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Abstract:

This work focuses on radiocarbon dating of the Particulate Organic Carbon fraction (POC) of Alpine
glacier ice. This organic carbon fraction was chosen, because the initially preferred Dissolved Organic
Carbon fraction (DOC) was found to be biased by incorporation of in situ produced *Cat high Alpine
sites. Concentrations of POC in high Alpine ice are generally very low, ranging on average between 10 and
50 ugC per kg ice. Thus, POC *C dating of Alpine ice cores, where available masses for dating are not
exceeding a few hundred grams of ice, becomes a large challenge. Within this work, a unique sample prepa-
ration system (REFILOX), with a process blank reproducibly at a total carbon mass of (1.5 £ 1.0) ugCor
even below detection limit for combustion at 340 °C, has been deployed. This system was complemented
by the setup of a gas ion source for direct COy AMS (Accelerator Mass Spectrometry) *C measurements.
Together, these novel sample preparation systems allow reliable dating of samples down to 2 ugC with a
relative error not exceeding 10% for ages up to 15 000 years BP. For comprehensive age interpretation,
POC age biasing effects such as input of old Saharan dust or sediment material have been investigated.
The Saharan dust consistently featured an age range of 2200-2800 years BP and the sediment samples
showed ages up to more than 20 000 years BP. POC combustion temperature investigations revealed that
such biases by incorporated aged material can be avoided best by combustion at a temperature not higher
than 340 °C. A first application of the method to ice block samples from Titlis glacier (Swiss Alps, 3020
m a.s.l.) yielded a consistent basal ice age of almost 5000 years BP. Additionally, 16 samples from an ice
core drilled at the high Alpine glacier saddle Colle Gnifetti (Swiss Alps, 4500 m a.s.l.) have been POC
micro-radiocarbon dated and revealed a so far not fully explained systematic age offset to younger ages
than proposed by the annual layer counting based working chronology.

Zusammenfassung:

Der Schwerpunkt dieser Arbeit liegt auf der Datierung der partikulidren organischen Kohlenstofffraktion
(POC) aus alpinem Gletschereis. Diese Fraktion wurde gewihlt, da die urspriinglich bevorzugte geloste
organische Kohlenstofffraktion (DOC) durch in situ Produktion von **C verfilscht ist. Die Konzentration
von POC in hochalpinem Eis ist insgesamt sehr niedrig, typischerweise in einem Bereich von 10-50 pugC pro
kg Eis. Aus diesem Grund stellt die POC '4C-Datierung Alpiner Eisbohrkerne, bei denen oft nur wenige
hundert Gramm Eis zur Verfiigung stehen, eine grofie Herausforderung dar. In dieser Arbeit wurde ein
neuartiges System zur Probenaufbereitung (REFILOX) entwickelt, dessen Prozessblank stabil bei einer
Kohlenstoffmasse von (1,5 £ 1,0) ugC, liegt. Fiir die Verbrennung bei 340 °C sogar darunter. Zusétzlich
zu diesem System wurde eine sogenannte Gasionenquelle fiir direkte AMS (Beschleunigermassenspektrome-
trie) 14C Messungen an COgin Betrieb genommen. Durch Kombination dieser beiden Systeme sind nun
verlissliche Datierung von Proben bis hin zu 2 pgCmit einem relativen Fehler unter 10% fiir den Alters-
bereich bis zu 15 000 Jahren vor heute moglich. Fiir eine verlissliche Altersinterpretation wurden zudem
mogliche Effekte untersucht, die das POC Alter verfilschen kénnen, wie zum Beispiel der Eintrag von
Saharastaub oder Sediment. Das Alter des Saharastaubs liegt sehr konstant in einem Altersbereich von
2200-2800 Jahren vor heute, die Sedimentproben wurden zum Teil sogar auf mehr als 20 000 Jahre datiert.
Untersuchungen zur Verbrennungstemperatur zeigten, dass die beste Abtrennung von solchem bereits geal-
tertem Material bei einer Temperatur nicht hoher als 340 °C erfolgt. Eine erste Anwendung der Methode
zur Datierung basaler Eisblocke vom Titlisgletscher (Schweizer Alpen, 3020 m a.s.l.) ergab ein belastbares
basales Alter von anndhernd 5000 Jahren vor heute. In einer weiteren Anwendung wurden 16 Proben eines
Eiskerns vom hochalpinen Gletschersattel Colle Gnifetti (Schweizer Alpen, 4500 m a.s.l.) mit der Mikro -
14C- Methode datiert. Die Ergebnisse zeigten eine systematische Abweichung zu jiingeren Altern als die
der durch Zahlung von Jahresschichten bisher bestimmten Alter der Arbeitschronologie. Der Grund fiir
diese Abweichung ist noch nicht abschlieSend geklart.
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1. Introduction

This is radio carbon - measure and cry
(freely adapted from Fury in The Slaughterhouse)

Between September 2014 and October 2015, the air temperature over large parts of the Arctic
exceeded the long-term average value to more than 3 °C and surface melting occurred on more
than 50% of the Greenland ice sheet. This is the highest positive temperature deviation since the
year 1900 (NOAA, 2015). Simultaneously, the new report AR5 of the Intergovernmental Panel on
Climate Change (IPCC) states the human influence on climate as "clear” (IPCC, 2014). For the
investigation of climate change in the past and the developments of future perspectives, analyses
of proxy data retrieved from climate archives are indispensable (Masson-Delmotte et al., 2013).
Within the large range of climate archives, tree rings, stalagmites, sea sediments and ice cores are
the most prominent. For ice bodies, apart from the stratified archiving of past climate conditions,
the basal age itself contains important climate information about the time of glacier formation
onset.

Ice cores from polar regions allow reconstructions of climate parameters like for example dust
concentrations and temperature (Johnsen et al., 2001) for up to 800 000 years back in time (see
e.g. Lambert etal. (2008); Jouzel etal. (2007)). A new Antarctic drilling project aiming for the
recovery of 1.5 million year old ice (Fischer etal., 2013) is aiming to extend these records even
further. Mid-latitude glaciers in general (see e.g. Thompson et al. (2000); Fujita et al. (2004)), and
Alpine glaciers especially, are not able to cover such large ranges and are restricted to centennial
up to millennial time scales (Jenk et al., 2009; May, 2009; Wagenbach et al., 2012; Bohleber et al.,
2013). Because of their close vicinity to human settlements, they are more important sources of
information about the anthropogenic influences (e.g. short lived aerosol emissions) on climate
change than the polar ice cores. The interpretation of any climate archive and the establishment
of a reliable chronology is a crucial step. For glaciers also the constraint of a maximum age yields
important information about the time of formation onset. Polar ice cores are mainly dated by
the technique of annual layer counting based on the seasonal variations of different parameters
(e.g. 8180, major ions, see e.g. Svensson et al. (2008)) the identification of absolute time markers
like volcanic eruptions (Zielinski et al., 1994; Narcisi et al., 2005; Sigl et al., 2015) and matching
with other climate records. However, the dating of ice cores from Alpine glaciers is very chal-
lenging. Because of their typically small scale extensions, complex bedrock geometry and highly
variable accumulation regimes, which lead to a very non-linear depth relationship, annual layer
counting is restricted to the last few hundred years (Wagenbach and Geis, 1989; Bohleber, 2008;
Wagenbach et al., 2012). The signal of volcanic eruptions is often masked by frequent inputs of
sulphate-rich Saharan dust (Preunkert and Legrand, 2001). Additionally, the application of flow
modelling (see e.g. Liithi and Funk (2000)) is complicated by the complex and often unknown
bedrock topography.



1. Introduction

For the older and deeper parts of such ice cores, or for ice bodies where no stratigraphic dat-
ing is possible at all, alternative dating methods must be applied, for the retrieval of an absolute
age. This can be achieved by analyses of different radionuclide species contained in the ice matrix.
These species are 2'°Pb, originating from soil and rocks, which can be used for datings up to 100
years before present (see e.g. Géggeler et al. (1983)), and 3°Ar from the atmosphere, which allows
dating for the last 1000 years. For 3?Ar however, the application is currently still very limited
due to small concentrations resulting in high required ice masses of ca. 4 kg. It is thus unrealistic
for an ice core application at present, nevertheless with a future perspective of required masses
below 1 kg ice (Ritterbusch et al., 2014). Thus, for ice samples older than 1000 years, radiocarbon
dating of organic material incorporated in the ice matrix is the only option for the determination
of ages up to 20 000 years BP. The main challenge of this method lies in the generally very low
organic carbon concentration in Alpine ice samples in the microgram range. Organic carbon in
ice samples for *C dating can be separated in Dissolved Organic Carbon (DOC) and Particulate
Organic Carbon (POC). The DOC fraction is present in concentrations of ca. 50-100 % ((May,
2009; Preunkert etal., 2011)), which is a factor of two to ten more than the concentration of
POC, which lies on average in the range of 10-50 % (Steier et al., 2006; Jenk etal., 2009). It

was therefore initially attempted to use the DOC fraction for C dating, especially for ice core
samples from the high Alpine firn saddle of Colle Gnifetti (Swiss Alps, 4500 m a.s.l.). The DOC
at such an high altitude, low accumulation glacier was however found to be significantly biased
by the incorporation of in situ produced *C (see May (2009) and this work) and is therefore not
usable for dating. The main focus of this work lies thus on '“C dating of the POC fraction, which
has already been applied for a high Alpine ice core by Jenk et al. (2009).

The aim of this work is therefore to improve and apply the existing method of POC based micro
radiocarbon dating of Alpine ice samples. Additionally to the aim of further minimisation of the
required sample mass, for the first time special effort was put into analyses of the key question
whether the incorporated organic matter does really represent the age of the surrounding ice.
Especially for the POC fraction, this assumption is not a priori true, because it can be influenced
by already aged organic material (e.g. from soils and glacial sediment). At the beginning of this
work, the already existing system at the IUP Heidelberg had a very high and variable process
blank of =~ 6 ugC, and was therefore not usable for the required POC concentrations. A main
focus must be thus on the reduction of the contamination during sample preparation (process
blank), ideally below an absolute mass of 1 pugC, to make the method applicable for ice core
studies with sample sizes below 1 kg for the average POC concentrations stated above. Also the
140 dating of samples in the microgram range is a large challenge. Conventional Accelerator Mass
Spectrometry (AMS) commonly used for 4C dating requires carbon masses of 1 mg as graphite,
which is a hundred times more than the typical POC sample sizes recovered from ice. Graphi-
tisation of very small samples is possible (Liebl etal., 2010), but cumbersome, time consuming
and susceptible to isotope fractionation and contamination. Therefore, within this work a so-
called gas ion source at the MICADAS-AMS of the Klaus-Tschira-Laboratory in Mannheim was
established, which enables *C dating of CO4 samples down to 3 pgC . Along with these technical
method improvements, a systematic investigation of potentially age biasing effects in the POC
fraction is carried out, by analyses of samples with either known age or material composition. This
will support a more reliable interpretation of POC “Cages in terms of ice ages. In a last step,
the improved POC 'C dating method is applied to date ice samples from selected small Alpine
glacier caps and a new ice core from the high Alpine firn saddle Colle Gnifetti (Switzerland).



The main steps to achieve the aims stated above can be summarised to:

1. The implementation and characterisation of a gas ion source for the MICADAS AMS system
at the Klaus-Tschira-Lab in Mannheim to enable reliable radiocarbon measurements of
sample sizes down to 3 ug carbon as COs.

