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Summary

This work focuses on the determination of noble gas temperatures (NGTs) in
water inclusions in stalagmites with the aim to infer the cave temperature
prevailing at the time the inclusions were formed. The method is based on the
temperature-dependent solubilities of noble gases (He, Ne, Ar, Kr and Xe) in
water, which allows calculating the water temperature from measured noble
gas concentrations if the salinity and the atmospheric pressure during gas
exchange are known. In recent years, stalagmites are increasingly being used as
climate archives, as they provide highly resolved and well-dated records of past
climate conditions over glacial-interglacial time intervals. Stalagmites contain
0.01-0.1 wt.% of water, which is incorporated into the calcite crystals in the
form of water inclusions during stalagmite growth. Noble gas analysis in water
inclusions in stalagmites hence offers the potential to directly and
quantitatively determine cave temperatures, which is an important prerequisite
for the interpretation of 8'*0 and §'°C records in the stalagmite calcite.

To investigate the feasibility of NGT determination in stalagmites, a suitable
analytical method to determine noble gas concentrations in stalagmites first had
to be developed. Most important for this method is the separation of noble
gases released from air inclusions (2-3 vol.%) from those liberated from water
inclusions, as only noble gases in water inclusions carry information about the
cave temperature. To this end, stalagmite samples are pre-crushed into grains
of a defined diameter so that air inclusions are predominantly opened during
pre-crushing while water inclusions are largely left intact. This is possible, as
air inclusions are usually larger than water inclusions and are more often found
along crystal boundaries. Noble gases and water are then extracted from the
remaining air and water inclusions in the pre-crushed sample by heating the
sample in vacuum to 300-400°C. The small amounts of water liberated from
the stalagmite samples (typically 0.5 — 3 mg) are determined manometrically,
1.e. by measuring the water vapour pressure in a known volume and at a
constant temperature of 40°C. Noble gas concentrations were analysed with
overall analytical errors of ca. 2-3% in samples from 11 stalagmites from 8
caves located in different parts of the world (Switzerland, Germany, Turkey,
Oman, Yemen).



The interpretation of the noble gas concentrations in terms of a cave
temperature turned out to be more difficult than expected, as additional noble
gas components were found to be present in stalagmites besides the noble gases
released from air and water inclusions. As a result, the concentrations of He,
Ne and Ar, which are affected by additional noble gas components (lattice-
trapped He and Ne and adsorbed Ar), were excluded from NGT determination
in this thesis. Kr and Xe concentrations, however, originate solely from air-
saturated water and atmospheric air in a large fraction of the samples analysed.
In these samples Kr and Xe concentrations could hence be directly converted
into cave temperatures. Calculated NGTs in Holocene samples (1 to 6 ka BP)
in stalagmites from regions with different mean annual air temperatures agreed
well with modern cave temperatures. This shows that the application of the
“noble gas thermometer” to stalagmites is feasible and that stalagmites are a
suitable archive for NGT determination. However, we also observed a large
variation in NGTs in samples from two Holocene stalagmites from Socotra
Island (Yemen), which we attributed mainly to changing partial pressures of Kr
and Xe during the gas exchange process due to the accumulation of CO, in the
air layer around the stalagmite.

The results of this thesis give strong indication that the arrangement of calcite
crystals within a stalagmite and the origin of its fluid inclusions (primary or
pseudo-secondary) are a crucial prerequisite for the suitability of a stalagmite
for NGT determination. Sample selection hence seems to be a key aspect in
climate studies using NGTs in stalagmites in the future. In this study, NGTs
were more successfully determined in fast growing stalagmites with small and
irregularly arranged calcite crystals containing mainly water inclusions of
primary origin.

In summary, this study represents an important step towards a better
understanding of the geochemical origin of noble gases in stalagmites and their
interpretation in terms of cave temperatures. The results of this thesis hence set
the basis for a broader application of the “noble gas thermometer” to
stalagmites in order to study past climate conditions and their evolution in
different regions of the world.



Zusammenfassung

Die Loslichkeit von atmosphédrischen Edelgasen (He, Ne, Ar, Kr und Xe) in
Wasser ist neben dem atmosphérischen Druck und der Salinitdt des Wassers
auch von der Temperatur des Wassers abhdngig. Deshalb kann aus den
Edelgaskonzentrationen, die in einer Wasserprobe gemessen werden, die
Temperatur des Wassers zum Zeitpunkt des letzten Gasaustausches berechnet
werden. Das Ziel dieser Arbeit ist es, diese Methode in Wassereinschliissen in
Stalagmiten anzuwenden, um die so genannte ,,Edelgastemperatur des
Wassers zu bestimmen, die zum Zeitpunkt des Einschlusses in die wachsenden
Kalzitkristalle vorherrschte.

Stalagmiten wurden in den letzten Jahren immer hdufiger als Klimaarchive
verwendet, da sie iiber lange Zeitriume wachsen (bis zu mehrere 10° Jahre)
und gut datierbare, hoch aufgeldste Klimainformationen enthalten, vor allem in
der isotopischen Zusammensetzung des Kalzits (8'°0, §"°C). Stalagmiten
beinhalten ca. 0.01-0.1 gew.% an Wasser in Wassereinschliissen, die wéahrend
des Wachstums des Stalagmiten in die Kalzitkristalle eingeschlossen wurden.
Die temperaturabhingige Loslichkeit von Edelgasen in Wasser erlaubt es im
Prinzip, die = Hohlentemperatur  iiber  Edelgasanalysen in  den
Wassereinschliissen direkt und quantitativ zu bestimmen. Dies wire fiir die
Interpretation der 8'°O- und §"°C Zeitreihen in Stalagmiten wichtig, da die
isotopische Zusammensetzung des Kalzits unter anderem auch von der
Hohlentemperatur abhéngt.

Das erste Ziel dieser Arbeit war es, eine Methode zu entwickeln, um
Edelgaskonzentrationen in Stalagmiten iiberhaupt messen zu kénnen. Weil nur
Edelgase aus Wassereinschliissen eine Information tiber die Temperatur bei der
Bildung der FEinschliisse enthalten, 1ist es wichtig, Edelgase aus
Lufteinschliissen, die auch in Stalagmiten enthalten sind, von Edelgasen aus
Wassereinschliissen zu trennen. Deshalb wurden die Stalagmitenproben zuerst
mit einem Morser auf eine bestimmte Korngrosse zerkleinert. Die Korngrésse
beim Zerkleinern wurde so gewdhlt, dass hierbei vor allem Lufteinschliisse
geoffnet werden und Wassereinschliisse so weit als moglich intakt bleiben.
Dies ist moglich, da Lufteinschliisse in der Regel grosser sind als
Wassereinschliisse und oft auch entlang von Korngrenzen zu finden sind. Nach



dem Zerkleinern der Probe wurden die Edelgase dann im Vakuum in einem 1-
stiindigen Heizschritt bei 300-400°C aus der Probe extrahiert. Die extrahierte
Wassermenge wurde mit einer Druckmessung des Wasserdampfes in einem
kalibrierten Volumen und bei einer konstanten Temperatur bestimmt. Damit
konnten in dieser Arbeit Edelgaskonzentrationen mit einer Genauigkeit von 2-
3% bestimmt werden, in Proben aus gesamthaft 11 Stalagmiten aus 8
verschiedenen Hohlen mit unterschiedlichen Hohlentemperaturen.

Die Interpretation der Edelgaskonzentrationen als Edelgastemperaturen hat sich
dann als schwieriger als erwartet herausgestellt. Insbesondere wurden neben
den erwarteten Edelgaskomponenten aus den Luft- und Wassereinschliissen,
d.h. atmosphérische Edelgase und Edelgase aus luftgesittigtem Wasser, auch
weitere Edelgase aus den Proben extrahiert. Diese Edelgase stammen aus neu
identifizierten Edelgaskomponenten in Stalagmiten. Einerseits aus einer
Gitterkomponente, die an leichten Edelgasen He und Ne angereichert ist.
Andererseits wurde eine zusitzliche Argon-Komponente identifiziert, die durch
Adsorption wihrend des Zerkleinerns der Probe zustande kommt. Aus diesem
Grund wurden in dieser Arbeit Edelgastemperaturen nur aus den
Konzentrationen von Kr und Xe berechnet. In einem grossen Teil der Proben
liessen sich Kr und Xe Konzentrationen als einfache Mischung aus
atmosphérischer Luft und luftgesittigtem Wasser auffassen, was letztlich
ermoOglichte Edelgastemperaturen aus Kr und Xe Konzentrationen zu
berechnen.

Die Edelgastemperaturen, die in holozdnen Stalagmitenproben aus Hohlen in
der Schweiz, der Tiirkei und der Sokotra Insel (Yemen) bestimmt wurden,
stimmen gut mit der heutigen Hohlentemperatur iiberein und liegen damit auch
nahe der modernen mittleren Jahrestemperatur. Dies zeigt, dass die Methode
der Edelgastemperaturen tatsdchlich auch auf Wassereinschliisse in
Stalagmiten iibertragbar ist. Allerdings wurde in zwei Stalagmiten auch eine
fir den wuntersuchten Zeitraum unrealistisch grosse Streuung der
Edelgastemperaturen um den Mittelwert beobachtet. Diese Schwankung kann
zumindest teilweise mit reduzierten Partialdriicken von Kr und Xe wéhrend des
Gasaustausches erklart werden, da CO, in der Luftschicht um den wachsenden
Stalagmiten stark angereichert zu sein scheint, was letztlich die Partialdriicke
der atmosphirischen Edelgase entsprechend vermindert.

Diese Arbeit zeigt weiter auf, dass die Anordnung der Kalzitkristalle innerhalb
eines Stalagmiten, sowie der Ursprung der Wassereinschliisse (primire oder
pseudo-sekundir) massgebend dazu beitragen, ob die gemessenen
Edelgaskonzentrationen erfolgreich in Edelgastemperaturen umgerechnet
werden konnen. So konnten Edelgastemperaturen mehrheitlich in schnell
wachsenden Stalagmiten mit kleinen und unregelméssig angeordneten
Kristallen und vielen primaren Wassereinschliissen bestimmt werden. Eine sehr
sorgfiltige licht- und elektronenmikroskopische Untersuchung der Stalagmiten
ist deshalb in Zukunft unerldsslich fiir die Auswahl der Stalagmiten fiir
Edelgastemperaturbestimmung.

Gesamthaft ist diese Arbeit ein wichtiger und notwendiger Schritt, um die
geochemische Herkunft von Edelgasen in Stalagmiten zu bestimmen. Dies ist



eine wichtige Voraussetzung, um die gemessenen Konzentrationen als
Edelgastemperaturen zu interpretieren. Die Resultate der Arbeit liefern somit
einen Beitrag zur Bestimmung von Edelgastemperaturen in Stalagmiten, so
dass in Zukunft Klimabedingungen und ihre Verdnderung in verschiedenen
kontinentalen Regionen an Edelgasen in Stalagmiten untersucht werden
konnen.






Introduction

1.1 Introduction and scope of work

The concentrations of atmospheric noble gases (He, Ne, Ar, Kr and Xe)
dissolved in meteoric waters have become a powerful tool to reconstruct past
climatic and environmental conditions, i.e. the temperature and the salinity of
the water and the atmospheric pressure at the time of the last gas exchange
(Kipfer et al., 2002). This method has so far been successfully applied for
reconstructing past groundwater temperatures (e.g. Beyerle et al., 1998; Stute et
al., 1995a; Stute et al., 1995b, Weyhenmeyer et al., 2001), for studying mixing
processes in lakes (e.g. Aeschbach-Hertig et al., 2002; Hofer et al., 2002;
Holzner et al., 2008) and for the determination of past climate conditions from
pore waters in unconsolidated sediments (Strassmann et al., 2005; Brennwald
et al., 2004; 2005).

The aim of this study is to expand environmental noble gas geochemistry to
solid samples containing small quantities of water (several milligrams per gram
of sample) in fluid inclusions to reconstruct the environmental conditions
prevailing at the time the inclusion was formed. Stalagmites constitute such a
new study object of climate research, as they represent an excellent climate
archive providing information about past climate conditions for a wide range of
continental regions and over timescales which other continental archives fail to
cover (Henderson, et al., 2006).

The idea of using noble gas concentrations in fluid inclusions as a direct proxy
for cave temperatures emerged many years ago in several noble gas
laboratories, but was long hampered by analytical difficulties (pers. comm. B.
Marty, CNRS (France), 2005; H. Vonhof, University of Amsterdam
(Netherlands), 2006). The first target of this thesis was therefore to develop
new methodological concepts to allow the accurate determination of noble gas
concentrations in fluid inclusions in stalagmites. In principle it should then be
possible to use the measured noble gas concentrations to determine the noble
gas temperature (NGT) of the water at the time the inclusions were formed. If



this can be analytically and conceptually realized, NGTs will be an extremely
valuable new proxy for cave temperatures and a helpful constraint for a more
quantitative interpretation of 8'*0 and §'"°C records in stalagmites. Moreover,
NGTs from fluid inclusions in stalagmites could be used to reconstruct
palacotemperatures on a local and regional scale, as the temperature of cave
drip waters reflects the temperature of the overlying soil, and hence the mean
annual air temperature outside the cave (McDermott et al., 2005). The structure
of the thesis 1s described in the following section.

1.2 Qutline

Scientific background (Chapter 2): This chapter summarizes the conceptual
aspects of environmental noble gas geochemistry. It compiles information
about atmospheric noble gas concentrations in water and describes the concept
of noble gas temperatures (NGTs). It also provides some background
information about stalagmites and their use as climate archives.

Experimental methods (Chapter 3): The determination of noble gas
concentrations in stalagmites is challenging because of 1) the small amounts of
gas to be measured, i1) the difficulty of determining the mass of the small
amounts of water, which are expected to be liberated from the stalagmites and
111) the presence of air inclusions, which contain much higher concentrations of
noble gases than water inclusions, thus masking the temperature dependent
noble gas signal in the water inclusions. Chapter 3 describes the analytical
protocol for noble gas analysis as well as two extraction techniques for the
efficient separation of noble gases released from air and water inclusions. This
chapter has been published in Chemical Geology (Scheidegger et al., 2010).

Determination of Holocene cave temperatures from Kr and Xe
concentrations in stalagmite fluid inclusions (Chapter 4): In a first study,
the analytical protocol developed was applied to stalagmite samples from caves
in Switzerland, Turkey and Yemen with mean annual temperatures of between
8°C and 27°C. The results reveal the presence of a clear temperature signal in
Kr and Xe concentrations and show also that NGTs calculated from the
concentrations of these two noble gases agree well with modern cave
temperatures. In addition, the study introduces new conceptual aspects
concerning the suitability of stalagmites for NGT determination based on
examinations by light and electron microscopy. This chapter has been
submitted for publication in Chemical Geology and is currently under review.

Application of the noble gas thermometer to fluid inclusions in two
Holocene stalagmites from Socotra Island (Yemen) (Chapter 5): In a
second study, noble gas concentrations were analysed in ca. 40 samples from
two Holocene stalagmites from Socotra Island with the aim to determine NGTs
over the time interval covered by the samples (the last 4 and 10 ka). The results
revealed a large variation of NGTs, which is very unlikely to be associated with



actual cave temperature variations over the Holocene. The observed NGT
variation is explained by varying conditions during the gas exchange process of
noble gases between the cave air and the fluid inclusion water, which seem to
prevent an accurate NGT determination. The chapter also introduces the water
content and the amount of “excess air” in the samples analysed as new
potential climate proxies in stalagmites. This chapter is in preparation for
publication.

Trace gas analysis in air inclusions (Chapter 6): Apart from dissolved
atmospheric noble gas concentrations in water inclusions, trace gases in air
inclusions in stalagmites could potentially be used as a proxy for the past
composition of the cave air. During this thesis, first attempts to analyse the
major atmospheric gases as well as their isotopic composition were undertaken
to assess the potential of this new climate proxy in stalagmites. The semi-
quantitative and preliminary results are presented in chapter 6.

Conclusions and Outlook (Chapter 7): The last chapter summarizes the most
important findings of this thesis and compiles a selection of future research
tasks.






Scientific background

2.1 Noble gases

Noble gases - helium (He), neon (Ne), argon (Ar), krypton (Kr) and xenon
(Xe) - represent the group Nr. 8 in the periodic table of the elements, which is
characterized by elements with a “full” outer electron shell. This gives noble
gases little tendency to participate in biogeochemical reactions. Noble gases
hence only take part in physical reactions (e.g. solution, adsorption, diffusion),
which makes them ideal trace gases to study physical processes. A summary of
physical characteristics of atmospheric noble gases important for this thesis is
given in Table 2.1.

2.1.1 Noble gases in water as environmental tracers

An important physical process, which allows studying environmental water
systems using noble gas concentrations, is the dissolution of noble gases in
water by gas exchange (for a review see Kipfer et al., 2002). Noble gases enter
the water from the atmosphere, which is the major reservoir of terrestrial noble
gases. The process of air-water partitioning is described by Henry’s law:

pi = H; (T,S) - Ci* 1=He, Ne, Ar, Kr, Xe

Henry’s law states that the equilibrium concentration of a noble gas C;* in
water depends on its partial pressure p; in the gas phase and on the Henry
coefficient, which in turn depends on the temperature (T) and the salinity (S) of
the water.



Table 2.1: Characteristic properties of the noble gases He, Ne, Ar, Kr and Xe. Given are the
volume fraction of the element in dry air (v;), the relative abundance (R;) of each isotope in air
(Ozima and Podosek, 2002) and the atomic diameter (d;) (Huber et al., 2006).

Noble gas Vi d; Isotope R;
) (A) (%)

He 5.24-10° 2.55 *He 0.00014
‘He ~100

Ne 1.81-10° 2.82 'Ne 90.5
*INe 0.268

Ar 9.34-10° 3.45 AT 0.3364
BAr 0.0632

PAr 99.6

Kr 1.14-10° 3.65 Ky 0.347
K 2.257

82K 11.523

BKr 11.477

YK 57.00

K¢ 17.398

Xe 8.7-10° 4.04 2%e 0.0951
126xe 0.0887

128Xe 1.919

129%e 26.44

BO'C 4.070

BlXe 21.22

B2xe 26.89

BiXe 10.430

B'C 8.857

Figure 2.1 and Table 2.2 show that the solubility of noble gases in water
decreases as the temperature increases. Also, the temperature dependence of
the solubility is stronger for the heavy noble gases Ar, Kr and Xe than for the
light noble gases He and Ne. A temperature change, for instance, from 0°C to
30°C reduces the solubility of He by 11%, of Ne by 24% of Ar by 47%, of Kr
by 55% and of Xe by 62%.

Table 2.2: Equilibrium concentrations of He, Ne, Ar, Kr and Xe in cm3STP/g at sea level for
different water temperatures T and salinities S (1%=10g/kg) using the Henry coefficients
recommended by Kipfer et al. (2002).

T 10°C 20°C 30°C

S 0% 10% 0% 10% 0% 10%
He (10°) 464 439 448 424 436 415
Ne (107) 2.02 1.89 1.85 1.75 1.72 1.63
Ar (107 386 359 312 292 2,60 244
Kr (10°) 9.10 845 696 649 552 518
Xe (10 1.32 1.22 0.95 0.88 0.72  0.67

The concentrations of dissolved noble gases are usually denoted as gas
volumes (cm?) at standard conditions (STP: T = 0°C, p = 1013 mbar) per unit
water mass (g); i.e. cm’STP/g. In this work, the noble gas solubilities are



calculated from the empirical parameterizations of Weiss (1971) for He and
Ne, Weiss (1970) for Ar, Weiss and Kyser (1978) for Kr and Clever (1979) for
Xe, as recommended by Kipfer et al. (2002).

1.0
0.9. He
0.8/ Ne
- 0.7
Q
o
0.6/
Ar
0.5] Kt
0.4) Xe
0.3 : : : : -
0 5 10 15 20 25 30

Temperature (°C)

Figure 2.1: Temperature dependence of equilibrium concentrations of noble gases in water,
calculated using the Henry coefficients recommended by Kipfer et al. (2002) and normalized
to the concentrations at 0°C.

2.1.2 Determination of “noble gas temperatures (NGTSs)”

Based on the physical parameters describing Henry’s law, the concentrations of
He, Ne, Ar, Kr and Xe dissolved in water depend on the atmospheric pressure
p, the temperature T and the salinity S of the water at the time of the last gas
exchange with the atmosphere. This offers the possibility to determine p, T and
S prevailing during the last gas exchange from dissolved atmospheric noble gas
concentrations measured in any meteoric water sample, which has been
disconnected from the atmosphere (Kipfer et al., 2002). For instance, noble gas
concentrations can be used to determine the water temperature (the noble gas
temperature NGT) by least squares fitting of measured noble gas
concentrations (Aeschbach-Hertig et al., 1999) if the salinity of the water and
the atmospheric pressure during gas exchange are known. This principle was
successfully applied to groundwater samples to reconstruct NGTs during the
last glacial period and to determine the temperature shift at the transition from
the LGM to the Holocene (e.g. Kreuzer et al., 2009; Ma et al., 2004; Stute et
al., 1992; Stute et al., 1995b; Weyenmeyer et al., 2000).

The least squares fitting models developed by Aeschbach-Hertig et al. (1999;
2000) include the variable “excess air”, which describes an atmospheric noble
gas component originating from the total or partial dissolution of air bubbles in
water, so that the totally measured noble gas concentrations in water samples



are usually composed of noble gases from air and from air-saturated water (for
details about “excess air” see Aeschbach-Hertig et al., 2000; Heaton and Vogel,
1981; Klump et al., 2007; Klump et al., 2008). The least squares fitting models
can hence only be used to interpret binary mixtures of noble gases from air-
saturated water (ASW) and atmospheric air. If additional noble gas components
are present, for instance radiogenic *He, which is often found in groundwater
samples, their concentrations must be excluded from the determination of
NGTs. The number of variables P to be reconstructed (in this thesis the
temperature T and the amount of “excess air”’) must not exceed the number of
noble-gas concentrations N reflecting these variables. If P < N, the variables
are estimated by least squares fitting according to Aeschbach-Hertig et al.
(1999). In any case, the concentrations of at least two noble gases are needed to
determine the two parameters T and “excess air”. In this case the number of
unknown variables P equals the number of noble gas concentrations N and the
two variables are calculated by algebraically solving the set of two
simultaneous equations.

