the frequencies and relative powers on
a Fabry-Perot interferometer.
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Figure 4.7: The routine measurement cycle over 24 hours. Samples are measured for
20 h. Reference measurements are done with ≈10 times atmospheric 39Ar abundance.
In order to prevent any cross-sample contamination (e.g. from gas frozen onto
the cold source), the system is flushed by igniting a Kr discharge and warming up
the source. 38Ar loading rate measurements are conducted before and after each
measurement to monitor the stability of the system. Blank (dead) samples (39Ar
abundance < 0.65pmAr, Xu et al., 2015) are measured every other week to monitor
the contamination acceleration (compare section 4.6). Figure adapted from Meienburg
(2022).

of < 0.65pmAr (Xu et al., 2015). They are essential, as the sample gas is circling
through the apparatus for 20 h in a recycling mode such that any contamination
stays in the system and accumulates. The vacuum system is thoroughly leak tested
and seeping in atmospheric air does not pose a problem. Furthermore, by Kr flushing
the system before each measurement and simultaneously warming up the source to
melt off any residues, direct cross-sample contamination does not play a significant
role (compare Ebser (2018), who did a detailed analysis of contamination pathways).
What plays a major role and requires a thorough characterization through blank
measurements is the outgassing of Ar from the walls. Due to ionization and accelera-
tion of the sample gas by the plasma discharge, Ar atoms from each measurement are
implanted into the walls and are slowly released during the subsequent measurements.
The effect is reduced by the Kr flushing but cannot be completely suppressed. There-
fore, a linear build-up of the 39Ar abundance can be observed over time, leading to a
quadratic increase of the counted atoms. To quantify this contamination pathway and
to incorporate it into the analysis the blank measurements are essential. In a normal
measurement routine, the background is stable, and therefore blank measurements
can be averaged over longer periods.
Another effect of the increasing contamination over time is the limited sample mea-
surement time. After about 20 h, the counts of outgassed 39Ar atoms are in the order
of the counts of the sample gas, so that a longer measurement of the sample does
not significantly reduce the error of the measurement. Therefore, if the sample size
allows, repeated measurements of a sample are more beneficial to increase precision
than extended measurement times.
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4.5.1 Loading Rate Measurements

The optimization of the ATTA apparatus and the monitoring of its performance are
crucial steps for a high-quality, stable long-term measurement operation. However,
the sparseness of the 39Ar isotope poses a fundamental problem. In order to check if all
lasers work correctly and if all components are aligned optimally, the best way would
be to quickly check the count rate of 39Ar and optimize it. However, with currently
about 6 39Ar atoms/h, the signal is too low for a direct optimization. Furthermore,
enriched samples, which would provide a direct measurable 39Ar trapping rate in the
MOT, and thus an overall performance check of the apparatus, would immediately
contaminate the vacuum system due to the ionization and implantation in the source.
Therefore, as the next best solution other isotopes can be continuously trapped
in the MOT and thus provide a direct signal, which can be used for optimization.
While 40Ar is far too abundant and immediately saturates the MOT, the two less
abundant isotopes 36Ar and 38Ar can be employed. There is, however, a fundamental
reason why they behave differently than 39Ar and therefore should still be considered
with caution. As 36Ar and 38Ar do not exhibit a nuclear spin, they do not undergo
hyperfine splitting. This reduces the forces acting on 39Ar in the MOL and MOT
compared to 36Ar and 38Ar. Furthermore, as the repumper (RP) frequencies are
necessary only for the repumping of the different hyperfine levels, they do not impact
the even-numbered isotopes. Thus, the functioning of the RPs can not be checked
by trapping them. In lack of a better tool, the loading rate of 38Ar (being even less
abundant than 36Ar) is nevertheless employed for the optimization of the different
components as well as for frequent stability checks of the system.
The loading rate in the context of the Heidelberg ATTA lab has been discussed
before in Ritterbusch (2013), Ringena (2021), and Robertz (2023) and will only
briefly be introduced here. It has, however, only recently been incorporated into
the daily routine as the main tool for final optimization and stability monitoring.
Before, the 40Ar beam imaging served the same purpose, but recent tests have shown
that the high abundance of 40Ar leads to light absorption in the collimator and thus
biasing its alignment (Robertz, 2023).
The underlying idea of a loading rate measurement is the loading time-resolved
monitoring of the number of trapped atoms in a MOT. First, all MOT lasers are
shuttered to empty the trap. Then, the lasers are switched on and atoms are loaded
into the trap for a certain time, before a fluorescence image is taken of the atom
cloud, yielding a signal proportional to the total atom number in the trap. Then the
process starts over again. By varying the trapping time, the slope of trapped atoms
per time can be swept, ranging from a first linear dependence to saturation. The
optimization of certain components then aims at steepening the linear part of the
slope of the total trapped atom number vs. loading time.
The loading rate is measured daily for a defined set of components. First, only the
flux from the source into the MOT is measured. Second, each collimator axis is
switched on individually and its enhancement of the loading rate is measured. Third,
both collimator axes are switched on simultaneously and the resulting loading rate
is measured. Finally, both axes of the MOL are switched on to give the final loading
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rate measurement. While it is desirable to sweep the whole loading rate slope for
each measurement and obtain its slope by a fit, as of yet a loading time well in
the linear loading regime is taken and only one point of the slope is measured to
determine its slope. The set of five loading rate values (source flux, Col1, Col2,
Col, Col+MOL) is noted down before and after each measurement and serves as a
performance check of the whole apparatus (also compare the measurement cycle in
figure 4.7).
Beam imaging which was used for the same purpose in earlier years, is now only
employed to optimize the pointing of the whole collimator cage with the external
actuators and the two MOL axes, which is only part of larger optimization efforts
after a longer standstill.

4.6 Analysis of Measurement Data

A first approach to the analysis of the sample measurements was done by Ebser
(2018) and implemented as analysis software by Schmidt (2021). This approach will
in the following be called the old analysis. It uses the model for the concentration of
the sample over time of

c(ts) = csample + ccross
Vcross

Vsample
+

a

Vsample
· ts, (4.4)

where csample is the original 39Ar concentration in the sample gas, ccross the concentra-
tion in any gas remaining in the system, Vcross, Vsample the volumes of the remaining
gas of the previous sample in the system and the sample, respectively, and ts the time
since the ignition of the discharge source. a is the contamination acceleration due to
outgassing of the walls in [µLSTPc0 h−1]2, which is a measure of the accumulation
rate of non-sample 39Ar in the system. Integrating this over time gives the total
number of atoms after measurement time T as:

N(T ) =

⎡⎢⎢⎣
⎛⎜⎜⎝csample + ccross ·

Vcross

Vsample⏞ ⏟⏟ ⏞
≈0

⎞⎟⎟⎠ · (ts − t0)⏞ ⏟⏟ ⏞
:=T

+
1

2
· a

Vsample
· (t2s − t20)⏞ ⏟⏟ ⏞

:=T 2

⎤⎥⎥⎦ · ν0, (4.5)

where t0 is the time offset between the start of the source and the start of the
measurement, and ν0 the reference countrate in [39Ar atoms/h]. This means that
with a contamination acceleration a determined from blank measurements and a
reference countrate ν0 from reference measurements, the 39Ar concentration in the
sample csample can be obtained. In the analysis proposed by Ebser (2018), because
of the Poisson distribution of the number of detected atoms in all measurements,
by using Monte Carlo methods, also a, ν0, and c are distributions from which the
median µ and the uncertainties ±1σ, ±2σ, and ±3σ are calculated.

2STP stand for standard temperature and pressure, c0 denotes a reference concentration, usually
the atmospheric concentration catm is used.
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The combination of two or more measurements in this analysis is done with point-wise
multiplication of the respective probability density functions (PDFs). Kindermann
(2024) did a detailed analysis of the general approach of this old analysis and in
particular of the way measurements were combined. He was able to show that
a general problem arises as the resulting PDF of any combination will always be
narrower i.e. better constrained than a single measurement. In a perfect world,
this would be true, however, the analysis should not only incorporate statistical
uncertainties but also the possible performance drifts of the apparatus. In this old
analysis approach, this is entirely neglected.

Figure 4.8: New analysis approach: the time between atom events ∆t is fitted by a model,
thus determining the desired parameters. Figure from Kindermann (2024).

Kindermann (2024) therefore developed a new analysis approach (in the following
referred to as new analysis). In contrast to the old approach, it is not based on the
total number of atoms after time T , but on the time intervals ∆t between atom events.
The underlying process is Poissonian and therefore the probability distribution for
the times between events given by

p(∆t) = exp (r ·∆t) (4.6)

where r denotes the mean frequency of events. It becomes complicated with r
not being constant but depending non-linearly on the contamination acceleration.
Kindermann (2024) derived a new model, incorporating all these factors (see sections
4.1 and 4.2 of Kindermann, 2024). A function was derived that can be fitted to
the ∆t values of a measurement over time as displayed in figure 4.8. Due to the
complexity of the derivation and the resulting model, please refer to the original
work for details.
The new approach comes with several improvements. The times between atoms are
independent of each other and can be described by the underlying statistics (see
equation 4.6). Furthermore, the combination of several measurements is now possible
by shifting the ∆t from any measurement to a standard count rate, standard volume,
and standard contamination acceleration thus directly combining and fitting the data
together. By simulating perfectly statistically distributed ∆t for a measurement and
comparing them with the measured data, it can also be evaluated if the measurement
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ran smoothly and the data sits within a statistically explainable regime, or if
indications for performance drifts or jumps during a measurement are present.
One shortcoming so far, however, is that due to the additive combination of the
probability distributions of the reference measurements, the uncertainties do not
automatically decrease anymore. This might be good for a drifting performance,
but in contrast to the old method, uncertainties can only ever increase. Even
with a perfectly stable performance over several measurements, the uncertainties of
the combined measurements will never decrease below the uncertainties of a single
measurement. This means that errors are overestimated, which is certainly better
than underestimating them but not yet fully satisfactory.
After the development of the new approach, a user-friendly interface for the routine
analysis of measurement data is on the way. All measured data in this thesis is
evaluated with the beta version of the new analysis approach.

Figure 4.9: 39Ar/Ar ratio in atmospheric air over time normalized to its modern value.
Time in years before present (BP), where present refers to the year 1950CE. The
input curve displayed was calculated by Happel (2024), the error is based on the first
principle component of the analysis.

Atmospheric Input Function of 39Ar

So far in most analyses of 39Ar samples, the input function of 39Ar in the atmosphere
was assumed to be constant. Because the half-life of 39Ar is long enough compared
to the time scale of atmospheric mixing processes, a uniform global atmospheric 39Ar
concentration can be expected (Lal and Peters, 1967; Loosli, 1983). However, the
production rate of 39Ar in the atmosphere is expected to depend on the flux of cosmic
rays. First estimates stated a possible variation of up to 7% of 39Ar abundance in
the atmosphere over time (Oeschger et al., 1974; Loosli, 1983) and attempts for the
experimental determination of the 39Ar/Ar input history were made via low-level
counting (LLC) by Loosli and Oeschger (1968) and Loosli (1983). However, due
to the advances in the ATTA method, a more detailed reevaluation was conducted
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by Gu et al. (2021) and Happel (2024). Figure 4.9 shows the 39Ar/Ar ratio in
atmospheric air normalized to its modern value as it was calculated by Happel (2024).
The calculation is based on data from Steinhilber et al. (2012) on cosmic radiation
and solar activity (see Happel (2024) for details). In this thesis, all ages are corrected
for the varying input history.
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5 Technical Developments in the
ATTA Lab

ATTA has to bridge the gap between two very different challenges. On the one hand,
it is established well enough to be routinely applied to environmental samples. With
the ATTA lab in Heidelberg currently being one of two labs globally that can measure
39Ar from small samples, large interest from different communities of ocean science,
groundwater science, and glaciology leads to a continuous inflow of new samples to
be measured. On the other hand, the method still needs substantial development
to improve precision, stability, and sample throughput. The demands each of these
challenges introduces are quite different, however. For a stable measurement run the
vacuum and laser system is best brought into an equilibrium by continuous operation
with as little readjustments as possible. For example, the laser system becomes
more stable when only small re-optimizations are done over time and the thermal
equilibrium is least disturbed by e.g. opening the laser table. Also, the collimators
must reach thermal equilibrium with a constantly running plasma discharge. Further-
more, reference and blank measurements are only applicable within a time interval
of an unchanged system. In contrast, when focussing on technical improvements, the
system often has to undergo larger modifications. This can be anything from testing
different source designs (Robertz, 2023; Zehenter, 2024; Junkermann, in progress), to
optimizations of the vacuum system (Moraw, 2024; Kindermann, 2024), new designs
for the collimator (Winkelvoß, 2024) and readjustments and tests with alternative
laser setups (Kundy, 2023), to name a few aspects which were tackled during the time
interval of this thesis. Therefore, the priorities of sample measurements always have
to be weighed against ideas for technical improvements. The experience of the last
years has shown that a quick-shifting between measurement mode and more technical
tests is rarely as straightforward as it sounds. With these ambiguous demands in
mind, the construction of a second ATTA lab was started in 2017 by Feng (2019) and
continued by Ringena (2021) and Robertz (2023), however, never reaching reasonable
count rates. In 2023, the lab was moved from the initial shipping container into
a room adjacent to the original ATTA lab to facilitate the joined work as well as
improving the spatial circumstances in the lab (Meienburg, in progress; Junkermann,
in progress). The original ATTA lab is in the following referred to as ATTA1, the
new one as ATTA2.
The work done during this thesis was focussed on the ATTA1 lab. While in the
ATTA 2 lab, mostly general tests e.g. characterizing velocity distributions, different
source designs, etc. were conducted, the work in the ATTA 1 lab, led by the author,
was focussed on the improvement of the count rate and environmental measurements.
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When starting to work on this project, count rates were initially as low as 1.5
39Ar atoms/h. In 2019, the crash of both turbo-molecular pumps connected to the
source chamber destroyed parts of the collimator and source and caused a redesign
of the chamber. Afterward, the apparatus had not reached former count rates.
Furthermore, the immediately preceding focus had been set on the demonstration of
dual-ATTA with 85Kr and 39Ar (Ringena, 2021) including alterations of the laser
table so that the 39Ar system was not in optimal condition. Within the first half
year, count rates of 3-4 39Ar atoms/h were reached by aligning the experiment and
optimizing the optical components. However, the 6-7 39Ar atoms/h reported in
Ebser (2018) were not yet reached. With a large queue of environmental samples,
longer periods of sample measurements were nevertheless conducted (see table A.5),
while whenever possible technical improvements and tests were done to enhance the
count rate. Only after much invested time into the understanding and optimization
of the apparatus, count rates could be increased back up to 6-7 39Ar atoms/h, and
large sample throughputs were reached.

In section 5.1, an overview of the main technical improvements is given. A special
focus is set on the adjustments of the collimator, which was the key to reaching
higher count rates. Section 5.2 gives an overview of the main technical parameters of
the apparatus, which were found to ensure a stable measurement mode with count
rates of 6-7 39Ar atoms/h. In section 5.3, an ongoing project, the setup of an online
database for all ATTA measurements is summarized.
Over the several years of supervising the work in the ATTA1 lab, a multitude of
further tests and small technical improvements have been made. As many of them
were already discussed in several master and bachelor theses which were supervised in
the scope of this work, the thesis at hand will concentrate on the major improvements
only. Details on many technical characterization steps of the system and parameter
scans of various parts of the apparatus can be found in Meienburg (2022). In Kundy
(2023), the effort is reported to check the repumper laser frequencies and to test a
first precollimation stage. Schwenzer (2022) reports on the implementation of the
updated absolute metastable 40Ar flux measurement in the ATTA1 lab, based on
Robertz (2023). A new collimator design was implemented by Winkelvoß (2024),
which is still being tested in the ATTA 2 lab but should soon be implemented for the
measurements in ATTA 1 lab as well. Finally, Kindermann (2024) and Moraw (2024)
tested a new design for differential pumping stages which would minimize pressure
peaks in the system.

5.1 Improvements of the Transversal Cooling

The collimator is one of the crucial elements of the ATTA apparatus. Its collimation
of the atom trajectories enhances the flux of Ar atoms to the MOT by a factor of
around 100. As introduced in section 4.3, the atoms are diffusively exiting the source
and need to be collimated within the radius of the subsequent tubes between the
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vacuum chambers to find their way to the MOT. A photo of the ignited plasma
source and the mirrors of the collimator is shown in figure 5.1.
When starting in the ATTA lab in 2021, a gap of about 4 cm was present between
the end of the source tube and the start of the collimator mirrors, measured along
the axis of the apparatus (compare figure 4.5). It is hard to reconstruct the exact
reason for the gap, but Ritterbusch (2013) states that in the early 2010s, the optimal
source coil design was found to protrude beyond the source tube by 3 cm. Therefore,
the gap between the source tube and the collimator mirrors was introduced. In a
later effort to enhance the collimation efficiency in the source chamber, Feng et al.
(2017) tested a precollimation setup based on bichromatic cooling in the gap between
the source tube and collimator. However, presumably due to its proximity to the
strong electric fields of the rf-source, the effort did not succeed. The redesign of the
source chamber by Schmidt (2021) after the crash in 2019 potentially changed the
source-collimator distance again.
Howsoever, the gap of 4 cm between the source tube and collimator was present
when this project commenced. In the current design, however, the antenna does not
protrude beyond the source tube and the gap is unnecessary.

Figure 5.1: Photo of the plasma
source and its antenna (left-
hand side) and the collimator
setup (right-hand side). The
mirrors are glowing blueish.
The stripes between the mirrors
are caused by the atom fluores-
cence from the laser reflections
between the two collimator mir-
rors. The photo is taken in the
current setup with z1 = 4mm.
Photo by N. Mandaric.

In section 4.3, the underlying equations for the collimator have been introduced. It
is intuitively understood but can also be seen in equation 4.2 that the longer the
atoms travel without transversal cooling after exiting the source, the smaller the
critical radial velocity can be, which can still be collimated within the radius of the
subsequent tubes rt.
The maximum acceleration of an atom in a light field can be calculated from equation
2.30 and the scattering rate of γ = 5.87MHz (Metcalf and van der Straten, 2012) as

amax =
Fmax

m
≈ 2.3 · 105 m/s2. (5.1)

Figure 5.4 visualizes the solution for the maximum radial velocity vrmax in dependence
of the longitudinal velocity vz, given by equation 4.3, with amax as stated and
rt = 9mm. It can be seen that for no distance between source and collimator
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(z1 = 0), all vr ≤ vrc up to the critical longitudinal velocity vzc can be captured by
the collimator. With a non-zero distance z1, atoms with very low vz spend so much
time in the gap that even small radial velocities vr bring them too far off-axis to be
collimated within rt distance from the center axis. This effect increases for increasing
z1 resulting in less collimated atoms reaching the MOT.
The critical radial velocity, given by equation 4.2, for z1 = 40 mm amounts to about
52m/s, for z1 = 4mm it increases to about 63m/s.

5.1.1 Additional Transverse Cooling Behind the Source

In a first effort to improve the transversal cooling behind the source and to lessen the
effect of losing atoms due to the cooling gap before the collimator, a one-dimensional
molasses was set up between the source tube and collimator. The work was done
together with a master student who conducted a detailed analysis of the precollimation
in Kundy (2023).
A supplementary laser system was set up, which allowed free tuning of the laser
frequency. From this, a laser beam was widened to about 7mm beam radius,
polarization cleaned, and directed at a 90° angle through a vacuum viewport, crossing
the atom beam directly behind the plasma source. Behind the vacuum chamber, it
was retro-reflected and directed back through the atom beam, see figure 5.2 for the
setup. The power of the setup was controlled by its tapered amplifier.
The characterization of the precollimator was done with 38Ar by looking at its

Figure 5.2: Setup of the
precollimator optical
molasses between
source and collimator.
A laser beam of about
7mm beam radius
crosses the atom beam
and is back-reflected
and acts as a one-
dimensional optical
molasses.

loading rate (LR) in the MOT (compare section 4.5.1). The low isotopic abundance
and its complex hyperfine splitting requiring additional laser frequencies make 39Ar
not ideal for such a first analysis.