2. The development of a new sample preparation system to extract POC from ice samples with
a minimal process blank (=~ 1 ugC) and a high reliability.

3. Investigation of potentially age biasing effects by analysis of selected samples of known age
and structure (ice and other material) and application of the method as a dating tool to
high Alpine ice samples including a new ice core from Colle Gnifetti.






2. Theoretical background - Dating methods for
Alpine glacier ice samples

2.1. Dating of Alpine ice cores

The dating of ice cores from compared to polar ice sheets small scale summit ranges of Alpine
glaciers is a big challenge and can only be successful by combination of a whole set of different
methods, which will be presented shortly in the following.

2.1.1. Stratigraphic methods
Annual layer counting

Similar to dendrochronological methods, under certain premises it is possible to establish an ice
core chronology by counting annual layers of snow accumulation over the entire core length. The
main prerequisite is here, that the glacier body is cold, which means there is no substantial melting
of ice throughout the year. The most common parameter to count such layers is the temperature
driven variation in water isotope ratios 6'¥0 and D (Dansgaard, 1964). This method has been
very successfully applied to ice cores from polar ice sheets (Johnsen et al., 2001; Rasmussen et al.,
2013). In combination with other stratigraphical methods, for polar ice sheets chronologies for up
to 800 000 yBP could be established (Petit et al., 1999; Parrenin et al., 2007). For high Alpine ice
cores (above ca. 3000-4000 m a.s.l.) the water isotope method is complemented by other tracers
that show seasonal signals. These seasonal trends are due to a shift of the planetary boundary
layer with large mixing rates and material transport to high altitudes in summer, whereas in
winter the summit regions above at least 4000 m a.s.l. are already in the free troposphere and
shielded from the near ground mixing (Preunkert and Legrand, 2001). Compared to other ions,
ammonium (NHy) shows an extraordinarily high summer to winter amplitude in concentration
and is therefore the most commonly used tracer for annual layer counting. Emitted mainly from
animal waste, biomass decomposition and, in modern times, fertilizers and ammonia production
power plants (Buijsman et al., 1987), the emission peaks are in phase with the convection intensity.
For example, in recent times summer to winter concentration ratios of a factor of 14 have been
observed at the high Alpine glacier site of Col du Dome, 4250 m a.s.l. (Preunkert et al., 2000).
Nevertheless, for ice cores from high Alpine sites with low net accumulation like Colle Gnifetti,
which will be mainly discussed in this work, the application of these annual layer counting methods
is very limited. A low net accumulation rate is however crucial for the conservation of long time
scales. The most prominent problems for dating by annual layer counting of Colle Gnifetti are:

1. Complex accumulation regime: The net accumulation at Colle Gnifetti is mainly con-
trolled by strong wind erosion, which leads to a systematical bias to the conservation of
wet summer snow and even the possibility of losing the snow deposition of a complete year.
Together with the small geometry, a resulting high spatial variation of accumulation and a
complex glacier flow, this leads to a rapid layer thinning and a very non-linear age depth-
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relationship. Missing layers and the bias to summer snow conservation thus make the layer
counting and interpretation of signals extremely difficult (Bohleber et al., 2013).

2. Technical limits of depth resolution: The main technical limit to annual layer counting
is the depth resolution of the retrieved impurity signal. For the routinely applied method of
continuous flow analysis limited to a maximum depth resolution of ca. 0.5-1 cm (Kaufmann
et al., 2008; Bigler etal., 2011). Because of the rapid layer thinning with depth at Colle
Gnifetti this resolution limit is only applicable for the last 200-400 yBP (see e.g. Doscher
etal. (1996); Bohleber etal. (2013)). Recently, the technique of laser ablation ICP-MS
allowed a significant improvement in resolution up to several hundred micrometers (Sneed
etal., 2015), but is so far restricted to layer counting in the calcium and sodium signal,
where the seasonal amplitude of the signal is about 4-5 times lower than for the NHy
(Preunkert et al., 2000). Calcium and sodium also have the potential of additional noise
in the seasonal signal caused by frequent Saharan dust inputs (Tomadin et al., 1996) which
can be an additional source of counting uncertainty.

Absolute time markers

A very important tool for dating of ice cores is the identification of absolute time markers within
the ice. Such absolute markers are used to back up and constrain the relative dating methods
of annual layer counting and age depth models. The most common markers are the traces of
volcanic eruptions, which mainly show up as strong increases in the conductivity, acidity and
sulfate signals (Legrand and Mayewski, 1997). In the more recent past some major eruptions
have been historically documented (e.g. Tambora 1815 or Krakatau 1883 A. D.) and thus can
be linked to ice core records. However, volcanic reconstructions from polar ice core records reach
further back in time, up to 9000 yBP (Zielinski et al., 1994; Sigl et al., 2015), where historical
records are sparse or non-existent. Still it is a challenge to link different records on base of such
eruptions, because a clear identification and assignment to a certain eruption can be difficult. The
most powerful tool to identify a single eruption is the evidence of volcanic ash (tephra), which
carries a characteristic structure and chemical composition for each eruption (Narcisi et al., 2005;
Dunbar and Kurbatov, 2011). Nevertheless, for high Alpine ice cores, the identification of certain
volcanic eruptions is not evident. This is due to the regular occurrence of desert dust inputs by
long range transport from low latitude arid regions, mainly the Sahara (Wagenbach and Geis,
1989; Maupetit and Delmas, 1994; Thevenon et al., 2012), which also contain high amounts of
sulphate, masking or imitating volcanic signals (see e.g. Schwikowski et al. (1999)).

Big saharan dust events themselves can function as a valuable absolute time marker. Some of
them can even be identified by eye by their characteristic yellow / red colour. Important events
are for example recorded for the years 1977 and 1901 A.D. (Haeberli et al., 1983). In very recent
times (the past 50 years) an important absolute time marker is the so called "bomb peak” in 1963,
an enrichment of nuclear reaction products in the atmosphere caused by extensive above-ground
tests of nuclear weapons. This very distinct peak is usually identified by enhanced tritium con-
tents (Schotterer etal., 1998). However, at Colle Gnifetti absolute time markers based on the
assignment of volcanic eruptions and Saharan dust horizons to documented events in the past is
only possible for the last 200-400 years, which equals about half of the glacier thickness. For older
events, an unambiguous assignment is extremely difficult, if not even impossible, because of the
fast increasing dating uncertainty due to rapid layer thinning and non-linearity of the time scale.
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2.1.2. Modelling of ice dynamics

Mathematical flow models offer an additional possibility to determine an age depth relationship.
The simplest 2D-flow model for a glacier was developed by Nye (see e.g. Cuffey and Paterson
(2010)). It assumes an infinite horizontal ice extension and constant thickness, which is reasonable
only near ice divides of the large ice sheets. A 2D-model for mountain glaciers, recently applied at
the Institute for Environmental Physics Heidelberg, is the ice slap model developed by Bohleber
(2008), which is a progression of the Nye model to a tilted plane. In recent times, 3D-modelling
of cold mountain glaciers becomes more important (Liithi, 2000; Gagliardini et al., 2013; Gilbert
etal., 2014) and is currently also being applied to the high Alpine firn saddle of Colle Gnifetti
(pers. comm. Carlo Licciulli). All these models have an increasing uncertainty with depth,
which is mainly due to insufficiently known or represented boundary conditions at bedrock. It is
therefore crucial to supply models with absolute dates in larger depths.

2.1.3. Radiometric methods

Apart from the absolute time markers discussed above, it is possible to measure the activity of
several radionuclides contained in the ice matrix and to calculate the time of incorporation into
the ice. The most important radionuclides for this dating method are:

e 210Pb: The isotope 2'9Pb has a half life of T1/9=22.3 a and is part of the 2387 decay chain.
It is terrigenously formed by decay of 222Rn, which degasses rather constantly from soil and
rocks. By adsorption to aerosol, the 219Pb is deposited onto the glacier. 2'Pb-dating has
been applied to Alpine glaciers in the past (Géggeler et al., 1983; Picciotto et al., 1967) but
has the disadvantages of large required ice volumes because of very low concentrations and
a limited applicability to the last ca. 200 years because of the short half life.

e 39Ar: Cosmogenic 3?Ar has a half life of T} /2=269 a and is present in the atmosphere and
thus also in air bubbles of glacier ice in very constant concentrations. The principle of dating
by use of 3Ar has been known for a long time (Loosli, 1983), but because of the very low
concentrations, only the development of Atom Trap Trace Analysis (ATTA) (Chen etal.,
1999; Welte et al., 2010) made the method lately applicable for groundwater (Ritterbusch
etal., 2014) and larger ice samples in the order of ca. 4 kg. By half life, this method is
limited to ca. 1000 years before present.

e “C: Cosmogenic "Chas a half life of T} 12=5700 a and is therefore the best option for
dating of the basal parts of Alpine ice cores with expected ages up to 10 000 yBP (Jenk
etal., 2009). By incorporation into COy '*Ctakes part in the global carbon cycle and is
deposited onto the glacier as part of the organic aerosol. This dating technique was up to
now also complicated by rather large required ice masses of ca. 1 kg.



2. Theoretical background - Dating methods for Alpine glacier ice samples

2.1.4. Summary of the dating methods

The various dating methods available for Alpine ice cores and their applicable time scales are
schematically summarised in Fig. 2.1.

/

radiometric
methods

\

models

annual layer counting

100 1000
years BP

10 000

A\

stratigraphical
methods

/

Fig. 2.1.: Overview of different dating techniques
for Alpine ice cores and their applicable time ranges

2.2. Radiocarbon dating

2.2.1. Environmental “C as a dating tool

Most of the described methods are
limited to an age range of up to 1000
years before present. By combina-
tion of several methods, this time
range is relatively reliable. Up to
now, for the deeper parts of Alpine
ice cores, only modelled chronolo-
gies have been available, where ac-
curacy is largely decreasing with
depth. For the basal parts of
ice cores, MC offers in principle the
unique possibility to get an absolute
date, which on one hand could give a
direct age estimation of the ice and
could also help the models to con-
strain the not well determined ice
flow parameters.

Radiocarbon is naturally present in two stable isotopes: >C with an abundance of 98.9% and
13C with an abundance of 1.1% (Mook, 2000). The third, radioactive isotope is 4C, which is
the base for the equally named dating method. In equilibrium, when *C production, biosphere
uptake and decay are balanced, the ratio between!*C and '2C is nowadays approximately< 10712
(Mook, 2000).

14Cis constantly produced in the upper atmosphere, predominantly in the lower stratosphere,
by reactions of nitrogen with thermal neutrons, which themselves are products from reactions of
high energetic cosmic irradiation (described first by Libby (1946)):

n+4N — MC+p

The so created radiocarbon is oxidised almost immediately to CO and COs and mixed homo-
geneously within the troposphere (Nydal, 1968). Finally, the 14COy is fixed within the living
biosphere by photosynthesis and thus takes part in the global carbon cycle (schematically shown
in Fig. 2.2). *Chas a half life of (5700 4-30) years (Roberts and Southon, 2007) and decays via
5~ decay back to "N

14C SN 14N—|—€_+7
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Fig. 2.2.: Schematic view of the pathways for #Cin the carbon cycle. Adapted from
(Mook, 2000)

with a maximum electron energy of 156 keV. While the residence time of *Cwithin the atmo-
sphere (in the order below ten years) is very low compared to its half life (Craig, 1957), the
residence time in other reservoirs of the cycle like the ocean or groundwater can be substantial
and is not directly comparable to the atmospheric values. This needs to be regarded at C age
interpretation.