2.2 Stalagmites

Stalagmites are secondary deposits of calcium carbonate (CaCO;), which
precipitate in the cave environment from a supersaturated solution covering the
surface of the stalagmite. In the soil zone above the cave, CO, levels are
elevated by a factor of 10-100 (vcorsoii = 0.1-3.5 vol.%) with respect to the
atmosphere (vcozam = 0.036 vol.%) due to microbial activity and plant
respiration. Meteoric waters percolating through the soil zone interact with the
CO, and hence dissolve the limestone bedrock. In the cave atmosphere CO,
levels are again lower than in the soil zone (vco,cave = 0.06-0.6 vol.%), which
leads to CO, degassing from the drip water to reach a new equilibrium.
Subsequently the water is supersaturated in carbonate and stalagmites are
deposited according to the chemical reaction Ca** + 2HCO; = CaCO; + CO, +
H,0O (McDermott et al., 2005 and Figure 2.2). Stalagmite growth rates range
from 20-1000 um/a and mainly depend on the cave temperature, on the drip
rate, the calcium saturation of drip waters and on the CO, partial pressure
difference between soil and cave air (McDermott et al., 2005).

2.2.1 Stalagmites as climate archives

In the last decades, the interest in stalagmites as climate archives has increased
strongly among palaeoclimatologists as stalagmites grow continuously over
long time intervals (10° — 10° years) and can be precisely dated by U/Th-series
techniques (Ivanovich and Harmon, 1993). Most other climate archives
covering similar timescales, e.g. ice cores and ocean sediments, are limited to
regions of permanent ice cover and marine regions. Stalagmites are found in
continental regions in almost all parts of the world and hence offer the
possibility to study past climate conditions in regions where no other climate
archives are available (McDermott et al., 2005, Henderson, 2006).
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Figure 2.2: Illustration of a cave and the processes leading to the deposition of stalagmites
(adapted from Fairchild et al., 2006).

The stable isotope composition of the calcium carbonate (813Ccalcite and
8" Ocatcite) is the most widely used climate proxy in stalagmites. It is used to
infer e.g. the timing of major climate events in the past (Burns et al., 2001;
Fleitmann et al., 2009; Genty et al., 2003; Liu et al., 2010; Sp6tl and Mangini,
2002), to reconstruct changes in precipitation (Burns et al., 2003; Fleitmann et
al., 2003a, Fleitmann et al., 2007, Fleitmann et al., 2009; Griffith et al., 2010b)
and to determine the type of plant cover above the cave (Cosford et al., 2009;
Dorale et al., 1998; Vaks et al., 2010). Other proxies in stalagmites include for
instance trace elements to reconstruct palaecohydrological conditions (Buhl et
al., 2007; Fairchild et al., 2009; Griffiths et al., 2010a; Treble et al., 2005;
Wynn et al., 2010;), plant derived biomarkers to reconstruct land use changes
(Blyth et al., 2007; Blyth and Watson, 2009) and organic material that provides
information about the vegetation regime and bacterial activity in the soil above
the cave (Perett et al., 2005; Blyth et al., 2010).

Apart from this proxy information, that is stored in the stalagmite calcite,
stalagmites contain fluid inclusions, which are incorporated into the calcite
crystals during stalagmite growth (Schwarcz and Harmon, 1976; Kendall and
Broughton 1978). The formation of fluid inclusions along imperfections and
surface irregularities of growing crystals is a common process in minerals,
which precipitate from a supersaturated solution (Goldstein and Reynolds
1994). According to Roedder (1984), discontinuities such as e.g. fast changing
growth rates, changes in the saturation of the solution and rapid changes in
growth conditions seem to foster the formation of fluid inclusions. In
stalagmites, the analysis of the 0D signature of the fluid inclusion water has



been used to reconstruct palacotemperatures during the early Holocene (Zhang
et al., 2008), during the last glacial period (Harmon, 1979) and to study the
variability of precipitation during the ultimate and the penultimate glacial
periods (Fleitmann et al., 2003b; McGarry et al., 2004; Schwarcz and Harmon,
1976).

Whereas 613Ccalcite and 618Ocalcite records are now widely available over glacial-
interglacial timescales and for many different geographical regions, the
interpretation of these records is still challenging. This is because the stable
oxygen and carbon isotope signature of the calcite depends on many different
processes, €.g. on the cave temperature, on the amount and the source of
precipitation and, over glacial-interglacial timescales, also on the amount of the
global ice volume (see Lachniet et al., 2009; Darling et al., 2005). A direct cave
temperature proxy in stalagmites hence offers the possibility to disentangle the
various effects influencing the stable isotope composition of the calcite to a
certain extent. Also, it will eventually allow to quantitatively determining the
1sotope composition of the drip water, using the empirical equations for the
temperature dependent isotope fractionation between calcite and water (e.g.
Craig, 1965; Kim and O’Neil, 1997). In addition, cave temperatures commonly
remain constant throughout the year and hence provide good estimates of the
annual mean ambient air temperature outside the cave (Poulson and White,
1969; Smithson, 1991; McDermott, 2005). Hence, direct reconstruction of cave
temperatures would allow to determine palacotemperatures on a local scale,
over long timescales and for a wide range of regions like e.g. continental,
tropical and high altitude regions.

2.2.2 Fluid inclusions in stalagmites

Microscopic investigations carried out within this thesis showed that two
distinct types of fluid inclusions are present in stalagmites, i.e. air and water
inclusions. The two types of inclusions are clearly distinguishable under the
microscope, as both types differ by their optical appearance and their
arrangement within the stalagmite. Water inclusions account for 0.01 — 0.1% of
the stalagmite weight (Kendall and Broughton, 1978; Schwarcz and Harmon,
1976) and air inclusions for up to 3% of the stalagmite volume (Scheidegger et
al., 2007; Badertscher, 2007). While air and water inclusions are present in all
stalagmites, their abundance, their size and their shape strongly vary between
stalagmites. A selection of fluid inclusions found in stalagmites investigated
within this thesis is shown Figure 2.3.

2.2.3 Noble gas concentrations in fluid inclusions

In recent years, much effort has been put into the development of new methods
that allow direct determination of cave temperatures in stalagmites, e.g. the
liquid-vapour homogenisation temperature in fluid inclusions (Kruger et al.,
2007, 2008). Also, the temperature dependent equilibrium fractionation of
oxygen isotopes between fluid-inclusion water and calcite has been used to
reconstruct Holocene temperature variations in Peru and Indonesia (Griffiths et
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al., 2010; van Breukelen et al., 2008) and to determine the temperature
difference between the termination II and the Eemian period (Wainer et al.,
2010). Another method for direct cave temperature reconstruction is ‘clumped
isotope’ thermometry, which has been used to reconstruct glacial-interglacial
temperature variations in Israel (Affek et al., 2008). The latter two methods are
related to the isotope composition of the calcite and require equilibrium
conditions during calcite precipitation to yield correct cave temperatures.
Hence, the application of these methods is so far limited to stalagmites that are
deposited in isotope equilibrium.
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Figure 2.3: Photomicrographs of thin sections showing fluid inclusions in three stalagmites
(further information on the stalagmites is given in section 2.5). Stalagmite D1 has a high
abundance of water inclusions, which are arranged in bands parallel to the surface of the
growing stalagmite. In stalagmite Q12 water inclusions are sparse and often contain a gas
bubble. Stalagmite SO2 consists of several cm long columnar crystals with strongly elongated
air and water inclusions, which may have been formed by crystal coalescence (Kendall and
Broughton, 1976).
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In contrast, noble gas concentrations in stalagmite fluid inclusions are
independent of the isotope composition of the calcite and governed by the well
constraint and “simple” physics of gas exchange between the fluid inclusion
water and the surrounding air. Atmospheric noble gases are dissolved in the
drip water and the water film covering the growing stalagmite according to
Henry’s Law (Figure 2.4). Hence, the noble gas concentrations in the water
depend on the atmospheric pressure p, the salinity S and temperature T of the
water. Incorporation of the equilibrated drip water in fluid inclusions separates
the drip water from the cave atmosphere and hence prevents further gas
exchange. As a result, the noble gas concentrations in the water-filled
inclusions provide in principle direct information on the temperature in the
cave at the time of fluid formation.

cave atmosphere .
P drip water

pHe,Ne,Ar,Kr,Xe Tand S
| \ L 3
¢ &

a -
CHe,Ne,Ar.Kr,)(e
-~
C 2 10um
He,Ne,Ar,Kr,Xe

water film
Tand S

stalagmite

Figure 2.4: Schematic illustration of the gas exchange processes in the drip water and in the
water film on the growing stalagmite.

We expect the noble gas concentrations in the thin film of drip water on the
stalagmite surface to be in solubility equilibrium with the surrounding air,
because the equilibration time t (t = d*/2D) is ~1 min, assuming a water film
thickness d of ~ 0.1 mm (Dreybrodt, 1980) and a molecular diffusivity D of

noble gases in water of ~107 to 10" m?%/s (Ozima and Podosek, 2002). Also,
the inventory of noble gases in the atmosphere can safely be assumed to remain
constant over the timescales (1-100 ka) relevant for this thesis. The relative
abundance of noble gases in cave air can be expected to be equal to their
relative abundance in the atmosphere, as there are no significant noble gas
sources or sinks in caves. Mass spectronomic analyses of modern air samples
from Sofular cave (Turkey) indeed showed no deviations in their noble gas
composition to atmospheric air. However, the absolute partial pressures of
noble gases may be different than in the free atmosphere, due to the
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accumulation of e.g. CO, produced during calcite precipitation. The salinity of
groundwater in karst systems is usually low enough to allow the assumption of
S = 0 g/kg and the atmospheric pressure is determined by the altitude of the
cave and can be calculated using the barometric formula.

As a result of these considerations, noble gas concentrations in stalagmites are
expected to be related only to the temperature of the drip water and to the
amount of noble gases released from air inclusions, denoted as “excess air” A
in cm’ air per g of released water. This allows - in principle - a direct
determination of NGTs in stalagmites.

2.3 Analysis of stable isotopes

This thesis primarily focuses on the analysis of noble gases in water inclusions
with the goal to determine NGTs. However, as mentioned in section 2.2,
stalagmites also contain air inclusions, which may be used as a climate proxy
similar to air trapped in ice sheets (e.g. Petit et al., 1999; Jouzel et al., 2007;
Andersen et al., 2004). In collaboration with the Institute of Physics in Bern we
conducted a pilot study on the analysis of trace gases in air inclusions and
determined the abundance of major atmospheric gases as well as their isotope
composition to assess the potential of air inclusions as a new proxy in
stalagmites. This section compiles some background information about stable
1sotopes of carbon and oxygen, which are the main elements in the gases we
analysed in air inclusions (O,, CO,, CHy).

biogenic CH,
atmospheric CH,
Soil CO,
atmospheric CO,
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Figure 2.5: Typical values of 8"°C for selected natural compounds, which are relevant for the
interpretation of stable isotope analysis in air inclusions in stalagmites (Faure and Mensing,
2004; Darling et al., 2005).

Isotopes are atoms of the same element, which vary in their mass due to
different numbers of neutrons in the core. Physical, chemical and biological
processes usually show a small dependence on the atomic mass of the reacting
elements, so that some isotopes of one element are more reactive than others.
This leads to mass fractionation and hence to specific fractionated isotope
compositions of the produced compounds. The fractionation of isotopes of the
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same element can be determined experimentally and is indicated by the
fractionation factor a=R,/R, where R is the ratio of the heavy to the light
isotope and a and b are compounds or phases. The isotope composition of a
compound is then usually denoted as the %o - deviation from a standard sample
(marine carbonate PDB for §"°C and standard mean ocean water SMOW for
5'%0). Positive values indicate that the element is enriched in the heavier
isotope relative to the composition of the standard, whereas negative values
stand for depletion in the heavy isotope. Typical carbon isotope compositions
of natural compounds relevant for this thesis are listed in Figure 2.5.

2.4 Sample description

In this thesis stalagmite samples from caves in Oman, Yemen (Socotra Island),
Turkey, Germany and Switzerland were analysed (see Figure 2.6). The caves
are located in different climatic zones, i.e. in temperate, in Mediterranean and
in monsoonal climates and hence cover a wide range of temperatures usually
observed in meteoric water systems. The caves and stalagmites are briefly
described in the following section and photographs (Figures 2.7 and 2.8) are
shown for those stalagmites, which were studied in more detail within this
thesis (D1, SO2, V1 and P3).

Bunker Cave

Vallorbe Cave

I \ Beatus Cave

Fees Cave

' Qunf Cave

..
Dimarshim Cave and Pit Cave

Figure 2.6: Two maps showing the location of the caves, where stalagmites were collected
for this thesis (left side: Middle Europe, right side: Middle East).

Beatus Cave

Switzerland, 46°41°N 7°48’E, stalagmite F and G

Beatus cave (870 m.a.s.l.) is located in central Switzerland and has a modern
cave temperature of 9°C. The stalagmite samples we used for noble gas
analysis have not been dated yet, but were roughly estimated to have an age of
50 to 100 ka BP (pers. comm. P. Hauselmann, SISKA, La Chaux-de-Fonds,
Switzerland, 2008).
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Figure 2.7: Photograph of the stalagmites SO2 and D1. Absolute U/Th-ages are indicated in
black in years BP 1950 (Fleitmann et al., 2007, 2009).
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Stalagmite P3
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Figure 2.8: Photograph of the stalagmite V1 and P3. Absolute U/Th-ages are indicated in
black in years BP 1950.
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Bunker Cave

Germany, 51°22° N, 7°40° E, stalagmite BU-U (called stalagmite D in chapter
3)

Bunker cave (180 m.a.s.l.) is situated in the Sauerland in Germany and has a
modern cave temperature of 10°C. We determined noble gas concentrations in
samples with an age of ~ 7 ka BP from stalagmite BU-U, which was also used
by Kluge et al. (2008) for noble gas analysis and NGT determination.

Dimarshim Cave

Socotra Island (Yemen), 12°33°N 53°41’E, stalagmite D1 (called stalagmite A
in chapter 3)

Dimarshim Cave is located on Socotra Island in the Northern Indian Ocean.
The cave lies at 350 m.a.s.l. and has a modern cave temperature of ~ 27°C.
Samples from stalagmite D1 covering the last 4.4 ka BP were used for noble
gas analysis. Stalagmite D1 was also analysed for &' *Oqyeie at the University of
Bern to investigate the evolution of the Asian Monsoon (Fleitmann et al.,
2007). Stalagmite D1 consists of an opaque calcite and has clearly visible
alterations of white and light-brown laminae (Figure 2.7).

Fees Cave

Switzerland, 46°13°N 7°0’E, stalagmite H

Fees cave is situated at 840 m.a.s.l. in southern Switzerland. The modern cave
temperature is 8°C. Samples used for noble gas analysis are from stalagmite H.

Pit Cave

Socotra Island (Yemen), 12°25°N 53°58E, stalagmite P3

Pit cave is located on a plateau on Socotra Island at 480 m.a.s.l. The modern
cave temperature is ~ 28°C. The samples we used for noble gas analysis are
from stalagmite P3 and cover the last 10 ka. Stalagmite P3 consists of a white
to grey and mostly opaque calcite (Figure 2.8).

Qunf cave
Oman, 17°10°N 54°18’E, stalagmite Q12 (called stalagmite B in Chapter 3)

Qunf cave is located in Southern Oman at 650 m.a.s.] and has a modern cave
temperature of 27°C. We analysed noble gas concentrations in samples from
stalagmite Q12, which is not dated yet, but was actively growing at the time it
was collected in 2002. Stalagmite Q12 is characterized by a partly opaque and
partly translucent white calcite. A stalagmite from the same cave (QS5) was
used to study the forcing of the Holocene Monsoon in the East Asian region
(Fleitmann et al., 2003).

Sofular Cave

Turkey, 41°25°’N 31°56’E, stalagmites SO2, SO3, SO4 (SO2 is called
stalagmite C in chapter 3)
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Sofular cave lies in north-eastern Turkey and has a modern cave temperature of
11.8°C = 0.1°C. Stalagmites from Sofular cave were used for both noble gas
analysis (SO2, SO3, SO4) as well as for trace gas analysis in air inclusions
(SO2). Most samples we analysed are of Holocene age with a few older
samples, which were deposited during the last ice age. All stalagmites from
Sofular cave consist of a translucent light brown to ochre calcite (Figure 2.7).
The oxygen isotope composition of stalagmites from Sofular cave was used to
infer the timing and the climatic impact of Greenland interstadials (Fleitmann
et al., 2009).

Vallorbe Cave

Switzerland, 46°42°N 6°20°E, Stalagmite V1

Vallorbe cave is located 770 m.a.s.l. in the western part of Switzerland. The
mean annual temperature in the region is ~ 8°C. Samples from stalagmite V1
are not yet dated and were used for noble gas analyses. Stalagmite V1 is
characterized by a partly opaque and partly translucent white to brown calcite
(Figure 2.8).

Yenesu Cave

Turkey, 41°37’N 27°57°E, stalagmite Y4

Yenesu cave, situated on the European part of western Turkey at 650 m.a.s.1.,
has a modern cave temperature of 12°C. Samples from stalagmite Y4, covering
the last 1.5 ka were used for trace gas analysis in air inclusions. Stalagmite Y4
is translucent and has a very high abundance of large air inclusions. The stable
1sotope composition of the calcite has been measured at the University of Bern,
but the data has not yet been published.
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Accurate analysis of noble gas concentrations in small
water samples and its application to fluid inclusions in
stalagmites

This chapter has been published in Chemical Geology (Scheidegger et al., 2010).
The supplementary information given in Annex 1 and Annex 2 at the end of this
chapter was not included in the Chemical Geology paper.

Abstract The concentrations of dissolved noble gases in water are widely used
as a climate proxy to determine noble gas temperatures (NGTs); i.e., the
temperature of the water when gas exchange last occurred. In this paper we
make a step forward to apply this principle to fluid inclusions in stalagmites in
order to reconstruct the cave temperature prevailing at the time when the
inclusion was formed. We present an analytical protocol that allows us
accurately to determine noble gas concentrations and isotope ratios in
stalagmites, and which includes a precise manometrical determination of the
mass of water liberated from fluid inclusions. Most important for NGT
determination is to reduce the amount of noble gases liberated from air
inclusions, as they mask the temperature-dependent noble gas signal from the
water inclusions. We demonstrate that offline pre-crushing in air to
subsequently extract noble gases and water from the samples by heating is
appropriate to separate gases released from air and water inclusions. Although
a large fraction of recent samples analysed by this technique yields NGTs close
to present-day cave temperatures, the interpretation of measured noble gas
concentrations in terms of NGTs is not yet feasible using the available least
squares fitting models. This is because the noble gas concentrations in
stalagmites are not only composed of the two components air and air saturated
water (ASW), which these models are able to account for. The observed
enrichments in heavy noble gases are interpreted as being due to adsorption
during sample preparation in air, whereas the excess in He and Ne is
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interpreted as an additional noble gas component that is bound in voids in the
crystallographic structure of the calcite crystals. As a consequence of our
study’s findings, NGTs will have to be determined in the future using the
concentrations of Ar, Kr and Xe only. This needs to be achieved by further
optimizing the sample preparation to minimize atmospheric contamination and
to further reduce the amount of noble gases released from air inclusions.

3.1 Introduction

The concentrations of atmospheric noble gases (He, Ne, Ar, Kr, Xe) dissolved
in water reflect the temperature (T) and salinity (S) of the water and the
atmospheric pressure (p) that prevailed during the last gas exchange with the
atmosphere, because the solubilities of noble gases are a well-defined function
of these parameters (see e.g. Kipfer et al., 2002; Stute and Schlosser, 2000).
This approach has been widely used by least-squares fitting of the measured
noble gas concentrations (Aeschbach-Hertig et al., 1999; Hall and Ballentine,
1996) to reconstruct past soil temperatures from the concentrations of noble
gases in groundwater (Aeschbach-Hertig et al., 2000; Weyhenmeyer at al.,
2000; Beyerle et al., 1998; Kipfer et al., 2002; Stute et al., 1995) and to
determine past environmental conditions from noble gas concentrations in the
pore waters of unconsolidated sediments (Brennwald et al., 2004, 2005;
Strassmann et al., 2005).

The same environmental information (T, S and p) may also be preserved in
stalagmites, as they contain approximately 0.1 wt.% of water in fluid
inclusions. Stalagmites are widely used as climate archives as they provide
high-resolution oxygen and carbon isotope records in continental regions
covering long timescales (e.g. Fleitmann et al., 2003; McDermott, 2004;
McDermott et al.,, 2005). However, only few proxies exist that allow
quantitative reconstruction of cave temperatures, e.g. the analysis of §'°0 in
both the fluid inclusion water and the calcite (van Breukelen et al., 2008), the
measurement of the liquid-vapour homogenization temperature in fluid
inclusions (Kriiger et al., 2007) or “clumped isotope thermometry” (Affek et
al., 2008). However, these methods suffer from large uncertainties due to
archive-specific and analytical shortcomings.

Dissolved atmospheric noble gas concentrations in stalagmite fluid inclusions
are directly related to the cave temperature that prevailed during gas-water
partitioning according to the physically well-constrained process of gas
exchange. Noble gas concentrations can therefore potentially be used to
determine the cave temperature (in this paper called noble gas temperature
NGT) at the time when the inclusion was formed (see also Kluge et al. 2008).
In most caves, temperatures remain constant throughout the year at
approximately the annual mean soil temperature. Accordingly, temperature
reconstructions from stalagmites provide good estimates of the annual mean
temperature outside the cave (McDermott, 2004). In addition, a knowledge of
the cave temperature is important in disentangling the various effects that
influence the isotopic composition of the calcite, and is thus crucial for the
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interpretation of oxygen isotope records, e.g. in terms of rainfall amount or of
sources of precipitation (Lachniet, 2009).