Results

To evaluate the impact of the one-dimensional optical molasses behind the source,
the effects of the laser detuning as well as its power on the 38Ar loading rate (LR) are
analyzed. Figure 5.3 shows the measurements of the loading rate as a function of the
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laser detuning δL. The detuning is given with respect to the 38Ar cooling transition,
which lies 208.1MHz away from the 40Ar transition. The two curves show results
for two different saturation parameters of s0 ≈ 114 and 23, respectively, which were
calculated from the laser powers of P ≈ 250 and 50 mW, the beam radius r = 7mm
and the saturation intensity of the transition of Is = 14.3W/m2 from equation
2.26. The equation applies to circular polarized light only. For linear polarized light,
the saturation parameters decrease roughly by a factor of two (Ritterbusch, 2013).
The optimal laser detuning δopt

L was extracted from the data by fitting a Gaussian
distribution to it. The results are shown in table 5.1. While the theory does not
predict a Gaussian-like dependence it fits well enough to extract the approximate
peak value and width from the data. Concerning the optimal laser power, a saturation
of the enhancement of the LR was found above a power of 250mW (s0 ≈ 114) (see
Kundy, 2023).
An analysis of the polarization dependence was also conducted. The results are
shown in figure A.6 and show no significant dependence.
Altogether, with high power and a detuning of -28 MHz a maximal enhancement of
the LR by ≈ 35% was measured (compare figure 5.3).

Figure 5.3: The effect of the
precollimator: the rela-
tive 38Ar LR is measured
against the laser detuning
δL. The saturation param-
eters s0 ≈ 114 and 23 cor-
respond to laser powers of
P ≈ 250 and 50mW. The
fit results of the Gaussian
fit can be found in table
5.1. Relative LR errors are
estimated to ±0.02. Fig-
ure adapted from Kundy
(2023).

Table 5.1: Fit results from the Gaussian fits to the data shown in figure 5.3.
fit parameter for s0 = 114 for s0 = 23
δopt
L [MHz] -28.1±0.6 -26.1±0.9
σ [MHz] 15.0±0.8 11.4±1.1

Discussion

The loading rate increase of about 35% is a significant enhancement of the metastable
atom flux to the MOT. However, as it has only been tested with 38Ar the question
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remains how to transfer this increase to the more challenging 39Ar isotope. First, the
effect of the additional optical molasses can be understood when looking at figure
5.4. In the discussed setting, the blue line for vrmax(vz) is valid with z1 = 40mm. It
is apparent that atoms with low longitudinal velocities vz and higher radial velocities
vr cannot be collimated by the collimator.
With a saturation parameter of s0 = 114 in the optical molasses, the resulting power
broadening of the line width is γ′ = γ

√
1 + s0 = 63MHz (Metcalf and van der

Straten, 1999). Therefore, in a simple approach, with a detuning of -28MHz and
such a large linewidth the laser can be assumed to be in resonance with all atoms
with a Doppler detuning between -59 and 3 MHz, corresponding to 48 to -2m/s
transversal velocity, with the velocity being positive in the direction towards the
laser beam. In a simplified calculation, neglecting the Gaussian intensity profile of
the precollimator laser and assuming that all atoms are in resonance with the laser
at all times, a beam diameter of dbeam = 14mm would thus increase the length of
the transversal cooling stage by 14mm, however still leaving 26mm of the initial
gap. The red dash-dotted line in figure 5.4 shows vrmax(vz) for z1 = 0.26mm and
z2 = 174mm.
If this setup was to be introduced as a permanent feature, it would certainly involve a
second axis. While the enhancement factors of the two dimensions could be expected
to multiply and therefore lead to a loading rate increase by a factor of 1.352 ≈ 1.8,
the implementation would be more difficult. The implemented axis simply used
existing viewports of the vacuum chamber for the feed through of the laser light,
while the additional axis at 90° to the other one is blocked by the two attached
turbo-molecular pumps. This could of course be achieved with an appropriate optical
setup. However, a second requirement for the proper enhancement also of the 39Ar
collimation would be the addition of repumper frequencies to the optical molasses.
As discussed in section 2.2, 39Ar has a non-zero nuclear spin leading to a hyperfine
splitting of its energy levels and for two reasons additional repumper frequencies are
needed. First, the atoms can be assumed to be evenly distributed over the hyperfine
levels of the metastable state after exiting the source, thus, in order to maximize the
number of 39Ar atoms in the correct hyperfine state for transversal and longitudinal
cooling, the atoms in the ’wrong’ hyperfine states have to be pumped to the ’correct’
one. Second, to counteract off-resonant excitation by the cooling transition to other
hyperfine states of the excited state and a subsequent loss to the wrong hyperfine
state of the metastable state, these repumper frequencies are required throughout the
transversal cooling stages of the apparatus. For both reasons, the optical molasses
would need three additional repumper frequencies as indicated in figure 2.2 (the
fourth one is omitted in the experiment as it contributes only very weakly).

5.1.2 Decreasing the Source-Collimator Distance

In an effort to implement the obvious benefits from transversal cooling directly behind
the source but minimizing the addition of further optical components (which increases
the maintenance workload and decreases stability) another approach was taken. By
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Figure 5.4: Visualization of vrmax(vz) given by equation 4.3 for amax = 2.3 · 105 m/s2

and rt = 9mm. Solid lines show vrmax(vz) for different z1. Dashed lines indicate
the corresponding critical radial velocity vrc (see equation 4.2). The red dash-dotted
line shows the radial velocity capture range with the additional precollimator with
a power-broadened line width and assuming perfect cooling in the optical molasses,
see main text. The increasing behavior in the left part of the functions stems from
z1 ̸= 0 and the resulting drift of the atoms too far off axis for too low vz in the gap
(therefore not seen for vrmax(z1 = 0)). The decreasing behavior on the right can be
understood as a too short time the atoms spend in the collimator due to high vz and,
thus, a reduced collimation effect with increasing vz.

moving the collimator closer to the source, the length of the transversal cooling
region is not increased, however, the effect of the spread of the atom trajectories in
the gap behind the source is decreased. In figure 5.4 the green line shows vrmax for
a collimator located directly behind the source (i.e. z1 = 0). The increase of this
maximal radial velocity which is captured by the collimator is apparent. Especially,
the longitudinally slow atoms are collimated to a much greater extent. In the lab,
a source-collimator distance of ≈4mm was achieved, limited by the clipping of the
collimator laser on the source antenna. The orange line in figure 5.4 shows vrmax(vz)
for this distance.
So far in the compilation of figure 5.4 the maximum force and thus deceleration as
given by 5.1 was considered. It implies an ideal collimator, which assumes perfect
and continuous laser cooling throughout its entire length. Ritterbusch (2013) did a
more detailed analysis of the collimation process in a realistic collimator and found
that the relation of vrmax(vz) depicts a realistic scenario when estimating a = amax/2.
Furthermore, the real velocity distributions of the atoms have to be incorporated
into the calculation. In figure 5.5, the velocity distributions from Feng (2012) are
overlaid by vrmax(vz) from equation 4.3. The velocity distributions were measured
with a similar source design to the current one. The longitudinal velocity distribution
is given by the 3D-Boltzmann distribution

fz(vz) =
4√
π

v2z
v̂3

e−
v2z
v̂2 (5.2)
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with a most probable velocity of v̂ = 243m/s. The transversal velocity distribution
is given by a Gaussian distribution

fr(vr) =
1√
2πσ

e−
(vr−µ)2

2σ2 (5.3)

with µ = 0 and σ = 85m/s (compare Feng, 2012 and Ritterbusch, 2013). By
assuming that the velocity distributions for the transversal and the longitudinal
velocity are independent of each other, the total velocity distribution is given by

f(vr, vz) = fr(vr) · fz(vz) (5.4)

In figure 5.5, it can be seen that a significantly larger part of the velocity distribution
can be collimated with a shorter z1. To calculate the fraction of atoms that can be
collimated for each z1, the integral∫︂ ∞

0

∫︂ vrmax(vz)

0

f(vr, vz)vrdvrdvz (5.5)

is calculated numerically (note that the integral is carried out in cylindrical coordi-
nates and therefore requires the factor vr in the integral). For z1 = 40mm, a value of
6.4% is calculated, for z1 = 4mm the integral results in 12.2%. This means that by
decreasing the source-collimator distance from 40 mm to 4 mm the amount of atoms
which should, in theory, be collimated and therefore reach the MOT is increased by
a factor of almost 2.

Table 5.2: Values indicating the performance of the ATTA apparatus for z1 = 40mm and
z1 = 4mm. The numbers were averaged over a few measurements prior to and after
the decrease of the source-collimator distance and should be viewed qualitatively. A
quantitative comparison is complex as many other parameters that probably changed
over the 1/2 year gap between the measurements influence the performance. The LR
value is measured with an exposure time of 1 ms and a MOT-loading time of 10ms.

measurement type z1 = 40mm z1 = 4mm
40Ar BI [a.u.] 7.5 20.1
38Ar LR [a.u.] 7.6 16.9
39Ar countrate [39Ar atoms/h] 2.8 6.3

The reduction of the source-collimator distance was implemented in April 2023 as a
part of larger alterations. The effect was immediately visible in the 38Ar LR, the
beam imaging (BI) values, and most importantly, in the 39Ar countrates. Table 5.2
lists values from before and after the reduction of the source-collimator distance.
As the gap reduction was implemented towards the end of a longer hardware test
sequence in April 2023, there is a time gap of half a year between the last proper
sample measurement with z1 = 40mm and the first with z1 = 4mm. This hampers a
direct and quantitative comparison, however, qualitatively spoken, the values of the
beam imaging, the loading rate, and the count rate after the alteration were far above
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any values measured before. The values shown in table 5.2 are averaged over several
(3-5) measurements before and after the distance reduction and are representative
of the values obtained for longer periods before and after. It can be seen that the
numbers uniformly show an increase of about a factor two (for BI almost a factor
three). This corresponds well to the factor predicted by the collimation calculations
above.

Figure 5.5: vrmax(vz) for z1 = 40mm and z1 = 4mm with a = amax/2 overlaying the
velocity distribution f(vr, vz) (equations 5.2, 5.3, and 5.4 and parameters from Feng,
2012) of the atoms exiting the source (see main text).

By moving the collimator closer to the source, it seems that about the same increase
could be achieved as the precollimation with an optical molasses would have promised.
However, this way the required repumper frequencies are already implemented and
also no additional laser amplifier (TA) is needed. The one drawback that results from
the repositioning of the collimator is its greater susceptibility to the temperature
fluctuations induced by the rf-source. This problem has always been present and is
described in Ebser (2018) already. When first starting the plasma discharge, it takes
up to one day for the collimator to reach thermal equilibrium. Due to its cage design
and the multiple reflections on its mirrors, it is very susceptible to changes in its
geometry in the order of µm. With the reduced source-collimator distance, therefore,
the off time of the source has to be minimized between samples as this induces
changing temperatures in the collimator. As a result of this increased instability,
Winkelvoß (2024) added a screen between the source and collimator to shield any
off-axis ions and rf-radiation. Furthermore, a new and less temperature-sensitive
design of the collimator was designed and tested in the ATTA2 apparatus which
should soon also be incorporated in the ATTA 1 apparatus (Winkelvoß, 2024). Nev-

65



5 Technical Developments in the ATTA Lab

ertheless, by paying attention to the thermal equilibrium in the source chamber, a
stable measurement operation of the apparatus has so far been running for over a
year.

5.2 Key Parameters for Stable Measurements

The ATTA apparatus as a whole is a very complex and delicate setup. While it is
therefore always only a matter of time until some part of the large setup does not
work up to specifications anymore, for running sample measurements it is crucial to
ensure a stable performance of the apparatus. Furthermore, as atom count rates are
still the limiting factor of the method, the whole system has to be operated at its
limits and therefore every small fault is immediately seen in the count rates. Much
time has been invested during this project to better understand and improve the
instabilities of the collimator, mainly caused by the thermal gradients induced by the
plasma source. Also, the limited laser power has been increased by adding a laser
amplifier (TA) for the MOT cooler, thus, leaving more power to other components
such as ZSL and Booster. Better temperature stabilization in the laboratory has
been implemented with an Arduino-driven PID controller, controlling fan heaters
in the lab. Furthermore, the old monitoring system was replaced by a new version,
originally constructed by Robertz (2023) and equipped with a new Arduino-driven
analog-signal-read-out-box, designed by the author.
One of the large challenges upon entering the lab at the onset of this PhD project
was, however, to find the optimal parameters for all the electric, optical, and vacuum
parts of the apparatus. Over the course of the last years, for the first time in the
Heidelberg ATTA effort, the focus of lab work could, for extended periods of time, be
set on conducting measurements of environmental samples instead of mainly working
on technical issues. This resulted in long-term measurement campaigns conducted in
the lab and thus much experience was gained in which parameters are crucial for
good count rates. While the ATTA method is still at a point in its development
where only a specifically trained and experienced person can operate it, it is still
of great help to have the key parameters written down, which ensure count rates
of currently ∼6 39Ar atoms/h over longer periods. In the appendix, several tables
list the key parameter values that were aimed for when optimizing the laser setup
and other parts before measurements. These values should be treated as an archive
for the values used between roughly spring 2023 and summer 2024 when for over a
year count rates of about 6 39Ar atoms/h were reached and more than 100 samples
were measured. They are, most likely, not the last word on the subject and should
be replaced once better performance is reached. However, with the current setup,
they have proven to ensure stable operation. Table A.1 lists all AOM frequencies
of the setup, table A.2 the voltage and current of all coils, and table A.3 the power
required behind the fibers of each tapered amplifier (TA). Finally, table A.4 lists the
lasers powers of all components of the ATTA apparatus.
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5.3 Data Base DabATTA

With the progress of recent years, the ATTA method reached a status where it
can routinely be applied to many environmental samples. While it is still a large
technical effort and requires specifically trained operators, the interest it has sparked
in fields such as oceanography, groundwater-hydrology, and glaciology has led to an
increasing sample throughput. For a single sample, this means keeping track of the
information from sampling, from the gas extraction and Ar purification to the data
obtained during the measurement and the subsequent analysis, including reference
measurements and blanks. With the two institutes as well as external partners
involved and a growing sample number and, thus, the growing number of involved
people, the Excel and lab book-based records have proven to become a problem.
The last person in the chain doing the analysis needs all previous information and
thus needs to sort through all kinds of data sources. This problem has become even
more evident when e.g. a reanalysis after considerable time with new data analysis
methods was undertaken. To provide a long-term, clear, and well-sorted database for
all relevant information a project was started together with the computing division
of the KIP (www.dabatta.kip.uni-heidelberg.de). The project in its early stages is
portrayed also in Meienburg (2022) but is still in progress and already includes all
information up to the measurement of the samples in the ATTA lab. The rewriting of
existing code to communicate with the database via APIs (Application Programming
Interface) is in the making and soon all data will automatically be uploaded to the
database after a measurement. The entire analysis including the selection of reference
measurements and blank measurements will also be implemented into the database.
The database also includes user management, which enables the administrator to give
certain rights to specific users, so that they can only access or write the information
relevant for them.
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6 Diffusion of Argon in Ice

The constraints on the diffusion coefficient of Ar in ice are quite vague and especially
experimental evidence is limited to the work by Satoh et al. (1996), who state in their
publication to have had difficulties resolving the low value for Ar. Therefore, and
to obtain a better understanding of the possibilities of atmospheric contamination
by diffusion in long-stored ice samples, in the following an attempt is made to
experimentally tie down the diffusivity of Ar in ice based on 39Ar measurements.

6.1 Results of the Diffusion Model

In the following, based on the solution of the diffusion into a cylinder given by
equation 3.20, the resulting general concentration profile and its dependence on
time (or similarly the diffusion coefficient) is discussed. Hereby, the dimensionless
variable Dt

a2
(with D the diffusion coefficient and a the radius) is employed, combining

the effects of the time and the diffusion coefficient in a single variable. The work
presented here continues the work done in the bachelor thesis of von Reventlow
(2022), which was supervised in the scope of this thesis.
In figure 6.1, the concentration profiles of a diffusion process for different times (or
diffusion coefficients) are plotted against the dimensionless radius r/a. Each colored
curve represents a different Dt/a2. The resulting mean concentrations which would
be measured in such an ice core are indicated in the legend. In the following, as
the diffusion coefficient of a particular gas (like Ar) is constant, different values for
Dt/a2 are discussed as different diffusion times. In the plot, it is easily seen that for
the low diffusion times only the outermost layers of the ice core exhibit increased
concentrations. For larger times, the diffusion process has penetrated the inner core
already. When taking the diffusion coefficient of Ar in pure ice (without bubbles)
as 3.0 · 10−11 m2

s , as was calculated in section 3.5.2, and taking a = 3.9 cm, only
about 28 h have to pass to reach 10 pmAr of integrated contamination in the ice core
(Dt/a2 = 0.002, compare figure 6.1). However, in practice in the cold room about
2mm of the outermost ice is cut off to prevent any contamination by possible melt
and refreeze events on the surface. This cut-off is shown in figure 6.1 by the black
dashed vertical line. The resulting mean concentrations after cut-off are indicated in
the plot. With such a cut-off, the time to reach about 10 pmAr of contamination
by diffusion amounts to 99 h (Dt/a2 = 0.007). These times are, however, very short
compared to the average storage times of ice cores, which are more in the order of
years.
What has been ignored so far is the effect of bubbles in the ice which was introduced
in section 3.5.2. With the ratio of gas in bubbles to gas in the ice matrix in the order
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6 Diffusion of Argon in Ice

of 104, the effective diffusivity introduced in equation 3.26 is slowed down by that
order. Thus, with a Deff ≈ 3 · 10−15 m2

s and considering the cut-off, the time to reach
10 pmAr inside the ice core by diffusion amounts to ≈ 112 a.

Figure 6.1: Concentration profiles in a cylindrical ice core due to diffusion. Equation
3.20 was used. As initial conditions, C1 = 0pmAr and C0 = 100pmAr were used.
The different curves represent different values of Dt

a2
and thus different diffusion times

(considering constant D and a). The black, vertical line indicates a typical cut-off
thickness of about 5% (2mm of a a = 3.9 cm core). The mean concentrations with
(C̄cut) and without cut-off (C̄) are calculated with equation 3.23.

6.2 Samples

As part of a measurement campaign in 2023, samples of an ice core from the Dome
du Gouter (DDG, French Alps, 4304 m above sea level) were measured. Parts of the
ice core had also been 14C dated (Legrand et al., submitted) and based on this data
it was possible to show that the lower parts of the ice core were old enough to expect
39Ar concentrations below the detection limit. The ice core was drilled with a 3" drill
in September 1999 and was stored until 2023 in cold storage at -20°. The cutting
plan of the sample is shown in figure 6.2. In October 2003, part 1 (1 cm thick) was
cut off. In November 2021 the remaining core was cut into three parts, of which parts
3 and 4 were transported to Heidelberg. Several samples were measured, but for the
diffusion analysis only sample DDG-41 is considered. Additionally, in 2022, as a first
attempt for the diffusion analysis the sample DDG-Test from the lower part of the
ice core was measured. An earlier version of the diffusion analysis on DDG-41- was
done by Marks (2024) and of sample DDG-Test by von Reventlow (2022). However,
since then several parameters have been updated and a new and more thorough
analysis of the 39Ar measurements based on Kindermann (2024) (shortly discussed
in section 4.6) was conducted.
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6.3 Deriving Diffusion Coefficients

Figure 6.2: Cut plan sketch of the cross-section of the DDG core. Part 1 was cut in
October 2003 with a thickness of 1 cm. In November 2021, the remaining ice core
was cut into three parts of which part 2 was measured for 14C. Parts 3 and 4 were
measured for 39Ar in Heidelberg. Figure analog to Marks (2024).

In table 6.1 the 14C age from Legrand et al. (submitted) for the DDG-41 is given.
From this value, the initial 39Ar concentrations is calculated (table 6.2), which is the
39Ar concentration corresponding to the measured mean 14C age. This is the 39Ar
concentrations expected in the ice sample at the time of drilling. For DDG-Test, as
it stems from the lower part of the ice core an initial 39Ar concentration of 0 pmAr
can be assumed.