2.2.2. lIsotope fractionation and normalisation

Isotope fractionation means the partial separation of different isotopes during phase changes
(like evaporation and condensation) or chemical reactions, which results in an enrichment of
one isotope relative to another. During sample preparation in the lab, this can happen for
example in incomplete combustion processes or incomplete cryogenic transfer of a CO2 sample.
For the radiocarbon dating method, the most important fractionation process happens during
fixation of "*COy via photosynthesis. Plants in general prefer the uptake of '2C over 3C over
¢ (Baertschi, 1953). Thus, the plant material is depleted in the rare carbon isotopes compared
to the surrounding atmosphere. The isotopic signature of a sample is usually expressed as the
13C/12C ratio of the sample compared to the C/12C ratio of a standard material, the Vienna
Pee Dee Belemnite (VPDB), a fossil carbonate sample, and noted as:

2C sample 12C VPDB

(%)
*C JypDB

sB3C = - 1000 %o (2.1)
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Table 2.1 gives an overview of typical '3C contents of different materials (adapted from Stuiver
and Polach (1977)) Since 4C s also effected by fractionation, samples of different material must be
normalised to a common standard material, which then makes the radiocarbon ages comparable.
This standard value is the postulated mean of wood and set to §'3C = -25 %o. In other words,
the 14C activity of the sample is translated to the activity it would have, if it were made of wood.

Tab. 2.1.: Typical 6'3C values of some natural materials

Material §13C [Y%o)
C4-plants (maize, millet) -13 to -7
C3-plants (wheat, oats, rice) -27 to -19
Tree leaves, straw -32 to -22
Bone collagen, cellulose -24 to -18

The normalisation factor normyz,15 can then be expressed by the 13C/12C ratios (Stenstrom et al.,

( EC)
wood

<13C>
12
C sample

From there, the *C-normalisation aq, /12 can be calculated, because it is approximately given by
the square of the 13C-normalisation factor (Stuiver and Robinson, 1974):

norm;z 1y = (2.2)

~ 2
Nnormyy /12 = NOTrMy3/12 - NOIMy4/13 ~ (norm13/12) (2.3)

Insertion of Eq. 2.2 and Eq. 2.1 into Eq. 2.3 then yields:

-2\ (0915 )
normyy /g = %ﬁg = | —va (2.4)

Which can be Taylor approximated to:

2(25 + 513C)>

normyy /1o A (1 — 1000

The relation 2.5 is then used to normalise all measured '*C activities of samples.

2.2.3. Reporting of '*C -results
Basic principle of radiocarbon dating

Because of the compared to half life very fast transfer of '4Cinto the biosphere, the E—g of the

living biomass should always be in equilibrium with the atmospheric E—g ratio. When the living
organism dies, it is disconnected from the source and the radiometric clock is set.

10



2.2 Radiocarbon dating

If at a later point in time the activity of the sample Ag is measured and the starting activity Ag
is known, the time ¢ since the death of the organism can be calculated:

Ag=A,-e M & t= —% -In <AS> (2.6)

with A\ = %/22 as the decay constant of *C. The determination of a radiocarbon age t of a sample

thus involves two steps:
1. Measurement of the present activity Ag of the sample
2. Knowledge of the starting activity Ag at time of death

The first point comprises the technical measurement, which will be discussed in section 2.3, the
second includes the age calibration and be addressed in section 2.2.4.

Formal notation

In the past, several ways to report radiocarbon values have been established and documented
well (Stuiver and Polach, 1977) (Donahue et al., 1990), so here only a short overview of the most
common notations will be given. First, all measured sample activities have to be normalised,
to account for the fractionation according to equation 2.5, which gives the normalised standard
activity Agn of a sample:

2
0.975 2(25 + 6130)
Asn = Ag - normyy /13 = (5130> ~ Ag - (1 - ) (2.7)
1+ 1000 1000

To make Cvalues comparable, all results are reported relative to the C activity Ap,; of a
universal standard material, which is oxalic acid (NIST: SRM 4990 B (OxI)) from a crop of
1955 sugar beet. This oxalic acid has a 63C value of close to -19 %o and is normalised to that
value. Since the OxI standard material is already influenced by anthropogenic effects, bomb
test *Cand fossil fuel combustion, the activity of the OxI standard is defined relative to a pre-
industrial absolute radiocarbon standard, which is wood grown in the year 1890 (decay corrected
to the year 1950) and has 95% of the oxalic acid activity. Therefore, the normalised standard
activity of that standard material is:

21 13
Aon(OxI) = 0.95 Aoy - (1 — (9_'—50))

1000

The OxI standard is no longer available, nowadays the new oxalic acid standard OxII (SRM 4990
C) is used (Stuiver, 1983), which has a 3C ratio of -17.8 %y, is also referred to the 1890 wood as:

2(25 +513C)>

A II) = 0.7459 Apar - [ 1 —
o~ (OxII) = 0.7459 Aoxar ( 1000

(2.8)

Apart from these normalisations, it was agreed to reference all radiocarbon measurements to the
year 1950, A,ps then gives the absolute international standard activity, which can be expressed
by Aon in the year of measurement y:

Agps = Aon - e/\(y—1950) (29)

11



2. Theoretical background - Dating methods for Alpine glacier ice samples

All normalised '*C measurements should be reported relative to this standard value. To directly
report relative deviations of measured activities from this standard, the most commonly used
notation is the A-notation:

A
AMC = < SN 1) - 1000 %o (2.10)
Aabs
This notation includes no decay correction of the sample and is therefore not constant over time.
Also, the sample activity can directly be referred to the reference year 1950 (modern) and is then
reported as percent modern carbon pmC:
AgN

ASN 1009 — e MY=1950) L 100 % (2.11)
abs AON

pmC =

Again this notation includes no decay correction of the sample and changes over time. For
example, the result will be different if the sample is measured today and ten years from now,
because the relation does not take into account the decay of the sample in the meantime. In this
work, 14C -ratios will therefore be dimensionless reported as Fraction modern carbon F*C , which
includes decay corrections for both, sample and standard:

Agy - eNy—1950) Asy

Fi4C = =
Agbs Aon(OxII)

(2.12)

This connected to the A*Cnotation via:

AlC
Fl4o — —A(y—1950)
(1000) ¢

2.2.4. Calibration of radiocarbon ages
Conventional *C -ages and the calibration curve

The primary result of any radiocarbon measurement is the so-called conventional radiocarbon age
t calculated from Eq. 2.6 using the normalised sample and standard activities according to:

1 Asn Agn Agy - e My—1950)
t=——In|(—) = — In{— ) = — 1 2.1
N n (AON) 8003 In (AON> 8003 In ( A (2.13)

with Az, as the decay constant based on the Libby half life of 14C, 5568 years (Stuiver, 1983). This
calculation assumes, that the atmospheric content of '*C was constant over time. This assump-
tion is however insufficient. The production rate of *Cis dependent on the strength of cosmic
radiation, which itself among other things is modulated by the changing activity of the sun and
the earth magnetic field (Hughen et al., 2004). Because of these atmospheric *C variations, the
conventional age of a sample will not represent the real age of the sample. To determine this
real or calibrated age of the sample, the atmospheric *C content of the past must be known
as precisely as possible, which led to the assembly of an independent calibration curve, which
compares the measured '*C-content of a sample (the conventional age) with the “C content of
an independently dated sample.

The independently dated samples that make up the calibration curve are mostly tree rings, dated
by dendrochronology, for the last ca. 20 000 years BP (see e.g. Becker (1993)) and corals,

12



2.2 Radiocarbon dating

speleothems and varved sediments for the time range up to 50 000 years BP (see e.g. Hughen

etal. (2006)).
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Fig. 2.3.: The radiocarbon calibration curve IntCall3 (Reimer etal., 2013). The left
panel shows the complete record up to 50 000 yBP with increasing uncertainties to the
very old ages, on the right is a zoom to the last 1000 yBP.

All these separately dated records together make up the calibration curve, which is constantly
updated and in some parts still under discussion (Muscheler et al., 2008). The latest version for
atmospheric *C-contents is the IntCall3 curve, published by Reimer et al. (2013).

Age calibration and difficulties

For practical applications of this calibration procedure, several computing programs are available,
of which the most prominent is probably OxCal (Bronk Ramsey, 1995).

OxCal v4.2.4 Bronk Ramsey (2013); r:5; IntCal13 curve (Reimer et al 2013)

R_Date(230,50)
68.2% probability

600F

15calBP (9.1%) ...

Radiocarbon determination (BP)

ok m T R —

420 (2.2%) 412calBP
315 (26.3%) 268calBP
214 (30.6%) 145calBP

Calibrated date (calBP)

Fig. 2.4.: Large variations in the
calibration curve makes '4C dating
of samples younger than 400 years

extremely difficult.

500 400 300 200 100

Radiocarbon determination (BP)

OxCal v4.2.4 Bronk Ramsey (2013); r:5; IntCal13 curve (Reimer et al 2013)

2500 R_Date(2000,80)
68.2% probability
2060 (68.2%) 1868calBP

2000

1500 -

1000

| | | |
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Calibrated date (calBP)

Fig. 2.5.: Example of an uncritical
age calibration. No multiple age as-
signments are possible. The 1o prob-
ability of the calibrated age is given.
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2. Theoretical background - Dating methods for Alpine glacier ice samples

Simplified, the program searches the calibration curve via Monte Carlo simulations for intersec-
tions with the measured age and gives a probability for every matching section (see Fig. 2.5).
The red age span on the y-axis is the measured C age as input for the program. The grey age
spans on the x-axis mark the most probable calibrated *C ages derived from agreements of the
measured age with the calibration curve (blue). The precision of the calibrated age is therefore
not only dependent on the measurement error but also on the course of the calibration curve.

(e rreerrT TreerrTe T TrrerrTT Treerry n  Large plateaus lead to large possible age ranges,
1000 o —— tree rings ]

— Wellington 1 whereas steep parts allow a more precise age de-

so00 b o ]’f;gft’;ﬁjoch i1  termination. If the variation become too large

= ] (see Fig. 2.4), a distinct age assignment can
£ 600p become impossible because of different age op-
L ook tions for one measured *C-content. This is
- especially the case in the 20th century during
200 the period of the so-called bomb peak. Be-

0 ! tween 1950 and 1963 excessive aboveground nu-

1950 1960 1970 1980 1990 2000 clear bomb tests have been carried out, which

Year led to a strong atmospheric *C enrichment (see

Fig. 2.6). The strong decline after the test
ban in 1963 is due to COs uptake of the ocean
and biosphere as well as ongoing Suess effect,
which means atmospheric '4C depletion due to
enhanced fossil fuel combustion.

Fig. 2.6.: Atmospheric enrichment of
A™C during the bomb peak period.
Figure taken from Levin et al. (2010).

The overall precision of the radiocarbon dating method is thus depending on three factors:

1. Statistical measurement error combined with uncertainties introduced within sample prepa-
ration

2. Error (width) of the calibration curve

3. Shape and course of the calibration curve

2.3. "C measurement by Accelerator Mass Spectrometry (AMS)

In the early years of radiocarbon analyses, the *Cratio of a sample was determined by counting
the decay of 1“C. Because the E—g ratio even in modern samples is as low as 10712, this type of
measurement needs comparably large amounts of sample material in the range of grams (Arnold
and Libby, 1949) and the measurement takes a long time to provide a good counting statistics.
The development of Accelerator Mass Spectrometry (AMS) brought massive improvements by
measuring the % directly instead of the decay rate. For conventional AMS C analyses therefore
only ca. 0.5-1 mg of carbon in form of graphite is needed.