The determination of noble gas concentrations dissolved in the fluid inclusion
water in stalagmites was until recently not feasible, mainly because of the
existence of inclusions filled with air and the lack of adequate extraction
methods for the separation of air and water inclusions (Ayliffe et al., 1993;
Scheidegger et al., 2007b). Noble gases are much more abundant in air than in
air-saturated water (ASW) and thus a high abundance of air inclusions leads to
large excesses in the measured noble gas concentrations relative to the values
expected for solubility equilibrium. Excesses of atmospheric noble gases are
also observed in groundwater, where they result from the addition of
atmospheric air from partly or totally dissolved air bubbles to the water
(Holocher et al., 2003; Kipfer et al., 2002; Klump et al., 2007). Groundwater
samples typically contain “excess air” amounts of around 100% ANe (100%
supersaturation of Ne relative to its concentration in ASW corresponds to ~107
cm’ STP of air per cm’® of water). In contrast, ANe values in stalagmites are
commonly much larger, i1.e. on the order of up to 1000 to 10°000% (Ayliffe et
al., 1993; Kluge, 2008; Scheidegger et al., 2007b).

For groundwater samples conceptual models were developed that allow the
determination of NGTs even in the presence of moderate amounts of “excess
air” (Aeschbach-Hertig et al., 1999). However, for large ANe amounts above
~1000% it 1s not possible to estimate reasonable NGTs from the measured
noble gas concentrations. As a consequence, for stalagmite samples the amount
of ANe has to be reduced by a factor of 10 — 100.

We present an analytical protocol that allows accurate determination of noble
gas concentrations in stalagmite samples with a precision of 2-4%. The method
includes a way of separating noble gases released from air inclusions from
those released from water inclusions to reduce the amount of “excess air”. It
also includes a precise manometrical determination of water masses of only a
few milligrams. The determination of the water mass is a key element of this
method, because well-constrained NGTs cannot reliably be derived from noble
gas abundance ratios, especially if ANe values exceed ~100% (e.g. Kluge et al.,
2008).

We will show in section 3.4, that a reliable NGT determination from our
stalagmite data is so far not feasible because the available least squares fitting
models (Aeschbach-Hertig et al., 1999) are not adequate to conceptually
describe the measured noble gas concentrations in stalagmites. We observed
“unusual” excesses in light as well as heavy noble gases relative to a simple
binary mixture of noble gases from air and ASW. The origin of these noble gas
excesses will be explained and discussed in this paper. Nevertheless, a
relatively large fraction (40%) of samples analysed by the currently best
experimental protocol yield NGTs in agreement with the respective cave
temperature, although with large absolute errors.
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3.2 Fluid inclusions in stalagmites

During stalagmite growth, minute quantities of drip water and cave air are
trapped 1n the calcite as fluid inclusions that either contain air, water or both
(up to 20 vol.% of air, Fig. 3.1). Microscopic analysis of several thin sections
of stalagmites from Oman and Yemen (Fleitmann et al., 2007) showed that the
two types of fluid inclusions differ clearly in their size and in their position
within the calcite (Scheidegger et al., 2007a). Water inclusions (1-50 pum) are
always found within calcite crystals (intra-crystalline) and their abundance
typically ranges from 0.01 to 0.1 wt.% (Kendall and Broughton, 1978;
Schwarcz and Harmon, 1976). Air inclusions are either located within or
between calcite crystals (intra-crystalline air inclusions vs. inter-crystalline air
inclusions). The intra-crystalline air inclusions are similar in shape to the water
inclusions, whereas the inter-crystalline air inclusions have more angular forms
and larger sizes (20-80 um, Scheidegger et al., 2007a).
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Figure 3.1: Photographs of thin sections from three different stalagmites (A, B and C). Water
inclusions (w) and air inclusions (a; intra-crystalline, a, inter-crystalline) are indicated. The
shapes of water inclusions range from elliptical (in A) to strongly elongated (in C) and
sometimes contain a gas bubble (in B). In contrast to stalagmite B, where water inclusions are
randomly distributed, stalagmites A and C show water inclusions as laminae aligned parallel
to the growing surface of the stalagmite.

We did not observe air inclusions connected to the surface of the stalagmite;
1.e., the air inclusions most likely do not exchange gases with air in the cave
after their formation. Therefore, air inclusions potentially contain information
about the composition of the cave atmosphere and about the biological activity
in the soil above the cave at the time when the air was trapped in the growing
stalagmite (Badertscher et al., 2007). Estimated from microscopic photographs,
the air content of a stalagmite is 2-3 vol.%. Inter-crystalline air inclusions
account for more than 90% of this (Scheidegger et al., 2007a).

3.3 Methods

In our analytical protocol three subsequent steps finally lead to the
determination of the noble gas concentrations: 1) extraction of water and noble
gases from fluid inclusions (section 3.3.1); 2) determination of the mass of the
extracted water (section 3.3.2); and 3) mass spectrometric measurement of
noble gas amounts (section 3.3.3).

22



3.3.1 Extraction of water and noble gases

Extraction method 1

Since inter-crystalline air inclusions account for most of the total air content of
a stalagmite, separation of a stalagmite sample into individual crystals
significantly reduces the abundance of air inclusions. Optical examinations of
different size fractions of crushed calcite grains from a stalagmite (stalagmite A
in Fig. 3.1) showed that most grains smaller than 300 um consist of single
crystals, whereas larger grains are aggregates of several crystals. In extraction
method 1, stalagmite samples of about 3 g were therefore pre-crushed in a
mortar into grains < 300 um in diameter by striking the pestle with a hammer.
After each hammer stroke the crushed material was sieved and grains > 300 pm
in diameter were separated from the rest of the sample. The procedure was
repeated until all grains were < 300 um in diameter. Twelve samples were pre-
crushed in air, and 6 samples in a glove box flushed with pure N, (99.9999%
purity, no detectable amounts of He, Ne, Kr and Xe by static noble gas mass
spectrometry, see Annex 1, Table 3.6).

The pre-crushed sample was put into a silver sample container (length 4.5 cm,
diameter 1.3 cm) and loaded into the vacuum gas extraction and purification
line. A stainless steel tube that ultimately hosts the silver sample container was
then preheated under vacuum to 650°C. Preheating of the sample tube to a
higher temperature than the extraction temperature later applied significantly
reduced the measured blank signals, as adsorbed noble gases on the inner
surfaces were desorbed and pumped away. Next, the sample in the silver
container was moved into the preheated section of the stainless steel tube
without breaking the vacuum, and was preheated to 100°C to remove adsorbed
water from the pre-crushed sample. The extraction of water and noble gases
was finally carried out in a 1-h heating step at 300°C - 600°C.

Extraction method 11

In order to avoid possible contamination with atmospheric noble gases, which
may happen during pre-crushing in air, we built a pestle-operated vacuum
crusher that allowed the sample (4-5 pieces of about 0.5 g each) to be crushed
in vacuum online, followed by heating, without having to expose the samples
to air (an illustration of the vacuum crusher is shown in Annex 1, Figure 3.6).
Prior to crushing, the sample pieces and the vacuum crusher were preheated to
100°C and 300°C, respectively. Water and noble gases were extracted
stepwise, with one or more crushing steps, each consisting of 10-50 hammer
strokes on the stainless steel pestle of the vacuum crusher (extraction method
II-a) being followed by a final heating step at 280°C (extraction method II-b).

3.3.2 Determination of the water mass

Accurate determination of water masses of only a few milligrams is
challenging and cannot be accomplished by the standard method used for
analysing the noble gas concentrations of water samples, i.e. by weighing the
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sample before and after sampling'. We therefore set up a system (Fig. 3.2) to
determine manometrically the mass of the extracted water (see also Kluge et
al., 2008 for a similar system). The water liberated from the sample is first
frozen at the temperature of liquid nitrogen (approximately -192°C) in a “cold
finger” and is then allowed to expand into the calibrated volume V (250 cm’).
V is submerged in a water bath kept at a constant temperature of 40 °C to
prevent the water vapour from condensing. A precise pressure gauge measures
the water vapour pressure inside V, allowing the water mass to be calculated
from the ideal gas law. Water masses of up to ~13 mg can be determined
before water starts to condense. An additional volume V* (320 c¢m’) can be
added to V, giving a combined volume of 570 cm’ and allowing water masses
of up to ~28 mg to be determined. Given the uncertainty of the measured
pressure as well as the temperature and the calibrated volume, the overall
propagated 1c-error of the water masses is less than 1.5%.

water reservoir

to sample to MS

L

s

hand valves

V' pressure gauge
volume V
delimited by P1,P2,P3,P4

additional volume

cold finger

s |@X

= water bath, 40°C

Figure 3.2: Setup of the pressure measurement system. The calibrated volume V contains a
cold finger that can be cooled with liquid nitrogen. A pressure gauge (MKS baratron type
626, maximum pressure 100 mbar, precision + 0.02 mbar), the additional volume V* and a
water reservoir are connected to the volume V. The water bath, which is held at a temperature
0of40 °C £ 0.5 °C (Lauda Einhéngethermostat A100), can be removed to cool the cold finger.

In order to determine the mass of the extracted water in such a manner, the
following two requirements have to be fulfilled: 1) the water extracted from the
stalagmite sample must be quantitatively trapped in the calibrated volume; and
2) the pressure in the calibrated volume must be generated essentially by the
water vapour

Quantitative trapping
To confirm that the extracted water was trapped quantitatively in V, a series of
water recovery experiments were conducted. For this purpose we attached a

! Extensive experiments showed that weighing stalagmite samples before and after noble gas analysis
is not feasible. This is because weight changes in the milligram range were not only caused by the loss
of water extracted from fluid inclusions, but also by i) loss of grains during the extraction, ii)
adsorption of water vapour on the crushed sample during weighing and iii) weight changes of the
stainless steel tube and the sample container after heating to high temperatures.
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reservoir of degassed water to V (see Fig. 3.2). This procedure allowed a well-
defined amount of water vapour to be injected into V. This water was allowed
to expand into V only, or into V plus the stainless steel tube, that was either
empty or contained a crushed and degassed stalagmite sample. The
experiments showed that the water was completely trapped in V when the
stainless steel tube and the connection line between the sample and the
calibrated volume were heated to 100 °C (Table 3.1).

Table 3.1: Results of the water recovery experiments. The table gives the mass of water
injected into the calibrated volume V, the expansion volume and the heating temperature (T)
of the sample tube and the connection line to V. The yield refers to the percentage of the
initial water that was recovered in the calibrated volume V.

H,O Water vapour expanded T Yield
(mg+12 %) into (°O) (%)
4.98 volume V - 100.7
4.89 - 100.0
4.93 - 100.1
4.73 - 100.2
4.71 - 100.0
2.53 - 100.2
1.62 - 100.0
4.92 volume V and sample - 100.6
tube
4.94 - 100.1
4.87 volume V and the sample 0 98.5
5.03 tube with a crushed 0 99.2
1.24 sample 0 98.2
4.92 0 99.6
5.01 100  100.0
1.10 100 99.7
1.36 100 100.3
1.40 150 99.7
5.35 150  100.3
5.11 150 99.8
4.83 volume V, the sample 100 100.3
4.94 tube with a crushed 150 99.7
4.97 sample, water frozen to 100 99.8
the sample

Pressure by water vapour only

The cold finger in V will trap all gases liberated from the stalagmite sample
that reach their freezing point at or above the temperature of liquid nitrogen.
This may include atmospheric gases liberated from air inclusions or CO,
produced by the decomposition of CaCO; into CaO and CO, at temperatures
above 600°C (Faust, 1950). By heating completely degassed (gas-free and
water-free) stalagmite samples to continuously increasing temperatures, we
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identified the gas being generated at temperatures > 620°C to be CO, using a
miniature quadrupole mass spectrometer. As no other gases were detected
(except for H, in the presence of water, see next paragraph), we conclude that
CO, does not compromise the water vapour pressure determination at
temperatures below 600°C. Also, the pressure of 0.03 mbar resulting from the
release of atmospheric gases from a 2 g sample containing 3 vol.% of air can be
neglected, as 0.1 wt.% of water released from the same sample already causes a
pressure of 11 mbar.

However, during the heating of the stalagmite samples we observed a
measurable pressure from a non-condensable gas species, which was identified
as hydrogen using the miniature quadrupole mass spectrometer. H, first formed
at around 300 °C and its partial pressure increased strongly with increasing
temperature. Extensive recovery experiments with water from the reservoir
showed that water was consumed whenever H, was generatedz. We thus
assume that H, forms if the water released from the sample reacts with the
metal surfaces in the extraction system at temperatures above 300°C. To
account for the resulting bias in the water determination, the H, partial pressure
was used as the error of the pressure reading. For three measurements with
extraction temperatures above 400°C this correction increased the error of the
determined water mass to 7-10%. However, for the vast majority of
measurements the error of the calculated water masses lies below 1.5% (for
more information about the water content in samples from 3 stalagmites see
Annex 1, Figure 3.7).

3.3.3 Noble gas analysis

The mass spectrometric analysis of noble gases follows the analytical protocol
developed for water samples (Beyerle et al., 2000) with modifications required
by the ~ 2000 times smaller gas amounts in typical stalagmite samples.

The measured sample signals were calibrated against a standard of about 0.6
cm’STP of diluted dry air. Standards were measured once a day and treated as
common samples. To simulate the analysis of a stalagmite sample we also
measured 1) “wet standards” by adding 2-3 mg water from the water reservoir
to the standard gas and 2) “heated wet standards”, including heating of the
stainless steel tube to 600°C for 1 h. All types of standard measurements
agreed within experimental error.

Noble gas amounts were calculated by peak height comparison of measured
sample signals and the signals of the air standard. The errors of the noble gas
amounts account for the individual analytical 1c—error and the 1o-standard
deviation of the measured standard signals (Table 3.2). After subtracting the
blank gas amounts, the noble gas amounts are divided by the manometrically
determined water mass to obtain the respective noble gas concentrations. For
the vast majority of the analysed samples, the blank correction was not

We conducted extensive heating tests with sample containers made of aluminium, nickel and silver.
The results showed that the formation of H, was strongest for aluminium followed by nickel and silver.
Silver hence turned out to the best material for stalagmite sample containers.
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significant (< 0.5% of the sample signal). However, for very low sample
signals, i.e. very small quantities of extracted water and low amounts of
“excess air”, blank signals accounted for ~ 1.5% of the sample signal for He to
Kr and ~ 30% for Xe (typical blank gas amounts are given in Annex 1, Table
3.7). Overall, noble gas concentrations were determined with analytical errors
(median of 1o errors) of 2.2% for He to Kr and 3.6% for Xe.

Table 3.2: The reproducibility of standards for each noble gas isotope and the isotopic ratios
of Ne and Ar, expressed as the 10 error of measured standard signals over the period of a
measurement run.

Isotope Standard deviation of ratio Standard deviation of
calibration signals calibration signals

(%) (%)

“Ar 1.0 “*Ne/*Ne 0.1

“He 0.3 Ar/*Ar 0.04

**Ne 0.5

SKr 0.5

PXe 2.1

3.4 Results and Discussion

We analysed stalagmite samples with ages of 1-50 ka from the Middle East
(stalagmites A and B), Turkey (stalagmite C) and central Europe (stalagmites D
to H) (Table 3.3%). Microscopic analysis of thin sections indicated that
stalagmites A to D had high water contents (0.1 - 0.5 wt.%). Stalagmites E to H
were from alpine caves and were formed in a more humid climate than
stalagmites A to D. The noble gas concentrations determined for the 30
samples analysed are summarised in Table 3.4.

Table 3.3: Information on the stalagmites used in this study’. The temperatures listed are
measured modern cave temperatures (Fleitmann et al., 2007, 2009), except for those marked
with an asterisk, which are estimated temperatures prevailing in the cave at the time of fluid
formation (P. Hauselmann, SISKA, La Chaux-de-Fonds, Switzerland, pers. comm. 2008).

Stalagmite  Cave Country Altitude Age Temperature

(masl) (ka) (°O)

A Dimarshim Yemen 350 ~1.5 27

B Qunf Oman 650 not dated 27

C Sofular Turkey 442 ~2 13

D Bunker Germany 180 ~7 10

E Blaettlerloch Switzerland 390 ~3 8-9 *

F Beatus Switzerland 870 ~100 8-9 *

G Beatus Switzerland 870 ~50 8-9 *

H Feés Switzerland 840 ~1 8-9 *

3 In the other chapters of this thesis stalagmite A is called D1 and stalagmite C is called SO2.
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Table 3.4: Noble gas concentrations in cm’STP per g of water and the mass of extracted
water for the analysed stalagmite samples. The errors are given as relative errors in %. The
samples with high H, releases are indicated with an asterisk. The temperature (T) during the
heating extraction process and the number of hammer strokes (n) in the crushing step are
given for each sample.

Sample T,n He Ne Ar Kr Xe Water
(10°) (107) (107 (107) (10*) (mg)
extraction method I, pre-crushed in air
Al 550°C 3.95+2.6% 25.8+2.6% 14.4 £2.6% 1.89+2.7% 2.05+3.6% 3.31+£2.6%
A2 400°C 2.95+1.6% 11.2+1.6% 6.36 +£1.3% 0.99+1.7% 1.21 £2.9% 1.74+1.3%
A3 400°C 3.90 +£1.8% 8.48 £1.9% 494+ 1.6% 0.85+2.1% 1.55+2.9% 1.92 +1.6%
A 4 400°C 2.10+2.5% 5.38£2.6% 3.82+2.4% 0.74 £2.6% 1.36 £3.4% 2.56 +2.4%
A 5% 600°C 1.13+7.4% 2.46 £ 7.4% 1.79 £ 7.2% 037+7.3% 0.77 £ 7.6% 9.10+7.2%
A 6 400°C 1.71 +1.8% 6.79 + 1.6% 441 +1.2% 0.82 +1.6% 1.81£2.7% 233+1.2%
A7 400°C 2.52+1.9% 8.85+1.9% 591+£1.2% 1.00 +1.9% 1.83+£2.7% 1.14+1.2%
A 8 400°C 1.46+1.7% 431+1.8% 232+1.3% 0.44 +1.9% 0.75 +3.4% 3.07+1.3%
A9 600°C 2.26 £2.6% 10.2 +£2.6% 5.82+£2.3% 1.04 +£3.0% 2.02+3.3% 1.97+2.3%
B 1* 400°C 35.6 £8.8% 252+ 11% 8.40 £8.4% 242+ 13% 7.75 £ 12% 0.40 + 8.4%
B2 400°C 8.71 £3.0% 20.0 + 3.4% 8.70 +1.9% 1.71 £ 6.0% 3.93+4.5% 0.23+1.9%
C 1* 550°C 10.2 +£10% 11.3+10% 441 +11% 1.02+11% 329+11% 0.59+10%
extraction method I, pre-crushed in N,
A 10 320°C 1.31+1.8% 10.6 £1.5% 10.5+1.8% 1.10+1.5% 1.38+£2.2% 1.99+1.2%
A 11 320°C 235+£1.5% 9.94 +1.4% 20.4+1.8% 1.02+1.5% 1.29+£2.9% 1.73+1.3%
A 12 320°C 2.55+1.8% 11.7+1.5% 10.7 +1.8% 1.21 +£1.4% 1.60 £2.2% 1.96+1.2%
CcC2 320°C 13.4+1.5% 16.0+1.5% 27.4+1.8% 1.46 £1.5% 4.06 +2.5% 0.23+1.5%
D 1 320°C 294+ 1.7% 11.2+1.7% 7.43 £2.0% 1.25+2.0% 3.70 £2.7% 0.20+1.5%
H 1 320°C 5.82+1.9% 480+ 1.7% 5.73+£1.9% 0.57+1.7% 0.78 +2.7% 0.96 +1.4%
extraction methods Il-a and I1I- b
A 13 400°C 0.84+£2.1% 20.8+1.9% 10.5+2.1% 1.47 £2.0% 1.36 £3.6% 0.40 + 1.8%
A 14 400°C 0.35+£2.0% 9.81+1.7% 478 +1.6% 0.69 +1.5% 0.75+3.4% 023+1.2%
A 15 10 strokes 7.36 +1.4% 172 +1.4% 90.6 £1.7% 11.9+1.4% 10.1 £2.6% 0.67+1.3%
20 strokes 5.10£7.2% 102 +7.2% 50.0+7.2% 711+£7.1% 6.85+7.8% 0.06+7.1%
500°C 1.41£22% 23.1+ 2.0% 11.7+22% 1.49 £2.0% 1.46+3.1% 0.24 +1.9%
A 16 10 strokes 19.5+2.0% 457 £2.1% 214+2.3% 283+£2.1% 25.6 £3.0% 0.15+2.0%
20 strokes 9.17+2.1% 195 +2.1% 85.7+2.3% 11.6£2.1% 11.4+3.0% 0.15+2.0%
100 strokes 13.2+3.4% 273 +£3.4% 119 +£3.5% 16.7+3.4% 15.6 £4.0% 0.06+3.3%
280°C 0.63+2.5% 12.6 £2.5% 4.67 +2.4% 0.61 +2.6% 0.60 +4.9% 0.48+1.3%
C3 20 strokes 0.38 £3.0% 6.74 £ 1.7% 12.8+1.6% 1.42+1.4% 2.01+£2.8% 028+ 1.2%
C 4 20 strokes 1.10£2.1% 263+£2.1% 23.0+23% 4.04+2.1% 5.11+£3.6% 0.25+2.0%
500°C 9.44 +£3.0% 3.66 £4.3% 1.85+3.1% 0.44 +4.0% 0.44+16% 0.07 £2.9%
D 2 10 strokes 1.43+1.3% 43.1+1.3% 24.6 +1.6% 3.66+1.3% 3.65+2.5% 1.54+1.2%
D3 5 strokes 1.64 +1.3% 455+1.4% 28.1+1.6% 417+1.3% 433+£2.5% 1.06+1.2%
60 strokes 3.53+1.4% 70.1 £1.3% 472+ 1.5% 7.63+1.5% 8.95+3.5% 0.09+1.1%
280°C 1.49+1.5% 11.4+1.5% 476 +1.7% 0.54+£2.2% 0.41 £8.7% 0.16+1.3%
E 1 20 strokes 12.1+1.3% 379 +1.4% 190 + 1.7% 26.4+1.4% 242 +2.6% 031+1.3%
280°C 334+13% 67.1+1.3% 384+ 1.6% 5.78 £1.4% 6.41 £2.5% 0.58+1.2%
F 1 20 strokes 174 + 10% 3696 £ 10% 1752 £10% 214 +£10% 163 +10% 0.02+10%
280°C 56.9+3.4% 88.9+3.4% 349+3.5% 3.70£3.5% 230+ 5.7% 0.06+3.3%
G 1 20 strokes 208 £20% 5804 +20% 2775 +£20% 355+20% 297 +20% 0.01 £20%
40 strokes 60.8 £20% 1411 £20% 665 +20% 88.4 +£20% 81.8 +£20% 0.01 £20%
280°C 485+1.5% 13.51 £ 1.6% 6.17+1.8% 0.82+£2.1% 0.73+6.7% 0.28 +1.4%
H 2 20 strokes 3.87+1.4% 107 + 1.4% 65.2+1.6% 10.5+1.4% 11.8+2.5% 0.40+1.3%
H 2 280°C 1.71 £2.0% 5.56+1.9% 3.70 £2.0% 0.64 £2.4% 0.88 +4.9% 0.17+1.8%
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Figure 3.3: Noble gas signature (Ne, Ar and Xe) of the gas extracted from stalagmite
samples. The ratios shown were calculated from the measured noble gas abundances. For a
better overview, the data resulting from the extraction methods I (dark grey), II-a and II-b
(light grey) are shown in three separate plots. The grey shaded area represents mixtures of
ASW (0-30°C, open circles on the left) and unfractionated atmospheric air (open square on
the right).
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3.4.1 Separation of air and water inclusions

In this section we use three-element plots to compare the two extraction
methods in terms of their ability to separate noble gases originating from air
inclusions from noble gases originating from water inclusions (Fig. 3.3).