Table 6.1: 14C concentration and calibrated age for sample of DDG-41 (Legrand et al.,
submitted). The calibrated date range is shown at 1σ probability

Sample DDG-41

Depth [mwe] 22.15-22.42

corrected 14C [F 14C] 0.785±0.034
Cal. 14C-age range
[a cal before 1997] 2372 - 1579

Cal. 14C-age mean
[a cal before 1997] 1999

6.3 Deriving Diffusion Coefficients

In order to obtain an estimate of the diffusion coefficient of Ar in ice with the results
of an 39Ar measurement, samples from the lower part of the DDG ice core were
reevaluated with the recently introduced evaluation method by Kindermann (2024),
shortly discussed in section 4.6. This method provides a more sound analysis for
samples that have an 39Ar concentration close to zero and can provide sensible
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Table 6.2: Data of the 39Ar samples. The estimated initial 39Ar concentration (at the
time of sampling) was calculated from the 14C data of table 6.1 and refers to the Ar
concentration which corresponds to the calibrated 14C mean ages. DDG-Test was
from a lower part of the ice core and, therefore, the initial 39Ar concentration can be
approximated to 0 pmAr. The calculation of Deff, Z, and D is discussed in section
6.3.

Sample DDG-41 DDG-Test

Extraction date 09.10.23 20.06.22

Ice mass [g] 1256 2560

Gas content [ml STP] 94.3 58.4

Ar content [ml STP] 0.7 1.43

Est. init. 39Ar conc. [pmAr] 0.6+1.1
-0.4 0

Measured 39Ar conc. [pmAr] 4.5+7.0
-4.0 9.5+15.0

-9.0

Mean effective diffusivity Deff

[︂
m2

s

]︂
5.36 · 10−15 1.44 · 10−14

Upper 1σ limit Deff

[︂
m2

s

]︂
1.62 · 10−14 5.57 · 10−14

Z 75699 22900

Mean diffusivity D
[︂

m2

s

]︂
4.06 · 10−10 3.29 · 10−10

Upper 1σ limit of D
[︂

m2

s

]︂
1.23 · 10−9 1.27 · 10−9

confidence intervals for these cases, something where the old method failed. In
the following, the median values of the resulting concentration distributions will be
reported as the measurement results, as they are more robust against the skewness
of the distributions of low-concentration measurements. Mean and median results
did not deviate from each other within their errors.
The analysis towards obtaining the diffusion coefficient estimates is described in the
following. First, the time between drilling the ice core and extracting the gas, the
radius of the ice core (7.85 cm, internal documentation), the estimated initial 39Ar
concentration as discussed in the previous section, and the thickness of the cut-off
layer on the outside of the sample are taken into account. The ice core is treated as
a perfect cylinder, despite the first thin cut from 2003 and the later cuts from 2021.
Without this approximation, the calculations would become much more complex and
the goal is to obtain an upper estimate of the diffusivity. Due to the cutting geometry,
the measured parts 3 and 4 should obtain more diffused gas after being cut into
smaller pieces and thus only lead to an overestimation of D. The same goes for their
exterior position in the cut plan, which only leads to a further overestimation of D.
Furthermore, the thickness of the cut-off from the outside was approximated to 2 mm.
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With these parameters, the mean concentration was calculated with the integral 3.23
for an interval of diffusion coefficients. Then, with the measured 39Ar concentration,
the corresponding effective diffusivity is read off. The graph for DDG-41 is shown in
figure 6.3. The same process was done for the DDG-Test sample (compare figure
A.4). The effective diffusivities obtained from the calculations are listed in table
6.2. The upper 1σ values are calculated with the upper measurement errors. The
mean effective diffusivity values are in the order of 10−15 and low 10−14 for DDG-41
and DDG-Test, respectively. Calculating Z with equation 3.33 and deriving the
diffusion coefficient for pure ice with equation 3.26 results in Dmean = 4.06 · 10−10 m2

s
for DDG-41 and Dmean = 3.29 · 10−10 m2

s for DDG-Test. The upper 1σ values are at
Dmax = 1.23 · 10−9 m2

s for DDG-41 and Dmax = 1.27 · 10−9 m2

s for DDG-Test.

6.4 Discussion

Several points have to be discussed about the derived diffusion coefficients for Ar
in pure ice. Important to note is that while the derived diffusion coefficients are
very similar for both samples, Deff of DDG-Test is still considerably larger than
that of DDG-41. This is due to the fact that in the extraction of DDG-Test, only a
comparably small amount of total gas was extracted (compare table 6.2). This was
presented in the work of von Reventlow (2022) who stated that this contradicts the
final amount of Ar from the sample. As the 39Ar measurement was not distinguishable
from 0 pmAr, this does not seem to have come from any kind of contamination during
the extraction process. Much more likely is some kind of error in the measurement
of the total gas volume. For 1.43ml of Ar with a stated Ar content of 1.3% (von
Reventlow, 2022) the total gas volume should have amounted to about 110ml,
which would result in ZDDG-Test ≈ 43000 and with that in a diffusion coefficient of
D ≈ 6 · 10−10 m2

s .
In general, it has to be said that in the calculations a rather conservative approach
was taken, therefore resulting in rather an overestimation of the diffusivities. One
such point is the mentioned assumption of a perfect cylindrical ice core and ignoring
the cuts made before the final extraction and the fact that only parts of the ice core
were measured (parts 3 and 4 only, compare figure 6.2). Still, the result is about one
order of magnitude larger than the theoretical value of 3.0 · 10−11 m2

s based on the
models of Ikeda-Fukazawa et al. (2005) and Kobashi et al. (2015). However, both
measurements taken into account are also not significantly deviating from 0pmAr.
Therefore, it is clear that with higher 39Ar countrates and a more thorough flushing
procedure of the ArTTA experiment, this value can probably be pushed significantly.
It is thus clear that the estimation of D is currently limited by the ATTA-detection
limit and therefore all values here can be seen as upper-limit approximations.
What can immediately be said from the measurement results, however, is that for ice
cores that have been stored for about 20 a, no significant atmospheric contamination
could be detected. Furthermore, taking the diffusion coefficient from DDG-41 and
calculating the time to reach a mean of 10 pmAr by diffusion in the ice core under
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consideration of a 2mm cut-off on the outside, it results in a possible storage time
of approximately 65 a. 5 pmAr across the ice core are reached after 37 a. When
using the upper boundary of D in the order of 2 · 10−9 m2

s , then a storage time of
12 a results in a contamination by 10 pmAr across the ice core, 5 pmAr are reached
after about 8 a. In comparison, when using the modeled value of 3.0 · 10−11 m2

s , then
5 pmAr would be reached after 370 a.

Figure 6.3: Calculated mean 39Ar concentrations for different diffusion coefficients shown
for sample DDG-41. A cut-off of 2 mm is considered and a fully cylindrical ice core is
assumed. The initial conditions are the estimated initial 39Ar concentrations from
section 6.2, C0 = 100 pmAr, and an approximate storage time of 8790 days. The black
dashed lines indicate the mean measured 39Ar concentration and the corresponding
effective diffusivity. The dotted lines indicate the +1σ value and its corresponding
effective diffusivity.

In figure 6.3, differently colored lines show the resulting mean concentrations in the
ice core for different diffusion coefficients with different thicknesses of the removed
layer. Removal of the outermost ice layers is highly effective in suppressing the effects
of contamination by diffusion. This comes in addition to the effect it has on the
removal of possible melt-and-refreeze type contamination which could affect outside
layers.
The overall takeaway of the results is that Ar diffusion into ice cores during storage
times of up to several decades cannot yet be completely ruled out. However, there is
strong evidence that diffusion does not significantly alter the concentration in ice
cores for usual storage times.
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7 Age-Depth-Relationship for
Weissseespitze Summit Glacier

7.1 Sampling Site and Glaciological Setting

The Weissseespitze (WSS) summit glacier (3499m a.s.l.) marks the highest point
of the Gepatschferner glacier. Its dome-shaped geometry makes it particularly
interesting as it offers conditions of very slow ice flow and therefore good preservation
conditions for old ice. Figure 7.1 shows an overview of the study site as well
as photos depicting the summit glacier. Measurements of borehole temperatures
between 2017 CE and 2020 CE showed sub-zero temperatures in the whole ice column,
implying that the ice is still frozen to the bedrock (Bohleber et al., 2020; Fischer
et al., 2022). The thickness of the summit glacier was measured to 12m at the ice
divide by Bohleber et al. (2020) and is rapidly declining due to melting (Fischer et al.,
2022). Extensive historical data is available for the WSS summit glacier e.g. with the
gridded Historical Instrumental climatological Surface Temperature and precipitation
time series of the Greater Alpine Region (HISTALP) dating back to 1800CE and
federal mapping campaigns of Tyrol in 1870-1887 CE. Fischer et al. (2022) provides
a detailed discussion of historical sources and states a maximum elevation of the ice
cap at the end of the 19th century at about 3534m a.s.l., translating to an ice cap
thickness of about 47m. The authors also state that extrapolating current average
surface mass loss rates results in a complete loss of the ice cap within the next 30 a.
Furthermore, the oldest ice remains at the bottom of the ice sheet frozen to bedrock,
offering an alternative climate signal for periods of low ice cover in the Alps (Bohleber
et al., 2018). This archive will also soon be lost due to the warming of the basal
layers above 0° C.
The urgency, which applies to all alpine glaciers below 4000m, has sparked a new
effort of retrieving ice from the WSS and led to the drilling of two parallel 10 m ice
cores in March 2019 CE. Analysis for aerosol-based micro-radiocarbon ice dating was
performed at Paul Scherrer Institue (PSI) and stable water isotopes analysis was
performed at the IUP. Furthermore, 3H was measured on three additional shallow
cores from the same location at Seibersdorf Laboratories (Bohleber et al., 2020). The
3H analysis showed no sign of the elevated levels after the 1960s, indicating surface
ages above 60 a. The radiocarbon analysis, which was performed for the six meters
above bedrock showed an increasing age profile with depth with a maximum age
of about 6000 a calibrated 14C age at the bottom and reaching below 1000 a > 7m
above bedrock.
In March 2021CE, an additional parallel core at the same location (using DGPS)
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b

Figure 7.1: (a) The ice core drilling site at the summit of WSS ice cap; (b) bedrock
topography from GPR measurements and calculated ice thickness in 2018; (c) and
(d) Panoramic view of the WSS ice cap in 2019CE and 1930CE, respectively; (e)
One of the ice cores taken in 2019 CE. Figure adapted from Fischer et al. (2022) and
Spagnesi et al. (2023a).

was drilled, measuring 8.7 m to bedrock. In the work by Spagnesi et al. (2023a), for
one of the 2019 CE ice cores stable water isotopes, major ions, and levoglucosan were
measured by CFA analysis, while the 2021CE core was analyzed for microfossils
including microcharcoal. The results show distinct peaks which indicate a good
preservation of the ice and can be interpreted as phases of fire activity in the region.
As part of the FWF- and DFG-funded project ’Novel Dating of Alpine Glaciers
by 39Ar-TTA’ which enabled this thesis (under the D-A-CH collaborative), the
establishing of a better age-depth profile for the upper part of the ice column at
WSS was approached with the use of 39Ar dating, as radiocarbon fails to resolve ages
below 1000 a. For this purpose, several sampling campaigns have been conducted in
recent years. In June 2023 CE, a first attempt to retrieve a new core at the summit
of WSS for 39Ar dating was conducted. However, due to the failure of the winch for
the 3" drill, only 2m were retrieved with the mechanical 2" drill.
A second attempt was conducted in May 2024 CE, which again experienced a failure
of the drilling equipment of the 3" drill. Still, different samples were retrieved: four
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surface samples cut by chain saw, 86 cm of 3" thermally drilled core, 60 cm of 3"
mechanically drilled core and 4m of 2" core drilled with a hand-held mechanical
drill (Langenbacher, 2024). This was done because an additional objective of the
project was the comparison of different ice drilling techniques and their robustness
for further 39Ar analysis.

7.2 Results

In the following section, the new measurement results for the WSS samples are
presented and put into context with the calculated radiocarbon ages from 2019CE
and newly acquired radiocarbon data. Furthermore, a common depth scale for sam-
ples from different years is established and discussed. Subsequently, the age-depth
relationship is analyzed by fitting the three discussed models to the combined data.
For the best-fitting model, the derived parameters are discussed.

In the following, the measurement data for 39Ar abundances are presented. In
the context of this thesis, the master thesis by Marks (2024) and the bachelor thesis
by Langenbacher (2024) were supervised which both already dealt with parts of the
measured data from the WSS and therefore already presented some of the following
data as part of smaller projects. Here, a more thorough analysis of the data is
conducted, based on the methods and models which Marks (2024) and especially
Langenbacher (2024) introduced. The main differences in the measurement data
compared to the former theses consist of corrected depths, an additional 14C data
point, and a new evaluation method of the 39Ar measurements (compare section 4.6),
resulting in slightly changed 39Ar ages.
Table 7.1 gives an overview of the samples taken in 2023CE and 2024CE, which
were analyzed for 39Ar. The ages are already corrected for the varying atmospheric
input function as described in 4.6. Two samples, indicated with an *, did not provide
enough gas and had to be diluted with 39Ar-free Ar. The presented abundance and
age are already corrected for this mixing. In table 7.2 an overview of the 14C data
is given. The samples were measured on an ice core from 2019CE and all except
one are presented in the work by Bohleber et al. (2020). The additional data point
of the same core, WSS_Run15, was measured in 2024CE and added to the data.
The lowermost sample, WSS_Run17-2, is not used for the following analysis as it is
probably biased due to the likely inclusions of radiocarbon-dead material through
ice-bed interaction, as stated in the publication.
Figure 7.2 shows a depth profile of all 39Ar and 14C ages. The colors indicate the
different years and types of samples. Furthermore, data points not taken into account
in the following are indicated in red. This selection was due to several quality checks.
First of all a good decontamination of the ice as described in section 4.2 is necessary.
As stated in Langenbacher (2024) this was not done for the samples WSS24_SurfaceA
and WSS24_SurfaceB as not enough ice was cut off from the firn-ice-transition. This
presumably led to significantly increased 39Ar abundances.
Furthermore, sample WSS24_Core3_Sample3 was deselected from further analysis
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Table 7.1: Overview of all samples from 2023CE and 2024CE which were analyzed for
39Ar. Depth is given as the mean depth of the sample in reference to the surface
in the year of sampling. Age is given as corrected values with the input-correction
by Happel (2024) and the analysis following Kindermann (2024) as described in
section 4.6 in years before 2024CE. 39Ar abundances and ages marked with an *
indicate samples that had to be diluted with 39Ar-free gas to obtain enough gas for
a measurement. The values given here are already corrected for the dilution. The
year of sampling can be inferred from the sample name. Italicized samples are not
regarded in the analysis for reasons discussed in the main text.

Sample Depth
[m]

Length
[m]

Weight
[kg]

39Ar
[pmAr]

39Ar Age
[a b. 2024]

WSS23_Run12upper3 0.33 0.66 2.85 38+11
−10 397+121

−85

WSS23_Runlower34 1.00 0.66 3.09 34+11
−10 444+124

−106

WSS23_Run5 1.67 0.66 2.63 32+12
−10 469+128

−122

WSS24_SurfaceA 0.05 0.10 2.50 78+26
−22* 118+133

−124*

WSS24_SurfaceB 0.08 0.15 4.56 76+20
−15 127+86

−109

WSS24_SurfaceC 0.07 0.13 3.76 36+12
−10 408+123

−97

WSS24_Core1_Sample1
(mechanical) 0.32 0.61 2.55 48+13

−11 318+90
−100

WSS24_Core2_Sample1
(thermal) 0.32 0.61 2.47 43+22

−17* 346+190
−153*

WSS24_Core3_Sample3
(handheld mechanical) 3.12 2.11 4.40 36+11

−10 420+124
−95

as it showed very low ice quality. During sampling, only small pieces could be re-
trieved at a time and therefore the sample was made up of 34 individual pieces, each
about 10 cm long. As this greatly increases the risk of atmospheric contamination by
entrapped air, this sample is not considered in further analysis.
Lastly, the WSS24_SurfaceC sample did not pass the quality check built into the
new analysis program. As described briefly in section 4.6 and more thoroughly
in Kindermann (2024), the new analysis routine evaluates the statistical temporal
distribution of the atoms over the measurement. In the case of WSS24_SurfaceC,
the atom times showed a significantly non-statistical distribution which hints towards
an unstable operation of the experiment. Therefore, the measurement is discarded
as well.
However, in contrast to the work by Langenbacher (2024), the sample WSS24_
Core2_Sample1 which was drilled with the thermal drill is not omitted from the data.
In Langenbacher (2024) it was evaluated with the old evaluation method and the
sample showed a significantly younger age than the other samples. During sample
retrieval, the control box started to overheat and therefore the sample was drilled
very slowly. Hence, it showed clear signs of strong melting on the outer core surface
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even causing varying diameters. With this in mind, the younger age was interpreted
as a consequence of the imperfect sampling and thus atmospheric contamination
by refreezing. With the new analysis routine, however, the sample’s age does not
differ significantly anymore from the other samples and was therefore not omitted
from the dataset. The reason for the shift in concentration for few samples is a
different ensemble of reference measurements. The new analysis allows a statistically
sound combination of reference measurements over longer periods, which was not
possible with the old method. With the old evaluation method, only the references
directly before and after a measurement were considered, making it more susceptible
to statistical fluctuations.

Table 7.2: Overview of samples from the 2019CE ice core which were analyzed for 14C.
Data taken from Bohleber et al. (2020) and drilling logs. Depth is given as the mean
depth of the sample referenced to the surface in the year of sampling. The sample of
run 15 was analyzed in 2024 and was therefore not part of the publication. Ages are
given as calibrated ages before present (cal BP).

Sample Depth
[m]

Length
[m]

Weight
[kg]

14C
[pmC]

14C Age
[a cal BP]

WSS19_Run7 5.11 0.70 0.40 93.0±4.6 623±350

WSS19_Run9 6.20 0.55 0.25 91.0±1.9 735±145

WSS19_Run12 8.04 0.59 0.44 84.7±4.6 1347±456

WSS19_Run15 9.77 0.65 0.83 76.1±0.8 2190±104

WSS19_Run16 10.33 0.48 0.30 65.7±1.3 3661±200

WSS19_Run17-1 10.85 0.56 0.17 52.9±4.1 5884±739

WSS19_Run17-2 basal ice 0.15 22.3±0.6 14020±332

∆age

The data sets at hand combine two fundamentally different types of ice dating. 39Ar
is a gaseous species and is therefore incorporated in the bubbles of the ice. 14C on
the other hand is measured on precipitated carbonaceous aerosols, thus on the ice
matrix. As discussed in section 3.1.1, the time interval between snowfall and the pore
close-off further down in the firn column causes an age difference between tracers in
the ice matrix and the gas. To correct for this difference, 30 a of ∆age were added to
the 39Ar ages, an estimate based on the findings at nearby glaciers by Festi et al.
(2021) and Gabrielli et al. (2016).

Establishing a Common Depth Scale

Combining the data sets of 39Ar and 14C allows a complete coverage of the profile of
the ice sheet on WSS by measured ages. However, attention has to be paid, as the
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Table 7.3: Surface mass balance values taken from Fischer et al. (2022) and from personal
communication with the authors. The values are given in meters of ice equivalent.