2.3.1. The MICADAS '*C-AMS system

The basic steps of mass selecting processes in every AMS facility are (detailed explanation below):

1. Selective ionisation of distinct species by negative ionisation in a sputter ion source (sup-
pression of nitrogen for “C analyses)
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2.3 “C measurement by Accelerator Mass Spectrometry (AMS)

2. Pulsed injection (fast beam switching) of ions into the accelerator using an electric field in
the low energy (LE) magnet

3. Acceleration of ions in a tandem accelerator to energies between several hundred kilovolts
up to ca. 10 megavolts

4. Switch to positive ion charge by stripping of electrons and destruction of molecules
5. Energy filtering and second mass selection in a magnetic sector field (high energy (HE) side)

6. Detection of selected ions as currents in Faraday cups or detectors for counting of single
ions

Many AMS systems have been developed throughout the years for many different applications.
During this work, only a very special and recently developed system for '*C measurements was
used and will be briefly described here.
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Fig. 2.7.: Schematic view of the MICADAS main components and the proposed ion
pathway (red) (picture by Ionplus AG).

The so-called MICADAS (Mini CArbon DAting System) has been developed and set up by the
ETH Ziirich (Synal et al., 2004, 2007). The MICADAS system used for all C analyses in this
work is hosted at the Klaus-Tschira-Center for Archacometry in Mannheim (Kromer et al., 2013).
A schematic view of the AMS system and its main components is shown in Fig. 2.7.
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2. Theoretical background - Dating methods for Alpine glacier ice samples

lon source

The MICADAS hybrid ion source uses Cs™ ions for sputtering of graphite targets. These ions
are produced by evaporation of caesium from a reservoir and ionisation at a spherical ioniser.
They are accelerated onto the graphite target with energies between 5 and 12 keV. The so created
negative sample ions are extracted from the source with energies of up to 40 keV. For graphite
samples, in normal measurement mode ion currents of 30-50 pA are reached at the low energy
side, but largely dependent on Cs flow. The ion source is also capable of sputtering COs samples
directly, this will be discussed in section 2.3.2.

Low energy mass separation

After extraction from the ion source, the LE mass separation is done by a dipole magnet, in whose
focal plane a Faraday cup is mounted to monitor the ion currents extracted from the source. This
allows a calculation of transmission through the accelerator unit. The low energy spectrometer
is equipped with a fast beam pulsing system, that allows injections of beams into the accelerator
in very short pulses (Suter etal., 1984). It is operated with injection times and sequences of
12C (50 ps), C (40 ms), 13C (500 ps), 1*C (40 ms). This beam pulsation enables effectively
simultaneous measurements of adjacent masses on the high energy side. In the focal plain of
the HE magnet, a Faraday cup for 3C is located close to the beamline of *C. Thus, if *Cis
injected to the accelerator, the >C beam is directed to the cup, and for the injection of 3C, 12C
can be measured simultaneously. A third cup located between the '*C and '2C measures the 13C
breakup fragments of "3CH™ molecules destroyed in the stripper, which is a good parameter for
background correction.

Acceleration unit

The accelerator is a compact high voltage platform set to a terminal voltage of 200 kV inside
a vacuum chamber. The stripper gas for ion charge switching and molecule destruction (Ng) is
inserted into the acceleration unit via a capillary and pumped continuously.

High energy mass separation

At the high energy side of the accelerator, another magnet for impulse selection is located, in
whose focal plane all HE faraday cups are located. Subsequently, the ion beam passes a spherical
electrostatic analyser for energy selection. With this setup, under normal conditions a beam
transmission through the accelerator of ca. 40% is achieved.

14C detection

A gas ionisation chamber is used to detect the incoming '*C ions. The detector window is made of
a SigNj3 foil (50 nm) and the detection gas is isobutane at a pressure of 20hPa (Synal et al., 2007).
Data analysis, blank and standard corrections are done by a programme directly designed for the
MICADAS system at ETH Ziirich (Wacker et al., 2010). The machine background is in the order
of 1;1—8:10*15 and therefore dating of samples up to 50 000 years BP should be possible. The
MICADAS system in Mannheim is able to measure modern graphite samples with a precision of
ca. 2 %o and a high stability over time(Kromer et al., 2013).
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2.3 “C measurement by Accelerator Mass Spectrometry (AMS)

2.3.2. “C measurements via a Gas lon Source

For conventional AMS C measurements, a mass of usually ca. 1 mg carbon is required as
graphite. This is still too much for the application in *Cice core dating, because typical sample
sizes are in the order of micrograms of carbon and 1mg carbon would require about 20-40 kg
ice for high Alpine POC concentration, which is not a realistic and manageable sample size. To
deal with this issue, a micro-graphitisation system has been developed at the Vienna Environ-
mental Research Accelerator (VERA), which allows sample preparation down to 5 ugC (Liebl
etal., 2010). Still, this system includes the process of graphitisation, which means the reduc-
tion of CO9, which is produced by combustion of organic material during sample preparation, to
graphite. This process is cumbersome, includes many steps and holds the risks of sample loss,
isotope fractionation and possible contamination.
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Fig. 2.8.: Schematic view of the Fig. 2.9.: Cross section of a

MICADAS ion source with a gas target for gas measurements.
target inserted.  The COy is The COy-He-mixture is di-
supplied by a capillary (60 pm rected via a small slit to
diameter), which feeds the tar- the front of the titan insert,

get through a hole in the holder where it is sputtered (modi-
(Fahrni et al., 2013). fied from Ruff et al. (2007)).

To avoid this step, so called gas ion sources have been developed. This means, a CO9 sample does
not have to be graphitised, but the CO4 gas can directly be inserted into the ion source. This has
the advantage, that even very small samples down to a few ugCcan be measured for '4C. The
large disadvantage is, however, a much smaller dating precision of only a few percent relative error.
Gas ion sources have for example been established at the AMS facilities in Oxford (Bronk Ramsey
etal., 2004) and Erlangen (Uhl et al., 2007), but this work will focus on the setup designed at the
ETH Ziirich for the MICADAS AMS system, which was used during this work (Ruff et al., 2007),
(Fahrni et al., 2013). The MICADAS has a built-in hybrid ion source, which can handle graphite
and gas samples only by use of a different target type and no structural changes. At the position
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2. Theoretical background - Dating methods for Alpine glacier ice samples

where otherwise the graphite is located, a titanium insert is placed inside the aluminium holder.
This insert has a small slit (0.3 mm) on top. The COg is transported to the target via a capillary
(60 um diameter) on a stream of helium as a carrier gas (see Fig. 2.8). It enters the target via a
small hole in the aluminium holder and is guided via the slit to the front of the target (see fig.
2.9), where the sputtering process takes place. The CO2 molecules are not directly sputtered by
the caesium, but are bound at first to the surface of the Ti-insert, probably by forming titanium
carbide (Fahrni et al., 2013). The sputter efficiency is much smaller than for graphite and ranges
between 6 and 10 %, but still, LE ion currents of up to 20 pA can be achieved, which is almost
half of the currents achieved with graphite samples. The characteristics of the particular gas ion
source at the MICADAS in Mannheim, which was taken into operation within this work, will be
discussed in chapter 5.
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3. Theoretical background - Particulate organic
material in Alpine ice

Radiocarbon analyses of ice samples require the availability of a certain amount of organic material
within the ice matriz. The possible sources and deposition processes for this organic matter will
be discussed in the following chapter.

3.1. General sources of organic material in Alpine ice samples

3.1.1. Airborne material - aerosol

For high Alpine glaciers, the most prominent source of organic carbon is the deposition of car-
bonaceous aerosol. Aerosol is defined as a stable suspension of solid and liquid particles in a gas
(e.g. Junge (1963)) and usually distinguished by size into different particle fractions (Colbeck
and Lazaridis, 2014):

e Ultrafine particles (< 100 nm)
Nucleation mode: Particles with diameter < 0.1 um, which are formed by
nucleation processes
Aitken mode: Particles with diameter 0.01 pm - 0.1 wm from vapour nucleation or particle
growth by condensation

e Fine particles: (< 2 pum)
Accumulation mode: Particles with diameter 0.1 um - 3 um, formed by coagulation of
smaller particles or by condensation. Removal of this size fraction from the atmosphere by
wet and dry deposition is very slow

e Coarse fraction > 2um

Another classification criteria is the formation process of the aerosol particles, which divides them
into (Poeschl, 2005):

e Primary Aerosol: Directly emitted in the condensed phase (solid or liquid) or as semi
volatile vapours, which are condensable under atmospheric conditions. Typical sources
are for example biomass burning, incomplete combustion of fossil fuels, volcanic eruptions,
wind-driven suspension of soil and mineral dust, sea salt and biological materials (plant
fragments, micro organisms etc.). These particles mainly make up the coarse fraction

e Secondary aerosol: Formed by chemical reactions, coagulation of gaseous precursors and
condensation of volatile compounds. They involve a large variety of chemical species and
are part of the fine and ultrafine particle fraction.

An overview of the different particle size classifications and formation processes
is given in Fig. 3.1
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3. Theoretical background - Particulate organic material in Alpine ice
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Fig. 3.1.: Schematic overview of the different aerosol particle sizes and formation path-
ways. Figure taken from Colbeck and Lazaridis (2014).

Atmospheric lifetimes of aerosol particles strongly depend on particle sizes. Very small particles
coagulate very fast to larger particles and thus are removed from the system. The largest particles
are removed by sedimentation (dry deposition) due to their high mass. These particle fractions
therefore appear mostly in the vicinity of the source. The particle fraction with the longest
atmospheric lifetime is the fine particle fraction with sizes up to a few micrometers. For those,
wet deposition by rain and washout is the dominant deposition factor (Colbeck and Lazaridis,
2014). Because of their long lifetime in the range of up to several days, this particle fraction is
the most important for long range transport.

For high Alpine glaciers, according to Wagenbach and Geis (1989) and Tomadin et al. (1996), the
main source regions and composition of the deposited aerosol can by mineralogic composition and
particle size investigations be narrowed down to:

¢ Episodic long-range dust transport, especially from the Saharan desert.
(Fine particle fraction < 4 wm, mainly clay minerals)

o Medium range transport of regional soil dust during the summer by deep convective
tropospheric mixing
(highly variable grain sizes (1-100 pm), natural and anthropogenic origin)

e Short range transport of local periglacial debris onto the glacier surface by strong winds
(Coarse particle fraction > 60 pm)

These transport schemes are schematically shown in Fig. 3.2. For the 20th century, the amount
and composition of aerosol load deposited at high Alpine glacier sites has been widely investigated.
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It was found, that NHy and SO4 nowadays make up the largest aerosol fraction, at least in
summer, and are mainly deposited by mid-range transport from sources in middle Europe.
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Fig. 3.3.: Temporal changes over the 20 th century of summer mass concentration of
different aerosols derived from an ice core drilled at the Col du Dome site (Mont Blanc,
France) WSOM: water soluble organic matter, WinOM: Water insoluble organic matter,
BC: black carbon. Figure taken from Preunkert and Legrand (2013).
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3. Theoretical background - Particulate organic material in Alpine ice

This is due to anthropogenic emissions (Preunkert and Legrand, 2001), which make up 50%-75%
of the total amount of ammonium and sulphate (Fagerli et al., 2007). For pre-industrial times,
the major source of sulphate is long range transport of Saharan dust (Wagenbach et al., 1996).
An overview of the apportionment of the different aerosol fractions in industrial times is given
in Fig. 3.3, taken from Preunkert and Legrand (2013). Apart from that inorganic aerosol, the
organic aerosol fraction is the second largest and the target for the '*C dating method. Therefore,
the composition and sources of this fraction will be discussed in detail in the following section.