In three-element plots, data points representing a mixture of noble gases from
atmospheric air and ASW must fall within the area defined by the atmospheric
air data point and the array of points given by the temperature-dependent
composition of noble gases in ASW. Conceptually, the noble gases extracted
from the stalagmite samples can be viewed as a mixture of noble gases
originating from ASW and atmospheric air. This agrees with microscopic
analyses, which showed that both air and water inclusions are present in the
stalagmites. However, it has to be noted that several data points in Fig. 3.3 -
especially those associated with extraction method I - fall outside the binary
mixing triangle, indicating a possible contribution from one or more additional
noble gas components (see section 4.2 and 4.3).

Figure 3.3 shows that the relative abundance of noble gases originating from
air inclusions and from water inclusions depends on the extraction method
used. The data points from extraction method I generally lie close to the point
representing the ASW component and also close to each other, indicating that
similar amounts of noble gases from air inclusions are released from these
samples. On the other hand, the data points from extraction method II scatter
over the whole mixing triangle, i.e. the “excess air” amounts in these samples
strongly vary. This indicates that extraction method II does not lead to an
adequate separation of noble gases that originate from air inclusions from those
that originate from water inclusions. The vacuum crusher hence seems to open
air and water inclusions with a similar efficiency. Also, the first few hammer
strokes open too many water inclusions (see Table 3.4), leaving only little
water to be extracted during the subsequent crushing or heating steps.

The key to a successful separation of noble gases originating from the two
types of inclusions thus seems to be pre-crushing and sieving of samples to
grains of a defined size given by the size of the air and water inclusions on the
one hand and the size of the calcite crystals on the other. Apparently, such size-
dependent crushing preferentially opens inter-crystalline air inclusions, while
the intra-crystalline water inclusions largely remain intact. As a result, the
noble gases released during the heating step originate mainly from water
inclusions, leading to a noble gas signature close to the ASW component. For a
comparison of grain size distributions of “offline” and “online” crushed
samples see Annex 1, Figure 3.8.

3.4.2 Noble gas temperatures

We determined NGTs by error weighted least-squares fitting of the measured
concentrations of Ne, Ar, Kr and Xe using the Matlab program noble90
(developed by Aeschbach-Hertig et al., 1999). The measured He concentration
was not used to determine NGTs, as large excesses relative to a composition of
ASW and atmospheric air were observed in all samples (see later in this
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section). The least-squares fitting procedure interprets the measured
concentrations in terms of the unknown variables T and the volume of dry air
per gram of water (“unfractionated excess air”). It minimises the sum of the
error-weighted squared deviations between measured and modelled
concentrations, denoted by

2 _ 2 2
X - Z(Ci,measured'ci,modelled) / (Aci,measured/ Ci,measured)

T is then calculated from the ASW component and the “excess air” is a
measure of the elementally unfractionated atmospheric air component. The
existing least squares fitting models can therefore only be used to interpret
binary mixings of air and ASW. Solutions that are statistically consistent with
the data are expected to yield Xz—values corresponding to the degree of freedom
in the regression v = N - P = 2, where N = 4 is the number of noble gases
considered (Ne, Ar, Kr, Xe) and P = 2 is the number of variables estimated (T,
ANe).

In our study, least squares fitting of the measured noble gas concentrations in
stalagmites (Ne, Ar, Kr and Xe) resulted in y*-values larger than the number of
degrees of freedom for all samples Therefore, none of our data sets yields a
statistically acceptable NGT. This clearly shows that the binary-mixing models
implemented in the Matlab code noble90 are conceptually not appropriate to
explain the measured noble gas concentrations in stalagmites. We therefore
hypothesize that measured noble gas concentrations in stalagmites originate
from more than the two atmospheric components that the available methods are
able to account for (detailed discussion in section 4.3).

On the other hand, we note that the calculated NGTs for 8 modern stalagmite
samples analysed by extraction method I are physically acceptable, as they
agree with the present cave temperature to within 1-3 °C. Five samples from
stalagmite A (A 1, A 3, A 4, A 6, A 11) with a cave temperature of 27°C
yield NGTs between 26 and 30°C, 2 samples of stalagmite C (C 1, C 2) with a
present day cave temperature of 13°C result in NGTs of 11-14°C and the NGT
of sample D 1 of 10°C agrees with thee present cave temperature of 10°C. The
fact that 40% of all samples analysed by method I yield physically meaningful
NGTs tends to indicate that stalagmites indeed preserve a temperature signal in
their noble gas record and that extraction method I is a very promising
experimental protocol. Nevertheless, we again note that even these samples
resulted in statistically unacceptably high x*-values and correspondingly large
uncertainties of 10-30°C (the results of least-squares fitting are shown in
Annex 1, Table 3.8).

3.4.3 Noble gas components

In order to understand better why the least squares fitting does not yield
satisfying results and to discuss the various geochemical origins of the
measured noble gases in stalagmites, we calculated elemental ratios R =
(Ngi/ A1) sampie/(Ngi/A1),ir 0f the measured noble gas amounts, where Ng; is the
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amount of noble gas 1. These ratios are used to characterize the deviation of
measured noble gas abundances from the noble gas composition of atmospheric
air or ASW. We chose Ar as the normalising element as its physical properties
lie between those of the more soluble noble gases Kr and Xe and the light
noble gases He and Ne, which are good tracers of “excess air” due to their low
and only slightly temperature-dependent solubilities.

2 . ' .
a) , extraction method I, pre-crushed in air D) extraction method I, pre-crushed in N,
1.5+
14
T 05/
o
01— Noemre=————— —-————=
unfractionated air
054
| ASW
-1 1 I
2 -
C) extraction method Il-a d) extraction method II-b

Il-|e l\lle Ar Klr )ée He Ne Ar Kr Xe

Figure 3.4: Normalised elemental ratios R = (Ngi/Ar)sampie/(Ngi/Ar),ir for each extraction
method, expressed as a logarithm. Also shown is the noble gas pattern for air-saturated water
from 0-30°C (grey area) and for unfractionated atmospheric air (dashed horizontal line). The

region between the grey area and the dashed horizontal line corresponds to a mixture of the
two components.

The figure illustrates that Kr and Xe independent of the extraction method
employed can be interpreted as a mixture of ASW and different amounts of
atmospheric air, as the corresponding lines lie between the grey shaded area
representing ASW and the dashed line representing atmospheric air. Exceptions
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are some samples subjected to extraction method I that were either enriched in
Kr or Xe even with respect to the ASW component (Fig. 3.4a) or had lower
Kr/Ar ratios than atmospheric air (Fig. 3.4b). As the enrichment with Kr and
Xe was only observed in the samples that were in contact with air during
crushing, we interpret this enrichment to be an analytical artefact; 1.e., to have
been produced as a result of atmospheric contamination by adsorption during
pre-crushing in air. The noble gas composition of the samples pre-crushed in
N, support this hypothesis, as the corresponding Kr and Xe excesses are
substantially reduced (Fig. 3.4b). However, the N, gas we used still contains a
substantial amount of Ar (~ 200 ppm) and therefore these samples now show
an enrichment in Ar (see also Fig. 3.3). This is very likely the explanation for
the fact that the values of R for samples pre-crushed in N, lie below the value
for atmospheric air as Ar is adopted here as reference element.

In contrast to Kr and Xe, the concentrations of He, and often also of Ne, cannot
be explained solely in terms of a simple binary mixing of ASW and air, as
R(He) and R(Ne), independent of the extraction method employed, lie outside
the region between ASW and atmospheric air. This systematic deviation
indicates the presence of an additional noble gas component, which leads to the
observed excess in He and Ne relative to the binary mixture of ASW and
atmospheric air. Several processes have the potential to enrich He and Ne in
stalagmites.

However, most of these can be excluded as a major source of the observed He
and Ne excesses. For instance, accumulated radiogenic 4He, which is estimated
from the known contents of uranium and thorium and the age of the stalagmite
A samples (Fleitmann et al., 2007), accounts only for 10% of the observed He
excess. Diffusion of He from the cave atmosphere into the stalagmite cannot
cause the observed excess because of the very low diffusion coefficient of He
at the ambient temperature and pressure conditions (Dy. = 2.4 x 10 m?/s:
Copeland et al., 2007). Alterations of the equilibrium concentration in water
due to a higher partial pressure in the atmosphere in the cave can also be
excluded, as the analysis of the noble gas composition of three cave air samples
revealed no difference to that of the free atmosphere. We also exclude
solubility-related processes, i.e changing solubilities under capillary forces
within the water inclusions or in a very thin water film (~ 0.1 mm: Dreybrodt,
1980), as both processes favour only the dissolution of heavy gases relative to
light noble gases (Giannesini et al., 2008; Mercury et al., 2004).

Table 3.5: Atomic diameters used in the illustration in Fig. 5 (Momma and Izumi, 2008) and
the atomic diameters of noble gases according to Huber et al., (2008).

atom atomic ion atomic
diameter diameter

(A) A)

He 2.55 Ca 3.94

Ne 2.82 C 1.54

Ar 3.54 (0] 1.48

Kr 3.65

Xe 4.05
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Our hypothesis to explain the He and Ne excesses is that these gases are
trapped in the calcite crystal lattice (similar processes are discussed by Thomas
et al., 2008 and Du et al., 2008). We speculate that He and Ne atoms were
trapped in crystallographic voids of the calcite structure (Fig. 3.5) during
crystal growth in the cave air. Hence, the lattice-trapped He and Ne are of
atmospheric origin. Each crystallographic unit cell of calcite contains 4 such
voids in the form of an irregular tetrahedron with a CO; group at each corner
(Fig. 3.5B). The maximum diameter of a sphere that would fit into the CO;
tetrahedron void is ~ 3 A, which is large enough to hold an atom of He or Ne,
but not of Ar, Kr or Xe, which have atomic diameters larger than 3 A (Table
3.5).

Most likely, different processes liberate lattice-trapped He and Ne during
crushing or heating. Crushing breaks the calcite crystals predominantly along
the cleavage planes of calcite (Miller index {101}) that cuts two of the CO;
tetrahedron voids in each unit cell. The CO; tetrahedron void will then release
the He or Ne atom trapped inside. During heating it is more likely that lattice-
trapped He or Ne will be released by temperature-enhanced diffusion from the
COj; tetrahedron void to the surface of the crystal. This also explains the
stronger He enrichment relative to Ne observed at higher extraction
temperatures, as He is more volatile than Ne (see Fig. 3.4).

ﬂ CO3-group
g Ca-atom

\IL» crystallographic
53’ axes

Figure 3.5: A: Schematic diagram of the CaCO; unit cell with the lengths of the
crystallographic axes of a = 4.991 A, b =4.991 A and ¢ = 17.062 A (Momma and Izumi,
2008). B: Enlargement of the section with the irregular COs tetrahedron void. The radii of the
atoms are reduced to 40% of the radii shown in A. The distances between the CO; groups are
indicated.

Ayliffe et al. (1993) have already speculated about an additional lattice-trapped
noble gas component present in stalagmites, besides the noble gases from water
and air inclusions. Kluge (2008) observed excesses in Ne relative to a mixture
of noble gases from air and ASW in other stalagmite samples, which might also
have resulted from the release of lattice-trapped Ne. Moreover, Mohapatra et
al. (2009) observed an atmospheric Ne excess in Martian meteorites, which
they interpreted as “terrestrial contamination”. The meteorite was exposed to
terrestrial weathering processes and underwent recrystallization, including the
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formation of calcite crystals (Ulrich Ott, MPI Chemistry Mainz, Germany,
pers. comm. 2009). We therefore speculate that a similar process to the one we
propose for stalagmites — i.e., the trapping of atmospheric Ne during the growth
of calcite crystals in air — is responsible for the Ne excess observed in
weathered meteorites.

3.5 Conclusions and Outlook

The analytical protocol presented in this study enables to determine noble gas
concentrations in stalagmites precisely, with an overall analytical error of 2-
4%. It includes an extraction method (extraction method I) that achieves a
sufficient separation of air and water inclusions without loosing too much
water during sample preparation. Extraction method I therefore represents an
important step forward towards the determination of robust NGTs. For 8 out of
totally 18 samples analysed by extraction method I we determined NGTs that
correspond reasonably with the present temperature in the cave, even though
the NGTs cannot be determined in a statistically acceptable manner. This
finding indicates that the available least squares fitting models are not capable
to fully explain the observed noble gas concentrations in stalagmites, because
they do not account for the additional noble gas components (adsorbed heavy
noble gases and lattice trapped He and Ne). As a consequence, the NGTs
determined in this study are not robust yet.

According to our results, the additional lattice-trapped noble gas component in
stalagmites cannot be extracted separately from the ASW and atmospheric air
component, as it is already released during crushing. Also, a quantification of
the lattice-trapped component in order to develop new models for least squares
fitting seems currently not to be feasible, as this component is up to now only
vaguely defined. As a consequence, in the future NGTs have to be determined
using only the three noble gases Ar, Kr and Xe for least-squares fitting. Our
results indicate that these three gases are not trapped in the crystal lattice, and
that their composition is therefore governed only by the two components ASW
and atmospheric air if atmospheric contamination during pre-crushing is
avoided. As the Ar content in the N, gas used for sample pre-crushing in our
study is still unacceptably large, we plan to pre-crush future samples in pure He
(99.9999%). Also, we intend to improve the extraction method I by defining an
“optimal grain size” for pre-crushing for each stalagmite individually,
depending on the size of its crystals and of the air and water inclusions.
Defining such an “optimal grain size” will further improve the separation of
noble gases originating from air inclusions from those originating from water
inclusions.

Preliminary results from samples pre-crushed in a He atmosphere are very
promising, as the measured concentrations of Kr, Xe and possibly also Ar seem
to be determined only by their concentrations in ASW with a small addition of
air (ANe ~ 50-100%). Hence, least-squares fitting of such binary mixings is
expected to yield reliable and robust NGTs in stalagmites, even from a
statistical point of view.
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The method presented here was developed for stalagmites, but it has the
potential to be applied to other samples in which water in the milligram range
1s present and dissolved atmospheric noble gas concentrations are of interest.
For instance, noble gas analysis of the pore waters of consolidated sediments
would allow the processes of gas transport through sedimentary basins, and the
evolution of these transport processes, to be studied. Biogenic carbonates (e.g.,
shells and corals), which contain up to 1 wt.% of water (Lecuyer and Oneil,
1994), could also potentially be used to reconstruct the past temperatures of
lakes and oceans (Preliminary results of noble gas analysis in a consolidated
sediment and in zebra mussel shells are presented in Annex 2, Tables 3.9 and
3.10).
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3.6 Annex 1
3.6.1 Supplementary Tables

Table 3.6: Ar, Kr and Xe abundance in atmospheric air (Porcelli et al., 2002), in the N, gas
used to flush the glove box and in the gas phase in the glove box after 10 flushing cycles with
N,. One flushing cycle refers to pumping the chamber until the gloves become inverted and
then inflating the chamber with N, gas until the gloves protrude out from the chamber. Noble

gas abundances are expressed as volume fractions v;.

VAr Vkr

) )

Vxe

)

Atmospheric air

(9.34£0.01)x 10°  (1.14£0.01)x 10°  (8.70=+0.1) x 10

N (99.9999% purity)

(2.1+0.04) x 10™ (3.9+02)x 10" (1.8+£0.5)x 10"

Gas phase in glove box

(1.6 £0.01) x 107 (1.8£0.02) x 107 (1.4£0.04) x 10

Table 3.7: Blank gas amounts of He, Ne, Ar, Kr and Xe measured 1) after heating an empty
sample tube to 200, 400 and 600°C for one hour, ii) after heating a pre-heated empty sample
tube to 300°C and iii) after 100 strokes in the pre-heated vacuum crusher. The last part of the
table shows typical noble gas amounts extracted from stalagmite samples for comparison with

the presented blank gas amounts.

He Ne Ar Kr Xe

(cm’STP)  (cm’STP)  (cm’STP)  (cm’STP)  (cm’STP)
i) Stepwise heating of empty sample tube, no pre-heating
no heating 34x10"  54x10"7  1.6x10° 26x10"° 14x10"
200°C 1.6x10"  63x10" 19x10% 45x10"7 6.6x10"
400°C 85x10" 14x10" 54x10° 48x10" 7.7x10"
600°C 6.6x10"  75x10"  52x107  6.1x10"° 32x10"
ii) empty sample tube, pre-heated to 400°C
no heating 76x10™"  19x10" 70x10"" 19x10" 1.5x10M
300°C 6.4x10" 26x10" 14x10" 36x10"7 2.1x10"
iii) vacuum crusher pre-heated to 400°C
100 strokes 54x10™  88x10™ 29x10" 14x10" 49x10"
Noble gas amounts extracted from stalagmite samples
A6 39x107  1.6x107  1.0x10° 19x10" 42x10™"
A 16,10 strokes 29x107  6.8x10° 32x10° 42x10" 38x10™"
A 16, 280°C 30x10"  6.0x10" 22x107 29x10"" 29x10"
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Table 3.8: The table summarizes the least squares fitting results of all samples analysed by
extraction method I and I1. Given are the y’—values and the two fitted parameters NGT and
the amount of “excess air” expressed as % ANe. Errors determined by error propagation are
scaled with (x*/v)"* to account for the goodness of fit (see Aeschbach-Hertig et al., 1999).
Asterisks mark samples that yielded NGTs corresponding within 1-3°C to modern cave
temperatures.
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X NGT ANe
() (°C) (10° %)
Extraction method I, pre-crushed in air
A 1% 15.9 264+99 1.37+0.10
A2 83.1 36.7+12.0 0.56 £0.07
A 3% 2504 296+17.4 0.35+0.10
A 4% 137.1 24.1+10.3 0.18+0.07
AS 42.4 476+17.1 0.04 £0.06
A 6% 460.8 28.1+17.1 0.27+0.10
AT 208.1 19.8+10.7 0.35+0.09
A 8 393.5 66.1 £29.6 0.17+0.09
A9 192.0 17.8+£15.0 0.38+£0.13
B 1 62.0 0+453 0.49+0.61
B 2 265.5 1.4+20.8 0.50+0.28
C 1* 53.5 14.4 +£30.6 0.26 +0.29
Extraction method I, pre-crushed in N,
A 10 300.4 226+123 0.54 +£0.04
A 11%* 1322 26.3+29.8 0.52+0.02
A 12 228.3 189+99 0.58 £0.05
C 2% 1688 11.6 £32.1 0.76 £0.03
D 1* 486 10.6 £ 15.7 0.42 +£0.03
H 1 382 38.0+ 153 0.24+0.02
Extraction method Il-a and II-b
A 13 20.0 55.1+17.1 1.31+£0.08
A 14 83.0 83.2+26.8 0.71 £0.11
A 15 8.7 0+33 7.85+0.08
39.9 1.2+12.1 449 +£0.25
27.9 63.2+25.8 1.54+0.12
A 16 51.3 0+434 200+1.2
119 48+384 8.61+0.79
110 0+40.0 11.5+1.0
C3 739 0+8.6 0.24 +0.10
C 4 875 0+£26.8 1.18+0.35
187 96.5+4.1 0.49+0.19
D2 4.2 28+1.7 1.90 £ 0.03
D3 27.6 0+44 1.99 +£0.09
497 0+42.7 3.20+0.66
E 1 88.4 0+524 173+1.3
88.6 0+14.7 2.99+0.25
F 1 324 100 +£27.3 81.6+53
G 1 243 0+392 274+ 10
63.6 0+180 65.9+423
H 2 619 0+59.1 536+1.12
48.9 43.1+8.6 0.28 +0.03