Year [CE] 2018 2019 2020 2021 2022 2023

Surface Mass Balance [m i.e./a] -0.63 -0.35 -0.04 -0.6 -0.7 -0.8

samples are from different years, and as shown by Fischer et al. (2022), the surface
of the ice sheet suffers from prolonged mass loss. As the cores taken in 2023CE
and 2024 CE were not drilled to bedrock and no common horizon was visible in the
ice, the depth scale has to be established from annual surface offsets. For this and
analogous to the work presented in Langenbacher (2024), the annual surface mass
balance has to be taken into account. Table 7.3 shows the surface mass balance
(SMB) in the years since 2018CE, based on data from Fischer et al. (2022) and
personal communication with Andrea Fischer and Martin Stocker-Waldhuber from
the Institute for Interdisciplinary Mountain Research, Innsbruck. Important to note
is that the values are average values for the entire peak region. Spatially, they can
vary strongly as shown in Fischer et al. (2022), where differences between ablation
stakes of up to 75 cm are seen. Furthermore, despite using a precise differential GPS
to find the drilling location from former years, spatial deviations of up to 10m are
possible (M. Stocker-Waldhuber, personal communication). Figure 7.1 shows that
this can lead to depth topography changes of up to about 2 m. However, the effect is
probably significantly smoothed out by the snow and ice build-up and effects like
wind erosion. A well-visible dust layer that melted out quite homogeneously across
the summit region in 2022, as seen in figure A.2, rather points towards spatial layer
height variation around 10-20 cm. All in all, depth values of years other than 2019 CE
are shifted according to the values in table 7.3, and a conservative error of 1m is
estimated.
Furthermore, as depth always refers to a reference surface and this is changing over
time, in the following everything is presented in terms of height over bedrock, instead
of depth below some annual surface. The conversion was done with the 2018CE
thickness of the ice sheet of 12.1m and the surface mass balance as reported in
Fischer et al. (2022), listed in table 7.3. With this measure, a more constant metric
is established, which can more easily be applied to potential future ice cores that are
drilled to bedrock. Nonetheless, because the wording is otherwise uncommon, the
profile of ages throughout the ice column is still referred to as age-depth profile, the
term age-height profile is simply not very intuitive.
For the models introduced in section 3.4, the parameter conversion from depth to
height above bedrock was done by setting h = Hmax − z, where h is the height above
bedrock coordinate, z is the depth coordinate and Hmax is the maximum thickness
of the ice sheet of 47m (see next section).
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Figure 7.2: All 39Ar and 14C data points from WSS plotted as age vs. height above
bedrock (in meters ice equivalent (m i.e.)). On the left, the full profile can be seen,
on the right a close-up view of the upper (younger) part is displayed. Data from
different years is indicated in different colors. The red data points did not pass the
quality checks as discussed in the main text and will be omitted from the further
analysis.

Monte-Carlo Fitting of the Data

In order to establish an age-depth relationship for the full ice profile at the WSS
summit drilling location, the models introduced in 3.4 are fitted to the data.
Important to note is that the models all describe glaciers in a steady state. This
means that the last steady state (LSS) at WSS has to be estimated and the models
have to be fitted accordingly. The basic Sorge’s law of glaciology then states that
the age-depth profile of an ice sheet remains constant under steady-state conditions.
From Fischer et al. (2022) and following the analysis by Langenbacher (2024) the LSS
is estimated to have happened around the year (1914± 50)CE at an ice thickness
of (47 ± 10)m. The timing of the LSS was chosen as the last time interval which
showed no significant ice loss. However, accounting for the low accuracy of the early
data stemming mostly from old maps and aerial photos, a conservative error of 50 a
is chosen. This way, the LSS is estimated to lie between the LIA maximum around
1855 and the beginning of in-situ SMB measurements in 1969. With these estimates,
the measured ages can then be shifted to the time of the last steady state, and the
models are fitted before translating it back to the present.
The approach for data fitting taken in this thesis is based on Monte-Carlo (MC)
sampling. For 14C as well as 39Ar measurements the ultimate obtained abundance and
age data comes in the shape of distributions. When looking at the age data, among
other reasons due to the internal statistics as well as the non-linear relationship of
abundance and age, the distributions are non-symmetrical. As normal fit algorithms
(like the Python library scipy.optimize.curve_fit) cannot deal with non-symmetrical
errors, a different approach has to be taken. By MC sampling the distributions,
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for each iteration fitting the samples with the model and finally averaging the fit
parameters, the full complexity of the distributions for each data point can be
accounted for in the fitting procedure. This was done for the data at hand with
a sampling number of 105. For the 39Ar ages the full (input curve corrected) age
distributions were used. For the 14C ages, unfortunately, the distributions from
the OxCal software were not available. Therefore, Gaussian distributions with the
values for mean and standard deviation from table 7.2 were used. Additionally, the
depth for all 39Ar values were sampled from Gaussian distributions with mean values
as indicated in table 7.1 and standard deviations of 1m, as previously discussed.
Furthermore, also the timing and thickness uncertainties of the glacier at the LSS
are incorporated into the fitting by taking them as Gaussian distributions around
their mean value and the discussed uncertainty and sampling from it in the MC
fitting procedure.
With this approach, the non-linear interplay of the different parameters and their
uncertainties are considered in the final fit parameters and their errors by simply
fitting a large data set which in itself contains all uncertainties.
Table 7.4 summarizes the fitted parameters and figure 7.3 shows the models and data
points graphically. The values in table 7.4 were converted from meter ice equivalent
(m i.e.) obtained from the fit to the more general meter water equivalent (mw.e.)
using an ice density of 900 kg/m3 (Festi et al., 2021).

Figure 7.3: Plot of age data points vs. their height above bedrock (in meters ice equivalent)
of the last steady state (LSS) from 1914CE (47m thickness). The left side shows
the full profile, right side shows a close-up view of the younger section. The depth
error bars indicate the length of the sample, not the depth uncertainty. Also shown is
the average fit function from the MC fitting procedure for the different models. The
respective parameters can be found in table 7.4.
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Table 7.4: Average fit parameters of the MC fitting procedure. Accumulation rate values
are converted to meter water equivalent (m w.e.) by multiplying with an ice density
of 900 kg/m3 (Festi et al., 2021).

Model Accum. Rate A
[mw.e./a] Thinning Param. p χ2

red

Nye-timescale 0.0566±0.0044 48

Raymond model 0.523±0.051 0.58

2p model 0.412±0.129 0.91±0.11 1.08

7.3 Discussion

In the preceding section, the age data obtained from the WSS summit glacier was
presented and the models and fitting process were introduced. In the following, the
results will be discussed.
From the last column of table 7.4 displaying the reduced chi-squared (χ2

red) value,
it is apparent that the Nye model is not able to capture the age profile of this ice
sheet. The rate of change from a slowly increasing age with depth to a very steep age
gradient cannot be captured by this model as is also apparent from the visualization
in figure 7.3. As described in section 3.4, this is not very surprising as the Nye model
describes ice sheets with non-zero flow velocities and therefore is not well suited for
the setting at the WSS summit glacier. The two other models, conceptualized for
an ice divide setting, are much more suited to describe the age-depth relationship.
The χ2

red are close to 1 and thus show the good applicability of the models. Even
though the 2p model adds a parameter to the Raymond model it does not perform
significantly better than the latter. The Raymond model shows a smaller χ2

red of
0.58, which on the one hand indicates a better fitting of the data than the 2p model
with a χ2

red of 1.08. However, on the other hand, χ2
red values of less than 1 are

usually interpreted as a sign of overfitting of the data. This contradicts the fact that
the Raymond model has fewer parameters than the 2p model and is otherwise the
same function. It seems that the additional parameter of the 2p model does not
significantly enhance the fitting of the data and that the Raymond model is sufficient
to capture the data. It will therefore be the focus of further analysis in the following.

Depth of Samples

As already indicated in the previous sections and tables 7.1 and 7.2, the analysis for
14C and especially for 39Ar requires ice amounts of several 100 g and even several
kilograms, respectively. For that reason, several tens of centimeters of ice cores
have to be analyzed together. In the analysis at hand, the depth of such a sample
was taken as the average depth of the ice section. This, however, implies a linear
distribution of ages in this section as well as a homogeneous distribution, in the case
of 14C, of the water-insoluble organic carbon (WIOC), in the case of 39Ar of the
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bubbles within the ice. The resulting age-depth relationship does not show obvious
hiatuses, which corroborates the first point to some degree. Even though, the mixing
of sample ice of different depths smoothes out such jumps. Nevertheless, such an
effect should be visible in the goodness of the fit of the model. For the second
point and regarding the here measured 39Ar data, no visually obvious bubble-free or
particularly bubble-rich layers were identified in the ice cores.

Accumulation Rate

The parameter that is fitted by the Raymond model is the accumulation rate.
However, the interpretation of the result is not trivial, as data from 6000 a is fitted to
obtain one parameter. Due to the changing climatic history of the region and probably
also changing weather patterns it cannot be expected that this parameter remained
constant over time. Therefore, the result should be understood as an accumulation
rate type parameter that gives a rough estimate of the average accumulation rate
over the last 6 millennia. The Raymond model results in a value of A = 0.523 ±
0.051mw.e./a. This lies very close to the value of 0.59mw.e. which Fischer et al.
(2022) gives for the total precipitation in months of snow accumulation for the years
1800CE to 2024CE. It is also expected to obtain accumulation rates smaller than
this value, as wind erosion and melt events will always have negative impacts on the
accumulation of precipitation at summits.
A comparable study at a glacier in the region of WSS was conducted at Mt. Ortles
by Gabrielli et al. (2016). While they found evidence of a not yet understood strong
thinning towards the lower part of the ice sheet preventing a fitting by the Raymond
or 2p model, they observed accumulation rates of around 0.8mw.e./a. Also, other
studies in the area showed values around 0.8 to 0.9 mw.e./a, e.g. Festi et al. (2021)
0.85mw.e./a for Adamello glacier and 0.9mw.e./a for Silvretta glacier by Pavlova
et al. (2015). The lower value for the WSS can be interpreted as an effect of stronger
wind erosion, due to its exposed position with no other high mountains around.
The other result can be drawn from the good fit of the Raymond model and the
fit result for the thinning parameter p = 0.91± 0.11 of the 2p model which is not
significantly different from p = 1. This means that a thinning parameter of p = 1 is
sufficient to describe the conditions of the ice sheet, indicating isothermal conditions
throughout the ice profile. The 2p model was proposed by Bolzan (1985) for the
setting at Dome C with an ice sheet thickness of several thousand meters. For such
thick ice sheets, it may be required to account for different temperatures and thus
viscosities in the ice column. For the < 50m thick ice sheet at WSS, it can be
expected that the additional parameter is not needed.

Last Steady State - Sensitivity Analysis

With the implemented MC sampling, the uncertainties of the LSS ice thickness
(47± 10m) and its timing (1914± 50CE) are already taken into account in the fit
parameters and their uncertainties. Even though both parameters were estimated
very conservatively and exhibit large errors, their impact on the total error of the

84



7.3 Discussion

fit parameter is negligible. The additional MC sampling for these two parameters
did not change the accumulation rate parameter until the third significant digit and
increased the error of the parameter by about 13%.

7.3.1 Age-Depth Profile

With the 39Ar data points completing the coverage of the whole depth column with
measured ages and a suitable model to fit the data, the age-depth profile of the WSS
summit glacier can now be well constrained. In figure 7.4 the resulting best fit of the
Raymond model and its uncertainties are displayed in an overview plot as well as a
residual plot. The uncertainty ranges (for 1σ, 2σ, and 3σ shaded in different shades
of blue) are computed from the distribution of the fit parameter following the MC
analysis and therefore incorporate all measurement uncertainties.

Figure 7.4: Plot of age-depth relationship from the Raymond model on the left. On the
right a residual plot of the model and data points for better visualization. The shaded
areas indicate the age uncertainties obtained from the 1σ, 2σ, and 3σ values from the
MC fitting. The depth error bars indicate the length of the sample, not the depth
uncertainty.

From the 39Ar ages, it can be seen that the 2023 CE and 2024 CE surface consists of
around 400 a old ice. This shows how much ice has already melted in the past decades
and points towards the need for the 39Ar tracer for the dating of the upper part of
ice cores. While for younger surface ages tracers like 3H or 210Pb can determine the
ages of the upper layers and thus complement 14C ages from lower layers, this is
not possible anymore with the progressing melting of glaciers in the Alps. Without
reliable surface ages, however, also layer counting can only provide a very limited
floating age-depth relationship.

Considering the large amount of ice loss observed at WSS over the past decades, the
question arises if the WSS summit has experienced similar periods of strong mass
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loss during the 6000 a recorded in the ice sheet. At least for the past 2000 a, a hiatus
in the order of 400 annual layers seems to be quite unlikely given the good fit of the
model to the data with errors of measurements and fit well below 400 a. Further
below, this is harder to constrain as the absolute errors of the 14C measurements
increase. However, the model shows errors below 200 a down to 2m above bedrock.
All in all, melt events erasing several hundred years cannot be excluded for times >
2000 a BP, however indications for such events are also absent in the dataset.
As a further analysis of the applicability of the model, it was fitted separately to the
39Ar and the 14C data only. The results for the accumulation rate parameter did not
change significantly: A14Conly = 0.523±0.051 [m w.e./a] and A39Ar only = 0.529±0.132
[mw.e./a] (compare table 7.4). This corroborates the Ansatz of a model with an
assumed constant accumulation rate over time. Thus, there seems to be no evidence
for major changes in the average snow accumulation rate at the WSS summit over
the last 6000 a which hints towards stable seasonal temperatures and precipitation
(compare Fischer et al., 2022).

All in all, this study shows the great value that 39Ar dating has for alpine ice
core dating. On the one hand, surface ages become increasingly old thereby surpass-
ing the range of traditional dating tracers. It can, on the other hand, also complete
age-depth profiles where surface ages might still be acquired, but an obvious data
gap is present between the young age tracer results and the old ones as seen for
example in the work of Jenk et al. (2009) and Gabrielli et al. (2016). For the study at
hand, the 39Ar tracer was the only way to obtain age constraints for the upper half
of the ice core and in combination with 14C ages results in a well-covered age-depth
relationship.

7.3.2 Applying the Age-Depth Profile to Other Tracers

The age-depth relationship in itself already contains a lot of information on past
climatic conditions at the study site and in the surrounding region. However, age-
depth profiles are also important as they give a timescale to other depth resolved
tracers measured on such ice cores. In this case, Spagnesi et al. (2023a) presented
data for the stable water isotopes as well as major ion chemistry, levoglucosan,
and microcharcoal in another WSS ice core from 2019CE and one from 2021CE.
They found four distinct depths showing increased signals in the microcharcoal
concentration in the 2021 CE core and matching signals for increased levoglucosan in
the 2019 CE ice core. From this, four phases of increased fire activities were inferred.
However, the study was not yet able to put well-constrained ages to the signals. With
the work presented here, it is now possible to give age estimations with reasonable
uncertainties.
In figure 7.5 the levoglucosan data from Spagnesi et al. (2023a) (downloaded from
their indicated publicly available repository, 04.12.2024) is presented with the depth
axis at the bottom. By applying the presented age-depth relationship, a corresponding
age axis was added on the top. Please note that this axis is not linear, as the layers
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thin out towards the bottom of the ice core. Spagnesi et al. (2023a) indicated
four areas of increased levoglucosan and microcharcoal concentrations which point
towards enhanced wildfire activities in the surrounding area, however, not ruling out
post-depositional effects enhancing such signals. Figure 7.5 shows the same shaded
areas now with age information on their onset and end. Uncertainties are calculated
with the standard deviations of the fit parameter. For the large peak found at 6.44 m
depth (below 2019CE surface) a separate age of 779+71

−59 a is given. This indicates
potential large wildfire activities in the region around the year 1240+59

−71 CE. This
should of course be checked with local records or other climate data to see if an event
like this fits into the history.

Figure 7.5: Levoglucosan data from Spagnesi et al. (2023a) with an added age axis on the
top. Please note that the age axis is not linear due to the thinning of the layers in
the ice core. The shaded areas indicate times of peaking levoglucosan concentrations
(as done in the original work). Vertical numbers indicate the age of the onset and
end of the periods of increased signal. The age of the main peak at 6.44m depth is
given separately.

7.3.3 Comparing Different Sampling Methods

Lastly, a comment on the different sampling methods is made. During the two
attempts to drill ice cores to bedrock at WSS in 2023CE and 2024CE, different
approaches to extracting the sample ice from the glacier were made. The main
focus was the drilling with a 3" mechanical and thermal drill. Furthermore, a 2"
handheld mechanical drill was used upon the failure of the larger drill’s control box.
Additionally, samples were cut from the surface with a chain saw. All in all, an
intricate quantitative analysis cannot yet be conducted. However, certain takeaways
can already be summarized. First of all, ice blocks cut from the surface seem like the
least critical sampling method as their small surface-to-volume ratio makes them less
prone to contamination. However, as these blocks are typically cut right from the
surface, great care has to be taken for their decontamination. As was the case for two
surface samples from the 2024 sampling, a too sparing cut can result in significantly
younger ages. This is especially true for the upper surface of the blocks, which was
exposed to the elements and thus often exhibits larger cracks and connecting bubbles.
The second type of samples analyzed here were the mechanically drilled cores. As
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long as the ice quality is good, these samples do not show proneness to contami-
nation by atmospheric air as can be seen for the samples from 2023 and sample
WSS24_Core1_Sample1. However, samples consisting of brittle ice and therefore
many pieces should be avoided. Mechanically drilled samples have also been analyzed
in other studies like Ritterbusch et al. (2022) and Legrand et al. (submitted) (see
chapter 10) and showed no problem with contamination.
Lastly, a thermal drill was employed for sample retrieval, however, as mentioned,
under non-ideal circumstances due to technical failure. Nevertheless, the result
presented in this thesis, following the new data analysis method, shows no significant
age difference from the mechanically drilled samples from the same location. A more
thorough analysis is yet to be conducted, preferably adding a 85Kr analysis as done
by Ritterbusch et al. (2022) to precisely quantify the contamination. The reason
is that the thermal drill melts through the ice, thus increasing the chances of the
trapping of atmospheric air by melt and refreeze occurring along the outer surface of
the ice core.

7.4 Summary and Outlook

The age dating results of the WSS summit glacier with the tracers 39Ar and 14C
reveal a continuous age gradient with depth reaching a maximum age of 6000 a just
above bedrock. An age-depth model was fitted to the data and now enables the
calculation of a continuous age profile of the ice sheet at this position. By composing
a fit algorithm based on MC sampling of the distributions of the measured values as
well as including the uncertainties of other parameters such as the common depth
scale, the thickness, and the timing of the last steady state, the uncertainty of the
model parameter was determined incorporating the full complexity of the setting.
This result enables the application of the age-depth profile to other depth-resolved
tracers and to assign ages with reasonable uncertainties to their signals.
Furthermore, to investigate past conditions at the WSS summit glacier the age
gradient was analyzed for potential hiatus due to periods of mass loss in the past,
and the agreement of the model fit for the upper and the lower part of the data set
was evaluated. For the former, at least for the last 2000 a, a hiatus on the order of
400 a seems very unlikely given the uncertainty ranges of the measured ages. This
would indicate that the current loss of surface layers is unprecedented at least in
the past two millennia. Concerning the latter, the fits for only the upper (39Ar)
data points and only the lower (14C) data points do not result in a significantly
different model parameter, i.e. accumulation rate. This means that in the data set
no evidence is found for major changes in the average snow accumulation rate at the
WSS summit over the past 6000 a, until the current surface age of about 400 a.
More measurements are envisaged to create an overlap of 39Ar and 14C data points
and thus tie down the age profile even more accurately. Furthermore, the actual
probability distributions of the 14C age data could not be obtained from the col-
leagues within the time period of this thesis. As these distributions can be very
non-symmetric and even multi-modal, incorporating the actual distributions into
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the MC fitting routine instead of their Gaussian placeholders could result in slightly
shifted parameters.
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8 Jamtalferner - A Transient
Glacier

While summit glaciers like the WSS summit glacier discussed in chapter 7 can provide
a continuous ice record over several millennia, a glacier like the Jamtalferner reaches
low altitudes and into a side valley that has seen a long history of human activity
(Reitmaier et al., 2013). Therefore, studying this glacier system provides insight not
only into the climate history of the region but also into its interplay with human
activities around it. Furthermore, due to its low altitude, changes in the climate
over time have a profound influence on the size of the glacier. They are recorded in
the ice extent and the moraines left behind from former glacial advances. To tap
into this archive, in September 2021CE a sampling campaign was conducted with
colleagues from the Institute of Interdisciplinary Mountain Research, Innsbruck at
Jamtalferner, retrieving surface blocks from six locations on the glacier. A photo
of the campaign made it onto the cover page of the Physik Journal, in November
2021 CE (see picture A.1). In November 2021 CE, a second sampling campaign was
conducted to retrieve ice cores from the same locations. In September 2023CE, a
large piece of human-processed wood and surrounding ice was retrieved from the
Urezzajoch mountain saddle at the top of the glacier by the same colleagues.
In the following section, the glaciological setting will be discussed briefly. Afterward,
a brief summary of other studies of the glacier concerning its past extent is given
before novel data is presented on the ages of the ice along the glacier tongue. Finally,
a new use case of the 39Ar isotope is presented, which enables the dating of moraines.
Applying this to the LIA moraines adds to the comprehensive picture of the glacier
system.
All in all, the understanding of a transient glacier system is developed. A valley,
which over time and with climate fluctuations turns from a green valley with alpine
agriculture such as cattle husbandry and trade routes across the passes into a large
ice sheet, pushing farming activities to lower altitudes. And with recent continuous
warming, experiencing again a rapid retreat of the ice to high altitudes.