3.1.2. Organic aerosol in high Alpine glacier ice - origin and composition

Carbonaceous aerosol, which is the relevant fraction for radiocarbon analyses of ice, is primarily
divided into the inorganic carbon fraction (IC) and the total organic carbon fraction (TOC). The
IC mainly consists of carbonate particles originating from the mineral dust fraction. Counted as
part of the TOC fraction is the elemental carbon (EC), which consists mainly of soot particles and
other residues of burning and charring processes. This fraction can also be called black carbon
(BC). The organic carbon fraction is subdivided into at least three parts (Legrand et al., 2013b):
Volatile organic carbon (VOC), which is mainly defined as gaseous organic substances with low
boiling points. The other two subdivisions are dissolved organic carbon (DOC) also called water
soluble organic carbon (WSOC) and particulate organic carbon (POC), also called water insoluble
organic carbon (WinOC). They are usually differentiated by size. All filterable components are
counted for the POC fraction, the non-filterable components are called dissolved organic carbon
(G6émez-Gutiérrez et al., 2007). The definition of filterability is not very sharp, usually substances
that do not pass a filter with 0.45 um pore size (see e.g. Zsolnay (2003)) are considered to be
POC. The particulate organic aerosol can contribute up to 25% to the total aerosol budget. Fig.
3.4 gives an overview of all carbonaceous compounds.
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TOC
/ Total Organic Carbon \
Organi Carb EC
/ Ueflills (STl \ Elemental Carbon

DOC (WSOC)
Dissolved Organic
Carbon POC (WinOC)
Particulate Organic
Carbon

Fig. 3.4.: The fractions of carbonaceous compounds in glacier ice samples.

Organic aerosols are part of the primary (Jaenicke and Matthias, 1988) and secondary fraction
(Gelencsér etal., 2007). DOC (WSOC) is mainly made up by secondary aerosol, formed by
(photochemical) reactions of volatile organic compounds of natural and anthropogenic origin
(Gelencsér etal., 2007). Because of the larger mean size of particles, POC is predominantly
consistent of primary aerosol. Nevertheless, Jaenicke (1987) states that approximately 80-90 %
of the particulate organic aerosol in particle numbers is smaller than 1 pm and thus the small
particle fraction also has a large contribution, at least in number.
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3.1 General sources of organic material in Alpine ice samples

The main focus of this work lies on analyses of the POC fraction of organic aerosol.

POC concentrations in Alpine ice samples

The reported concentrations of POC in high Alpine ice samples vary over a rather wide range,
which is due to the different extraction methods and variations in in e.g. filter pore sizes. Steier
etal. (2006) measured 25-300 % ice for samples from the high Alpine Grenzgletscher (mano-

metrically quantified from COg ), Jenk etal. (2009) found POC contents of ca. 15-60 % for
the high Alpine firn saddle of Colle Gnifetti and May (2009) extracted for the same site POC

concentrations of ca. 5-50 % ice, also manometrically quantified. Legrand et al. (2007) retrieved

20-50 % for the POC (WinOC) fraction by a thermo-optical method (Pio etal., 1994) in pre-
industrial snow samples from the Mont Blanc region. Despite of these variations, the overall
average concentration of POC in high Alpine ice samples can be assumed to range between 10
and 60 ﬁ{g—c . The composition of POC can also be strongly dependent on the location and altitude
of the sampling site, but the major components can be identified and quantified as follows:

Pollen

With average diameters of 10-100 pm (Després et al., 2012), pollen are part of the largest aerosol
fraction in size. Because of that, their occurrence in glacier ice and snow decreases strongly
with altitude and distance from the source. Haeberli et al. (1983) found numbers of ca. 200-400
pollen per litre on average in high Alpine snow from Colle Gnifetti, which equals ca. 2-4 %.
Depending on the season, this can increase by a factor of up to ten in spring and summer dust
events. Referred to the mean POC contents stated above, this would result in ca. 3-40% of mass
of the total POC.

Cellulose and plant debris

Also part of the largest aerosol fraction in size, but covering a large range of ca. 0.1 - 25 um
(Sanchez-Ochoa et al., 2007) are plant fragments and cellulose, the latter being a major com-
ponent of plant tissue and pollen. These components are also one of the largest mass fractions
of primary organic aerosol (Després etal., 2012). Sénchez-Ochoa et al. (2007) give ca. 4-8% for
the relative amount of cellulose within organic carbon measured on aerosol filters from the high
Alpine observatory Sonnblick, and ca. 6-10 % for the relative contribution of plant debris to the
organic matter in aerosol. Legrand et al. (2007) states ca. 20% for the relative mass contribution
of cellulose to the water insoluble aerosol carbon fraction in industrial times measured in a Col
du Dome ice core and 8 = 5 % for a sample from the early 20th century.

Fungal spores

One of the most common classes of aerosol POC are fungal spores and spore fragments directly
originating from the living biosphere. They are also part of the large aerosol fraction showing
typical sizes of > 2 um - 10 um (Bauer et al., 2002), with a mean of about 3-5 um (Després et al.,
2012). Heald and Spracklen (2009) modelled a global contribution of ca. 23% of fungal spores
to the primary organic aerosol, whereas Bauer etal. (2002) found only ca. 2% for the relative
amount of fungal spores in total carbon in Alpine snow samples, which is a more representative
value for the POC analyses of this work.
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3. Theoretical background - Particulate organic material in Alpine ice

Bacteria and microbes

Part of the smallest insoluble organic carbon aerosol fraction, around 1 um of diameter (Després
etal., 2012) are bacteria and microbes. They have been observed in size ranges below 0.5 pm and
numbers in the range of 10* cells per ml in high Alpine Snow at Sonnblick observatory (Sattler
etal., 2001). For snow samples from Mont Blanc containing Saharan dust range of 10? - 10® have
been found (Chuvochina etal., 2011). With masses ranging from 5-90 fg/cell (Whitman etal.,
1998), this gives total contributions to the organic carbon in glacier ice and snow of maximal ca.
0.9 ”kg; in ice, calculated with the highest cell masses and numbers. Bauer etal. (2002) states
0.02% for the relative amount of bacteria of total carbon in snow from Sonnblick observatory.
Overall, it is possible to find rather large numbers of bacteria and microbes in Alpine glacier ice,
but their mass contribution to the total POC is compared to other components negligible.

Elemental carbon

Elemental carbon particles (soot), are residues of incomplete combustion of biomass and fossil
fuel. They are part of the fine aerosol fraction, with particle sizes ranging from 0.03-0.5 pm for so
called tar balls (Pésfai et al., 2004) up to about 2 um on average in snow samples (Schwarz et al.,
2013). These particles have very high carbon contents of up to 90%, but contribute only small
total carbon amounts to the POC fraction. For example ca. 1.6 ”lfc in pre-industrial ice core
samples from Mt. Blanc (Legrand etal., 2007). Bauer etal. (2002) give 10-25 % for the amount

of Elemental carbon in the modern organic aerosol fraction.

Soil dust

As discussed in Section 3.1.1, soil dust inputs onto high Alpine glaciers can have local sources as
well as sources that require a long range transport of material. Therefore, they cover a wide range
of particle sizes from ca. 0.5 pm up to 20 um, with a mean of about 2.5-4.5 pm (Wagenbach and
Geis, 1989). For the high Alpine glacier Colle Gnifetti, it was observed that two thirds of the main
mineral dust was of Saharan origin (Tomadin et al., 1996). This mineral dust is not itself organic,
but can serve as a transport medium for organic species and bacteria (Griffin, 2007; Chuvochina
etal., 2011) that adsorb onto the surfaces of clay and other mineral dust particles. The organic
part of the soil dust thus carries all stages of biomass decomposition products, like dicarboxylic
acids (Kawamura et al., 1996), leaf waxes or humic substances. The humic like substances (HULIS)
were found to make up ca. 15% of the organic carbon in high Alpine aerosol samples collected at
Sonnblick observatory (Feczko et al., 2007). For ice core samples from the high Alpine site Col du
Dome (Mont Blanc), summer concentrations of 10-50 *f—c have been measured (Guilhermet et al.,
2013) for the industrial period. However, the fraction of HULIS present as POC is not clear and
hard to estimate. Overall, the composition of soil derived organic dust is highly inhomogeneous,
but can make up a significant amount of POC in Alpine ice samples.

Summary of the POC components

An overview of the main components of the particulate organic carbon fraction in Alpine ice and
snow samples and their key parameters is given in Table 3.1. All numbers have been scaled to
the typical total POC contents of high Alpine ice samples stated above (10-60 % ). For the
fungal spores, it was assumed that ca. one third of the total OC measured in ice samples is POC
and the fungal spores only contribute to that POC fraction. The soil dust contribution could
not be quantified reasonably. Overall, the stated contributions of the single components to the
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3.1 General sources of organic material in Alpine ice samples

total POC fraction are highly dependent on source region, season, sampling method and local
meteorological features. The values given in Table 3.1 should therefore be regarded as a rough
estimation. In Fig. 3.5, The averaged fractions of the different POC components are shown in
comparison to the average chemical composition of DOC, retrieved from an ice core from Col du
Dome for the first half of the 20th century (Legrand etal., 2013b). It is striking, that for both
organic carbon fractions more than one third of the composition remains so far unknown. For the
POC, on which lies the main focus of this work, probably a large contribution to that unknown
fraction must be attributed to soil dust. Age biasing effects potentially caused by this soil dust
and unknown POC fraction will be addressed in the following section.

Tab. 3.1.: Major components, sizes and sub-fractions of the POC aerosol fraction in
Alpine ice and snow samples. Fractions are calculated on the base of average total POC

contents for high Alpine glacier ice (10—60% )

Component

Particle size range [um] C-mass fraction of total POC

Pollen

10-100, mean: 20-40

3-40 % of POC in Colle Gnifetti snow
(Haeberli et al., 1983)

Cellulose and
plant debris

0.1-25

ca. 16-50 % of WinOC (POC) in
Mt. Blanc ice (Legrand et al., 2007)

Fungal spores

>2-10

ca. 2-6 % of POC in Alpine snow
(Bauer etal., 2002)

Bacteria and
microbes

smaller 0.5 - larger 1

0.02 -0.1 % in Alpine snow
(Chuvochina et al., 2011)

Elemental carbon

smaller 0.5 - larger 2

3-20 % of POC in Mt. Blanc ice

and soot (Legrand etal., 2007)
Soil dust 0.5 - 20 mean: 4-5 widely unknown, highly variable
SUMMER WINTER Soil dust / unknown
1921-1951 1921-1951
OHCHO-C OHCHO-C
OMonoacid-C OMonoacid-C
. X Fungal
W Diacid-C BDiacid-C spores
@HULIS-C BHULIS-C EC
OUnknown OUnknown
Pollen
DOC =93 ppbC DOC =44 pphC Cellulose

Fig. 3.5.: Left panels: Chemical winter and summer composition of DOC retrieved
from a Col du Dome ice core (Mont Blanc) for the first half of the 20th century (adapted

from Legrand et al. (2013b)).