3.6.2 Supplementary Figures
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Figure 3.6: Schematic of the vacuum crusher. It consists of a stainless steel pestle, which is
connected to stainless steel tube via a flexible bellow. By striking on the top of the pestle with
a hammer from outside, the bellow is compressed and allows the pestle to reach the sample
and crush it. A: Position of the sample pieces during pre-heating while the vacuum crusher
remains in the horizontal position. B: Position of the sample pieces during crushing after
turning the vacuum crusher to the vertical position. Fittings are CF flanges with copper seals,
except for the connection to the steel tube, which is an aluminium gasket closed with chain
clamps.
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Figure 3.7: Water amounts per gram of sample released from 5 stalagmite samples
(stalagmites A, B and C). Samples were pre-crushed in air into grains of 300 um diameter and
then in a) heated from 100 to 600° in 100°C steps of 60 min duration (each white bar
represents one heating step) and in b) extracted in a single heating step at 600°C (single white
bar). The grey bars represent the totally released amount of water per g of sample. The figure
shows that the amount of water extracted from stalagmite samples generally increases with
increasing temperature and that around 50% of the totally released water is liberated between
500 and 600°C. However, at temperatures above 300°C part of the released water reacts with
the metal surfaces in the extraction system to form H, gas. This leads to errors in the
determination of the extracted water mass. Therefore, the extraction temperature for
stalagmite samples needs to be lower than 300°C.
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Figure 3.8: Cumulative size distribution of calcite grains from stalagmite D1 after crushing
according to extraction method I and II. The Figure shows that with extraction method II the
proportion of grains smaller than 300 um (the grain size of samples crushed with extraction
method I) reaches ~100% after 40 to 100 strokes with the vacuum crusher. However, after 40
to 100 strokes only little water remains in the sample to be extracted by heating. As a
consequence, extraction method II is not suitable to sufficiently separate air and water
inclusions.
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3.7 Annex 2

3.7.1 Noble gas analysis in zebra mussel shells

Table 3.9: Noble gas concentrations (in cm’ STP/g) in water extracted from zebra mussel
shells from Lake Constance (Switzerland/Germany). The shells were sampled in water depths
of 5m (~ 10°C) and 25m (~ 4°C). Prior to noble gas analysis, the shells were cleaned in an
ultrasonic bath and dried for 30 min at 80°C. Noble gases and water were extracted by heating
the shells (ca. 1g) for 1h in vacuum to 250-300°C. The error of the extracted water mass is
1.5% and the errors of noble gas concentrations are 1.5% for Ne, Ar, Kr and 3% for Xe.
Noble gas concentrations are expected to be higher in the shells from the deeper water due to
the lower temperature. This is reflected in the measured concentrations. However, the
measured concentrations are lower than equilibrium concentrations at 4° and 10°C
respectively. Also, the concentration difference between the samples of 5Sm and 25m depth is
higher than expected for a temperature difference of 6°C. We suspect that heating of the
mussel shells probably released organically bound water, as shells contain up to 5 wt.% of
organic material (Mann, 2001). Such “bound water” contains no dissolved noble gases and
may hence lead to a virtual lowering of noble gas concentrations. In addition, fractionation
caused by the biologically controlled precipitation of the calcium carbonate shell may also
affect the noble gas concentrations. We conclude, that noble gas concentrations in mussel
shells cannot be interpreted in terms of a water temperature in a simple and straightforward
way.

Sample Water He Ne Ar Kr Xe
(mg)  (10%) (10%) (107) (107) (107
Samples from 5m

Shell 1 12.3 6.0 4.6 6.4 2.2 1.4
Shell 2 1.3 1.0 1.8 2.0 1.3 0.6
Sample from 25m

Shell 3 8.1 53 13.9 19.1 7.6 6.3

Equilibrium concentrations in water
4°C 4.58 20.7 42.4 10.4 1.56
10°C 4.44 19.3 36.7 8.66 1.25

3.7.2 Noble gas analysis in opalinus clay samples

Table 3.10: Amounts of noble gas isotopes per g of sample and the isotopic ratio *°Ar/*°Ar
measured in samples (~ 0.5g) from the opalinus clay formation at the Mont Terri Rock
Laboratory (for details see Pearson et al., 2003). Noble gases were analysed in three
extraction steps; 1) degassing at room temperature in vacuum for 14-22 h, 2) online vacuum
crushing (50 strokes), 3) heating in vacuum to 250°C for 1h. The errors of the noble gas
amounts are 5% for *He, 3% for “’Ne and *’Ar, 5% for *Kr and 2-5% for *’Ar/*°Ar. For *°Xe
the errors are 30% for the samples OPA 1 to OPA 3 and 3% for OPA 4 and OPA 5.

The water content in the samples analysed (~ 1wt.%) is much lower than expected (6-10wt.%,
Pearson et al., 2003)). This may be due to diffusive gas and water loss during sampling,
sample storage and sample connection to noble gas extraction line. The results are therefore
very preliminary. Nevertheless, the results still indicate that different noble gas components
are released in the different extraction steps, i.e. the noble gases released in the degassing as
well as in the heating step seem to be of atmospheric origin, whereas crushing seemed to be
liberating noble gases of radiogenic origin (*He and *’Ar).
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Sample . *He 2Ne OAr K B6xe A Ar
Extraction 3 3 3 3 3
(em’STP/g)  (em’STP/g)  (cm’STP/g)  (em’STP/g)  (cm’STP/g) ()
OPA 1  degassing 7.4x 10" 29x10" 9.4 x 107 7.9 %107 4.1 %10 293.5
crushing 45%x10" 33x10" 6.2 %107 54x10™" 3.0x10™" 927.4
heating 7.5 %107 22 %107 1.9 x 107 1.0 x10™" 7.9x 10" 293.1
OPA 2  degassing 42 %10 1.3x107 8.5x 107 32x10™" 1.4x10™" 301.8
crushing 8.3 x 10 2.9 %107 3.9x 107 3.1x10™" 1.1x10™" 684.2
heating 14x10* 7.8x 10" 1.0 x 107 6.6 x 10" 44 x10™" 4149
OPA 3  degassing 1.6 x 107 32 %107 1.8x10° 5.6x 10" 25%x10™" 289.0
crushing 3.9x10® 58x 10" 5.0 107 4.0x10™" 1.9 x10™" 688.2
heating 54x10" 1.5x10™" 2.7 %107 2.0x10" 1.3x10™" 322.6
OPA 4  degassing 73 %107 13x10* 5.6x10° 1.3 %107 6.7 x 10" 285.8
crushing 1.8x10* 1.8 %107 6.2 %107 6.3 x 10" 3.5x10™" 353.1
heating 52 %107 2.0x10™" 2.0 %107 1.4x10™" 1.6 x10™" 282.5
OPA 5  degassing 23 %107 33 %10 6.4 x 107 47 %107 2.9 %107 293.8
crushing 55x10® 8.4 x 10" 2.9 %107 33x10™" 2.6x10™" 1117.5
heating 44x10" 1.5x10™" 23x10" 1.4 x10" 1.6 x10™" 354.9
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Determination of Holocene cave temperatures from Kr
and Xe concentrations in stalagmite fluid inclusions

This chapter has been submitted to Chemical Geology and is currently in review
(Scheidegger et al., in review)

Abstract From the concentrations of dissolved atmospheric noble gases in
water, a so-called "noble gas temperature" (NGT) can be determined that
corresponds to the temperature of the water when it was last in contact with the
atmosphere. Here we demonstrate that the NGT concept is applicable to water
inclusions in cave stalagmites, and yields NGTs that are in good agreement
with the ambient air temperatures in the caves. We analysed Holocene
stalagmite samples from three caves located in three different climatic regions
having mean annual air temperatures of 27°C, 12°C and 8°C. In about half of
the samples analysed Kr and Xe concentrations originated entirely from the
two well-defined noble gas components air-saturated water and atmospheric
air, which allowed NGTs to be determined successfully from the
concentrations of these two gases. One stalagmite seems to be particularly
suitable for NGT determination, as almost all samples analysed from this
stalagmite yielded the modern cave temperature. Notably, this stalagmite
contains a high proportion of primary water inclusions, which seem to preserve
the temperature-dependent signature well in their Kr and Xe concentrations. In
future work on stalagmites detailed microscopic inspection of the fluid
inclusions prior to noble gas analysis is therefore likely to be crucial in
increasing the number of successful NGT determinations.

4.1 Introduction

Stalagmites, which contain precise, high-resolution §°C and 8O records
covering timescales of up to 10° years (e.g., Cheng et al., 2009; Fleitmann et
al., 2009; Wang et al., 2008), are a major focus of palaeoclimate studies. To
explore the full potential of stalagmites as a palaeoclimate archive, direct,
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independent proxies for cave temperature are needed to constrain and interpret
unequivocally the rather complex stable isotope signatures in the calcite, for
instance in terms of hydrological variables (Lachniet, 2009). As cave
temperatures provide a good measure of the local mean annual air temperature
outside the cave (McDermott, 2004), direct cave temperature proxies within
stalagmites also allow the reconstruction of palaeotemperatures over long
timescales and in continental regions where alternative high-resolution climate
archives are often not available.

During stalagmite growth, minute quantities of drip water and cave air are
included in the calcite to form fluid inclusions consisting either of air, water or
both (Kluge et al., 2008; Scheidegger et al., 2010). Air inclusions account for
up to 3% of stalagmite volume (Badertscher, 2007) and water inclusions for
0.01-0.1% of stalagmite weight (Kendall and Broughton, 1978; Scheidegger et
al., 2010; Schwarcz and Harmon, 1976). The concentrations of atmospheric
noble gases (He, Ne, Ar, Kr, Xe) dissolved in the water inclusions are expected
to reflect directly the temperature and salinity of the water as well as the
atmospheric pressure at the time of gas exchange with the cave air, as the
equilibrium concentrations of noble gases in water are a function of these
variables (Kipfer et al., 2002). Hence, noble gas concentrations in stalagmite
water inclusions offer the possibility of determining noble gas temperatures
(NGTs) if the salinity of the cave water and the atmospheric pressure in the
cave are known. The same principle has been widely and successfully applied
to groundwater and bulk lake water (Aeschbach-Hertig et al., 2000; Beyerle et
al., 1998; Kipfer et al., 2002; Stute et al., 1995; Weyhenmeyer et al., 2000) as
well as to pore waters in lake sediments (e.g. Brennwald et al., 2004;
Brennwald et al., 2005).

Recent advances in experimental methods now allow noble gas concentrations
to be determined even in the small amounts of water (~ 1 mg) typically
extracted from a stalagmite sample (Kluge et al., 2008; Scheidegger et al.,
2010). However, in these studies, interpretation of the measured noble gas
concentrations in terms of NGTs was possible for only a minority of samples.
Kluge et al. (2008) were able to convert noble gas concentrations into NGTs
solely in stalagmites having an exceptionally low volume ratio of air inclusions
to water inclusions. Only when this ratio is sufficiently low can NGTs be
determined reliably. This is because noble gases released from air inclusions
not only contain no information about the cave temperature, they also mask the
temperature-dependent noble gas signature of the water inclusions. To
overcome this limitation, Scheidegger et al. (2010) developed a noble gas
extraction technique which efficiently separates air inclusions from water
inclusions. This method requires samples to be pre-crushed into grains of a
defined diameter to remove air inclusions before the noble gases are extracted
from the water inclusions by heating. However, during pre-crushing in air and
in Ny, the crushed samples adsorbed Ar, Kr and Xe on their freshly created
surfaces. This strongly hampered the calculation of NGTs, which were able to
be determined for only a few samples and even then with large absolute errors
of 10-30°C (Scheidegger et al., 2010).
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In this study we analysed noble-gas concentrations in fluid inclusions in
stalagmites originating from three different caves located in regions with
different annual mean air temperatures (8°C, 12°C and 27°C). The results are
based on an improved analytical protocol which reduces noble gas adsorption
on the mineral surfaces of the stalagmite samples during the pre-crushing
procedure. The measured noble gas concentrations result in precise NGT
estimates that are consistent with modern cave temperatures. Hence, this study
confirms for the first time that stalagmites are wuseful archives for
reconstructing absolute temperatures using the NGT method.

4.2 Materials and Methods

4.2.1 Samples

We analysed noble gas concentrations in stalagmite samples from Dimarshim
cave in Socotra Island, Yemen, Sofular cave on the Black Sea coast of western
Turkey and Vallorbe cave, Switzerland (details in Table 4.1). As the caves are
located in three different climatic zones, the cave temperatures cover a large
part of the temperature range commonly observed in meteoric water systems.
The ages of the Dimarshim (D1) and Sofular (SO2, SO3, SO4) cave samples
were derived from an age model based on U/Th-series dating (Fleitmann et al.,
2007; Fleitmann et al., 2009). No ages are yet available for the Vallorbe cave
samples (V1).

Table 4.1: Stalagmites used in this study. The temperatures listed are ambient air
temperatures measured in the caves at the time the stalagmite samples were collected.

Sample Cave Country Altitude Age of samples  Temperature
(m.a.s.l.) (ka) (°O)
D1 Dimarshim (12°33°N 53°41’E)  Yemen 350 1.7t02.2 27
SO2 Sofular (41°25’N 31°56’E) Turkey 442 5to 39 12
SO3 Sofular Turkey 442 0.1to1 12
SO4 Sofular Turkey 442 2t03 12
Vi Vallorbe (46°42°N 6°20°E) Switzerland 770 not dated 8

4.2.2 Noble gas analysis

Stalagmite samples of 4-6 g were cut along the growth axis of the stalagmite
and transferred into a glove box for pre-crushing. The glove box was flushed
with 99.9999% pure He which contained no detectable concentrations of Ne,
Ar, Kr or Xe (according to our static noble gas spectrometer). Noble gas
analysis of gas samples taken in the glove box showed that after extensive
flushing Ar, Kr and Xe concentrations were reduced to ~ 10% of their
respective concentrations in air (Table 4.2). For further purification, we
exposed the gas phase in the glove box for several hours to a sorption pump
filled with zeolite (5 A) and held at the temperature of liquid nitrogen (-196°C).
This additional cleaning step reduced the concentrations of Ar, Kr and Xe to ~
2 % of their respective concentrations in air (Table 4.2).
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Table 4.2: Noble gas abundances of Ar, Kr and Xe expressed as volume fractions v; in the
gas phase of the glove box after 20 flushing cycles and after a subsequent exposure of 4h to
the sorption pump. Also given are the volume fractions of Ar, Kr and Xe in atmospheric air
(Porcelli et al., 2002).

Var VKr VXe
(107 (107) (10”)
20 flushing cycles 8.6 £0.06 1.24+0.01 9.6+ 0.4
20 flushing cycles and 4h exposure to the sorption pump 2.0 = 0.01 0.25+0.002 14+0.1
air 93.4+0.1 11.4+0.1 87.0x1

In the glove box, the samples were pre-crushed into grains of a defined
diameter to separate air inclusions from water inclusions. Air inclusions tend to
be larger than water inclusions and lie preferentially along crystal boundaries.
Hence, the preferred diameter of the crushed grains (350 to 700 um) was
chosen based on the size of individual air and water inclusions in each
stalagmite, so that air inclusions were preferentially removed during pre-
crushing. Because of the preferential removal of air inclusions, the air content
in the pre-crushed samples is 100 to 1000 times lower than in bulk samples
(Scheidegger et al., 2010). Still in the glove box, the pre-crushed samples were
put into a stainless steel tube, which was closed with a vacuum valve. The
stainless steel tube was then brought to the noble gas lab and connected to the
extraction line without exposing the samples to air.

The noble gases were finally extracted from the pre-crushed samples by
heating at 300-400°C for 1h and were analysed using static noble gas mass
spectrometry (see Beyerle et al., 2000). Pre-crushing in a He atmosphere led to
high He concentrations in the samples. However, this did not influence the
analysis of the other four noble gases. Each sample analysis was preceded by
the analysis of a blank and followed by the measurement of a standard gas
aliquot. Noble gas amounts were calculated by peak height comparison of
blank corrected sample signals with the measured standard signal. Dividing the
noble gas amounts by the manometrically determined mass of the extracted
water (for details see Scheidegger et al., 2010) then yields the noble gas
concentrations. These were determined with an overall analytical 16 error of 2-
3% for Ne, Ar and Kr and 3-5% for Xe. The noble gas concentrations
determined for the 24 samples analysed are given in Table 4.3.

4.3 Results and Discussion

4.3.1 Noble gas temperatures (NGTSs)

In lakes and groundwater the concentrations of Ne, Ar, Kr and Xe usually
originate from binary mixtures of two noble gas components, i.e. air-saturated
water (ASW) and atmospheric air. This fact allows NGTs to be determined by
least-squares fitting of the measured noble gas concentrations (Aeschbach-
Hertig et al., 1999; Ballentine and Hall, 1999). However, this approach cannot
be applied directly to stalagmites, as not all noble gases released from
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stalagmite samples have concentrations that are consistent with binary mixtures
of two noble gas components. Ne enrichment, for instance, can occur as a result
of a lattice-trapped gas component (Scheidegger et al., 2010). Also, in this
study we found significant adsorption of Ar on the samples even during pre-
crushing in the highly purified gas phase in the glove box.

Table 4.3: Concentrations of Ne, Ar, Kr and Xe in cm3STP/g and the mass of the extracted
water for the stalagmite samples analysed. Also given are the grain size after crushing and the
age of each sample in ka. A typical stalagmite sample of 4-6 g covers a time interval of ~25 a
in stalagmite D1, ~ 100 a in stalagmite SO2 and ~ 500 a in stalagmite SO3 and SO4. As
stalagmite V1 has not yet been dated, no ages are given in the table for the V1 samples.
Samples marked with an asterisk were pre-crushed in the gas phase of the glove box without
further purification with the sorption pump.

Sample Water grain size Ne Ar Kr Xe Age
(mg) + 1.5% (um) (107) (10 (10®) (10™) (ka)
DIl 1* 1.39 350 592009 426+0.15 512+017  621+0.26 1.75
D1 2% 0.98 350 6.85+0.10 4.60£0.15 6.02+0.19  7.93+031 1.80
D1 3* 1.75 350 6.08+0.09 4.65+0.15 6.13+0.18  7.72+0.29 1.85
Dl 4 2.65 350 621+£0.12 338007 564+012  737+026 1.90
Dl 5 1.84 350 574+£0.11 329+007 552+012 732027 1.95
Dl 6 1.32 350 6.48+0.12 321+£007 5.19+012  6.70+027 2.05
Dl 7 1.31 350 2324005 219+005 3.80+0.09  597+023 2.10
DI 8 2.59 350 105+0.13  526+0.06 8.06+0.10  9.24+0.16 2.25
SO2 1% 0.28 500 820+0.14 8.00+027 9.33+0.29 13.1+0.56 5.1
SO2 2% 0.26 500 6.87+0.13 855+029  7.99+0.29 11.7+0.66 5.6
SO2_3* 0.27 500 554+£0.09 557+0.09 7.88+0.13 11.3+0.34 6.3
SO2 4* 0.14 500 3.81+0.11 4.84+0.11 7.19+0.18 12.0 £ 0.50 7.1
SO2 5% 0.14 500 560+0.15 577+0.13  5.99+0.20 154+0.58 10.5
SO2_6 0.48 600 130£0.04 246+0.04 252+005  583+0.19 37.6
S02 7 0.64 1000 1.65+£0.05 239+006 287+0.07  657+021 38.6
SO3_1 0.35 600 424+009 375+005 620+0.10  9.11+027 0.5
S04 1 1.12 700 285+0.06 333+007 6.67+0.13  11.58+0.25 25
V1 1 0.37 350 8.62+0.18 586+0.13 1047+025 15.56+0.71
V1 2 0.54 350 507011 544+0.12 954+022  15.77+0.64
V1 3 0.92 700 1149+039 6.76+023 10.74+036 16.14+0.58
V1 4 1.06 700 634008 599+007 1137+0.14 1636+0.28
V15 0.78 600 6.71£0.13  383+£007 6.11+0.12  12.96+0.30
V1 6 0.93 500 3.60+£0.06 3.61+005 7.08+0.11 9.62+0.77
V1 7 0.46 500 2714005 3.11+004 585+0.10  9.15+0.80

In contrast to Ne and Ar, the concentrations of the most soluble noble gases, Kr
and Xe, can be interpreted well in about half of the samples analysed as binary
mixtures of ASW and atmospheric air (see Figure 4.1). The concentrations of
Kr and Xe in these samples lie either directly on, or slightly above, the line
representing the temperature-dependent ASW component, indicating the
presence of only small amounts of “excess air”. The results from these samples
also demonstrate that the gas phase in the glove box is sufficiently pure to
reduce the amount of Kr and Xe adsorbed on crushed calcite grains to a
negligible level. As a result, the Kr and Xe concentrations in these samples are
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identified as simple binary mixtures of ASW and atmospheric air only and can
hence be converted in a straightforward manner into temperature information.
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Figure 4.1: Kr and Xe concentrations measured in the stalagmite samples. The solid line
represents ASW from 0 to 40°C and the dashed lines indicate the addition of unfractionated
“excess air” to the ASW component. Mixtures of ASW and atmospheric air hence lie on lines
lying parallel to the dashed lines.

We note that such an interpretation does not apply to the other half of the
samples, whose data points lie below the ASW line in Figure 4.1. In these
samples, Kr and Xe concentrations are present in proportions, that cannot be
explained by a simple binary mixture of ASW and atmospheric air. We
speculate that such “strange” Kr and Xe concentrations are related to the calcite
structure of a stalagmite and the origin of its fluid inclusions (see section 4.3.2).
For the samples with Kr and Xe concentrations on or above the ASW line in
Figure 4.1, NGTs were calculated by solving the following simultaneous
equations for the temperature (T) and the amount of “excess air” per gram of
water (A).