8.1 Sampling Site and its Glacial History

The Jamtalferner, located in the Silvretta mountain range in south-western Tyrol in
Austria at the border to Switzerland, is a glacier extending in the northern direction
from the peaks of the Jamspitze at 3160 m a.s.l. down into the Jamtal valley (compare
figure 8.1). Its glacier tongue is quickly retreating, in 2021 CE still reaching down to
about 2430m a.s.l. Fischer et al. (2016) reports that the glacier covered an area of
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Figure 8.1: Overview of the Jamtalferner site. a, b: Overview of the location and the
setting in the Jamtal valley (adapted from Hohensinner et al., 2021). c: Jamtalferner
outlines over time, figure adapted from Fischer et al. (2019). The blue dashed
rectangle indicates the area of interest shown in figure 8.2, the blue cross on the
glacier tongue indicates, the approximate location of the lowermost sample, and the
pink cross indicates the position of the Urezzajoch sample and wood finding (see
main text). d: photo of the glacier valley from Hartl et al. (2020), with the same
approximate location indications as in c.

2.07 km2 in 2023 CE, having lost about 50 % of its area since 1969 CE and originally
spanning about 6 km2 at the local LIA maximum in 1864 (Fischer et al., 2019).
Historic data on the glacier can be found in several sources. Military surveys covering
the area go back to 1820CE (Hohensinner et al., 2021), while first length change
monitoring commenced in 1892CE. Orthophotos of the area were first taken in
1970CE and since 1988CE, the glacier mass balance has been monitored. This
enables the contextualization of new results with many different historical sources
and feeding them into the already existing understanding of the glacier system.
Several studies have been performed in the Jamtal in recent years and shed light on
the glacial dynamics, and the resulting vegetation dynamics, and moraine record.
Fischer et al. (2016) provides a time series of mass balance measurements since
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1988CE, Fischer et al. (2019) analyzed the changing vegetation in response to the
glacier retreat in the valley from satellite data, and Hohensinner et al. (2021) shows
an analysis of the land use and land cover change from 1820 CE to 2015 CE. A study
on the reflectance of ice in the ablation zone of the glacier was conducted by Hartl
et al. (2020). Other work, focussing more on the whole Silvretta area than only the
Jamtal, was done by Fischer et al. (2021) who show the rapid retreat of glacier ice in
the whole region. And, important for the 39Ar moraine dating results in section 8.4,
Braumann et al. (2021) conducted a moraine dating campaign in the Jamtal and a
neighboring valley based on exposure dating with 10Be.
The history of human activities in the Silvretta region and in particular in the Jamtal
valley was studied by Huhn (1997), Dietre et al. (2014), and Reitmaier et al. (2013)
who found archeological evidence from encampments dating back up to 6000-9000 a
BCE. They argue that about 3000-4000 a BCE the original hunters and gatherers
gave way to the first alpine farmers and shepherds. Human activity then increased
in the region also in high altitudes until its peak around the mid-1800s (Hohensinner
et al., 2021). Since then, human activities in higher altitudes are declining. Also, the
century-old, close contact between the Engadin region in the south of the Silvretta
mountains and the Paznaun region to the north has been documented by Huhn
(1997). The mountain passes would frequently be crossed in the summer months to
reach the summer Alps for the cattle, showcasing the direct impact of glaciation in
the region on human activities.

8.2 Samples

In the 2021CE sampling effort for 39Ar dating, a section of the glacier was chosen
that exhibits a very well-preserved layer structure at the surface, see the close-up
section in figure 8.2. Different than in many other parts of the glacier, the summer
(dark) and winter (bright) layers are well visible and not disturbed by any turbulence
in the flow. The site was chosen, as the visible layers offer an opportunity to validate
the 39Ar age data with simple layer counting. On the other hand, as the age of the
uppermost layer is not known, the 39Ar data is necessary to determine the absolute
age of the ice and to check for discontinuities (hiatus) in the ice records (e.g. due to
larger melt events in the past).
An additional sample from the bottom of the 2021 CE glacier tongue was retrieved,
as this location should provide older remaining ice of the ice flow.
The sampling was conducted by cutting large ice blocks from the glacier surface
using an electric chainsaw. For each location, a large square was cut into the ice and
divided into four quadrants, each of which was levered out with the help of an ice
ax. This way, for each location four samples were cut from the glacier. In the end,
one was left at each location, two were taken to Heidelberg for the 39Ar analysis and
the fourth one was taken to Innsbruck for further analyses for 3H or 14C. Thus, the
samples of one location originate right next to each other. With the well-layered
stratigraphy in this part of the glacier and the thickness of winter layers in the order
of 2-3m, there is no reason to doubt that samples from the same locations should
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Table 8.1: Samples for 39Ar analysis taken in 2021 and 2023. Samples kept in Innsbruck
and designated for different analyses are italicized, measured samples are written in
bold letters. The sample nomenclature is not intuitive due to a misunderstanding in
the field. Altitude is given in orthometric height.

Location Sample GPS Altitude
[ma.s.l.]

JamA Jam58, Jam59, Jam60, CoreP3 46°51’18"N 10°09’50"E 2790
JamB Jam54, Jam55, Jam57 46°51’21"N 10°09’51"E 2769
JamC Jam51, Jam52, Jam53, CoreP2 46°51’24"N 10°09’49"E 2742
JamD Jam2A, Jam2B, Jam2D 46°51’26"N 10°09’48"E 2727
JamE Jam1A, Jam1B, Jam1C, CoreP1 46°51’29"N 10°09’48"E 2708
JamF Jam3A, Jam3B, Jam3D 46°51’52"N 10°09’38"E 2460
Urezzajoch Block A 46°51’7"N 10°10’2"E 2864

have equal abundances for all tracers. They can therefore be treated as duplicates.
Due to a misunderstanding in the field, the nomenclature of the samples turned out
inconsistent, spanning the numbers 51 to 60 for the upper part, and the terms 1A to
3D for the lower part. Afterward, to clear things up, the locations were assigned the
names JamA to JamF (from top to bottom) and the samples can thus be named
with a combination of the location and the sample name, e.g. JamA_58. During
the 2021CE sampling, the weather was rainy and warm, which rendered ice core
drilling impossible. It was therefore postponed to November 2021 CE, when ice cores
from locations JamA, JamC, and JamE were retrieved. The purpose is to compare
sampling methods and their potential bias of measured ages. The core samples were
named CoreP1 to CoreP3 as listed in table 8.1 (P# referring to the number of the
ablation stake (’Pegel’) installed at this location).
In September 2023CE, a large piece of human-processed wood was found on the
Urezzajoch at the top of Jamtalferner. As this indicates human activities at this
altitude and might therefore be evidence of the possible use of the mountain pass by
humans, this piece was retrieved for a more detailed analysis and 14C dating. To get
an understanding of the ice cover at the time of deposition of the piece of wood, an
ice sample close to the location was also taken for 39Ar analysis.

8.3 Results

In the following, the measurement results of the samples from Jamtalferner are
presented. Earlier versions of the 39Ar data were already presented in the theses of
Krastel (2022) and Marks (2024), which were supervised in the context of this thesis.
In contrast to these earlier works, the measurements were now analyzed with the
new data analysis method introduced in section 4.6, and the resulting ages corrected
with the input curve introduced in section 4.6. This results in slightly different ages,
however, not changing the key findings of the campaign. After showing the 39Ar
results, several other dating results on ice and other materials are presented.
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Figure 8.2: right: Overview of the glacier valley and the locations of the 39Ar samples
(red and blue markers), and the rock samples (yellow and orange markers). Note the
well-visible edge of the LIA moraine just below the yellow marker. Figure adapted
from GoogleEarth. left: close-up view of the layered section of the glacier, where the
names of the ice sampling locations are given and their locations indicated by red
crosses. Their locations are indicated only approximately, their exact GPS location
can be found in table 8.1. On both sides of the layered part of the ice, the usual
chaotic layer structure is visible. For the layered part, about 140 layers could be
visually counted. The photo is stitched together from multiple drone photos taken
during the 2021 sampling effort (courtesy A. Fischer and M. Stocker-Waldhuber).

8.3.1 39Ar Data

In table 8.2, the measured 39Ar abundance and the resulting corrected 39Ar ages
are listed. Furthermore, the weight of each sample block or core, the resulted air-
to-weight ratio, and the extracted amount of pure Ar are given. It is apparent
that the sampling by cutting ice blocks from the surface of the glacier enabled the
retrieval of large samples resulting in Ar contents per sample of sometimes several
milliliters. Thus, several samples could be measured multiple times. Furthermore,
as two samples were taken to Heidelberg from each sampling location, even if the
amount of extracted Ar did not suffice for multiple measurements, these could be
conducted with the duplicate sample.
In total, samples from 4 locations of the upper part plus the sample from the lower
tongue were measured. Several of them 2 to 3 times. Furthermore, the ice block
from the Urezzajoch was dated with 39Ar.
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Table 8.2: Overview of the 39Ar measurement results. The sample names are combinations
of the location and the sample name as stated in table 8.1. Age is given as input-curve
corrected values following Happel (2024) as years before 2024. The weight of the
ice samples, the ratio of extracted air to weight (air content), and the amount of
extracted Ar are given.

Name Weight
[kg]

Air cont.
[mlSTP/kg]

Ar
[mlSTP]

39Ar
[pmAr]

39Ar Age
[a b. 2023]

JamA_58 5.0 27 1.2 86+19
−17 70+95

−75

JamA_59 4.5 30 1.4 76+24
−20 127+118

−129

JamA_comb58_59 82+15
−13 99+71

−83

JamA_CoreP3 2.4 35 0.7 80+16
−14 104+79

−88

JamC_52 4.8 68 3.0 74+19
−15 142+89

−105

JamC_52 4.8 68 3.0 78+18
−15 121+86

−99

JamC_comb52 76+12
−11 132+64

−67

JamC_CoreP2 1.8 45 0.7 74+15
−12 137+70

−83

JamD_2B 6.0 77 4.4 70+15
−14 158+87

−81

JamD_2B 6.0 77 4.4 86+19
−17 76+95

−82

JamD_2B 6.0 77 4.4 84+17
−15 81+83

−87

JamD_comb2B 78+10
−9 116+48

−58

JamE_1C 6.3 67 3.8 62+16
−13 213+99

−92

JamE_1C 6.3 67 3.8 78+19
−16 121+92

−103

JamE_comb_1C 70+12
−10 164+61

−65

JamE_CoreP1 2.1 53 1.1 86+17
−14 76+76

−82

JamF_3B 4.3 29 1.0 48+15
−14 312+120

−110

Urezzajoch_BlockA 4.5 11 0.5 46+12
−11 333+99

−96

8.3.2 Other Data

To complement the 39Ar age measurements, parts of the ice blocks from the 2021
sampling campaign that remained in Innsbruck were sent to Seibersdorf Laboratories
for 3H analysis. The results are displayed in table 8.3. As indicated, the detection
limit was at 0.5 tritium units (TU) and two of the three samples did not show
concentrations above the limit. Only for sample JamA_60, the value was significantly
above the detection limit, indicating the influence of past 1960s ice in the sample.
Furthermore, the piece of human-processed wood (see photo 8.3) was 14C dated at
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the Vienna Environmental Research Accelerator, showing 97.66± 0.34pmC which
translates to an age range of 375 to 213 a cal BP with 76% certainty (see figure A.3,
calibrated with OxCal v4.4.4).

Table 8.3: 3H data measured at Seibersdorf Laboratories by liquid scintillation counting.
Sample 3H [TU] det. lim.
JamA_60 7.4±0.5 0.5
JamC_53 <d.l. 0.5
JamE_1A <d.l. 0.5

Figure 8.3: Photo taken from the piece of wood and the neighboring ice patch in September
2023. The human-made grooves in the left piece of wood are visible. Photo by A.
Fischer.

8.4 Surface Exposure Moraine Dating

Parallel to the work on the optimization and stabilization of the ATTA lab, the
measurement of a variety of environmental samples (see table A.5), and the application
of the 39Ar dating tracer to glacier systems, many other projects were co-supervised
during this thesis. One such topic was the growing idea of using 39Ar as an exposure
(or burial) dating tracer for rocks. It was kicked off by the very first samples measured
during the author’s time running the ATTA lab, which were permafrost samples
from Svalbard. Initially very surprising, these samples showed 39Ar abundances of up
to 16 times atmospheric values. From these findings, the thesis by Hieronimus (2022)
was motivated to calculate the first estimates of 39Ar subsurface production. In the
following, a master project was initialized to develop a gas extraction routine from
rocks as well as a framework for the calculation of production rates and the analysis
of the measured abundances. This project was conducted by Neumann (2024) and
included rock samples taken from the same moraine locations which were exposure
dated already by 10Be in the work of Braumann et al. (2021) from the Jamtal. As
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the topic of surface exposure dating was only peripherally supervised during this
thesis and the focus was set on conducting the actual 39Ar measurements of the
rock samples, the principle and its results will only briefly be summarized here. For
further details, please refer to Neumann (2024).

8.4.1 The Principle of Surface Exposure Dating

The principle of surface exposure dating with cosmogenic nuclides is based on
their production by cosmic radiation. Cosmic radiation refers to highly energetic,
electrically charged particles that enter the earth’s atmosphere from space and cause
showers of secondary particles onto the earth’s surface after colliding with atoms
in the atmosphere (for more details see Schaefer et al., 2022). Thus created cosmic
neutrons can in turn produce isotopes like 39Ar when hitting e.g. 39K or 42Ca in the
ground or via another pathway, cosmic muons are captured by 40Ca, 39K or 44K in
the ground. Surface exposure dating exploits the fact that the production via these
pathways declines with depth as the cosmic radiation only penetrates to a certain
depth. In this case, the dominating production via cosmogenic neutrons only takes
place in the uppermost few meters of the soil (or ice) (see also Musy and Purtschert,
2023). Therefore, a rock only starts accumulating high 39Ar concentration once it
is brought to the surface, either by geomorphological processes or e.g. a retreating
glacier.
With this simple principle in mind, it is clear that it can be applied to the rocks that
are transported by a glacier (during transport still covered from cosmic radiation by
the ice) to its periphery and left there, exposed to cosmic radiation, as a moraine.
Exposure dating can then put a date on the formation of such a moraine and thus
on the maximum advance of a glacier.

8.4.2 Results for Moraine Ages in Jamtal Valley

Recently, a larger exposure dating study in Jamtal valley was conducted by Braumann
et al. (2021), see figure 8.4. Different moraine formations were identified and dated
with 10Be. Along a well-visible inner moraine, ages of around 260 ± 20 a were
measured. This indicates the formation of the moraine in the second half of the 18th
century. Some boulders exhibit exposure ages of 1000 to 1500 a and were interpreted
as moraine remnants of the neoglacial advance. On the outside of the LIA moraines,
larger moraine structures showed exposure ages of around 11 ka, thus stemming from
glacial retreat in the early Holocene. Also see figure 8.2, where the LIA moraine is
well visible (location of JAM-18-18 indicated in yellow).
As a follow-up of their campaign, in 2023CE, samples were collected from a subset
of the same boulders as done by Braumann et al. (2021). With the precise 10Be
data at hand, this was a good setting for a first test of the discriminability of rocks
that are expected to be at the 39Ar secular equilibrium concentration and rocks
that have been exposed to cosmic radiation for a shorter time. The boulders of the
10Be samples JAM-19-21 and JAM-18-18 were resampled, providing the 39Ar rock
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Figure 8.4: Overview map of moraine age data adapted from Braumann et al. (2021).
The samples in red rectangles were resampled in Neumann (2024) for 39Ar exposure
dating. The sample from the same boulder as JAM-19-21 was used to calibrate the
local production rate. Due to its long exposure derived from the 10Be measurement, it
can be assumed to be in secular equilibrium for its 39Ar concentration, from which the
production rate can be inferred. The result from the sample from the same boulder as
JAM-18-18, referred to as JAM-23-03, was then calculated to an age of 270+160

−190 a, as
indicated in the green rectangle. The location of samples JAM-19-21 and JAM-18-18
are also depicted in figure 8.2 as the orange and yellow markers, respectively.

samples JAM-23-05 and JAM-23-03 (location also indicated in figure 8.2 in orange
and yellow, respectively). The results are shown in table 8.4. The exposure age
for JAM-23-03, 270+160

−190 a does not significantly differ from its 10Be equivalent with
270± 20 a, however, it exhibits very large uncertainties. The large 39Ar errors are
mainly caused by uncertainties in the production rate calculation, mainly attributed
to the uncertainties of the interaction cross sections and the not well-determined
extraction fraction of the gas from the rocks. For the latter, better methods are
already in preparation and will lower the errors significantly.
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Table 8.4: Summary of the relevant parameters for the 39Ar exposure dating from Neumann
(2024). Mass gives the mass of rock which was degassed for the measurement; N39Ar
the number of 39Ar atoms in the sample, calculated from the measurement results.
From this the concentration Cm of 39Ar per gram of rock was calculated. Finally, by
taking into account the local production rate and the extraction fraction of gas from
the rock sample an exposure age for the non-equilibrium sample was calculated (for
details see Neumann, 2024).

Sample Jam-23-03 Jam-23-05

Mass [g] 155.45 139.86

N39Ar [103 39Ar atoms] 211+25
−23 1080+140

−120

Cm [39Ar atoms/g] 1360+160
−150 7740+970

−890

39Ar age [a] 270+160
−190

8.5 Discussion

The Jamtalferner in the Silvretta mountain range in the Alps shows many signs
of a glacier which in large parts is a transient phenomenon, highly affected by the
climate conditions in the region. Here, different datasets will be discussed to better
understand this history and to underline the variability of glacier extent in the Alps
over time.

8.5.1 Consistency of 39Ar Ages

The main dataset focussed on are the 39Ar ages which cover parts of the glacier. For
four out of the six locations that were eventually measured, several measurements
could be conducted and their results combined. Therefore, as a first point, the
agreement of the single measurements is discussed.
The results are displayed in table 8.2 and for better visual impression are plotted
against the sample’s altitude in figure 8.6. First looking at the agreement of the
single block measurements, it is evident that they are all consistent within their 1σ
errors. The combination of the single measurements to the combined result for each
location was done within the analysis routine by combining the respective probability
distributions and not by simply averaging the results given in table 8.2.
In figure 8.6, also the results for the core samples are displayed (in green). For
locations JamA and JamC, the results from the ice blocks and the cores agree well
within their errors. However, for location JamE, the core sample resulted in a slightly
lower age just outside the 1σ range of the averaged ice block result. It is hard to
judge, given the errors only being the 1σ range, this deviation could be a sign of a
slight contamination during retrieval storage or extraction, or simply a statistical
outlier.
The only location of which no sample was measured is JamB. It was omitted, as
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measurement time is limited, and as the data from the other locations showed that
the ages are so closely grouped that an additional sample would not have added
much information.

Ice Blocks vs. Ice Cores

With the data at hand, no clear result can be presented for the consistency between
ice block and ice core samples. The original reason for going back and taking ice
core samples was to compare both sampling methods concerning their proneness to
atmospheric contamination. However, with the young ages obtained from this part
of the glacier, atmospheric contamination is hardly visible in the data, as it would
shift the abundance further towards 100 pmAr, and most samples already lie within
2σ of 100 pmAr.
Another parameter to take into consideration is the yield of extracted gas per kg of
ice. The values for each sample are given in the third column in table 8.2. While
for the samples from JamC and JamE a slightly lower value for the core samples is
evident, for JamA the core sample had a slightly higher Ar yield. Considering the
large spread of Ar yield from sample to sample, the data does not provide evidence
for any significant deviation in the Ar yield between ice blocks and ice cores.