Right panel: Averaged POC composition of high Alpine

glacier ice based on the summarised values in Table 3.1. Note the large unknown fraction.
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3. Theoretical background - Particulate organic material in Alpine ice

3.2. Possible sources of '“C age biased organic material

For the dating of Alpine ice samples via radiocarbon analyses of the incorporated organic matter,
the main prerequisite is the assumption that the age of the organic material represents the age
of the surrounding ice body. For the DOC fraction this assumption is likely true. DOC mainly
consists of secondary aerosol, formed by coagulation of gaseous precursors directly emitted from
the living biosphere (e.g. Pautler et al. (2012)). For the POC fraction however, this assumption is
not a priori true. Some of the POC components discussed in Section 3.1.2 can undergo substantial
ageing processes before they are deposited onto the glacier and will in this case no longer represent
the age of the surrounding ice. This was already observed by Jenk et al. (2006) for Saharan dust
influenced ice samples. In the following, these critical POC components and their possible so-
called reservoir ages are discussed theoretically.

3.2.1. Soil dust from aged sources

The most important source for the deposition of already aged organic material on the glacier
surface is soil dust. For high Alpine sites, a large fraction of this material originates from Saharan
dust storms (Wagenbach and Geis, 1989; Wagenbach et al., 1996), but also local sources have to
be considered. These local soils can inherit very high ages of the incorporated organic matter.
This is especially the case in the surroundings of retreating glaciers, where ancient soils resurface
again. Trumbore (2000) reports for the *C ages of humic substances in boreal and temperate
forest soils values up to 1500 years BP. Carcaillet (2001) retrieved *Cages of up to 4000 y BP
from charcoal particles collected in the top layer of soils in the French Alps. And Egli et al. (2001)
found for 1“C ages of soil organic matter in the proglacial area of Swiss glaciers even 150 - 10 000
years BP. They discovered rather high fractions of organic carbon up to almost 40% within the
fine soil material fraction (< 2 mm particle size). Soil organic matter from local sources could
therefore bias the 4C-derived ice ages significantly, if transported onto the glacier.

Saharan dust (see e.g. large over storm in Fig.
3.6) has been studied intensely with respect to
mineral composition, particle size distribution
and origin (e.g. (Tomadin etal., 1996; Sode-
mann et al., 2006; Thevenon etal., 2012). In-
formation the “Cages of the organic particles
transported to the European Alps along with
the dust storms is however sparse. Saharan dust
is a major contributor of carbonates (IC) to the
total carbon fraction of glacier ice (Wagenbach
etal., 1996). Carbonates are usually originating
from the weathering of old (}4C free) carbonate
rocks and thus carry a large age bias compared
to the surrounding material.

Fig. 3.6.: A Saharan dust storm over
Italy in 2003 (MODIS, 2003).

The only direct *Cdating of a Saharan dust sample so far, collected on a buoy in the north
east Atlantic has been performed by Eglinton et al. (2002). It yielded ages of ca. 1000 yBP for
the total organic carbon fraction and ca. 2000 yBP for the black carbon (mainly microscopical
charcoal). Additionally, Jenk etal. (2006) found '*C contents in the black carbon fraction (de-
fined by combustion temperature) of pre-industrial ice core samples from Fiescherhorn glacier
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3.2 Possible sources of “C age biased organic material

(Switzerland) of ca. 0.5 FC. This equals ca. 5000 years of 14C age for samples that visibly have
been influenced by Saharan dust. Considering the termination of the African Humid Period ca.
5500 yBP (deMenocal et al., 2000), which could be regarded as the last major production period
for organic material in that region, organic particles mobilised by desert dust storm could be able
to reach ages up to more than 5000 yBP. Therefore, Saharan dust may have a major influence
on the POC “Cages of Alpine glacier ice samples, but the available data is so far incomplete. A
more systematic investigation of Saharan dust *C ages has been performed within this work and
is discussed in section 7.3.1.

3.2.2. Cryoconite and fossil basal sediment

Similar to the eolian input of old soil organic material to the glacier surface, especially for basal
glacier ice the incorporation of bedrock sediment into the ice matrix becomes important. This
mostly happens in the ablation zone of glaciers, where the availability of liquid water allows sliding
of the ice body over soft sediment beds (see Fig. 3.7 for an example from Svalbard). But also
in cold high Alpine glaciers, which are frozen to bedrock, sediment particles have been observed
in the basal sections of ice cores (Benn and Evans, 2010). These bedrock sediments can reach
very high ages of up to 10 000 years BP or more for Alpine glaciers. This can nowadays be
documented by dating of sediments released from retreating glacier fronts (see e.g. Joerin et al.
(2006), Bardgett etal. (2007)). If organic material contained in these bedrock sediments, where
even under cold and dark conditions microbial life is possible (Benn and Evans, 2010), is folded
into the ice, the age of that material will not represent the surrounding ice age at all. Again,
directly measured *C ages of organics from subglacial sediments are not very numerous, most
studies refer to dating of proglacial sediments.

Fig. 3.7.: Bedrock sediment folded Fig. 3.8.: Water-filled cryoconite
into the basal ice of Tunabreen holes in the ablation zone of
glacier, Svalbard (2013), Doug Benn Grenzgletscher, Switzerland (2014),
for scale. Picture by Pole for scale. Picture by Johanna
Helene Hoffmann. Kerch.

Another source for age biased organic material in glacier ice can be so-called cryoconite. The
accumulation of fine-grained debris on a glacier surface in the ablation zone can lead to the for-
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3. Theoretical background - Particulate organic material in Alpine ice

mation of small meltwater filled holes (see Fig. 3.8), due to reduced albedo of the dark dust
particles (Wharton et al., 1985). In such holes, more dust will accumulate, which leads to growth
of the hole and onset of microbial activity. These microbes can reach high productivity rates
(Takeuchi et al., 2001; Anesio et al., 2009). The material within these cryoconite holes therefore
consists of a very broad mixture of eolian dust and wind blown sediment particles. Both mate-
rials can have very high intrinsic 14C ages, as stated above, but also a large amount of microbial
activity with a modern Csignature is present. Nowadays, these cryoconite holes inherit also a
fraction of anthropogenic fossil fuel burning products (soot), which can shift the apparent '“C age
of the organic material to very high values (Stubbins et al., 2012). For cold high Alpine glaciers
this mixture of organic material does not play a major role, because temperatures are too low
to allow formation of cryoconite holes. Nevertheless, at lower altitude glaciers, cryoconite can
become a significant source of englacial organic material, when the holes are covered again with
snow and slowly transported into the glacier by flow. Again, the *C age of this material will not
be representative for the surrounding glacier ice.

All these possible contributions of age biased organic material to the microscopic POC frac-
tion of Alpine glacier ice must be considered carefully, when interpreting *C contents of POC in
terms of ice ages. They have been investigated systematically within this work (see section 7.3).

3.2.3. Anthropogenic influences

Together with the naturally aged material, in recent times since the onset of the industrial revo-
lution, also anthropogenic emissions are able to alter '4C ages of glacier ice POC. The burning of
fossil fuel contributes directly to the POC fraction, mainly by soot particles deposited with the
snow. They are highly depleted in *C and can shift the ages of the dated organic material signifi-
cantly to higher values (see e.g. Jenk et al. (2006)). This effect makes POC dating of ice samples,
which are younger than the onset of industrialisation (i.e. younger than 100 years) very difficult,
because always an estimation of the anthropogenic carbon contribution is needed. Another an-
thropogenic age biasing effect is the incorporation of organic material from the bomb peak period.
Usually, bomb peak biased ice samples can be identified by enhanced tritium values. However,
if by some mechanisms material from that time period is transported to the glacier interior (e.g.
by crevasses), deep, old glacier parts can be dated too young in “Canalyses. Therefore, this
possibility should also be considered with the interpretation of radiocarbon ages of glacier ice.
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4. State of the art and new insights into
micro-radiocarbon dating of high Alpine ice
samples

4.1. The problem of in situ produced radiocarbon in the Dissolved
Organic Carbon (DOC)

4.1.1. Very high '“C contents in DOC of high Alpine ice samples
At the start of micro-radiocarbon dating of Alpine ice samples at the IUP Heidelberg, it was
initially envisaged to use the dissolved organic carbon fraction (DOC) for dating, because:

1. The total concentrations of DOC in ice are about a factor 5-10 higher than the particulate
organic carbon (POC) concentrations (Stricker, 2008; May, 2009), which makes reliable
measurements easier

2. DOC mainly consists of components directly emitted by the living biosphere (Singer et al.,
2012; Pautler et al., 2012) and should not be influenced strongly by reservoir effects.

The development and application of a DOC extraction system for radiocarbon dating of ice sam-
ples at the Institute for Environmental Physics in Heidelberg is described in detail in May (2009).
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Fig. 4.1.: DOC “Cresults of samples from an ice core from the high Alpine firn saddle
Colle Gnifetti. Note the '*Cvalues higher than modern even in large core depths and
the large discrepancy to the age expectation based on a 2D-flow model (Bohleber, 2008).
Figure modified from May (2009)
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samples

However, the M C results of these DOC analyses for ice cores drilled at the high Alpine firn saddle
Colle Gnifetti (4500 m a.s.l., Swiss Alps) showed very high 1*C values, partially even higher than
the modern atmospheric content. This was found even in large core depths, which is not reasonable
from a glaciological point of view (see Fig. 4.1). The large offset from the expected curve could
not be explained by any artificial contamination during the sample preparation process or the
incorporation of *C -enhanced organic matter e.g. from the bomb peak period. As a consequence,
another C source was needed to explain these enhanced values.

4.1.2. Hypothesis: in situ production of *C (May, 2009)

It has been known for many years, that *Catoms can be produced within the ice matrix by
spallation of oxygen within the water molecule, induced by cosmic radiation (Lal etal., 1987;
van de Wal et al., 1994; Mazarik and Reedy, 1995). The main natural reaction paths for this in
situ production are °0(n,n2p)“C and %0O(u,2p)'*C, whereas the relative contribution of the
muon reaction can be neglected at high altitudes (Mazarik and Reedy, 1995). Because of the high
recoil energy of this neutron reaction, the water molecule bonds can be disrupted and the 4Cis
present within the ice matrix as a hot atom, which is quickly oxidised to different chemical species.
Most commonly, these species are CO and CO-, but also more complex volatile molecules like
CH4 have been reported lately (Petrenko et al., 2009, 2013)). It is also possible to hydrogenate
the CO molecule to higher organic species via (Woon, 2002):

H+CO — HCO
H+HCO — HCOH
H+ H,CO — CH30

H+ CH30 — CH30H

This is achieved by reaction of the CO with free H atoms produced during the disruption of the
water molecule and with the ice surface acting as a catalyst. Also Yankwich etal. (1946) found
in situ produced 'Cin methanol and formic acid in the presence of water after the irradiation of
nitrogenous solutions. It could therefore be possible, that short chained organic molecules formed
during the process of in situ production of *C could contribute to the DOC, the amount however
remains unknown so far.