Ckr=Ck: (T, S, p) + A zg,
CXe = C Xe (Ta S) p) +A Zxe

C; 1s the measured Kr or Xe concentration, C*i the respective ASW
concentration (depending on the water temperature T, the salinity S and the
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atmospheric pressure p), and z; the volume fraction of Kr or Xe in atmospheric
air (Porcelli et al., 2002). The salinity of the drip water was assumed to be
negligible (i.e. S = 0 g/kg). The partial pressures of Kr and Xe in cave air were
determined using the barometric formula to calculate the atmospheric pressure
at the elevation of the cave site under the assumption that the noble gas
composition of the cave air was the same as that of the atmosphere.

A possible caveat to this assumption is that CO, concentrations of several
percent have been measured in air inclusions in stalagmites (Badertscher,
2007). This indicates that a gas layer with elevated CO, concentrations may
exist around the stalagmite, where CO, produced during calcite precipitation
tends to accumulate. If so, the partial pressures of Kr and Xe in this gas layer
would be lowered to the same extent (e.g. 10% of CO, reduces the partial
pressures of Kr and Xe by 10%), leading to reduced equilibrium concentrations
in the fluid inclusion water. This would bias NGTs derived from such samples
towards higher temperatures.

Table 4.4: Results of the NGT calculation for all samples with noble gas concentrations that
can be conceptually explained with a binary mixture of ASW and atmospheric air. Listed are
the calculated NGT and the amount of “excess air” (A).

Sample NGT 3A 3
(°O) (107 cm’/g)
D1 1 364+3.9 43440
D1 2 253+3.0 1.1+04
D1 3 279+32 52+43
D1 4 27.6+2.7 0.6+0.3
D1 5 273+£2.6 0
D1 6 31.0+£33 02+03
D1 8 275+1.7 21.6+£23
SO2 1 9.7+£23 55+0.6
SO2 2 11.3+£3.2 0
SO2 3 126 £1.6 0
V1 1 34+2.0 32+64
V1 3 25+1.7 23+64
V1 4 3.0+0.8 10.3+£3.1
V1 6 174+£5.3 26+75

Table 4.4 shows the results of the NGT calculation, under the assumption that
gas exchange occurred with air of atmospheric composition. The uncertainties
in T and A were calculated by Monte-Carlo propagation of the analytical errors
of the Kr and Xe concentrations. As all samples were deposited during the
Holocene, we assume that no major temperature changes occurred in the cave
regions during the time interval covered by our samples. Calculated NGTs are
therefore expected to correspond closely to the modern cave temperatures. In 7
samples from stalagmite D1 and in 3 samples from stalagmite SO2, the NGTs
correspond within their 16 errors to the respective modern cave temperatures
of 27°C and 12°C (Figure 4.2). The mean NGT and the standard deviation of
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the SO2 and D1 samples are 11.2 £ 1.9°C and 29.0 £ 3.7°C, respectively,
which are in excellent agreement with the modern cave temperatures. This
shows that for most samples, the possibility of elevated CO, concentrations
around the stalagmite during gas exchange with the fluid inclusion water can be
neglected. One sample in stalagmite D1, however, yields an NGT considerably
higher than the expected cave temperature. This might be explained by reduced
partial pressures of Kr and Xe during air-water partitioning due to an elevated
CO, concentration (20% CO, in the air layer would reduce Kr and Xe partial
pressures by 20% and result in an NGT of 27°C for this sample).
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Figure 4.2: NGTs determined from the measured Kr and Xe concentrations plotted against
sample age and in comparison with the temperature measured in the caves at the time of
sample collection. As stalagmite V1 has not yet been dated, samples are shown in
stratigraphic order.

The calculated NGTs of three samples from stalagmite V1 are almost identical
to each other, whereas a fourth sample yields a higher temperature with a large
uncertainty due to lower analytical precision in the determination of the Kr and
Xe concentrations. This latter sample is therefore regarded as an outlier and
will not be discussed further. The mean NGT determined from the three V1
samples (3.0 £ 0.5°C) is about 5°C lower than the cave temperature measured
at the time of sample collection in May 2009 (8°C). The local mean annual air
temperature in the region outside the cave is 7-8°C (data from the Swiss
Federal office of Meteorology and Climatology). However, because a large
subsurface river flows through Vallorbe cave, the ambient air temperature in
the cave does not remain constant throughout the year as it does in many other
caves. The calculated NGT in the three Vallorbe cave samples could therefore
indicate that growth of the stalagmites in Vallorbe cave occurred mainly during
the cold part of the year resulting in an NGT below the mean annual air
temperature. Alternatively, the NGT of 3.0°C may also be interpreted as
palaeotemperature of a pre-Holocene period, as stalagmite V1 is not dated and
was not actively growing when sampled in 2009.
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4.3.2 Suitability of stalagmites for NGT determination

We have shown that Kr and Xe concentrations in about half of the samples
analysed in this study correspond to the ambient temperature in the cave, as the
calculated NGTs are reproducible and in good agreement with modern cave
temperatures. However, not all stalagmites studied yielded the same high
proportion of samples that allowed successful NGT determination. Almost all
samples analysed from stalagmite D1 (7 out of 8) had Kr and Xe
concentrations consistent with binary mixtures of ASW and atmospheric air.
This interpretation applies to only 3 out of the 9 samples analysed from the
Sofular cave stalagmites (SO2, SO3, SO4) and to only 3 out of the 7 samples
from the Vallorbe cave stalagmite (V1). Hence, the temperature information
seems to be better preserved in the fluid inclusions of stalagmite D1 than in the
fluid inclusions of the other stalagmites used in this study.

In order to better understand why some stalagmites are more suitable for NGT
determination than others, we analysed the mineralogy of the stalagmites D1,
SO2 and V1 using optical and electron microscopy. Optical microscopic
inspection of thick sections (~100 um) showed that large, elongated air
inclusions are very abundant in stalagmites SO2 and V1 but are not present in
stalagmite D1 (Figure 4.3 D-F). We speculate that these large, elongated
inclusions in stalagmites SO2 and V1 were formed by crystal coalescence
(Kendall and Broughton, 1978), as they are aligned along the boundaries of
neighbouring columnar calcite crystals. Jo et al. (2010) observed similar
inclusions in a stalagmite from a cave in Korea, and speculate that these
inclusions were formed by coalescence of neighbouring crystals. Crystal
coalescence could lead to the formation of pseudo-secondary inclusions, as it
occurs after the initial calcite crystals are precipitated (Kendall and Broughton,
1978). Crystal coalescence may also involve secondary gas and pore-water
exchange processes, which are likely to affect the noble gas signature in the
initially trapped fluid inclusion water. The noble gas signature of such pseudo-
secondary inclusions is then no longer suitable for NGT determination. The
absence of large, elongated inclusions in stalagmite D1 implies that no crystal
coalescence occurred there. This indicates that fluid inclusions in stalagmite D1
are mainly of primary origin and that dissolved Kr and Xe concentrations still
reflect the environmental conditions prevailing in the cave at the time of fluid
entrapment.

Kr and Xe concentrations may also be altered during the analytical procedure.
SEM imaging of fractures parallel to the growth axis of the stalagmites showed
that stalagmites SO2 and V1 are comprised of a very dense, homogenous
calcite with only few inclusions (Figure 4.3 A-B). We hypothesize that the
calcite crystals in such samples often break up into sub-crystals of individual
crystals during pre-crushing. This could lead to tiny defects and fissures along
the fractures that may connect up to fluid inclusions making them “leaky”. As a
consequence, Kr and Xe gases may be lost. This could occur, for example, by
diffusion along the tiny fissures during pre-crushing in the glove box, in which
the gas phase is virtually free of Kr and Xe. In the fast-growing (~300 wm/a)
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stalagmite D1 the calcite crystals are much smaller and are arranged more
irregularly than in stalagmites SO2 and V1 (Figure 4.3, C). The relatively loose
arrangement of calcite crystals in stalagmite D1 indicates that the calcite in
such samples predominantly breaks along crystal boundaries during pre-
crushing, so that individual crystals, and the water inclusions trapped inside
them, remain intact. The noble gas concentrations in the fluid inclusions of
stalagmite D1 are therefore not affected by alteration processes during the
analytical procedure, thus allowing the successful determination of NGTs from
the D1 samples.
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Figure 4.3: Petrographic information on the stalagmites used in this study. The arrows
indicate air inclusions (a) and water inclusions (w). A-C) SEM images showing the calcite
structure of fresh fractions in stalagmites SO2, V1 and D1. D-F) Photographs from thick
sections taken using an optical microscope at low magnification in cross-polarized light. G-I)
Photographs from thick sections taken using an optical microscope showing typical water
inclusions found in stalagmites SO2, D1 and V1.

4.4 Conclusions and Outlook

This study provides for the first time direct experimental evidence that
stalagmite fluid inclusions provide a suitable archive for the accurate and
precise determination of past NGTs. Our results demonstrate that NGTs are
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recorded reliably in water inclusions, as they correspond well with modern
cave temperatures in stalagmites D1 and SO2 and are reasonably well related to
today’s cave temperature in stalagmite V1.

Such absolute determinations of cave temperatures are important for reducing
the uncertainties associated with the interpretation of stable isotope records in
the stalagmite calcite. Given the current accuracy of NGTs (1-4°C) and the
amount of sample currently needed (4-6 g), the reconstruction of major climate
changes such as the temperature shifts during the Pleistocene-Holocene
transition or during the termination of other glacial cycles (Cheng et al., 2009;
Jouzel et al., 2007; Petit et al., 1999), becomes feasible.

Our study also showed that not all stalagmites are equally suitable for NGT
determination. The NGT information seems to be better preserved 1) in fast
growing stalagmites with relatively small, irregularly arranged calcite crystals,
and 11) in stalagmites with a high proportion of primary fluid inclusions (e.g. in
stalagmite D1). In other stalagmites analysed in this study, the Kr and Xe
concentrations seemed to have been altered, possibly by secondary processes
occurring during stalagmite growth (e.g. crystal coalescence) or during the
noble gas analysis procedure. This prevented the calculation of NGTs in about
half the samples analysed from such stalagmites. A detailed microscopic
investigation of the calcite structure and of the origin of the fluid inclusions is
therefore an important prerequisite for sample selection prior to noble gas
analysis. This should result in an improvement in the number of successful
NGT determinations able to be conducted on stalagmites in the future.
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Application of the noble gas thermometer to fluid
inclusions in two Holocene stalagmites from Socotra
Island (Yemen)

This chapter is in preparation for publication in Geology.

Abstract The concentrations of dissolved noble gases in water are widely used
to determine the noble gas temperature (NGT) of the water, i.e. its temperature
at the time of the last gas exchange with the atmosphere. Recent analytical
advances now allow this principle to be applied to fluid inclusions in
stalagmites in order to determine cave temperatures prevailing during fluid
formation. In this study, NGTs are determined from Kr and Xe concentrations
measured in water inclusions in two stalagmites from Socotra Island (Yemen)
covering the last 4.5 and 10 ka. In addition to the NGTs, we also present
records of the specific water content and the amount of “excess air” in the
analysed samples, which seem to have the potential to be used as new potential
climate proxies in stalagmites. In both stalagmites, the calculated NGTs scatter
considerably more than would be expected from actual temperature variations
during the Holocene in a low latitude region such as Socotra Island. We
hypothesize that the variation may be caused by reduced partial pressures of Kr
and Xe during air-water partitioning due to an occasional gas layer around the
stalagmite with an air like composition but elevated CO, concentrations. As a
consequence, the conditions during atmospheric noble gas partitioning in fluid
inclusions in stalagmites must be understood in more detail, particularly the
CO, concentration should be quantitatively measured in order to accurately and
reliably determine NGTs in stalagmites in the future.

5.1 Introduction

Dissolved atmospheric noble gas concentrations in water can be used to
determine the noble gas temperature (NGT), i.e. the temperature of the water
when it was last in solubility equilibrium with atmospheric air. NGT
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determination is based on the temperature dependent solubilities of noble gases
in water (Aeschbach-Hertig et al., 1999; Kipfer et al., 2002) and has been
ssuccessfully used to infer palaeoclimate conditions from noble gas
concentrations in groundwater (e.g. Beyerle et al., 1998; Stute et al., 1995a,b;
Weyhenmeyer et al., 2000) in sediment pore waters (Brennwald et al., 2004;
Brennwald et al., 2005) and recently also in water-filled fluid inclusions in
stalagmites (Kluge et al., 2008; Scheidegger et al., 2010; Scheidegger et al., in
review).

Stalagmites represent an increasingly studied palaeoclimate archive, because
they can be precisely dated and provide information about continental
palacoclimate conditions over very long time intervals of up to several 10’
years (e.g. Cheng et al., 2009; Wang et al., 2008; Zhao et al., 2010). Also,
caves and stalagmites are found in karst regions all over the world including
those regions where usually no other continental climate archives covering
glacial-interglacial timescales are present (e.g. Pons-Branchu et al., 2010; Vaks
et al., 2010; Spotl and Mangini, 2002). The most widely used climate proxy in
stalagmites 1s the oxygen isotope composition of the calcium carbonate.
SlgOcalcite values can be determined with a very high precision and with a high
temporal resolution. However, SlgOcalcite reflects both the isotope composition
of the drip water (SISOdripwater) and the temperature of calcite precipitation.
Hence, for a sound interpretation of the SISOcalcite records, independent cave
temperature estimates are needed to obtain a quantitative 8'°O record of the
drip water, which is closely related to the isotope composition of local
precipitation (McDermott et al., 2005).

Dissolved noble gas (Ne, Ar, Kr and Xe) concentrations in water-filled
inclusions in stalagmites represent such a direct and independent cave
temperature proxy, which allows NGTs to be determined based on the well-
described physical process of gas exchange (Aeschbach-Hertig et al., 1999;
Kipfer et al.,, 2002). NGTs in stalagmite fluid inclusions hence offer the
possibility of interpreting the &'*Ocuee records more quantitatively and
unequivocally in terms of climatologically relevant parameters (e.g. the amount
and the source of the precipitation). Kluge et al. (2008) determined the
temperature difference between the early and late Holocene in a stalagmite
from Germany using atmospheric noble gas concentrations in fluid inclusions.
Scheidegger et al. (in review) successfully determined NGTs from Kr and Xe
concentrations in various modern stalagmite samples from caves with different
mean annual air temperatures.

In this study we analyse noble gas concentrations in two Holocene stalagmites
from Socotra Island with the goal to determine past climate conditions and
NGTs for the time interval covered by the two stalagmites. The stalagmites
were selected using light and electron microscopy based on criteria for sample
selection defined by Scheidegger et al. (in review). In both stalagmites, the
calcite crystals are irregularly arranged and water inclusions are found within
calcite crystals and are therefore most likely of primary origin (Figure 5.1). The
two stalagmites are hence expected to be suitable for NGT determination.
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Figure 5.1: Petrographic information on the stalagmites (D1 and P3) used in this study. The
figure includes for each stalagmite a photograph from a thick section taken using an optical
microscope (A and C) and a SEM image (B, D) to show the calcite structure. The arrows
indicate air inclusions (a) and water inclusions (w).

Our results show that the NGTs calculated from Kr and Xe concentrations are
so far not adequate and precise enough to be used to constrain the 8" 0cateite
records of the stalagmites, because the NGTs show a considerably larger
variation than could be attributed to actual temperature changes on Socotra
Island during the Holocene. A potential explanation for this variation is
presented and discussed in this paper. We further introduce the water content
and the amount of “excess air” in the samples are introduced as potential new
climate proxies in stalagmites, which may provide valuable complementary
information for the interpretation of 8'*O records.

5.2 Climate on Socotra Island

Socotra Island is part of the Republic of Yemen and is situated in the north-
western Indian Ocean, about 240 km east of the Horn of Africa and 380 km
south of the Arabian Peninsula. The climate on the Island is strongly influenced
by the seasonally reversing Indian Ocean Monsoon wind system (Figure 5.2).
The associated passing of the Inter-tropical convergence zone (ITCZ) over
Socotra in May-June and September-November leads to a bimodal distribution
of rainfall on Socotra Island with a maximum in November (Shakun et al.,
2007; Fleitmann et al., 2007; Scholte and De Geest, 2010).
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Figure 5.2: Schematic figure of the surface wind patterns in the broader Socotra Island
(dotted circle) region during the SW-Monsoon in July and the NE-Monsoon in January. The
bold grey line depicts the modern location of the ITCZ (adapted from Fleitmann et al., 2007).

5.3 Material and Methods

We analysed samples from two Holocene stalagmites (D1 and P3), which were
collected in two caves from the central part of Socotra Island (Figure 5.3).
Stalagmite D1 is from Dimarshim cave (12°33’N 53°41’E), that lies at 350
masl. Stalagmite P3 was collected in Pit cave (12°25°N 53°58°E) located at 480
masl on the limestone plateau south of the central mountain range of Socotra
Island. The mean annual air temperature at both cave sites, estimated from
modern temperature measurements (Scholte and de Geest, 2010), 1s ~ 28°C. As
no temperature monitoring data is available for Dimarshim and Pit cave, we
assume that the temperatures in Pit and Dimarshim cave reflect mean annual air
temperatures in the cave region and remain stable throughout the year
(McDermott et al., 2005).
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Figure 5.3: A Map of Socotra Island showing the locations of Dimarshim and Pit cave. The
elevations are based on data collected in the Shuttle Radar Topography Mission (SRTM).

Totally, we analysed 30 samples from stalagmite D1 covering the last 4.5 ka

and 13 samples from stalagmite P3, which cover the last 10 ky. The age of the
samples was determined by linear interpolation between absolute U/Th-ages,
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which are available for both stalagmites (8 for stalagmite D1 from Fleitmann et
al. (2007) and 2 for stalagmite P3). The temporal resolution of the samples i1s ~
30 years for the D1 stalagmite and ~ 100 years for stalagmite P3.

Table 5.1: Concentrations of Ne, Ar, Kr and Xe in cm3STP/g and the water content in mg of
water per g of sample for the stalagmite samples analysed. The Ne and Ar concentrations are
given for completeness although they are not used for NGT calculation. Kr and Xe
concentrations in samples marked with an asterisks (*) could not be converted into an NGT as
the measured concentrations are lower than expected for solubility equilibrium. The data of 7
samples from stalagmite D1 are from (Scheidegger et al., in review) and are marked with .

Sample Age Ne Ar Kr Xe Water content
(ka)  (107) (10%) (10%) (10”) (10
D1 1 0.04 309+ 0.4 18.6 +£0.3 26.5+0.4 28.8+ 0.6 1.96 £0.02
D1 2 0.07 26.0+0.4 11.0£0.2 148 +£0.2 12.5+£0.3 2.58+0.03
D1 3 0.19 144+0.2 8.48 £0.11 12.5+£0.2 152+0.3 1.77 £0.02
D1 4 0.30 305+ 0.4 16.8+0.2 22.0+£0.3 20.1+£0.4 2.22+0.03
D1 5 0.37 16.7+0.2 8.82+0.11 10.5+0.2 10.5+0.2 2.53+0.03
D1 6 0.74 5.63+0.08 349+005 549+£0.08 6.62+0.15 3.31+0.04
D1 7 1.60 3.77+£0.05 2.68+0.04 486007 4.69+0.10 3.02+0.04
D1 8t .75 592+£0.09 426+0.15 512+0.17 6.21+0.26 4.96 £0.08
D1 9 1.80  6.85+0.10 4.60+0.15 6.02+0.19 793+0.31 3.50 +£0.04

D1_107 1.85 6.08£0.09 465+0.15 6.13+0.18 7.72+0.29 4.73 £0.06
DI 11 1.89 5.62+0.09 3.54+0.06 587+0.08 7.47+0.18 5.85+0.07
DI 12 190 6.21+0.12 338+0.07 5.64+0.12 737+0.26 5.30 £ 0.06
D1 137 1.95 5.74+0.11 329+0.07 552+0.12 7.32+0.27 3.76 £ 0.04
D1 14 2.00 7.09+0.10 4.12+£0.05 635+0.09 7.34+0.17 4.70 £0.06
D1 15 205 648+0.12 321+£0.07 519+£0.12 6.70+0.27 3.07 £0.04
D1 161 210 232+0.05 219+0.05 3.80+0.09 597+0.23 2.98 £0.04
D1 17t 215 6.04+0.10 3.77+0.06 576+0.08 7.62+0.18 3.43+0.04
DI 18 2.20 10.5+0.1 526+0.06 8.06+0.10 9.24+0.16 3.70 £ 0.04
D1 19t 237 553+0.08 3.60+0.05 533+0.08 5.64+0.12 6.00 £ 0.07
DI 20 245 3.62+005 296+0.04 506+0.07 6.40+0.12 445+0.05
DI 21 313 735+0.09 4.17+005 623+0.08 8.11+0.17 2.07 £0.02
D1 22 314  5.19+0.07 294+0.04 5.08+0.07 532+0.13 3.75+0.05
D1 23 319 9.07+0.13 457+0.06 688+0.10 7.50+0.16 5.20 £ 0.06
D1 24 349 6.54+0.09 3.69+0.05 6.02+0.08 7.45+0.17 3.74+0.04
D1 25 372 4.67+0.06 3.13+0.04 540+0.08 6.72+0.15 3.88 £ 0.05
D1 26 380 6.17+0.08 348+0.04 584+0.08 791+0.15 3.60 + 0.04
D1 27 428 6.73+0.09 3.54+0.05 5.64+0.08 6.07+0.14 4.86 £0.06
D1 28 432 380+0.05 2.69+0.04 479+0.07 6.12+0.14 4.30+0.05
DI 29 4.53 10.5+0.1 556+0.07 832+0.12 822+0.18 4.55+£0.05
D1 30 456 4.08+0.05 295+0.04 512+£0.07 5.33+0.10 4.04 £0.05

P3 1 134  620+0.08 4.75+0.06 853+0.12 9.15+£0.21 3.30+0.04
P3 2 134 511+0.06 4.63+0.06 8.41+0.11 9.68+0.17 3.33+£0.04
P33 146 4.54+0.07 3.47+0.05 6.07+0.09 7.89+0.19 2.92 +£0.04
P3 4 1.58 428+0.06 3.47+0.04 6.03+0.08 7.34+0.17 1.80 +0.02
P35 1.58  233+0.03 2.90+0.04 572+0.08 7.19+0.13 3.55+0.04

P3_6 206 244+004 244+0.03 4.74+0.07 598+0.13 2.87£0.03
P3_7* 291  234+£0.03 250+0.03 496+0.07 7.33+0.18 2.29+0.03

P3_8 375  842+0.17 5.66+0.12 8.65+0.18 104=+03 2.13+0.03
P3_9* 459 1.89+£0.03 233+0.03 4.63+0.07 6.67+0.16 2.12+0.03
P3 10* 628 4.11+0.06 3.79+0.05 6.89+0.10 10.1+0.2 1.58 £0.02

P3 11 6.76  6.18+0.09 3.95+0.05 6.18+£0.10 7.70+0.19 0.86 £ 0.01
P3_12* 749 2.06+0.03 2.58+0.03 5.04+0.07 7.64+0.17 1.72+£0.02
P3 13* 9.65 2.26+0.03 2.79+0.04 538+0.08 7.81+0.19 2.87 £0.03
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One key prerequisite for a successful determination of dissolved noble gas
concentrations and NGTs in stalagmites is to significantly reduce the air
content of a stalagmite sample before noble gas extraction from water
inclusions (Kluge et al., 2008; Scheidegger et al., 2010). This is because only
noble gases released from water inclusions (0.01-0.1 wt.%, Kendall and
Broughton, 1978; Schwarcz and Harmon, 1976; Scheidegger et al., 2010)
contain information about the temperature during the last gas exchange. Noble
gases released from air inclusions (2-3 vol.%, Badertscher, 2007) lead to large
excesses in the measured noble gas concentrations relative to solubility
equilibrium and mask the temperature dependent noble gas signature in the
water inclusions (an air content of ~ 0.5% in a sample containing 1mg of water
leads to an uncertainty of ~ 10°C in the NGT calculated from Kr and Xe
concentrations). Hence, prior to noble gas extraction the stalagmite samples are
pre-crushed into grains of a defined diameter (350 um) so that air inclusions,
which are usually larger than water inclusions and often lie along crystal
boundaries (see also Figure 5.1), are predominantly opened, whereas water
inclusions are left intact. To this end, the sample is crushed in a mortar by
striking the pestle with a hammer. After each hammer stroke, the crushed
sample is sieved and grains < 350 um in diameter are separated from the rest of
the sample. Such “gentle” pre-crushing reduces the air content of the samples
by a factor of 100 to 1000 (Scheidegger et al., 2010). Pre-crushing of
stalagmite samples (4-6g) occurred in a glove box in a highly purified gas
phase (He of 99.9999% purity), as under such conditions the amount of Kr and
Xe adsorbing on the freshly created surfaces of the stalagmite sample was
shown to be negligible (Scheidegger et al., in review).