8.5.2 Ice and Moraine Ages

Age Gradient in the Upper Section

All in all, from the 39Ar data alone and with the given errors, no age trend can be
detected for the upper samples. From the drone image (figure 8.2 left) approximately
140 layers were counted. This can be interpreted as a minimum age difference which
should be expected between the uppermost and lowermost part of this section, as
layers have potentially melted in the past in warmer time intervals. With errors
of around 60-70 a, even for the combined results such a trend is hard to make out.
Subtracting the combined results for the uppermost sample JamA_com58_59 and
the lowermost sample of the upper section JamE_comb_1C results in 65 ± 96 a,
again showing the non-significant difference between the two measured ages. This
means that 39Ar with its current precision is not able to resolve an age gradient
here. However, one purpose of the 39Ar dating of this upper section was to test if
possible melt events in the past caused significant age jumps between layers, which
were visually not evident. This in turn can be ruled out with the data at hand. A
loss of more than 100 layers would increase the expected age difference between the
uppermost and lowermost layer to approximately 240 a, which should then translate
into a significant gradient also in the 39Ar data.
The data becomes more insightful when adding the information gained from the 3H
measurements. Here, the data shows a clear difference between the location of JamA
at the top and JamC and JamE further down. In figure 8.5, the 3H measurement
result for JamA from August 2022 CE is back-extrapolated with the radioactive decay
law and the half-life of 3H of 12.32 a (IAEA, a). Additionally, the long 3H record
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in precipitation from the Hohe Warte station in Vienna is shown for comparison
(from IAEA, b). The decay curve intersects the data in the early 1960s and for
longer periods in the 1970s and 2010s. Because the well-preserved annual layers from
Jamtalferner justify the assumption of no considerable mixing, a straightforward
interpretation can be made that the ice has precipitated as snow during these periods.
With the strong mass loss in recent years, it is highly unlikely that ice formed in
the 2010s, but much more probable in the early 1960s or 1970s, when the glacier
still had mostly positive annual mass balances (Fischer et al., 2016). The two other
samples, however, clearly consist of pre-1960 ice with 3H concentrations below the
detection level. These findings generally agree with the 39Ar data, which is, however,
not able to resolve the difference.

Figure 8.5: Decay extrapolation of the JamA_60 3H measurement in time (logarithmic
plot). 7.4 ± 0.5TU was measured in August 2022CE. For comparison, the GNIP
3H record from measurements station Hohe Warte, Vienna, Austria (IAEA, b). The
extrapolated decay curve coincides with values in precipitation for the early 1960s
and longer periods in the 1970s and 2010s.

In summary, the upper section in its entirety consists of ice which is less than roughly
200 a old. It does not exhibit any large age hiatus which means that no considerable
melt event has taken place in this period. Furthermore, with 3H clearly above the
detection limit for the uppermost layers, it can be shown that the ablation situation
across the whole extent of the glacier is only a recent phenomenon, as there has been
ice formation after 1960 CE. This is corroborated by the Jamtalferner mass balance
time series of Fischer et al. (2016) for which between the start of the measurements
in 1988 CE until 2003 CE, only four years showed an equilibrium line altitude above
the high point of the glacier, indicating throughout mass loss over the whole altitude
profile of the glacier in these years. On the contrary, this means that in other years
net mass gain occurred above the equilibrium line. Since 2003CE, mass loss over
the whole altitude profile of the glacier has been the case in 16 years.
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Age of the Glacier Tongue

Primarily undertaken as a lucky guess as to where to find the oldest remaining
surface ice, a sample was cut from the glacier surface at the lowest point of the
glacier tongue present in September 2021 CE. The sample is displayed in figure 8.6 as
the blue datapoint. With its 39Ar age of 312+120

−110 a, it is significantly older than the
ice in the upper section. With this age, it originates roughly from sometime between
1600CE and 1800CE, which coincides with the timing of the LIA and thus with
the last large glacier advance. A single data point can of course not provide a full
picture of a glacier system, however, it underlines the large advance the Jamtalferner
has experienced during the LIA.

Figure 8.6: The 39Ar age data plotted against the sample’s altitude. The results from
single ice block measurements are displayed in light red and their combined result in
red. Green data points give the results from ice core samples. Finally, the blue data
point is a single measurement from a block sample collected from the lower remaining
part of the glacier (compare the map in figures 8.1 and 8.2).

Moraine Ages

The exposure ages for the innermost moraine in the Jamtal valley show ages around
270 a (Braumann et al., 2021). This means that the maximum extent of the glacier
and with this the final formation of the moraine happened around 1750 CE. Again,
this is consistent with the dynamics during the LIA, even though other publications
mention a local LIA maximum in 1864 CE (Fischer et al., 2019). With the possibility
of exposure during the transport, e.g. at the surface of the glacier, however, this bias
should not be overinterpreted.
Aside from a few boulders which were part of the LIA moraine but dated to 1000-
1500 a, according to Braumann et al. (2021) there is only a small visually noticeable
moraine structure (J2 in figure 8.4) between the LIA moraine (J1) and the moraine
from the early Holocene (J3, compare figure 8.4). The moraine in between could not
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be dated due to the lack of suitable boulders. However, the lack of further and more
obvious moraine structures shows how unprecedented the glacial advance during the
LIA was compared to the entire rest of the Holocene, as it seems to have overwritten
them.
Thus, the moraine data corroborates the ice data in the sense that a comprehensive
image is drawn of a glacier that experienced a large advance around the end-1700s to
mid-1800s, after a time when it covered a probably significantly smaller area. Thus,
most of the surface ice in the lower sections of the glacier and the obvious innermost
moraine structure originate from this period.

8.5.3 Impact of Glaciers on Human Activities

In the following, a short comment will be made on the interplay of the Jamtalferner
and the human activities that have been evident in this region for many millennia.
However, as this aspect is not the focus of this thesis nor the expertise of the author,
this will be very qualitative and only for the sake of some social geographical context.
During the monitoring of the Jamtalferner, in September 2023CE, a large piece of
human-processed wood was found at the Urezzajoch, at the top of the Jamtalferner.
With only the peaks of the surrounding mountains towering above, this piece of
wood can only have reached this place by human activity. With archeological studies
as done by Reitmaier et al. (2013) and Dietre et al. (2014) as a background, it is
likely that the passes in the Silvretta have a long history as trade routes between
the different valleys. Finding direct proof of human activity at this location shows
the effect of the extent of the Jamtalferner on such activities. The piece of wood
was 14C-dated to an age range of most likely 375 a to 213 a (compare figure A.3),
which corresponds to about 1650-1810 CE. Furthermore, to not repeat the mistakes
made during the retrieval of the Tyrolian Iceman, where none of the surrounding
ice was sampled, an ice block from a directly neighboring small ice field remaining
in a depression was retrieved as well (compare figure 8.3). The ice sample, labeled
’Urezzajoch_BlockA’, was 39Ar dated to an age of 333+99

−96 a. The ice thus shows a
very similar age as the wood itself.

The paper by Hohensinner et al. (2021) claims that ’until the early 18th century, the
Jamtalferner could still be crossed with horses’ (based on Böhm, 1970). Following
this information, there was so sparse ice at the mountain pass until the early 1700s
that it was still crossed by humans. This would fit the picture of a much smaller
ice extent prior to the LIA and a subsequent glacial advance at the mountain pass
archived in the piece of basal ice from 1690CE (1σ range: 1591-1786CE).
Altogether, the data is very sparse, and exact details can only be speculated. However,
all data seem to suggest a much smaller glacial extent in the Jamtal valley before the
LIA, after which a strong advance of the glacier took place until the mid-19th century
before a strong retreat of the glacier commenced which is ongoing and accelerating
today.
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8.6 Summary and Outlook

The presented data gives evidence of a glacier system at low altitudes which is highly
affected by the varying climate. Thus, over time it has experienced strong advances
and retreats. With only a handful of data points to cover the large expanse of the
glacier, a comprehensive picture can hardly be drawn. Nevertheless, the different
tracer datasets agree in describing a glacier with mostly young ice, which is very
quickly retreating, after experiencing a strong advance during the LIA. The moraine
ages from 10Be data from Braumann et al. (2021) as well as first results of 39Ar
exposure dating corroborate this. So far, the latter does not provide much new
information, however, in a scenario like in the Jamtal, the 39Ar tracer for surface
exposure or burial dating can play a unique role. In contrast to most other commonly
used cosmogenic nuclides which have half-lives of > 105 a (compare Schaefer et al.,
2022), 39Ar has a half-life of only 268 ± 3 a. Therefore, it can be used as a burial
tracer on the timescale of centuries. A future effort could e.g. sample rock from
locations, where the glacier tongue has just retreated. By measuring the abundance,
the burial time can be calculated and thus possibly provide important information
on the extent of the glacier before the LIA.
Another interesting path to pursue to gain a better understanding of the glacier
system is the drilling of ice cores to bedrock to understand the vertical age distribution.
This has already been done at the top of the Jamspitze and 39Ar measurements at
the surface and bottom of the ice core are planned. A first 14C measurement by the
Paul-Scherrer Institute from a depth of 15.60-16.25 m showed ages of 511-711 a. This
would indicate higher ages at the top than those found at the bottom of the glacier,
agreeing with a possible glacial retreat to higher altitudes before the LIA. However,
it could also be interpreted as stagnant ice at the summit, like the old ice found at
the WSS summit (discussed in chapter 7). Such ice would not be expected to make
its way down to the glacier tongue. Measuring more 39Ar and 14C samples of this
ice core would give a better understanding of the upper part of the glacier and the
question if the Jamspitze was entirely ice-free at some point during the Holocene.
The relentlessness with which the Alpine world is changing due to a warming climate,
especially at such lower altitudes, was emphasized by a massive landslide in June
2023 CE which happened at Fluchthorn, another peak on the outskirts of the Jamtal
valley, and just 4 km away from the Jamtalferner. Probably due to the destabilization
of the mountain by melting of the permafrost or retreating glaciers, 1 million cubic
meters of rocks broke off the peak of the mountain, lowering its peak by 19m.
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9 Gas Extraction from Continuous
Flow Analysis

The preceding chapters have shown that 39Ar-dating of ice can contribute valuable
age information to various glacial settings. Furthermore, the two radioactive Kr
isotopes 81Kr (T1/2 = 229 ka) and 85Kr (T1/2 = 10.7 a), which are also measured with
ATTA, cover very different age ranges (see figure 2.1) and are valuable tracers for
ice dating (Buizert et al., 2014; Tian et al., 2019; Ritterbusch et al., 2022). While
the required amount of gas for measurements has been drastically reduced for all
three tracers, it still amounts to about 100ml for 39Ar and 81Kr. Depending on the
air content in the ice, this can require several kilograms of ice (compare tables 7.1,
8.2). However, such amounts are sometimes problematic to dedicate solely to a single
dating measurement. In the current routine (see section 4.2) the whole ice sample
is melted and, thus, lost for most other analyses. This becomes especially critical
for valuable ice obtained from locations where the amount is limited but ideally,
multiple analyses are performed, e.g. Antarctic ice cores.
To overcome this high ice demand for a single ATTA measurement which has to
compete with other analyses, as part of this thesis, a project was started to test the
extraction of gas from the routinely conducted continuous flow analysis (CFA) for
offline ATTA measurements. CFA is a method in which a longitudinal subsection of
an ice core stick (usually quadratic, ∼ 32× 32mm) is continuously melted along its
axis and the resulting water flow is in through-flow analyzed for a variety of tracers.
By staying at low melt speeds (a few cm per minute) and ensuring small volumes and
small tubing (< 1 mm inner diameter), any mixing due to dispersion in the tubes is
kept low and thus high spatial resolution is achieved. Over time, the measurements
connected to a CFA melting system have been extended including measurements of
major ions, trace metals, stable water isotopes, dust particles etc. (Röthlisberger
et al., 2000; McConnell et al., 2002; Kaufmann et al., 2008; Bigler et al., 2011;
Dallmayr et al., 2016). Also, gas species like methane have been measured online
with CFA systems (Schüpbach et al., 2009; Stowasser et al., 2012; Rhodes et al.,
2013) by connecting a gas chromatograph (GC) or a laser spectrometer. However, it
has not been established as a routine capability. Thus, for most CFA systems the
gas from an ice core is discarded.
Establishing a method of sampling the gas from CFA for a later ATTA measurement
would thus achieve a symbiosis of a routinely applied analysis with a measurement
that would otherwise often be abstained from due to its large consumption of sample
ice. The challenges are mainly related to the gas tightness of the system. As the
CFA systems have usually not been designed for gas analysis, possible contamination
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by atmospheric air either at the melting unit or in the different components of the
tubes and the debubbler have to be checked.
In the following, the technical setup of a CFA system and the gas extraction unit,
designed as part of this thesis, are discussed. Subsequently, the different tests to
determine the gas tightness of the system and its gas extraction capabilities are
presented. First results, obtained from the CFA-coupled gas extraction of an Antarctic
ice core are presented and their implications for atmospheric air contamination as
well as interpretations towards gas age-ice age differences are discussed. Finally, an
outlook is given to optimizations of the gas extraction unit and possible applications.

9.1 Setup of a CFA and the Gas Extraction Unit

In figure 9.1, the simplified technical setup of a CFA system and the gas extraction
unit, designed as part of this thesis, are depicted. On the left, the melting system
with the ice core section on the melt head is shown. The meltwater flow is divided into
an outer (potentially contaminated), and an inner (not in contact with atmospheric
air) part. With the constant melting of the outer part, a liquid water film should
always be present between the melt head and ice such that the inner part is sealed
from any atmospheric air in the lab.

Figure 9.1: Schematic of the CFA setup and the connected gas extraction unit. The water
trap consists of a stainless steel cup filled with steel wool and is cooled to ∼ −89° C
by a liquid nitrogen-isopropanol mixture. The gas traps are filled with activated
charcoal and are cooled with liquid nitrogen to ∼ −196° C. For details see main text
in section 9.1.

A peristaltic pump controls the flow speed, while the temperature regulation of the
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melt head controls the melt speed. Subsequently, a so-called debubbler is integrated
into the flow. It removes the bubbles from the main flow that goes to the online
analyses of the CFA system where bubbles would compromise the measurements.
Due to their buoyancy, the bubbles enter the upper line that was originally directed
to the waste. With the gas extraction unit, the gas from the bubbles is extracted with
a membrane contactor (3MTM Liqui-CelTM MM-0.5x1 Series), the same membrane
contactor as employed by Stowasser et al. (2012) and Rhodes et al. (2013), with the
former name G591.
Because the extracted gas still consists to a large fraction of water vapor, the humidity
in the gas is frozen in a water trap (stainless steel cup with steel wool, cooled to
∼ −89° C). The remaining gas is eventually transferred to liquid nitrogen-cooled
activated charcoal traps. These sample holders can be connected to the usual
purification setup introduced in section 4.2 to purify Ar and Kr.
The connections to the 1/4" straight tube connectors of the membrane contactor
are implemented with SwagelokR○ Ultra-Torr vacuum fittings. On the water side,
the Ultra-Torr vacuum fittings are connected to 1/16" metal tubes onto which the
silicone tubing of the CFA can be squeezed. On the gas side, the two arms of the
membrane contactor are joined and connected to traps, as shown in figure 9.1 and
9.2b),c).
The gas extraction unit includes several valves, indicated as V1, V2, and V3 in figure
9.1. V1 enables the disconnection of the gas extraction unit from the membrane to
evacuate it before sampling. V3 is used to connect or disconnect the vacuum pump
from the setup, depending on whether the system is being evacuated or sample gas
is trapped on the gas traps, respectively. V2 can be closed for a preliminary check of
the gas amount in one of the traps. With a calibrated volume between V2, V3, and
a gas trap (all but one are closed), the reading on the pressure gauge provides a first
estimate of the gas amount on the trap.

9.2 Extraction Procedure

The general mode of operation of the gas extraction unit is summarized in the
following. Before the melting of an ice core starts, the gas extraction unit is
evacuated. V1 is closed, V2 and V3 are open. The gas traps have been evacuated
beforehand and are all closed. When the melting commences, the water trap is cooled
to -89°C and V1 is opened once the membrane contactor is filled with meltwater,
this way all remaining gas in the membrane contactor is evacuated, typical pressures
reach about 0.1 mbar in the gas extraction unit. After about 1-2 minutes, the system
is well flushed and the gas can be trapped. For this, V3 is closed and one gas trap is
cooled with liquid nitrogen and opened. Thus, all extracted gas is frozen in the trap.
Typical pressures during the sampling are ∼1-3mbar, with a visible increase when
bubbles enter the membrane contactor.
The ice core sections are typically 1m in length but can comprise cracks. Once
a transition between ice core sections or cracks reaches the melt head, the liquid
film sealing the inner part of the ice core from atmospheric air can be interrupted,
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a) b) c)

Figure 9.2: a) Photo of the debubbler. Water and bubbles enter on the upper left, pure
water exits at the bottom, and overflow water and bubbles exit at the upper right.
b) Overview-photo of the gas extraction unit as schematically depicted in figure
9.1. c) Membrane contactor 3MTM Liqui-CelTM MM-0.5x1 Series with the water
side connected vertically and the gas side connected horizontally with SwagelokR○

Ultra-Torr Vacuum Fittings.

potentially enabling surrounding air to be sucked into the inner line. Therefore,
attention has to be paid that the gas trap is closed once a transition or crack reaches
the melt head or in case the ice core gets stuck in the melting system. By simply
closing the valve of the trap and opening V3, the potentially contaminated air can
be evacuated. Once the melting is in normal operation again, about 30 s of delay
is waited to evacuate all remaining air before V3 is closed and the gas trap opened
again.
The CFA system is running in a continuous mode, meaning that during the melting of
one ice stick the next one can be put on top without interrupting the melt procedure.
Therefore, each gas sample can consist of several ice sections with the corresponding
number of transitions.
The gas extraction unit currently includes up to five gas traps. Having these already
connected enables the switching to the next trap at predetermined depth intervals of
the ice core or when a trap is full.

9.3 First Tests

In order to test the gas extraction unit in a CFA setup, three melting campaigns
were conducted. In November 2022CE, a first test was conducted at the Institute
of Polar Sciences (ISP) at the Ca’ Foscari University, Venice. The objectives of
this first campaign were mainly to test how to connect the gas extraction unit to
the existing CFA system and identify possible improvements. Also, a first attempt
of the quantification of the potential contamination with atmospheric air by gas
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volume measurements was planned. The tests and outcomes are in detail discussed
in Urbach (2023) and are only briefly summarized here. To protect the membrane
contactor from dust particles in the meltwater, different types of filters were tested.
First conclusions were drawn regarding the dimensions of the water side part, the
volume of which has to be minimized to ensure a quick through-flow of the sample
gas and, thus, no mixing between the sample and subsequent contaminated gas, e.g.
from a transition, in stagnant volumes. The through-flow time and mixing between
water from consecutive ice core sections were analyzed by installing electrical con-
ductivity sensors before and after the membrane contactor (and its upstream filters).
Consecutive melting of ice from tap water and from desalinated, purified water gave
a clear and steep change in the signal before the membrane. With the delay of the
signal behind the membrane and the decrease in the slope of the conductivity change,
the timing of the through-flow and the mixing were evaluated and optimized.
Furthermore, in a first attempt to extract gas from glacier ice, ice sticks from leftover
samples from the Jamtalferner campaign (compare chapter 8) were melted and the
gas extracted. Urbach (2023) conducts a detailed analysis of the expected and
obtained gas amounts. Ongoing problems of the CFA system, due to clogging of the
tubes and problems with the melt head, resulted in some of the obtained gas samples
presumably consisting of larger fractions of atmospheric air. However, the comparison
of expected and obtained gas amounts proved inconclusive for a quantification of the
contamination. Also, measurements of CFCs, which would also be a sign for modern
air contamination (see the ages for Jamtalferner samples in chapter 8), proved incon-
clusive, possibly because the water trap freezes all CFCs before they enter the gas trap.

With the knowledge gained in the first campaign and some optimizations to the setup,
a second test of the gas extraction unit with the CFA at ISP, Venice was conducted in
September 2023 CE. After having shown the general feasibility of the gas extraction,
the focus was set on the quantification of atmospheric air contamination. With the
noble gas mass spectrometer available in the research group in Heidelberg, the idea
was developed to add an inflow of Ar gas from a bottle to the freezer in which the ice
core section and melt head are placed. By doing so, the air in the freezer is enriched
in Ar and any seeping in air at the melt head could thus be detected with elevated
Ar abundances in the gas sample, the measurement of which can very precisely
be conducted in the noble gas mass spectrometer lab at the IUP in Heidelberg.
Furthermore, also tube connections were wrapped in plastic bags and flooded with
Ar to detect any leakage into the tubes. To double-check the functioning of this
method, ice sticks with large cracks were prepared, melted, and the gas extracted
with the added Ar flow to show that contamination by surrounding air is detectable.
Marks (2024) includes a more detailed analysis of the results and the plots of the
noble gas concentrations are attached in figure A.5. Unfortunately, even the leaky
samples did not show strongly increased Ar concentrations, which puts into question
the significance of the test, and further evaluation of the quantification of intruding
atmospheric air was not possible. The reason for this failure is probably that the Ar
supply at ISP was very limited and therefore the inflow into the freezer was set too
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low to produce any detectable signal.
Based on the first tests, an internal report was registered at the Institue of Polar
Sciences, Venice (Spagnesi et al., 2023b).