The natural neutron flux is strongly dependent on altitude and latitude, but the energy distribu-
tion of the incoming neutrons is overall very uniform. Gordon etal. (2004) found for mid-latitude
neutron fluxes variances up to a factor of 15 from sea level to 3450 m a.s.l., but the shape of the
energy distribution shown in Fig. 4.2 is very similar for all sites. It has three distinct peaks, one
for the thermal neutrons in the low energy section and two for the fast and relativistic neutrons.
Only the high energy fraction is able to take part in the 4Cin situ production (Park et al., 2005).
The production of in situ *Cin glacier ice is strongly dependent on the depth and snow accu-
mulation rate. The absolute number of produced atoms per gram ice can according to Lal et al.
(1987) be expressed as:

F
Cinsitu(z) [14C/gram] = TOA . (6_7 B 6_T> (41)
e -
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With A = Tl?—i as the decay constant of *Cand A = % as the accumulation rate. Py denotes the

production rate, which depends on altitude, latitude and ice density p; and A is the adsorption

mean free path length in g/cm?.
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Fig. 4.2.: Neutron fluxes and energy spectra for several North American measurement
sites scaled to sea level. Note the very similar shape of the energy distributions. Figure

taken from Gordon et al. (2004)

For the mean free path length, Lal and Jull (1990) give a value of ca. A = 150¢g - em =2 for the
top 10 m and a production rate of Py ~ 396 Cg~'a~! for an altitude of 4500 m a.s.l.
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Assuming that only 20% of this in situ produced *C enters into the DOC fraction (e.g. as formic
acid) and correcting the 4Cresults in Fig. 4.1 accordingly, the *Ccontents already shift to
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samples

overall more reasonable values (see Fig. 4.4).

0
5 KCl ice core
| blank corrected
104 DO™C
U 154 \ corrected with
S 2] R 0% insitu C
4 \
= 254 Y
S \
& 30+ \
o ] —eo—i\ —a—
© 354 e I
o <
40 -1 o e N -
5] — ——— Bohleber 2008
[ e I R
50 bedrock e 'F.‘_._' =
T g T T T T r |
1,2 1,0 0,8 0,6 0,4 0,2 0,0

fraction modern carbon f

Fig. 4.4.: DOC-“Cresults of ice samples from an ice core from the high Alpine firn saddle
Colle Gnifetti (red) together with a hypothetical correction (green) under assumption of a
20% in situ produced “C -contribution to the DOC fraction (modified from May (2009))

If it could be proved that this in situ production indeed causes the enhanced DOC 4C -results,
radiocarbon dating of ice cores via this organic carbon fraction is not possible in locations, which
have a large in situ production (high latitudes, high altitudes and low accumulation). This is
mainly due to:

e The strong dependence of in situ production on accumulation rate (see Fig. 4.3). The
assumption of a constant accumulation rate over time is unrealistic and the real variation
of this rate is not known.

e The exact fraction of in situ '*C incorporated in the DOC is not known.
e The production rate is modulated by solar activity and variable over time (Usoskin, 2008).

Therefore, the hypothetical correction of in situ production, which was performed here, must
remain insufficient and the measured radiocarbon ages do not represent the real ice ages.

4.1.3. Proof of in situ production of “C-enriched DOC - irradiation experiments

To prove or rule out the hypothesis of in situ produced radiocarbon being incorporated in mea-
surable amounts into the DOC fraction of glacier ice, neutron irradiation pilot experiments have
been performed under the lead of B. May at the IUP Heidelberg. This was done in close cooper-
ation with the University of Vienna (Institute of Isotope Research and Nuclear Physics) and the
Helmholtz Centre Dresden Rossendorf. The main goals of these irradiation experiments were:

1. To prove the possibility to create *C-enriched DOC from the irradiation of ice samples
with fast neutrons.
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2. To quantify the fraction of produced *C that enters the DOC fraction.

3. To investigate the production and DOC incorporation for different sample materials (liquid
water, snow, natural and artificial ice).

Setup of the neutron irradiation experiments

The available neutron source at the Helmholtz Centre Dresden Rossendorf is a Deuterium-Tritium-
source (DT'), which mainly produces fast neutrons at 14.5 MeV from the reaction

H + ?H —*He + n (4.2)

Therefore, the neutron energy is not high enough for the natural °O(n,3a)'*Creaction, which
has an energy threshold at 15.53 MeV (Park et al., 2005), and only reactions of 17O (n,a)'*C and
180(n,n’a)'C could be studied with this setup. The key parameters for the investigated reactions
are summarised in Table 4.1.

Tab. 4.1.: Overview of the key parameters for neutron reactions with different oxygen
isotopes creating *C. The cross sections are given for neutron energies of 14.5 MeV.
Note the large variation of measured cross section for the 7O reaction.

O-Isotope Abundance [%] Neutron reaction E-threshold [MeV] Cross section [barn]

0,052 £ 0.016

160 99.757 1°0(n,3He)"*C 15.53 (Park et al., 2005)

0.035 £ 0.007
(Verzilov et al., 1998)
0.087-0.25
(EXFOR, 2016)

170 0.038 70 (n,a)4C none

0.027 £ 0.005
(Verzilov et al., 1998)
0.02-0.06
(EXFOR, 2016)

180 0.205 B80(n,n’a)™C 6.58

The reaction cross sections for the available neutron energy of 14.5 MeV are not very well deter-
mined, especially for the !"O-reaction. This results in a large scope of the number of theoretically
created *C atoms. According to Verzilov et al. (1998) and the EXFOR database (EXFOR, 2016),
the ranges for the reaction cross sections were assumed to be 0.03-0.2 barn for the 7O and 0.03
barn for the 80 reaction.

For the experiment, the ice samples were contained in plastic jars and additionally sealed in PE-
foil to avoid any contact with the surrounding lab air. Most of the samples have been equipped
with neutron flux monitors (Nb for the high energetic and Au for the low energetic neutrons) at
front and back, to survey the actual neutron flux at the position of the sample. The ice samples
have been placed inside a polystyrene container, which was cooled by an atmosphere of liquid
nitrogen for the whole process of irradiation, to prevent the samples from melting.
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Fig. 4.5.: Left: Schematic view of the ice sample irradiation experiment. Samples have
been kept in plastic containers sealed in PE-foil and have been equipped with flux moni-
tors to observe the actual neutron flux. The ice samples were placed inside a polystyrene
container and cooled by an atmosphere of liquid nitrogen to prevent them from melt-
ing during the irradiation. Right: Picture of the polystyrene container from top. The
sample containers can be seen to the left. Picture by Helene Hoffmann

Four different material types have been irradiated and DOC was extracted afterwards: Liquid
ultra pure water (ELGA-Labwater, 18 M, 1-2 ppb TOC (ELGA, 2016), called MQ-water),
degassed artificial blank ice (DOC-free) produced from ultra pure water, natural pre-industrial
glacier ice (Grenzgletscher) and modern high Alpine snow (Colle Gnifetti). For every irradi-
ated sample, a reference sample of the same type was kept in the same type of jar at the IUP.
An overview of all sample parameters and neutron flux calculations needed for computing of
14O production is given in Appendix A.1.1. All irradiated samples stayed in the neutron source
for 35-60 min and were exposed to neutron fluxes of ca. 107-108 n/cm?/s. The theoretically
produced number of MC -atoms within the samples was calculated according to:

M0 oduced = Ot N —2 (0170 - 3.8-1074) - (0150 - 2 1079) (4.3)
Mpu,0
With @,, as the neutron flux measured by the flux monitors, ¢ as the irradiation time, N4 the
Avogadro constant, ms the sample mass in grams, Mp,o the molar mass of water, o17p and gisg
the cross sections of 7O and 80O weighted here with their relative natural abundances. The
resulting numbers of theoretically produced in situ '“C atoms can be found in Table 4.2.

Main results and interpretation of the DOC - '*C values of the irradiated samples

After neutron irradiation, all samples along with the not irradiated reference samples have been
processed for DOC extraction according to the procedure described in May (2009). The resulting
CO2 has been graphitised and measured for radiocarbon content at the Vienna Environmental
Research Accelerator (VERA). Results of the DOC extraction (given as carbon concentration)
and '*C -measurement are summarised in Table 4.2. The C results for the reference samples are
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all in the expected range. Water and blank ice approximately like the process blank, the Alpine
snow modern, as it should be, and the glacier ice in the same range as it has been measured
before (May, 2009). The rather high DOC mass for the blank water sample is probably due to
the storage in a Polypropylene-jar and thus contamination of the liquid from diffusion of organic
compounds from the jar wall. That would also explain the rather low “C value of the reference
sample. All other DOC masses are in characteristic ranges.

Tab. 4.2.: Extracted DOC concentrations, theoretically produced numbers of in situ
Catoms and C contents for all irradiated and reference ice samples. Note the very
enriched contents of the irradiated samples.

’ Sample type ‘ DOC [%] ‘ 14C atoms produced | “C content [F1*C] ‘

MQ-water reference 605 0.33 £ 0.01
MQ-water (60 min. irradiated) 353 2.34E+408 - 5.22E+08 48.56 + 0.45
Blank ice reference 58 0.54 £+ 0.01

Blank ice (36 min. irradiated) 71 4.87E+08 - 1.09E4-09 210.93 £ 2.84
Alpine snow reference 1907 1.10 £+ 0.01
Alpine snow (60 min. irradiated) 1943 2.65E+08 - 5.90E+408 25.35 £ 0.13
Glacier ice reference 332 0.642 £+ 0.01
Glacier ice (60 min. irradiated) 271 3.52E+08 - 7.85E408 76.52 + 2.37

The ranges given in the produced *Cnumbers in Table 4.2 are due to the large uncertainty of the
170 cross section. Therefore the lower limit was calculated with o175=0.02 and the upper limit
by use of g1sp=0.3. The irradiated samples show very enhanced '*C contents, ranging from an
approximately hundred times increase for the glacier ice to a more than 400 times larger content
in the blank ice sample (see Fig. 4.6). These findings impressively show that incorporation of
artificially produced in situ radiocarbon into the DOC fraction in ice is possible. It is able to alter
the “C age of an ice sample significantly. Apart from the striking high absolute '4C values, which
are due to the high neutron fluxes and long irradiation times, the major question is how much of
the produced “Centered the DOC fraction. This was calculated from the ratio of the extracted
number of 1*C of the irradiated sample niso (irradiated) (where the number of 4C atoms found
in the reference nisc (reference) was substracted) and the theoretically produced number of
W C atoms nise (produced):

“Cpoc niag (irradiated) — niag (reference)

(%] =

-100 (4.4)

14Cproduced Niac (produced)

The results (Table 4.3) show that on average ca. 10 - 30% of the produced “C atoms could be
extracted in the DOC fraction. Only for the Alpine snow sample the fraction is significantly
higher. This is probably due to the very different texture of this sample compared to the others.
It had a very low density of 0.36 g/cm?®, large, open pores and thus a very large internal surface.
That could lead to additional containment of **C produced from nitrogen in the air space. This
process is however based on the present data highly speculative and needs further investigations.

35



4. State of the art and new insights into micro-radiocarbon dating of high Alpine ice
samples

1,2 220
modern *C level 210 *C irradiated
L0 ====-===--- - ) 1 samples
bl w— 200 == P
5 g 7 7
£ 081 C reference g
© samples o
£ £
L 064 S 104
o 5 o E
£ € E
c c 4
S 044 S ]
g 8 14 -t --F--1-
0,2 3
0,0 T T T T T T T 0.1 T T T T
Water Artificial ice  Alpine snow  Glacier ice Water Artificial ice  Alpine snow  Glacier ice

Fig. 4.6.: Left: “Cresults of the reference samples. All results agree with the expected
ranges. Right: ¥Cresults of the irradiated samples (green) together with the refer-
ence samples (red). Note the logarithmic scale and the very enriched '*C contents of all
samples.