The pre-crushed samples were stored in a stainless steel tube and connected to
the noble gas extraction line without exposing the samples to air. Noble gases
were finally extracted from water inclusions and the remaining air inclusions in
the pre-crushed sample by heating for 1h at 320°C.

The mass of the extracted water was determined manometrically (Scheidegger
et al., 2010) and the abundance of noble gases was measured by static mass
spectrometry (Beyerle et al., 2000). Overall, the concentrations of Ne, Ar Kr
and Xe were determined with an analytical 1G-error of 1.5 — 3% (Table 5.1).
The errors of the noble gas concentrations account for the error of the
manometrically determined water mass (~ 1.5%) and the 16-standard deviation
of the measured noble gas standard signals. NGTs were calculated from the
measured Kr and Xe concentrations, which were assumed to be consistent with
binary mixtures of noble gases released from air inclusions and water
inclusions, i.e. air-saturated water (ASW) and atmospheric air (Scheidegger et
al., in review). For this calculation we used the noble gas solubility data as
recommended by Kipfer et al. (2002) and for the abundance of Kr and Xe in
atmospheric air the data given in Porcelli et al. (2002). The salinity of the fluid
inclusion water was assumed to be negligible (Badertscher, 2007) and the
atmospheric pressure was calculated from the elevation of the cave site using
the barometric formula. We note that in stalagmite D1 the binary mixing model
for Kr and Xe concentrations allowed the calculation of an NGT for all 30
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samples analysed. In contrast, Kr and Xe concentrations in 5 out of the 13
samples from stalagmite P3 are not consistent with such binary mixtures of
ASW and atmospheric air, although the primary origin of fluid inclusions and
the calcite structure in stalagmite P3 in principle suggest that Kr and Xe
concentrations are unaffected by secondary processes during stalagmite growth
or during noble gas analysis. No NGTs are hence presented for these samples.

Table 5.2: Results of the NGT calculation. Shown are the calculated parameters NGT and the
amount of “excess air” A in cm’ of air per cm’ of water. Errors were calculated by Monte-
Carlo error propagation of the analytical errors of Kr and Xe concentrations. The data of 7
samples from stalagmite D1 are from (Scheidegger et al., in review) and are marked with .

Sample Age NGT A_3
(ka) O (107)

D1 1 0.04 1.7£1.5 133+6
D1 2 0.07 56.0£6.5 101 £4
D1 3 0.19 116+1.6 37.1+4
D1 4 030 25.0+3.6 140+ 6
D1 5 037 340+£33 499+4
D1 6 074 347+2.1 62+2
D1 7 1.60  60.5+2.5 16.1 1
D1 8+t 1.75  364+4.0 44+4
D1 9 1.80 252+29 1.2+4
D1 107 1.85 279+32 52+4
D1 11 1.89 284+18 35+2
D1 _12% 190 27.6+28 0
D1 _13% 1.95 273+2.7 0
D1 14 2.00 339=+23 13.1£2
D1 15 205 31.0+3.0 0
D1 167 2,10  27.6+23 0
D1 _17% 215 262+1.9 0
D1 18 220 274+17 21.6=x2
D1 _19% 237 484+£25 144+2
D1 20 245 333+£1.6 12+2
D1 21 313 250+1.6 2.8+2
D1 22 3.14  500+27 13442
D1 23 319 37.1+£2.6 203+£3
D1 24 349 297+1.8 6.1+2
D1 25 372 326+1.8 35+2
D1 26 380 242+13 0
D1 27 428 447+28 149=x2
D1 28 432 342+18 0
D1 29 453 429+34 37243
D1 30 456 514+23 142+2
P3 1 1.34  31.7+£25 30.8+3
P3 2 134 254+£16 23142
P3 3 146 254+£16 27.0+£3
P3 4 1.58 305+1.9 7.8+2
P3 5 1.58 296+£1.5 41+2
P3 6 206 350+1.9 0.6+2
P3 8 375 21.1+£24 19.8+4
P3 11 6.76  279+19 65+3
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5.4 Results and Discussion

5.4.1 Noble gas temperatures

The calculated NGTs, the water content and the amount of “excess air” for the
samples we analysed in stalagmite D1 and P3 are shown in Table 5.2 and
Figures 5.5 and 5.6. Results from high-latitude ice core records revealed that
air temperatures remained relatively stable within 1-2 °C during the Holocene
and climate variability mainly affected the hydrological cycle (Mayewsi et al.,
2004; Wanner et al., 2008). Also, sea-surface temperature reconstructions in
sediment cores from the Arabian Sea near Socotra Island indicate only minor
temperature fluctuations of ~ 2°C between the early and the late Holocene
(Jung et al., 2004). Compared to these temperature reconstructions, the
calculated NGTs in stalagmite D1 and P3 reveal a much larger variation of
several degrees Celsius within short periods on decadal to millennial timescales
(Table 5.2 and Figures 5.5 and 5.6). In addition, some of the NGTs, particularly
in stalagmite D1 are too high to reasonably reflect meteoric water temperatures
in natural systems. It is hence unlikely that the NGT variation observed in the
two stalagmites reflects actual fluctuations in the mean annual air temperatures
on Socotra Island during the Holocene.

Stalagmite D1 Stalagmite P3
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Figure 5.4: Histograms with a bin width of 4°C showing the frequency of calculated NGTs in
stalagmite D1 and P3.

Figure 5.4 shows the calculated NGTs for stalagmites P3 and D1 in a histogram
(bin-width of 4°C). NGTs in stalagmite P3 seem to be normally distributed
with a mean value of 28.3°C and a standard deviation of 4.3°C. The mean NGT
hence agrees well with the modern cave temperature. In contrast, the
distribution of NGTs in stalagmite D1 seems to be skewed towards physically
unreasonably high temperatures. The two samples with the lowest NGTs are
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regarded as outliers, as they may be affected by adsorption of residual Kr and
Xe onto the sample during pre-crushing in the glove box. Discarding these two
NGTs, the mean NGT in stalagmite D1 is 35.3 + 10.2°C, a value considerably
higher than the modern cave temperature. However, we note that many of the
samples in stalagmite D1 (19 out of the 30 samples analysed) yield an NGT
close to the modern cave temperature.
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Figure 5.5: Records of the calculated NGT from Kr and Xe concentrations, the specific water
content and the amount of “excess air” A in stalagmite D1. The modern mean annual air
temperature of 28°C is indicated by the bold black line. The dashed line represent the mean
values of the water content and the amount of “excess air” before and after the regime shift at
~ 1.6 ka BP (see text).

65



Stalagmite P3
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Figure 5.6: Records of the calculated NGT from Kr and Xe concentrations, the specific water
content and the amount of “excess air” A in stalagmite P3. The modern mean annual air
temperature of 28°C is indicated by the bold black line.

The variations in the Kr and Xe concentrations measured in stalagmites D1 and

P3 are hence not attributed to temperature changes but to a different process
that has the ability to affect equilibrium concentrations in the fluid inclusion

66



water. For instance, a reduction in the partial pressures of Kr and Xe in the gas
layer, where air-water partitioning occurs, would lower the equilibrium
concentrations of dissolved Kr and Xe in the fluid inclusion water. Preliminary
measurements of the gas extracted from air inclusions in stalagmites from
poorly ventilated caves indeed revealed CO, contents in the air inclusions of up
to 10% (Badertscher. 2007 and Chapter 6 of this thesis). Therefore, we
speculate that the air layer in the vicinity of the stalagmite, where CO,
produced during calcite precipitation seems to accumulate, may have a
different gas composition than the air in the rest of the cave. If so, the absolute
partial pressures of noble gases in this layer would be lowered due to the higher
CO, partial pressure and accordingly reduce equilibrium concentrations in
water inclusions. This in turn would lead to higher NGTs calculated from such
concentrations.

An occasional CO, enriched air layer around the stalagmite with reduced
partial pressures of Kr and Xe plausibly explains the bias towards high
temperatures in stalagmite D1, which originates from a poorly ventilated cave.
In such caves it appears likely that a gas layer with elevated CO,
concentrations is maintained around the stalagmite. However, very high CO,
concentrations of 50-60% would be required to yield the NGTs at the extreme
end of the distribution of NGTs in stalagmite D1. Nevertheless, we suspect that
the structure of the surface of a growing stalagmite is very irregular so that CO,
partial pressures in the gas layer controlling air-water partitioning of noble
gases may be highly variable on short spatial and temporal scales. Pit cave is
well ventilated due to a constant airflow between the two entrances in the north
and in the south of the cave, which may continuously remove the CO, that
degasses when calcium carbonate precipitates. Therefore, in stalagmite P3 the
calculated NGTs seem to be normally distributed around the modern cave
temperature and are not biased towards high temperatures as in stalagmite D1.
Nevertheless, the standard deviation of NGTs in Pit cave is still too large to
obtain accurate and reliable cave temperature estimates, which are necessary
for a quantitative interpretation of stable isotope records in stalagmites.

5.4.2 Water content and “excess air”

In Figures 5.5 and 5.6 the water content and the amount of “excess air” are
shown over the time interval covered by the D1 and P3 samples. A statistical
analysis of the D1 data revealed a statistically significant shift in the timeseries
in the specific water content and the amount of “excess air” at ~ 1.6 ka BP. At
that time the water content and the amount of “excess air” abruptly changed
from higher water contents and low amounts of “excess air” before ~ 1.6 ka BP
towards lower water contents and higher amounts of excess air after ~ 1.6 ka
BP (Figure 5.4). This regime shift was identified by both the Pettitt-test (Pettitt,
1979), which detects the major break point in a timeseries as well as by the
Rodionov-test (Rodionov, 2004) indicating statistically significant shifts in the
mean value over a given timescale. The average value of the specific water
content decreased from 0.41 mg/g before 1.6 ka to about half of this value
(0.24 mg/g) and the amount of excess air increases by an order of magnitude
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after ~ 1.6 ka BP. Around the same time, the growth rate in stalagmite D1
decreased by ~ 20 % and the growth of stalagmite P3 even ceased. The
concurrence of an abrupt change in the water content, the “excess air”’ and the
growth rate in both stalagmites suggests that the conditions of stalagmite
growth in the caves changed dramatically at ~ 1.6 ka BP so that less calcite was
precipitated and the inclusions trapped in the calcite crystals were
predominantly filled with air and less with water. The statistically significant
regime shift indicates that the water content and the amount of “excess air”
react to climatic changes occurring in the cave region. Therefore, these two
parameters could be used as new climate proxies in stalagmites.

We note that the regime shift observed in the time series of the water content
and in the amount of “excess air” roughly coincides with the major break point
in the SlgOcalcite record of stalagmite D1, at 1.3 ka BP, as determined by the
Pettitt-test (Figure 5.7). In stalagmite P3, a minimum in SlgOcalcite seems also to
be present at 1.3 ka BP, although it does not stand out as clearly as in
stalagmite D1 (Figure 5.7). Hence, the concurrence of abrupt changes in
different time series seems likely to indicate that the change in growth
conditions expressed by the water content and the amount of “excess air” is
linked to the observed minimum in the &' Ocalmte records of stalagmite D1 and
P3.
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Figure 5.7: Oxygen isotope records (8'*Ocacire) Of stalagmite P3 and D1 (Fleitmann et al.,

2007 for stalagmite D1, unpublished data for stalagmite P3). The arrow indicates the major
break point in the D1 timeseries (Pettitt, 1979).

These changes may also be linked to the first (~ 1.5 ka BP) of several events of
abrupt climate change during the Holocene, which were observed in North
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Atlantic sediment cores and in the data of other climate proxies from the
Northern Hemisphere (Bond et al., 1997; 2001; Mayewski et al., 2004). This
event may hence be captured via teleconnections in the stable isotope record as
well as in the amount of air and water inclusions being formed in the
stalagmites on Socotra Island.

Previous work on stalagmites from Southern Oman and Socotra Island has
shown that SISOcalcite mainly records changes in the amount of precipitation
(Fleitmann et al., 2007; Burns et al., 2001; 2003; Shakun et al., 2007), with
more negative values corresponding to greater rainfall and more positive values
being associated with decreased precipitation (“amount effect” see Dansgaard,
1964; Rozanski et al., 1993). According to Fleitmann et al. (2007), the modest
long-term decrease in SISOcalcite which is observed in both stalagmites, indicates
an increase in the amount of precipitation over the Holocene, maybe due to an
earlier retreat of the ITCZ from its northernmost position and accordingly an
earlier onset and also a longer duration of the NE-Monsoon (Fleitmann et al.,
2007). Such increased precipitation may also be reflected in the increasing
specific water content since 7 ka BP in stalagmite P3 (Figure 5.5). We
speculate, that the return to drier conditions at the end of the SlgOcalcite
minimum induced the “regime shift” observed in the timeseries of the water
content and the amount of “excess air” in D1 and the end of stalagmite growth
in Pit cave. Stalagmite growth rates are mainly a function of the cave
temperature, the calcium concentration of drip waters, of drip water availability
and of the partial pressure difference between the soil air CO, and cave air CO,
(McDermott et al., 2005). Therefore, growth conditions may have changed
around ~ 1.6 ka towards a reduced drip rate, leading to a lower abundance of
water inclusions and to a reduced stalagmite growth rate. Accordingly, air
inclusions were formed more frequently, presumably because the surface of the
stalagmite was more likely to be exposed to cave air. Also, calcium
concentrations may have been lowered in response to reduced biological
activity in the soil above the cave during such dry periods. These reduced
growth conditions seem to have prevailed until today.

5.5 Conclusions and Outlook

In this study, precise Kr and Xe concentrations were determined in fluid
inclusions in samples from two Holocene stalagmites from Socotra Island. For
the majority of samples, Kr and Xe concentrations are consistent with a two-
component mixture of ASW and atmospheric air, allowing the determination of
an NGT. However, the large variation in NGTs observed in both stalagmites
seems more likely to be linked to changing conditions during air-water
partitioning than to actual changes in the cave temperature. We hypothesize
that CO,, which degasses during calcite precipitation, may accumulate in the
air layer around the stalagmite and reduce the partial pressures of noble gases
accordingly. To verify this hypothesis, direct analysis of the composition of the
air layer around a stalagmite should be conducted in the future in order to
determine the real partial pressures of noble gases during air-water partitioning
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in the close proximity of the growing stalagmite surface. We conclude that the
knowledge of the local conditions prevailing during the gas exchange process
of noble gases between the CO, enriched air layer around the stalagmite and
the fluid inclusion water seem to be crucial for obtaining accurate and precise
NGTs in stalagmites. The gas inclusion process hence needs to be understood
in much more detail.

In our study we also identified the timeseries of the specific water content and
the amount of “excess air” as new potential climate proxies in stalagmites.
Both parameters seem to contain useful information about the growing
conditions during calcite deposition and stalagmite growth. Therefore, the
water content and the amount of “excess air” offer the possibility to contribute
with additional climatic information to the interpretation of oxygen isotope
records in stalagmites.
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Trace gas analysis in air inclusions of stalagmites

Abstract During the growth of stalagmites, drip water as well as cave air are
incorporated as fluid inclusions into the growing calcite crystals. So far,
scientific studies have focused only on the analysis of water inclusions.
However, the existence of air inclusions offers the possibility to study the gases
in air inclusions as a potential proxy of the past composition of the surrounding
cave air. The aim of this pilot study is to assess the potential of air inclusions
and their atmospheric trace gas composition as a new climate and
environmental proxy in stalagmites. We analysed samples from two different
stalagmites, which are known to contain air inclusions and where the isotope
composition of the calcite is known. The measurement of the major elemental
composition (Ar, N, O;) as well as the isotope composition of trace gases
(CO, and CH,) indicates that the gases in air inclusions indeed carry some
information about the local environment in the cave.

6.1 Introduction

Interest in fluid inclusions in stalagmites as proxies for past environmental
conditions such as cave temperatures or the isotope composition of drip waters
was so far focused on water inclusions only (van Breukelen et al., 2008;
Fleitmann et al., 2003b; Zhang et al., 2008, Kluge et al., 2008; Scheidegger et
al., 2010) as the presence of air inclusions was long unknown (Badertscher et
al., 2007; Kluge et al., 2008). Air inclusions (10-200 um) in stalagmites make
up to 2-3% of the stalagmite volume and are either located between or within
calcite crystals (inter- vs. intra-crystalline). First systematic microscopic
analyses found that air inclusions are clearly physically separated from water
inclusions. Also, no evidence was found that air inclusions might be part of
open pores connected with the surface of the stalagmite (Badertscher, 2007,
Scheidegger et al., 2007a). Hence, in principle air inclusions have the potential
to be used as climate archives similar to air that is trapped in bubbles in ice
sheets (e.g. Jouzel et al., 2007; Petit et al., 1999; Andersen et al., 2004).
However, in contrast to air inclusions in ice, which are “sub-samples” of free
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atmospheric air, air inclusions in stalagmites are filled with cave air from the
proximity of the growing stalagmite, which does not necessarily have the same
composition as free air.

Generally, the process of stalagmite growth, the composition of the air in the
soil above the cave, the cave volume and the rate of cave ventilation are the
main factors determining the composition of cave air (Kowalczk and Froelich,
2010). Hence, the composition of cave air is, particularly in the case of trace
gases, very site specific and it is expected that it differs from the composition
of the free atmosphere. Especially CO, is enriched in caves, as it is actively
formed in response to stalagmite deposition and emanates to the cave air (e.g.
Spotl et al., 2005; Baker and Genty, 1998; Kowalczk and Froelich, 2010).
Other trace gases (e.g. CHy, CO, and N,0) are likely to enter the cave directly
through fissures from the soil air above the cave. Hence, trace gases in air
inclusions could potentially provide information about e.g. the growth rate of
stalagmites and the biological activity in the soil above the cave. In addition,
the isotope composition of trace gases in air inclusions (613Cc02, 613CCH4,
8"®0c02) could give insights into geochemical origin of the respective trace
gases.

We present preliminary results of the first pilot analyses of the abundance of
major atmospheric gases as well as the isotope composition of the trace gases
CO; and CHy in the gas extracted from air inclusions in stalagmites. Our results
show that cave air i1s indeed trapped in the stalagmite at the time of CaCOs;
deposition and stored over the long timescales of stalagmite growth. Also, the
oxygen and carbon isotope composition of the liberated CO, from air
inclusions seems to be linked to the isotope composition of the stalagmite
CaCOs;. The observed relation may indicate that information about the climatic
and environmental conditions is preserved in the gas composition of air
inclusions, although an exact and final interpretation of the results is not yet
possible. Nevertheless, our results are very promising and pave the way to
investigate this emerging climate archive in stalagmites in more detail in the
future.