9.4 CFA Analysis and Gas Extraction of an
Antarctic Ice Core

In September 2024CE, the opportunity arose to couple the gas extraction unit to
the CFA at the Alfred-Wegener-Institute (AWI) in Bremerhaven to test a real gas
extraction with subsequent ATTA analysis. A section of the 204 m long ice core B56
from the East Antarctic Plateau was analyzed with the CFA system. Details on the
coring location and data from the ice core can be found in Sagol et al. (2024) and
Weinhart et al. (2020). From the mean density of the ice section, the pore close-off
depth at the density of 830 kg/m3 (Cuffey and Paterson, 2010) was determined to a
depth of 95.57± 3.3m (Sagol et al., 2024; Baumbusch, in progress).
The objectives for the gas extraction campaign were the following: First, check the
gas tightness of the system by melting bubble-free ice (which was obtained from an
ice-sculpturing workshop) and checking for any obtained gas. Second, perform the
gas extraction during the CFA analysis of the ice core, optimize the setup, and test
how much gas is obtained per meter of melted ice. Third, measure the 85Kr content
of the gas to quantify the amount of atmospheric air that entered the system. 85Kr is
anthropogenic and has a half-life of 10.7 a, its abundance in old ice should therefore
be zero. With a known atmospheric abundance any increased amount of 85Kr can
then be translated into a relative contamination. Fourth, measure 39Ar abundances
and corresponding ages to determine the gas age-ice age difference (∆age) in the ice
core.
The pores in the firn above the pore close-off depth are in theory still connected to
the atmosphere and therefore should show modern signatures. Thus, to perform the
mentioned objectives, only ice from below the pore close-off depth was used for the
gas extraction. Figure 9.4 shows in blue the age-depth timescale for the lower (below
pore close-off depth) part of the B56 ice core derived in Sagol et al. (2024). It is
based on absolute age markers from known volcanic eruptions and ash layers, as well
as sea-salt and sulfate measurements. Furthermore, the figure depicts in green the
depth intervals that were sampled. In total seven gas samples were taken. In table
9.2, the samples and their respective depth intervals, lengths, and also gas yields are
listed.
During the melt campaign in the CFA lab at AWI, melt speeds were typically
stabilized to about 3 cm/min. With an area of 26x26mm of the inner section of
the melt head, this amounts to a meltwater flow of about 20ml/min. To ensure a
well-sealed inner section of the melt head, less melt water was pumped from the inner
part than was melted by setting the peristaltic pump to a speed of 12-13ml/min.
The campaign at AWI was conducted together with a bachelor student as part of
her bachelor thesis, where more of the details on the different tests and results can
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be found (Baumbusch, in progress).

9.4.1 Results

To address the first objective, bubble-free ice was melted with the CFA system and
the resulting trapped air on the gas trap was checked. The results are listed in table
9.1 and show gas yields an order of magnitude lower than in the glacier samples.

Table 9.1: Results of the CFA gas extraction from bubble-free ice. The relative gas yield
was calculated by comparing the gas yield in the bubble-free sample to a real ice
sample, for details see main text.

Sample Length
[cm]

Air
[mlSTP]

Gas yield
[mlSTP/m]

Rel. Gas yield
[%]

Bubble_Free_1 171.7±1.8 0.51±0.07 0.30±0.04 1.70±0.24
Bubble_Free_2 97.3±1.0 0.14±0.06 0.14±0.06 0.49±0.21

To address the second objective, the amount of extracted gas was checked after each
sample section. The first sample which was extracted was sample B56_144_148.
During this first run, the pumping speed of the peristaltic pump was set to 9-
10 ml/min, which is enough flow for the CFA analysis without gas extraction. With
a melt speed of 3 cm/min, this resulted in a larger overflow to the outer section of
the melt head (compare figure 9.1) and, thus, an unnecessary loss also of sample
air. The significantly lower gas yield per meter of ice can be seen in table 9.2. After
noticing this, the pump speed was increased to 12-13 ml/min, resulting in larger gas
yield values. With an air extraction of around 30ml STP/m, about 3m of ice core
are needed to obtain the 100 ml STP of gas needed for 85Kr, 81Kr, and 39Ar analyses.

For an additional and more quantitative analysis of the air contamination of the
samples, the third objective of the campaign, the measurement of 85Kr was planned.
As the capabilities of an 85Kr analysis, especially with low gas volumes, are still being
implemented in the Heidelberg ATTA facility, the analysis was done in cooperation
with the ATTA group at the University of Science and Technology of China (USTC)
at their laboratory in Hefei, China. From each gas sample, Kr and Ar were extracted
and purified such that for each sample 85Kr as well as 81Kr and 39Ar abundances can
be measured. The results for 85Kr are given in table 9.2 and are plotted in figure 9.3.
The abundances are given in percent relative to the atmospheric reference sample
’Bremerhaven Air’, which was taken for this purpose in the CFA laboratory at AWI.

To address the last objective, the 39Ar abundance of a first sample, B56_109_113,
has been measured at USTC as well. It resulted in 23± 3.2pmAr which translates
to an age of 580+58

−42 a.

113



9 Gas Extraction from Continuous Flow Analysis

Table 9.2: List of the gas samples taken during the CFA melting campaign of the B56
ice core. The respective depth intervals, lengths, and gas yields are listed as well as
the results of the 85Kr analysis. The sample ’Bremerhaven Air’ is an air sample from
the CFA laboratory at AWI that was taken as the atmospheric reference. Data for
length, contained air amount (air), and air per meter of ice (gas yield) are taken from
lab notes and their analysis in Baumbusch (in progress). The length was corrected
for the times during which the gas trap had to be closed after transitions and cracks
(see section 9.2).

Sample Name Depth
[m]

Length
[cm]

Air
[mlSTP]

Gas yield
[mlSTP/m]

85Kr
[dpm/cc]

B56_99_102 99-102 250.4±2.6 77.2±2.3 30.8±1.0 2.94±0.24
B56_102_106 102-106 330.1±3.3 106.6±3.2 32.3±1.0 2.18±0.19
B56_106_109 106-109 279.0±2.8 90.1±2.7 32.3±1.0 1.32±0.29
B56_109_113 109-113 332.4±3.4 90.5±2.7 27.2±0.9 1.07±0.21
B56_113_116 113-116 256.1±2.6 70.3±2.1 27.5±0.9
B56_116_120 116-120 354.2±3.6 95.4±2.9 26.9±0.9 0.96±0.22
B56_144_148 144-148 346.1±3.5 60.3±1.2 17.4±0.4
Bremerhaven Air 59.9±1.8 78.12±3.43

9.4.2 Discussion

Gas Yield

A first unknown of the gas extraction from the CFA of glacier ice was the gas yield
which would be achieved. A more thorough evaluation taking into account the higher
pressures in the bubbles in the ice, their temperature, and the density of the sample
ice will be presented in Baumbusch (in progress). Here, a simplified evaluation is
presented only to roughly estimate the extraction efficiency of the setup. Cuffey and
Paterson (2010) state that for polar ice, the air content in ice can be expected to
be about 10% in volume. In a simple calculation with an inner melt-head area of
26x26 mm and an air content of 10%, a ∼1.5 m long section of an ice core is needed to
obtain 100ml STP of air which would be a gas yield of ∼67ml STP/m. The results
in table 9.2 show that during the extraction a bit less than 50% of that value was
obtained and with this about 3m of ice core are required for a sample. Partly, this
can be attributed to the fact that not all melt water (and with this all bubbles)
is pumped into the inner tube by the peristaltic pump, as the pump speed is kept
below the melting speed to ensure a well-sealed inner part of the melt head. In this
case, of the melted 20 ml/min only 12 ml/min were pumped into the debubbler. This
factor alone decreases the expected gas yield from 67 to ∼40ml STP/m.
Another factor that could lead to a decreased gas yield is the solubility of gases
in water and the extraction efficiency of the membrane contactor. This question
was addressed in the bachelor thesis by Urbach (2023), which was supervised in the
scope of this thesis. It addresses the extraction efficiency of Ar from air-equilibrated
water by the membrane contactor. The results all show efficiencies not significantly
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Figure 9.3: 85Kr abundances vs. depth given relative to the atmospheric sample ’Bremer-
haven Air’ with 78.12± 3.43 dpm/cc (see table 9.2).

deviating from 100%, however, parts of the melt water flow towards the online
analyses and do not pass the membrane contactor, thus, potentially leading to a
small gas loss.
Other potential reasons for a lower gas yield are discussed in Baumbusch (in progress),
including the stronger gas loss at lower pump speeds, potentially indicating a
preferential loss of gas relative to water through the flow from the inner towards the
outer part of the melt head.
All in all, the required 3 m of ice core per sample provides a reasonably good resolution
and should not limit the application of this gas extraction method.

Atmospheric Air Contamination

The quantification of potential atmospheric air contamination of the extracted gas
was a major objective of this campaign. Two approaches were conducted to obtain
data. First, bubble-free ice was melted with the CFA, and the gas extraction was
conducted as usual. From the obtained gas, which should not stem from the ice
itself, the contamination can be quantified. As a first step, the bubble-free ice was
melted in the usual bucket for gas extraction from ice (see section 4.2), and its air
content was quantified. It resulted in 0.04 ml STP/kg (ml STP air per kg of ice, which
translates to a total of approximately 0.024ml STP/m, ml STP air per m of CFA
ice stick, not considering loss through the channels mentioned above). In the CFA
lab at AWI, two sticks of bubble-free ice were melted and their gas was frozen in
the gas traps. The first sample, Bubble_Free_1, was melted with the lower pump
speed of 9ml/min and consisted of 8x24 cm pieces, so that the test incorporated
transitions and is, thus, very close to the real sample melting scenario. The second
sample, Bubble_Free_2, was melted at the higher pump speed of ∼13ml/min but
only consisted of one 1 m piece without transitions or cracks. Table 9.1 summarizes
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information on the two samples and the amount of air extracted. It can be noted
that the gas yield of ∼0.024 ml STP/m of the bubble-free ice (see above) is an order
of magnitude lower than the gas yield obtained from the bubble-free ice when melting
with the CFA (see table 9.1). This means that the extracted gas during the CFA
melting of the bubble-free samples originates from atmospheric air that entered the
CFA system during sampling, e.g. due to tube connections that are not entirely
gas-tight, due to an imperfect sealing between the melt head and ice core or due to
a too short flushing time of the membrane contactor after transitions between ice
sticks.
To quantify the amount of seeped in atmospheric air into the CFA system, the
air extracted from bubble-free ice is put in relation to the amount of air extracted
from a real sample under similar conditions. To do so, the gas yield of sample
Bubble_Free_1 is divided by the gas yield of sample B56_144_148, as both were
melted with a lower pump speed. The sample Bubble_Free_2 was evaluated in
relation to the mean gas yield of samples B56_99_103 to B56_116_120, as they
were all melted with the same higher pump speeds. The resulting relative gas yield
is given in the right column of table 9.1 and results in 1.70 ± 0.24%, respectively
0.49 ± 0.21%. Because the different pump speeds are already corrected for in the
relative values, the obvious alteration in the melting procedure which can explain the
significant difference between the two relative gas yields is the number of transitions
in the samples. While Bubble_Free_1 had 7 transitions between 8 short pieces
of ice, Bubble_Free_2 only consisted of one large piece, which makes the value
from the first sample a more realistic estimation. As described in section 9.2, the
potential atmospheric air that enters the inner CFA part at the transitions enters the
membrane contactor and is flushed out by closing the gas trap and opening the gas
extraction unit to the vacuum pump for a certain time. It seems that this procedure
successfully suppresses atmospheric air contamination down to 1-2%, however does
not prevent it entirely. For future campaigns, this is an aspect which should be
improved. In the outlook in section 9.5, an idea is put forward that could eliminate
this issue.

The second approach was to measure the 85Kr abundances in the gas samples.
With its low half-life of 10.7 a there should not be any 85Kr in the ice well below
the pore close-off depth. Atmospheric values are around 80 dpm/cc (78.12 ± 3.43
measured in Bremerhaven air as part of this campaign). Any increased 85Kr abun-
dances in the gas samples of the lower ice sections can therefore be attributed to
atmospheric contamination. The results are listed in table 9.2 and plotted in figure
9.3 and show values of 1.0-1.5% of atmospheric 85Kr for the samples below 110 m and
can be interpreted as indicating an atmospheric contamination of this magnitude.
This agrees well with the findings of the bubble-free ice tests.
Samples B56_99_102 and B56_102_106 show significantly higher 85Kr abundances.
As these samples are from depths close to the pore close-off depth, this is interpreted
as an influence of the not yet fully closed pores in the ice, which adds a minor
influence of modern air to the gas. For now, this is hard to check, however, the trend
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towards higher values closer to the pore close-off depth supports this interpretation.
In summary, with contaminations below 2% resulting 39Ar or 81Kr ages can be
corrected well with the 85Kr results, as e.g. done in Ritterbusch et al. (2022). Never-
theless, as mentioned, ideas to lower the contamination are being implemented, see
the outlook in section 9.5.

∆age and Gas Age at Pore Close-Off

The gas age-ice age difference (in the following referred to as ∆age) stems from the
formation of glacier ice. Under continuous accumulation at the top, the firn column
builds up until the overlying weight compresses the firn to a point where the pores
are not interconnected anymore. Above this pore close-off depth, the interstitial air is
still in contact with atmospheric air and therefore younger than the surrounding ice
matrix. Thus, there is a difference in the age of the glacier ice and the gas bubbles it
contains. From this, it is directly understandable that the ∆age is therefore a proxy
for the thickness of the firn column and the accumulation rate.

Figure 9.4: Plot of the ice age-depth timescale of the B56 ice core from Sagol et al. (2024)
applying to the right ice age-axis. The orange data point depicts the measured 39Ar
age where the left age axis applies as gas age. Both y-axes are shifted such that a
gas age of 0 a corresponds to the ice age at pore close-off depth (2399 a at 95.57m).
The light-orange shaded area around the timescale indicates the uncertainty range of
the pore close-off depth, which translates to an uncertainty of the timescale on the
gas age axis. The green areas mark the depth intervals of taken gas samples (listed
in table 9.2).

Determining the ∆age is especially important when studying atmospheric gas fluctu-
ations and their timing (Schwander and Stauffer, 1984; Bender et al., 2006; Buizert
et al., 2015). It can, however, also serve as its own proxy e.g. to determine past
surface temperatures as proposed by Buizert (2021). The ∆age is usually determined
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from firn-densification modeling or ice flow modeling (Buizert et al., 2015), or empir-
ically e.g. from synchronizing abrupt atmospheric methane variations from different
datasets (Bender et al., 2006) or with volcanic deposits (Buizert et al., 2021). ∆ages
for polar ice cores can reach up to a few ka while for Alpine regions, they are usually
a few decades.
By measuring the 39Ar abundance in an ice core, the gas age can be determined and
compared to the ice age derived from other tracers. In the case of the B56 ice core,
the sample B56_109_113 was analyzed for 39Ar. In figure 9.4 the B56 timescale is
plotted against the ice age (right axis), while the 39Ar result is plotted against the gas
age axis on the left. Both y-axis are shifted relative to each other so that a gas age of
0 a corresponds to the ice age of 2399 a of the timescale at the close-off depth (95.57 m).
The uncertainty of the pore close-off depth, ±3.3m, translates to an uncertainty in
the timescale on the gas age axis and is indicated by the shaded light-orange area
around the timescale. The B56 timescale within its gas-age uncertainty agrees well
with the 39Ar age. Thus, the gas age of the sample corroborates the B56 timescale
and the value for the pore close-off depth. Furthermore, the slight tendency of the
39Ar age towards older ages could be an indication of non-zero gas ages at the pore
close-off depth. This would agree with the trend visible for the 85Kr data in figure
9.3, where extrapolation of the increase of 85Kr abundances towards the pore close-
off depth does not seem to reach atmospheric values, although this is hard to quantify.

9.5 Summary and Outlook

The presented endeavor has successfully implemented a gas extraction unit for a con-
ventional CFA system. With this discrete gas sampling system, gas for a subsequent
ATTA analysis of 39Ar as well as 85Kr and 81Kr can be sampled without the need for
extra ice. This is an important step forward, as the ice amounts needed for an ATTA
analysis still amount to several kilograms which have so far been melted entirely and
thus lost for any further analysis. The gas extraction system fits into a large suitcase
and can therefore readily be taken to any CFA laboratory when there is interest in
dating with the mentioned tracers. Furthermore, as it is essentially a discrete gas
sampling system the subsequent analysis is not limited to the ATTA tracers but can
in theory be applied to any gaseous tracers that can be trapped at liquid nitrogen
temperatures and that do not diffuse through the silicone tubing, as it might be the
case for the very light species (H, He). Also, highly soluble gases like CO2 would be
problematic, as parts of the dissolved gas would not pass the membrane contactor
but exit at the bottom of the debubbler towards the online analyses.
In order to validate the system, several tests have been conducted to quantify the
gas extraction efficiency of the system and to evaluate potential contamination of
atmospheric air. The gas extraction efficiency is highly influenced by the ratio of
pump speed to melt speed, which can routinely be quite low in conventional CFA
systems. Increasing the pump speed and thus the fraction of meltwater which is
transported through the inner part of the CFA system, directly increases the gas

118



9.5 Summary and Outlook

yield. However, attention has to be paid that the interface between the ice core
and melt head never runs dry due to too high pump speeds. As a result, the gas
yield from an Antarctic ice core was around 30 ml STP per meter of melted ice. This
necessitates about 3m of ice core for a 100ml STP gas sample from which all three
ATTA tracers can be measured.
The topic of contamination has been approached in two ways. First, bubble-free ice
was melted and the extracted air was quantified and interpreted as a direct measure
of contamination by atmospheric air. The evaluation resulted in values of around
1-2% of contamination relative to the expected gas yield of a real sample. Two
samples with differing amounts of contamination give a hint that the contamination
most probably originates from the transitions between the ice samples, which were
not sufficiently flushed out.
Second, 85Kr was measured on the extracted gas from an Antarctic ice core. Its
abundances of about 1.5% of the atmospheric abundance in the samples away from
the firn ice transition are interpreted as intruded atmospheric air and thus result in a
very similar estimation of atmospheric air contamination as the test with bubble-free
ice.

Figure 9.5: Gas extraction unit with an added three-way valve (green) before the membrane
contactor. It can help to redirect the flow during each transition of ice samples and
thus suppress the influence of atmospheric air in the membrane contactor.

This result is already satisfying and enables precise dating via 39Ar and 81Kr, en-
hanced by simultaneous measurements of 85Kr to enable a correction for atmospheric
contamination. However, a simple addition to the gas extraction unit can in the
future help to reduce contamination originating from modern air entrapped in the
membrane contactor after a crack/transition has passed through. Adding a three-way
valve to the tube connecting the debubbler to the membrane contactor, see the green
valve in figure 9.5, can enable the simple redirection of the flow of water and gas
during each transition. Thus, the membrane contactor never gets in contact with
contaminated air and therefore does not need to be flushed.
Furthermore, a better understanding of the process of the bubble close-off and of the
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age distribution in the gas just above and below the firn-ice transition is necessary
to interpret the data. Finding and applying models to these processes will be a next
step in the analysis.
In summary, the gas extraction method is well quantified and should enable more
efficient use of ice cores by enabling e.g. ATTA analysis without additional ice
demands. This can potentially be important for projects like Beyond Epica Oldest
Ice, where radiometric dating with 81Kr can provide time constraints, especially in
the unstratified bottom section, while the ice is so limited that even assigning 1 kg of
ice for such an analysis is difficult.
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While working on this thesis and supervising the ATTA 1 lab a multitude of samples
from different projects were measured (compare table A.5). Some of them are part
of PhD, master, or bachelor theses from colleagues of the HydroTrap research group
and the ATTA collaboration of the IUP and the KIP. Other samples were part of
collaborations with external partners who conducted other analyses and combined
them with the 39Ar data. Two of these projects are also related to ice dating and
have thus been worked on in close collaboration with the author. They will be
summarized in the following section. Both projects show the value of 39Ar as an
age-dating tracer bridging the gap between 14C ages and modern tracers covering
the past century.

10.1 Dôme du Goûter - French Alps

Already in 1999, an ice core was drilled at the Dôme du Goûter (DDG) in the French
Alps and was finally analyzed in the past years. The project is led by colleagues
from Université Grenoble Alpes, Grenoble, France, and from the Desert Research
Institute, Reno, Nevada, USA. The detailed results are in the process of publication
(Legrand et al., submitted) and are only shortly portrayed here with a focus on the
dating effort.
Chemical analysis was conducted with a CFA system, measuring Na, Mg, P, S, Cl, Ca,
Al, Fe, Ce, Pb, and NO3, NH4 as well as δ18O. Concerning the dating of the ice core,
radiocarbon was measured on the particulate organic carbon in twelve ice samples,
and 39Ar in the air bubbles of the ice was measured in five ice samples. Furthermore,
distinct changes in heavy metals were used as tie points for age information. In
figure 10.1, the age data is plotted against the depth of the ice core. The black line
indicates a Bayesian age-depth model based on 137Cs, and Pb data as well as four
out of five 39Ar and eleven out of twelve 14C age data points (the oldest 39Ar and
14C data points not considered for the model because of their large age uncertainties.
The oldest 14C datapoint is not displayed in figure 10.1, it exhibits an age range of
∼ 4 − 36 ka cal BP). In the plot, it can be seen how the uncertainties of the 14C
measurements become very large for ages < 1000 a. 39Ar data fills this dating gap
and shows a good agreement with the trend of the other tracers.
The significance of the dataset is quite high, as it is the first well-preserved ice core
record from the European region dating back to the last climatic transition and the
Younger Dryas. It provides aerosol records as well as sea-salt and dust deposition
from the Younger Dryas through the Holocene, thus comprising information on
changes in wind, vegetation, and aerosols in Europe.
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Figure 10.1: Dating of the DDG ice core from the French Alps. Top: deeper part of the
δ18O record. Bottom: Depth vs. age plot of the 14C and 39Ar measurements as well
as other tie points. The solid black line indicates the Bayesian depth-age model. The
dashed black line indicates a linear extrapolation of the age model based on δ18O
values. Figure adapted from Legrand et al. (submitted).

10.2 Foxfonna Ice Cap - Svalbard

In an effort to learn more about the glacial history of Svalbard, a horizontal ice
core was retrieved from the Foxfonna ice cap, in May 2021. The project is led by
colleagues from NILU, Norway, and Paul Scherrer Institute, Switzerland, and aims
to extend the ice core records of Svalbard beyond the current 1200 a (Beaudon et al.,
2013; Divine et al., 2011).
The Foxfonna ice cap is located close to Longyearbyen at an altitude of around
800 ma.s.l. and therefore offers easy accessibility by snowmobile. Recently, years of
negative mass balance revealed concentric circles of isochrones, as seen in the top
right of figure 10.2. Starting from the top, ice was taken from eight sampling locations
in a line perpendicular to the isochrones. Samples from all locations were analyzed
for radiocarbon in their dissolved organic carbon (DOC) and their water-insoluble
organic carbon (WIOC) at Paul Scherrer Institute in Switzerland. Additionally, 39Ar
was measured for all except the lowermost sample.
In the left part of figure 10.2, the determined ages are plotted against the horizontal
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distance from the ice cap summit (P1). The data nicely shows an age gradient
downslope from the top, reaching from about 300 a cal BP to almost 2000 a cal BP. In
the dataset, the DOC-14C ages agree well with the 39Ar data, while the 14C-WIOC
ages are overestimating the age. At the ice margin of the ice cap, dead moss was
revealed by the retreating glacier and could be 14C dated to ages around 1300 a cal BP
and 1600 a cal BP. The age data shows that the Foxfonna ice cap offers convenient
and low-effort access to almost 2000 a of Svalbard’s climate history.
The project is ongoing and a detailed analysis will be published soon (Hartz et al.,
in preparation).

Figure 10.2: Left: Plot of the age dating results with 14C-WIOC and -DOC as well as
39Ar against the horizontal distance of sampling point P1 at the summit of the ice
cap. Samples of dead moss from underneath the retreating ice cap were 14C dated
and are indicated as well. Right: Location of the Foxfonna ice cap and a satellite
photo (toposvalbard.npolar.no) of the ice cap with the isochrones and indications
of the sampling locations. Figure and overview of sampling locations courtesy to T.
Jenk and W. Hartz. Overview map of Svalbard from sribblemaps.com.
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The work presented in this thesis can be separated into two main parts. The first
aspect is the work in the field of atom optics in the ATTA laboratory, being con-
cerned with the improvement of the experiment and the conduction of long-term
measurement operations. Due to a large queue of environmental samples from various
projects, this was the first and immediate focus. The performance of the ATTA
apparatus had been significantly reduced since 2019 due to a larger hardware accident
destroying the source chamber. Therefore, over the first two years of this PhD project,
a focus was laid on optimizing the setup, finally regaining high count rates. The
technical progress made during this stage of the project is summarized and is limited
here to the key findings to enhance the performance. The main factor that was
found to enhance the count rates to values of 6-7 39Ar atoms/h was the positioning of
the collimator, which was evidently placed too far behind the metastable Ar source.
Various other tests were conducted over time to characterize the apparatus and
to test different parameters of the components. Furthermore, many parts of the
laser system, electronic units, and vacuum components were changed and optimized
to improve aspects like the monitoring system and performance stability. Also, a
project to establish an online database for ATTA measurements was started with
the computing division of the KIP, in close arrangement regarding progress and
exact implementation. Listing all these steps goes beyond the constraints of a PhD
thesis, however, several supervised bachelor and master theses are mentioned in the
according sections and give an overview of the progress.
Besides the technical improvements, driven by the urgency of several environmental
projects, longer intervals of sample measurements were conducted, including projects
from groundwater, ocean, and first ice campaigns. Furthermore, a pilot study on the
measurement of 39Ar in the pore gas of permafrost was conducted, revealing enriched
abundances with respect to the atmospheric value. This sparked several projects to
build a better understanding of subsurface production of 39Ar and its possibility to
serve as a surface exposure dating tracer.
After reaching high count rates of 6-7 39Ar atoms/h again in spring 2023, a year of
almost exclusive measurement operation commenced, providing many of the mea-
surements this thesis is based on, but also from several other projects. In total 216
environmental samples were measured during the roughly 3.5 years during which the
apparatus was supervised by the author.

The second aspect of this thesis is the application of the 39Ar dating tracer to
Alpine ice. The aim was to establish 39Ar measurements as a well-understood and
routinely applicable tracer for ice dating. To do so, several sampling campaigns were
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conducted in close collaboration with the project partners from the Institute for
Interdisciplinary Mountain Research in Innsbruck. This thesis presents two of these
projects. One is concerned with the summit glacier of the Weissseespitze, where 14C
data was already available from a former publication. Adding 39Ar data for the upper
part of the ice column enabled the complete coverage of the age-depth profile with
age data points and, thus, the fitting of an analytical age-depth model. A precise
age scale reaching back more than 6000 a is established and can be applied to other
depth-resolved tracer data. The second discussed project is about the low-altitude
Jamtalferner glacier, a glacier that has experienced large advances and retreats in the
last centuries, closely impacting human activities around it. 39Ar data shows younger
ages (< 200 a) for the intermediate part of the glacier and can resolve the older ages
(> 300 a) at the tongue. In combination with 3H data and surface exposure ages from
moraines, based on 10Be and pilot 39Ar measurements, it can resolve the younger
glacial history of the mountain valley.
In addition to these projects, two glacier applications led by external project part-
ners have been worked on that will soon be published and which are only briefly
summarized here. One provides a complete Holocene ice core record for Europe, and
the other one extends the ice core record of Svalbard at an easy-access glacier site.
Besides the application of 39Ar measurements to glaciers, two more fundamental
aspects of 39Ar dating of ice samples are addressed in this thesis. First, the question
of possible atmospheric contamination of long-stored ice samples by diffusion of Ar
into the ice is evaluated. The results show that there is no immediate problem for
samples that are stored for a few decades at temperatures below -20°C. However,
more precise measurements in the future are needed to further constrain this process.
Second, the comparatively large ice consumption of an ATTA measurement was taken
as a motivation to design, test, and apply a new gas extraction system. For valuable
ice samples, the requirement of several kilograms of ice can cause a measurement
of 39Ar, or also 81Kr, to be considered too costly. By presenting a gas extraction
system that can be coupled to the waste line of a CFA, a method routinely applied
to many ice cores, a measurement of 39Ar or 81Kr can in the future be conducted
without any extra need of ice.

Many topics can be given as an outlook. On the technical side, the ATTA technol-
ogy still needs further improvements to become a routinely applicable and reliably
working method. Especially in the case of 39Ar, there is an urgent need for higher
count rates to reach higher precision. One of the major next steps will be the
design of a magnetically enhanced discharge source as presented by Yan et al. (2023).
Furthermore, many small improvements are needed to optimize the current design of
the discharge source. A source design with lower liquid-nitrogen consumption and
theoretically better cooling performance was already introduced by Robertz (2023),
however, it yet needs to be fully characterized and equipped with an aluminum-nitride
tube to exceed the performance of the current design. Furthermore, the thermal
drifts of the current collimator are a well-known problem and should soon be reduced
by implementing the new and more stable collimator design in the measurement lab.
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Also, investigating the possibility of a helical-resonator type source, instead of the
open antenna used at the moment could enhance the stability of the system. Other
ATTA laboratories employ this design and do not experience thermal drifts of their
collimator.
Parallel to the current ATTA setup, a new ATTA laboratory is being set up, offering
the new capability to measure also 85Kr. With two functional ATTA labs in the fu-
ture, the contradiction of technical progress and routine measurements will hopefully
soon be overcome.

A very different aspect might influence the dating with 39Ar in the future. In
a recent, although not yet peer-reviewed publication, DEAP Collaboration et al.
(2025) have measured the half-life of 39Ar in the DEAP-3600 detector on several
thousand kg of Ar by decay detection. After 3.4 a of measurement time, their result
amounts to T1/2,39Ar,new = (302± 8stat ± 6sys) a. This is significantly different from the
former result of 268± 3 from Golovko (2023) and would shift all 39Ar ages towards
older values. The publication also calculates a corrected atmospheric 39Ar abundance
of (8.6± 0.4)× 10−16 39Ar/Ar.

Concerning the ice dating projects, several more samples are in the pipeline to
be measured. For the age profile of the Weissseespitze, it is planned to measure
more samples to create an overlap of 39Ar and 14C data. This will tie down the
age-depth relationship even more and enable the direct comparison of the two tracers.
For the Jamtalferner, measurements on an ice core from the summit of the glacier
(Jamspitze) are planned, to get a better understanding of the higher part of the
glacier system. With the hopefully soon-to-be-implemented capability of measuring
85Kr, measurements from ice samples will become more reliable as any potential
contamination with atmospheric air can be detected and corrected.

With the accelerating mass loss of glaciers in the Alps, the urgent need for fur-
ther sampling campaigns to secure more records of this quickly disappearing archive
is evident. The current campaigns will therefore surely be followed up by further
projects where 39Ar will play an important role in tying down the age distribu-
tions. With the now well-understood and well-controlled routines of sample selection,
preparation, and measurement, the ATTA technology is ready to meet these needs.
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11 Project Conclusion and Outlook
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A Appendix

Table A.1: AOM frequencies.
AOM frequency [MHz]
Booster 194.0
ZSL 166.5
Col 208.0
MOT 206.0
1.RP 91.7
2.RP 211.3
Beat 120.0

Table A.2: Power supply parameters.
Power Supply Voltage [V] Current [I]
ZSL 47.5 11.4
MOT 20.0 10.2
MOL 0.4 1.25
Comp 16.0 4.6

Table A.3: Laser powers after TA fibers. The Greek letters are indicated in pink in figure
5.6 to give the position of the measurement. Values are given as lower limits which
were usually aimed for when optimizing the setup before measurements.

Laserpath Power [mW]
α >590
β >600
γ >500
δ >750
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A Appendix

Table A.4: Laserpowers of each component and each frequency which have proven to
ensure count rates around 6 39Ar atoms/h over more than one year and more than
100 sample measurements. The powers were measured in the fibers leading to the
experiment, except the MOT H2 value that was measured in front of the respective
in-coupler of the fiber bench (as the fiber bench was completely stable over the last
years, the power in the H2 axis is directly related to the other MOT axes. The other
axes are not as easily accessed with the current power meter). All values should not
be interpreted as strict values, but rather as guidelines. Especially for the repumper
frequencies, slightly lower powers have not shown any strong impact on the count
rates.

Component Cooler [mW] RP1 [mW] RP2 [mW] RP3 [mW]
Col 1 210 20 25 7
Col 2 215 10 18 6
MOL H 17 12 17
MOL V 26 12 13
Quench 22
ZSL 100
Booster 19
MOT H2 21 2.5 5

Figure A.1: Titlepage of the Physik Journal, November 2021, showing a photo of the
sampling campaign on the Jamtalferner. Photo taken by W. Aeschbach.
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Figure A.2: Image of the ice surface at WSS summit, August 2022. A dust layer is melting
out spatially homogeneously. Photo by A. Fischer.

Figure A.3: Result of the 14C measurement from the wood piece from Urezzajoch.
Analyzed with OxCal v4.4.4, measurement performed at the Vienna Environmental
Research Accelerator facility.
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Figure A.4: Effective diffusivity vs. mean concentration for the DDG-test sample with
2 mm cutoff.

Figure A.5: Results for noble gas concentrations from the CFA leak tests with increased
argon atmosphere around melthead and tube connections (compare section 9.3). The
green, dark-green, and red data points are from samples with prepared large cracks
and increased argon concentrations around the melt head. The orange data point is
from a sample without obvious cracks and increased argon concentrations around the
melt head. Blue is from the leak test of tube connections. Atomspheric ratios are
indicated with a black dot. Plots taken from Marks (2024).
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a)

b)

Figure A.6: The relative 38Ar LR measured against the beam polarization of the prec-
ollimator molasses. a) for linear polarization, b) for circular polarization. Figure
adapted from Kundy (2023).
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Table A.5: List of all environmental samples measured during the author’s supervision of
the ATTA 1 lab.

Nr Sample Nr Sample
1 Poly_Test 109 JamKern_P11_P12
2 Poly_upper 110 WSS_Surface_1+2
3 Poly_lower 111 StubaiKern_9to12
4 Auro_lower 112 StubaiBlock_6
5 Auro_upper 113 Svalbard_Foxfonna_P1
6 Permahot 114 HG2
7 ZeggeHO5 115 ETH Arktis 889
8 ZeggeHO6 116 Oregon_2
9 ZeggeHO7 117 ETH Arktis 888
10 ZeggeHO8 118 ETH Arktis 890
11 ZeggeHO9 119 ETH Arktis 589
12 ZeggeHO1 120 Arktis 46_4
13 ZeggeHO2 121 Arktis 28_10
14 ZeggeHO3 122 Arktis 28_8
15 HollandVO1 123 Arktis 46_4
16 Beitenholz01 124 Arktis 46_10
17 HollandHO4 125 Bermuda_12
18 HollandVT12 126 HG3
19 ZeggeHO13_water 127 Jam58
20 ZeggeHO10 128 Arktis_46_8
21 ZeggeHO11 129 Svalbard_Foxfonna_P1
22 HO12 130 Svalbard_Foxfonna_P2
23 HollandVT5 131 Arktis_46_6
24 HollandVT4 132 Arktis_46_8
25 HollandVT3 133 Arktis_46_10
26 Holland_HO11_2 134 CDG_41_01
27 HollandVT2 135 CDG_35a
28 HollandVT7 136 ETH481
29 HollandVT1 137 CDG_39
30 HollandVT8 138 Arktis_46_2
31 HollandVT6 139 CDG_34
32 HollandVT6 140 ETH_493
33 Oman#5 141 Arktis_46_6
34 Arktis_20_3_12 142 Arktis_46_12
35 jam1C 143 ETH_487
36 Arktis 20-3-18 144 ETH_487
37 Jam1C 145 CDG_36_37
38 Oman#8 146 StubaiKern_1to8
39 Oman#1 147 Arktis_46_12
40 Jam52 148 Arktis_46_2
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41 Arktis 20-3-6 149 ETH_585
42 Belgien16C 150 StubaiBlock_6
43 SchwetzingenT7 151 Arktis_28_12
44 Oman#2 152 ETH_585
45 Belgien54C 153 Arktis_28_6
46 Belgien54C 154 Arktis_28_6
47 SchwetzingenT4 155 Svalbard_Foxfonna_P3
48 Arktis-20-3-16 156 Svalbard_Foxfonna_P6
49 SchwetzingenE49_2 157 JamKern_P31_P32
50 Jam59 158 Arktis_28_12
51 Schwetzingen_E36_2 159 JamKern_P21_P22
52 Arktis_20_3_2 160 Arktis_28_14
53 SchwetzingenT1 161 23_11_23_Arktis_28_14
54 Jam1C 162 Geo C
55 Jam52 163 Arktis_28_2
56 Arktis 20-3-14 164 Arktis_28_2
57 HollandVO2 165 Jam_2B
58 HollandVO3 166 ETH_490
59 HollandVO3 167 ETH_490
60 HollandVT10 168 Arktis_28_3
61 Oman#4 169 Jam 2B
62 HollandVT11 170 Jam_Urezza_Block_A
63 HollandVT13 171 Arktis_20_3_4
64 HollandVT14 172 Arktis_20_3_10
65 HollandVT9 173 Arktis_20_3_6
66 HollandVT15 174 WSS_Kern_2023_1_Run_5
67 Holland VT17 175 Arktis_20_3_16
68 HollandVT16 176 ETH_489
69 HollandVT18 177 WSS_Kern_2023_1_Run_1_2_upper3
70 HollandVT19 178 ETH_489
71 Oman#6 179 WSS_Kern2023_1_Run_lower3_4
72 EST_Trigii2 180 Jam_2B
73 OM20NSHQ14 9-29 181 SNI1_GP_PT2
74 Oman#10 182 Arktis_46_8
75 Est_Modriku_1 183 Arktis 20_3_2
76 Jam3B 184 ETH_494
77 EST_Trigii3B 185 ETH_494
78 EST_2789 186 PLM6PT4
79 EST_13675 187 Oman_9
80 EST_13675 188 ETH_489
81 OM20NSHQ14 9-29 189 Jam_23_05
82 SchwetzingenT1 190 Svalbard_Foxfonna_P3_2
83 Permahot_2 191 Oman_8
84 ColDuDome_test 192 cont_sample_1
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85 Oman #9 193 ETH_488
86 Oman #22 194 ETH_488
87 Oman #29 195 Svalbard_Foxfonna_P4_2
88 Bermuda_12 196 Svalbard_Foxfonna_P5_2
89 Oregon_3 197 Stei_10
90 Oregon_6 198 Gran_grob_K1
91 Arktis_20_3_4 199 Oman_2
92 Arktis_20_3_8 200 Svalbard_Foxfonna_P8_2
93 Arktis_20_3_10 201 Tödi_2_2
94 Arktis_20_3_20 202 Toedi_1
95 Arktis_20_3_16 203 WSS24_Oberflaechenprobe_B
96 Arktis_20_3_12 204 ETH 584
97 Arktis_20_3_8 205 Oman_10
98 Arktis_20_3_2 206 WSS24_Oberflaechenprobe_A
99 Arktis_20_3_14 207 ETH 583
100 Sonklar_Surface_1 208 WSS_24_Kern2_Probe1
101 Arktis_28_3_10 209 WSS_24_Kern_1Probe_1
102 Arktis_28_3_16 210 Stei 12-05
103 Bermuda_13 211 Jam 23_3
104 Bermuda_9 212 Gran feink 2
105 Arktis_28_3_8 213 Gran_Feink_3
106 Rock_1 214 Jam_23_5B
107 Bermuda_14 215 Aro_1
108 Bermuda_14 216 Blank_rock
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