6.2 Material and Methods

6.2.1 Samples

We analyzed 9 samples covering the last 1.5 ky from stalagmite Y4 (Yenesu
cave, Turkey) and 9 samples from stalagmite SO2 (Sofular cave, Turkey),
whose growth history goes back to the last glacial maximum (LGM). Both
stalagmites were collected in parts of the cave, where the relative humidity
reaches 100%. We hence assume that the stalagmites were deposited in isotope
equilibrium, as no kinetic fractionation due to evaporative processes occurs at
such humidity (Hendy, 1971). U/Th-dating of the samples as well as the
analysis of the stable isotope composition of the CaCO5 (8'0 and §"°C) were
carried out at the Geological Institute in Bern (Fleitmann et al., 2009 for
stalagmite SO2 and unpublished data for Y4).
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6.2.2 Gas analysis

The abundance of major atmospheric gases in air inclusions and their isotope
composition were analysed at the Physics Institute of the University of Bern.
Stalagmite samples were cut from the centre of the stalagmite into pieces of ca.
5x 0.5 x 0.5 cm’ (corresponding to 1-2 g, temporal resolution 50-200 years) to
fit into the copper tubes we used as sample containers. To avoid contamination
(e.g. filling of “open” air inclusions with atmospheric air or adsorption of
atmospheric gases on the surface), the samples were stored under vacuum and
heated to 50°C until they were analyzed. To extract the gases from air
inclusions under vacuum conditions, we squeezed the copper tube containing
the sample using a hydraulic hand pump, which pressed a stainless steel plate
onto the copper tube, and hence allowed to crush the sample. Such gentle
crushing breaks the calcite predominantly along crystal boundaries and mainly
opens inter-crystalline air inclusions (Scheidegger et al., 2010). As crushing
may also open some water inclusions, the liberated gas first passed a cold trap
held at a temperature of -80°C to freeze out the liberated water.

The abundance of major atmospheric gases (Ar, N,, O,, CO,) in air inclusions
was determined by mass spectrometry using standard analytical protocols for
the analysis of air samples taken from e.g. ice cores (see Leuenberger et al.,
2000a; Leuenberger et al., 2000b). Compared to the gas amounts that are
usually measured with this protocol, the gas amounts extracted from stalagmite
samples are often close to the detection limit of the applied method. As a
consequence, these first results of the analysis of major atmospheric gases can
only be interpreted semi-quantitatively.

In contrast, the oxygen and carbon isotope composition of the liberated trace
gases CO, and CH,4 were precisely determined by GC/MS, using an analytical
protocol especially developed for carbon and oxygen isotope analysis of very
small air amounts (Leuenberger et al., 2003). Prior to gas extraction by
crushing, the composition of the gas, which seemed to emanate from the bulk
sample, was continuously analysed until the amplitude on m/z 44 (CO,)
reached the blank level. Crushing the stalagmite sample then released CO, and
CH,4 amounts similar to those of air samples usually measured with the same
analytical protocol. The isotope composition of CO, and CH,4 could therefore
be determined with an overall analytical 16-error of 0.1 %o.

6.3 Results and Discussion

6.3.1 Major elemental composition

The results of our qualitative measurements of the major atmospheric gases in
the air inclusions of the two stalagmites are presented in Table 6.1 and Figure
6.1. The results are reported as the relative difference of O,/N,, Ar/N, and
CO,/N, against the respective ratios in atmospheric air.
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air is in maximum only a few percent. In contrast, CO, is strongly enriched
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that air inclusions contain trapped cave air, as cave air is known to have
elevated CO, levels.
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Figure 6.1: Relative deviation of the abundance of major atmospheric gases (O, N, Ar and
CO,) measured in the gas extracted from 5 samples of stalagmite Y4 and SO2 respectively in
comparison to their abundance in free air.

Using the data in Table 6.1, we determined the CO, content in air inclusions
(Table 6.1), assuming that the N, abundance in cave air and air inclusions is the
same as in the free atmosphere, and using the pre-industrial atmospheric CO,
content of 0.028 vol.%. Compared to other studies, which analysed cave air by
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direct instrumental measurements in the cave environment (Kowalczk and
Froelich, 2010; Spotl et al., 2005; Banner et al., 2007; Baldini et al., 2008;
Baldini, 2010), our estimated CO, contents are 10 to 100 times larger. Such
high CO, contents are unlikely to reflect the cave CO, content in general and
may hence rather reflect the CO, level in the proximity of the growing
stalagmite surface.

Table 6.1: Measured ratios of the major atmospheric gases in respect to atmospheric air, and
the calculated CO, abundance (CO; ), assuming an atmospheric N, abundance in the cave
air. The errors are denoted as the 1s-errors of the 5 analyses done in each measurement cycle.

Sample Age S(OQ/NQ) 8 (AT/NQ) 8 (COQ/NQ) COZ,est
(ka) (%o) (%o) (10%%o) (vol.%)
Y4 1 0.3 120+ 133 -65.5+5.1 35+12 9.4
Y4 2 0.5 206+0.1 -138.1+0.1 48+03 1.4
Y4 3 0.9 276+0.1 -152.1+£0.1 49+03 1.4
Y4 4 1.1 239+0.9 -1522+33  9.6+29 2.7
Y4 5 1.2 69.8+2.7 -118.6+4.6 16 +0.8 4.4
SO2 1 2.9 49+12 98.1+3.5 92+0.5 2.6
SO2 2 7.2 -156+22  91.7+29 12+1.4 33
SO2 3 73 -7.8+13.7  -51.6+13 18+0.4 5.0
SO2 4 17.2 1439+1.7 -87.1£3.5 55+0.2 1.6
S02 5 19.5 -108+8.1 -1333+45 2.0+1.6 0.6

Therefore, we speculate that the elevated CO, abundance in air inclusions
indicates the existence of a CO, enriched air layer around the stalagmite, which
has a different gas composition than the rest of the cave. This gas layer may
continuously be fed by CO, that degasses during calcite precipitation. As a
result, the local CO, abundance near the stalagmite surface may be much
higher than it is in the rest of the cave. We hence propose that a CO,
concentration gradient is maintained between the surface of the stalagmite
through the gas boundary layer towards the open cave air. Then, the rate of
calcite precipitation, i.e. the growth rate of a stalagmite is not only determined
by the diffusion of CO, through the water film on the surface of the stalagmite
(Dreybrodt, 1980) but also by renewal of the CO, enriched air layer around the
stalagmite. The CO, abundance in air inclusions may then potentially provide
information about the stalagmite growth rate. This could serve as a potential
explanation for the lower CO, contents measured in the SO2 samples from the
LGM (SO2 4 and SO2_5), where growth rates were smaller than today due to
drier conditions (data provided by D. Fleitmann, University of Berne).

6.3.2 Stable isotope composition of CO, and CH,

To better understand the geochemical origin of the measured CO, in the air
inclusions and to get a more precise interpretation of their trace gas content, we
discuss in this section the results of stable isotope analysis of CO, and CH,
(Table 6.2). We note that measurable amounts of CH, were found to be present
in air inclusions, indicating elevated CH, concentrations compared to the free
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atmosphere. However, a quantification of CH,4 concentrations in air inclusions
1s not yet possible.

Table 6.2: The isotope composition of CO, and CH, in the gas extracted from air inclusions
after crushing, and the calculated isotope composition of CO, in equilibrium with CaCO;.
Also shown is the amplitude on m/z 44 (CO,) as an indication of the amount of extracted gas
(blank level 30 to 100 mV). 5 samples were cut into two aliquots before the analysis and
measured separately. They are indicated with (1) and (2).

Age Mass44 B¢ 5"*0 co
Sample (mV) (%o PDB) (%o ) 2, calculated
(ka) PDE) (%o PDB)
Cco, CH, Cco, §°c 50
Y4 6(1) 0.2 2168 -43.6 -30.7 0.5 221 49
Y4 6(2) 0.2 4291 -42.9 -19.8 0.3
Y4 7 0.4 682 -42.8 -28.1 6.8 221 49
Y4 8 0.6 2039 -42 .4 -21.1 5.6
Y4 9(1) 1.0 2468 -37.2 -21.9 5.6 221 49
Y4 9Q2) 1.0 2974 -60.5 -36.7 -0.9
SO2 6 34 1850 -54.6 -20.7 -1.1 -20 42
SO2 7(1) 5.0 2172 -45.3 -36.7 35 -20 4.0
SO2 7(2) 5.0 2912 -50.8 -23.6 1.7
SO2 8(1) 7.3 6899 -48.1 -22.7 -0.9 -20 33
SO2 8(2) 7.3 4068 -43.9 -26.5 1.0
SO2 9(1) 19.5 1341 -36.3 -28.5 -1.9 -17 -0.5
SO2 9(2) 19.5 1064 -32.9 -31.6 -5.9

Figures 6.2 and 6.3 show the 8'%0 of CO, and 8"C of CO, and CH, released
from the air inclusions in comparison with the respective isotope composition
of the calcite. In both stalagmites 8"3C of CO, 1s lower than 8'3C of the calcite
(613Ccalcite)- The opposite is true for 8'%0 of CO, 1n air inclusions and calcite
(8" Ocarcire), Tespectively. This isotopic shift agrees with the known isotope
fractionation during calcite deposition, stating that calcite precipitated in
isotope equilibrium with CO, gas is enriched in °C and depleted in 'O
(Romanek et al., 1992; Kim and O’Neil, 1997; O’Neil and Adami, 1969). In
stalagmite SO2 the isotope composition of CO, liberated from air inclusions
seems to follow the trend observed in 8'*0 and §'"°C of the calcite over the time
period of 20 ka. These results indicate that the isotope composition of trace
gases in air inclusions potentially provides information about the climatic
conditions at the time of incorporation in the growing stalagmite. In order to
further constrain whether the CO, in the air inclusion carries the same climatic
information as the calcite, i.e. if the precipitated CaCO; and the CO, in the air
inclusions are in isotope equilibrium, we calculated 8"°C and §'*0 of CO, in
equilibrium with CaCO; using the fractionation factors and the cave
temperatures given in Table 6.3.
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Figure 6.2: The stable isotope composition of CO, and CH4 measured in the gas extracted
from stalagmite Y4 and the stable isotope composition of the calcite (data from D. Fleitmann,

unpublished).
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Figure 6.3: The stable isotope composition of CO, and CH4 measured in the gas extracted
from stalagmite SO2 and the stable isotope composition of the calcite (data from Fleitmann et
al., 2009).
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Comparison of the calculated values with the values measured in the air
inclusions shows that the 8'°0 of the CO, 1n air inclusions 1s closer to
equilibrium (deviations 0.5-5%o) than the 8'°C, which strongly deviates from
equilibrium conditions (by 20-30%o). This depletion may indicate that the CO,
in air inclusions is a mixture of several CO, components, that have different
carbon sources, but probably the same oxygen source. Assuming that the
stalagmites were precipitated in isotope equilibrium, the first component must
have a carbon isotope composition of -17 to -21%o, corresponding to the
calculated equilibrium composition of degassing CO,. The measured “mixed”
8"°C of -40 to -60%o in CO, of air inclusions can hence only be explained by
the addition of a very light carbon source. This excludes e.g. atmospheric CO,
(8"C of -7%o).

Table 6.3: Fractionation factors a used to calculate the isotope composition of CO, in
equilibrium with CaCO;, and of CH, in equilibrium with CO, for 12° (present cave
temperature) and for the assumed temperature of 8°C in Sofular cave prior to the LGM
(personnel communication D. Fleitmann, University of Berne, 2009).

System T o References
Y (°C) )

Carbon

calcite-CO, 13°C 1.0104 Romanek et al., 1992
8°C 1.0110

CO,-CH,4 13°C 1.0751 Battinga, 1969
8°C 1.0772

Oxygen

CO»-calcite 13°C 1.0119 Kim and O’Neil, 1979;
8°C 1.0118 O’Neil and Adami, 1969

Only very light biogenic CH,, with a 8"°C of -130 to -110%., oxidized to CO,,
could potentially lead to the light 8"°C values in CO, of the air inclusions
(Bottinga, 1969, Table 6.3). However, to our knowledge no such light CH, is
known and the 8">C of the CH; extracted from the air inclusions lies between -
36 and -20%o. As a result, a methanogenic origin of the second CO, component
thus seems unlikely.

As a result of these findings we conclude that the fractionation processes
leading to the measured isotope composition of CO, and CH, in the gas
extracted from air inclusions do not only reflect climatic effects. Additional
non-climatic fractionation processes seem to affect the isotope composition of
the gases trapped in air inclusions to such an extent, which up to know
compromises a simple and straightforward interpretation of the isotopic signals
in terms of environmental conditions. Potential non-climatic fractionation
processes are e.g. diffusion of gases from air inclusions into the calcite crystal
lattice after the formation of air inclusions, adsorption of gases onto the walls
of air inclusions or exchange of trace gas C and O isotopes with the same
1sotopes of the surrounding calcite (Schwarcz et al., 1976; Dennis et al., 2001).
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6.4 Conclusions and Outlook

For the first time we have analysed the gases trapped in air inclusions in
stalagmites and measured the major atmospheric components as well as the
1sotope composition of CO, and CH,4. Our results reveal that trace gases such as
CO, and CH, are enriched in the cave atmosphere, while the major gas
composition in air inclusions is similar to the composition of free air. We also
found that a climate signal may be preserved in the isotope composition of CO,
as it seems to follow the isotope composition of the surrounding calcite over
long timescales. This indicates that air inclusions may represent an archive of
cave air and have the potential to be used as a new proxy in stalagmites.
However, whereas the oxygen isotope composition of the CO, reasonably
corresponds to the values expected for equilibrium with the isotope
composition of the calcite, the 8'3C values of the CO, are much more negative
than expected for isotope equilibrium. Based on the data that is currently
available, the identification of the responsible processes for the observed
depletion remains speculative and needs to be further studied in the future.
Most important for future analysis is to analyse cave air samples from different
locations within the cave and compare the results with the analysis of air
inclusions in modern stalagmite samples. This would help to answer the
question whether the composition of the gas trapped in air inclusions is
representative for the cave air in general. Also, it would potentially help to
identify and disentangle the processes, which influence the isotope composition
of trace gases in air inclusions. Further, the analytical protocol should be
expanded to allow also the precise determination of CO, and CH4 amounts.
Such a combination of quantitative gas measurements and isotope analyses
may then allow to study the evolution of cave air composition in a quantitative
way over geological timescales and allow a more precise and detailed
interpretation.
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Synthesis and Outlook

The idea of applying the well-established concept of noble gas temperatures
(NGTs), which is successfully employed in lakes and groundwater, to fluid
inclusions in stalagmites emerged quite some years ago (e.g. Ayliffe et al.,
1993). However, it was often discarded after some preliminary analysis due to
analytical challenges and due to difficulties in the interpretation of the
measured noble gas concentrations in terms of NGTs (Ayliffe et al., 1993;
McDermott et al., 2005). The development of analytical methods to overcome
the analytical limitations observed in the past was the first target of this PhD
thesis, which was successfully completed. We are now able to precisely
determine noble gas concentrations in water masses as small in fluid inclusions
in stalagmites. The developed analytical protocol can in principle be applied to
any other solid sample containing small amounts of water and where noble gas
concentrations may be of interest. This could for instance include mussel shells
and the fossil parts of corals to reconstruct lake and ocean water temperatures.
Also, in consolidated sediments, pore water analysis could give insights into
e.g. transport processes and their evolution within the sediments.

In this thesis, the developed analytical protocol was applied to stalagmite
samples from several caves located in different climatic zones with different
mean annual air temperatures. The goal was to precisely determine noble gas
concentrations and to convert them into NGTs. Our results demonstrate that
stalagmites are indeed suitable for NGT determination, as NGTs calculated
from Kr and Xe concentrations in modern stalagmite samples agree well with
modern cave temperatures. However, NGTs in stalagmites cannot be
determined using the standard least squares fitting models commonly used in
groundwater studies, as these models require a two-component mixture of air
and ASW for all noble gases. As shown in this thesis, in stalagmites, the
concentrations of He, Ne and Ar cannot be interpreted as simple binary
mixtures of air and ASW, as they are affected by additional noble gas
components (lattice trapped He and Ne and adsorbed Ar). Therefore, only the
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concentrations of Kr and Xe are used for NGT determination in stalagmites, as
these two concentrations are not affected by the above mentioned additional
noble gas components and are solely composed of noble gases from ASW and
atmospheric air.

Our results further indicate that not all stalagmites are equally suitable for NGT
determination. Kr and Xe concentrations in some samples seemed to have been
altered either during stalagmite growth or the analytical procedure to determine
noble gas concentrations so that the temperature information is no longer
preserved in such samples. Our results give strong indication that Kr and Xe
concentrations are well preserved in fast growing stalagmites with relatively
small and loosely arranged calcite crystals, that have a high abundance of intra-
crystalline water inclusions. Sample pre-selection using light as well as
electron microscopes to study the structure and the spatial arrangement of
calcite crystals and the origin of air and water inclusions hence is a key factor
for a successful and accurate NGT determination.

The thesis further showed that the gas inclusion process of noble gases into the
fluid inclusion water might be more complicated than initially expected. Our
results indicate that partial pressures of noble gases near the growing stalagmite
might occasionally be lower than in open cave air due to the existence of a CO,
enriched air layer around the stalagmite, which reduces the equilibrium
concentrations of Kr and Xe in the forming water inclusions. The relatively
large variation of NGTs observed in Holocene samples from stalagmite D1
from Socotra Island were hence conceptually explained by variable CO,
abundances during gas exchange and not to actual variations in the mean
annual air temperature.

Overall, this thesis has paved the way for a successful application of the “noble
gas thermometer” to fluid inclusions in stalagmites. The ultimate goal for the
future is to use accurately and reliably determined NGTs to obtain a
temperature-corrected 8'°O record of the calcite. To achieve this goal, the
following tasks are seen as key aspects in future research on noble gas analysis
in fluid inclusions in stalagmites:

Task A: Improvements of analytical methods

Although this thesis strongly focused on the development of analytical methods
to determine noble gas concentrations and NGTs in stalagmites there are still
some analytical aspects that need to be improved. For instance, if the
adsorption of Ar during pre-crushing of stalagmite samples in the glove box
could be totally avoided, Ar concentrations could be included in the calculation
of NGTs. As Ar is less soluble in water than Kr and Xe, it i1s more sensitive to
the amount “excess air”, allowing the noble gases released from air inclusions
to be more precisely parameterised. Hence, NGTs could be determined also in
stalagmite samples, where the separation of air inclusions from water
inclusions by pre-crushing is difficult, for instance because air and water
inclusions have similar sizes. The use of three noble gas concentrations may
also allow determining three unknown parameters, i.e. the temperature, the
amount of “excess air” and the atmospheric pressure. This would allow
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determination of the true partial pressures of noble gases in the CO, enriched
air layer around the stalagmite and eventually lead to the determination of
accurate NGTs also for samples with high and strongly varying CO,
concentrations in the gas layer around the stalagmite. The prevention of Ar
adsorption during pre-crushing may be achieved by further reducing the
residual Ar content in the gas phase of the glove box. Alternatively, a new
crusher could be developed, that allows crushing the sample in vacuum into
grains of a defined diameter before noble gas extraction from the pre-crushed
sample by heating.

Another open question is whether Kr and Xe concentrations, that were not
consistent with binary mixtures of ASW and atmospheric air, are altered during
the analytical procedure to determine noble gas concentrations or if they reflect
the initial concentrations trapped in the inclusions during stalagmite growth.
This question could be addressed by conducting adequate experiments to assess
if e.g. diffusional Kr and Xe loss occurs due to the artificially applied large
concentration gradient during pre-crushing of the sample in the virtually Kr and
Xe free gas phase in the glove box or during the connection of the sample to
the ultra-high vacuum system.

Task B: Petrographic studies of stalagmites

The obtained results of this thesis indicate that the origin of fluid inclusions and
the arrangement of the individual calcite crystals within a stalagmite seem to be
a crucial factor for a successful interpretation of the measured noble gas
concentrations in terms of NGTs. It is hence important to study the
characteristics of calcite crystals and their fluid inclusions in selected
stalagmites first of all by microscopic examinations (light and electron
microscopy) and if possible also using other imaging methods (e.g. X-ray
tomography and NMR). This may help to identify the most suitable stalagmite
samples for NGT determination. Also, it may give some indication about how
secondary transformation processes (e.g. crystal coalescence, gas and pore
water migration) might affect the fluid inclusions and their noble gas content.
Combining the results of petrographic examinations with records of climate
proxies measured in the same stalagmite might also allow recognition of the
role climate parameters play in the formation of the different types of calcite in
stalagmites.

Task C: Case studies

Future work should also focus on the application of the developed tools to
stalagmite samples with the goal to determine past cave temperatures on local
scales and over longer timescales than those investigated within this thesis.
This could for instance include the transition from the last glacial period into
the Holocene as well as the temperature regime during the Eemian period (~
120 ka BP). The specific water content, the amount of “excess air” and trace
gas analysis in air inclusions could be used as complementary proxies within
such climate studies. For the complementation of this task, suitable samples
need to be selected based on microscopic analyses. This may constitute a
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crucial point in the implementation of this task. If robust NGTs could be
determined, they could then be used to partition the effect of the cave
temperature on the isotope composition of the calcite (5'*0, §"°C) from other
climate driven parameters. Also, a sound monitoring of the modern climate
system is necessary to reduce uncertainties related with the interpretation of the
calculated dlgOdripWater records even if quantitative and accurate cave
temperature estimates from noble gas concentrations are available

Task D: Comparison of temperature proxies in stalagmites

Much effort is currently put in the development and the application of new
methods to quantitatively determine cave temperatures in stalagmites (e.g.
oxygen isotope fractionation between calcite and water, clumped isotope
thermometry, noble gas concentrations in fluid inclusions). All these methods
are relatively new and hence still suffer from some analytical and archive-
specific shortcomings. A comparison and cross calibration of the various
temperature proxies applied to the same stalagmite samples would offer the
possibility to identify specific factors, which constrain the determination of the
cave temperature of each temperature proxy and potentially help to improve
each of the temperature methods involved.
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