Tab. 4.3.: Relative fractions of '4C, produced by irradiation that entered the DOC
fraction for all irradiated ice samples.

Sample type !“Cproduced in DOC [%]

MQ-water 9-20
Blank ice 12 - 28
Alpine snow 32-172
Glacier ice 11-25

The major findings of the whole set of irradiation experiment can be summarised as follows:

1. It could be shown that the incorporation of artificially produced *C by neutron irradiation
of ice samples into the DOC fraction of organic carbon is possible to significant amounts.

2. The actual amount of the incorporated 4Cis in ice typically ranging from 10-30% depending
on the assumed reaction cross section and type of material. The chemical composition of
this in situ produced DOC remains however unclear.

3. The amount of in situ "Cincorporated into the DOC fraction is sufficient to explain the
enhanced *Cvalues in glacier ice from Colle Gnifetti, but makes establishment of a core
chronology based on radiocarbon dating of the DOC fraction impossible.

The artificial neutron fluxes were with 10® n/s/cm? much higher than natural values, which are
in the order of 1072 for mid-latitudes and altitudes of ca. 3000 m a.s.l. (Gordon etal., 2004;
Cheminet et al., 2012). However, the main goal of this irradiation experiment was to prove the
fundamental possibility of incorporation of in situ produced '*Cinto the DOC fraction, which
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could be shown impressively, and not the realistic reproduction of natural conditions. The nat-
ural in situ produced '*Cis mainly output of the reaction 1O(n,3a)!*C, which is dominating
because of the large abundance of 0. The naturally produced amount of in situ "*Cis addition-
ally dependent on altitude, ice density, accumulation and mean free path length (see Equation 4.1).

Because of this major bias of the DOC fraction, the DOC should not be used for dating of
high Alpine ice samples from archives at high altitudes with low snow accumulation. For such
archives, like Colle Gnifetti, the POC fraction is therefore the only option for radiocarbon dating
of ice samples.

4.2. Principle of the method and state of the art of POC dating

Preparation of ice samples for 'C analysis of the POC fraction follows certain process steps that
allow variations only at distinct points of the sample treatment. The main distinction between
different preparation systems lies in the method of particle extraction from the ice sample. Most
common is the separation of POC by melting and filtration as for example described in Steier
etal. (2006) and Jenk et al. (2007). Another method to extract POC from ice is the sublimation
of the solid sample and collection of the residual particles (Biegalski etal., 1998). Sublimation
has the advantage of a very good particle recovery and no selection of distinct particle sizes, but
on the other hand during sublimation the material of the ice matrix is lost by evaporation. This
is not desirable for very rare samples. The focus of this work lies therefore on the melting and
filtration technique, which in principle follows the procedure below:

1. Decontamination of solid ice sample

2. Melting of sample and filtration of insoluble particles

3. Removal of inorganic carbon (IC) by acidification of filtered material
4. Combustion of retrieved organic carbon into CO»

5. Cleaning and manometric quantification of CO»

6. Graphitisation of sample or direct CO2 radiocarbon measurement at the Accelerator Mass
Spectrometer (AMS)

In any case, the process starts with the surface decontamination of the solid ice to remove any
contamination introduced during sampling, packaging and previous handling of the sample. Next,
the sample is melted and filtered under a clean atmosphere, where all insoluble particles are col-
lected on a filtration medium. After filtration, the sample is acidified to remove all inorganic
carbon, because depending on the origin (mostly carbonates) this carbon fraction can bias the
sample age dramatically. After acidification, the remaining organic particels are combusted to
COa2, which is then cleaned from residual gases and water vapour before manometric quantifica-
tion of the actual sample size. The cleaned CO; is then ready to be either graphitised or directly
measured at a radiocarbon AMS facility. For details of the AMS measurements see section 2.3.

The largest challenge for ice with very low organic carbon contents in the microgram range,
is to remove the surface contamination of the solid ice sample without introducing new contami-

nation during handling of the ice and the following steps. Therefore, all surfaces in contact with
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the sample must be cleaned thoroughly, best by prebaking at high temperatures

(800 °C), to oxidise and remove all organic substances from the surface. This is done mostly for
filters and combustion ampoules. Where cleaning via preheating is not possible, materials are
used whose surfaces can be cleaned easily by rinsing with ultra pure water. These materials are
mainly PFA| glass and stainless steel. For average POC contents of high Alpine ice of ca. 10-60
% , and typically available sample sizes of a few hundred grams up to 1 kg, the process blank

should thus ideally not exceed a total carbon mass of ca. 1 ugC.

4.2.1. Operational systems outside the IUP Heidelberg

First pilote studies of the POC filtration method for dating of glacier ice were done by Steier
etal. (2006) at the VERA laboratory in Vienna. They yielded a rather high and variable process
blank of at least 7 ugC total carbon mass and were thus only applicable for rather large sam-
ples of about 1 kg ice for high Alpine samples. In this case block samples from Grenzgletscher
(Switzerland) with highly variable POC concentrations of ca. 30-200 % .

The Paul Scherrer Institute (PSI) in Switzerland then improved the method based on an over-
all process blank of ca. 1.5 pgC (Jenk etal., 2007) for carbon sample sizes down to ca. 10
ugC (equals less than 1 kg ice for average concentrations). Their system is still operational and
being applied for many different ice dating purposes (Jenk et al., 2009; Sigl et al., 2009; Herren
etal., 2013; Cao et al., 2013). It uses the decontamination and preparation protocol shown in Fig.
4.7 (Zapf et al., 2013) following the principles of POC extraction stated above.

Decontamination

I
| w % — (scrapmg) (rmsmg)

\

: acidification |
1| anddrying |<— (filtration) -— (melting) |
1 of filter |

POC-extraction

two-step CO,-trapping : .
combustion and quantification |

CO, generation

Fig. 4.7.: Schematic illustration of the main processing steps for POC extraction from
ice samples and radiocarbon dating used at the Paul-Scherrer-Institute (Switzerland).

Both systems (VERA and PSI) use quartz fibre filters as filtration medium and have two main
disadvantages where the method improvements of this work will start:

e The whole sample is first completely melted, stored and then filtered, which involves the risk
of losing material during filtration by sedimentation and adhesion of POC to the melting
pot walls
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o After filtration, the filter has to be taken out of the holder for further processing, which
holds the risk of material loss, additional contamination of the sample and destruction of
the fragile filter tissue during removal from the filter holder

4.2.2. First system at the IUP Heidelberg

At the Institute for Environmental Physics in Heidelberg, the first system for POC filtration from
ice samples was developed as additional part of a DOC extraction system (see May (2009)) and
also used the technique of total melting of the sample followed first by DOC extraction and sub-
sequent filtration on a quartz fibre filter. This also includes the disadvantages already mentioned
and additionally inherited a high and variable process blank for ice samples of 6.4 nugC total carbon
mass. This high process blank made a reliable application to Alpine ice core samples in the order
of 200-500 g of ice with POC concentrations of 20% on average extremely difficult and uncertain.

As a consequence, all method improvements in the present work aim for reduction of contam-
ination during the sample preparation process. This means keeping the artificially introduced
amount of organic carbon (system blank) as low as possible with a simultaneously maximisation
of the POC yield from the sample. These method improvements are broadly discussed in the
following chapter.
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5. Methods - Implementation of the gas ion
source at the MICADAS-AMS Mannheim

After the description of the gas ion source measurement principle in section 2.3.2, this chapter
deals with the implementation and characterisation of the gas ion source measurements and the
Gas Inlet System at the MICADAS AMS facility in Mannheim.

5.1. Setup of the Gas Inlet System (GIS)

For processing of CO5 gas samples for *C measurement, the ETH Ziirich developed a Gas Inlet
System (GIS) (Wacker et al., 2013), which is now commercially available and is distributed by the
Ionplus AG (Switzerland). Such a system (see Fig. 5.1) was initially set up and adapted for the
specific settings at the MICADAS in Mannheim. At the beginning of this work, the ion source of
the MICADAS system in Mannheim was already equipped with an inlet for the COs-delivering
capillary (ca. 1 m length), which then only needed to be attached to the GIS.

60 um Capillary

lon Source stepping motor

ampoule
cracker

Syringe

Stepping
*S..pressure sensors motor
4
/
Pump 4 Ampoule Cracker
0 g 7 CO2 / > }«—He
1

Fig. 5.1.: Picture (Ionplus) and schematic view (adapted from Ruff et al. (2007)) of the
Gas Inlet System (GIS) built by the Ionplus AG. The sample ampoule is cracked, COq
is released and manometrically quantified, mixed with helium to desired pressure in the
syringe and pushed into the ion source via the capillary.

The GIS is able to handle discrete CO2 samples up to 100 pugC from sealed glass tubes (as used
during this work) and alternatively the COg output from an elemental analyser, which allows
effectively continuous *C measurements. Additionally, a carbonate handling system can be at-
tached, which enables CO5 production and direct 1#C measurement from small carbonate samples.
The GIS is controlled by a LabVIEW program, which allows completely automated measurements
but also manual operation. The main process steps for *C measurements from sealed glass tubes
are:
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1. The sample ampoule (max. 4 x 80 mm) is inserted into the cracker (one cracker magazine
has 8 positions) and the cracker is evacuated. At the same time the sample changer of the
accelerator moves to a new gas target (see section 2.3.2), which is pre-sputtered for cleaning
by purging with a helium flow through the capillary.

2. After evacuation, the sample ampoule is cracked by a pneumatically controlled stamp. The
COg is released and quantified manometrically at sensor 1 (Fig. 5.1) in order to calculate
the mass of the sample.

3. Depending on the measured sample mass, the position of the syringe is adjusted (max.
capacity 100 ugC) and the sample is expanded and purged into the syringe by a helium
flow.

4. When the desired pressure (CO2-He-mixture) at sensor 2 in the syringe is reached, and the
target within the ion source is clean, the 4-port-valve switches and connects the syringe to
the capillary, injecting the gas mixture into the ion source.

5. The syringe volume is during the measurement constantly adjusted to maintain the pres-
sure in the capillary, respectively the mass flow, constant. The COs-He-mixture is pushed
through the capillary onto the gas target, sputtered and the '#C-measurement (as described
in section 2.3.1) starts.

6. The sample can be measured until all COy was pushed into the ion source (limiting factor
for very small samples < 10 ugC ) or until the desired accuracy is reached. A 10 pgC sample
can typically be measured for ca. 3 minutes.

7. After the end of the measurement, the syringe is cleaned by sequential pumping and flushing
with helium while it is moved backwards and forwards. The cracker magazine is moved to
the next position and is also evacuated. During evacuation, the sample changer of the
MICADAS moves to the next target and pre-sputtering for cleaning starts again.

5.2. Characterisation of the system performance

5.2.1. Optimisation of the GIS and ion source settings

Despite the fact that the GIS was already completely mounted and operational when it was
installed in Mannheim, several system parameters had to be optimised with respect to:

e Maximisation of the ion current in the AMS for best possible counting statistics and precision
at simultaneous high system stability

¢ Minimisation of contamination and memory effects

Caesium regulation

The ion current retrieved from a gas sample mainly depends on the amount of caesium available
for sputtering and the mass flow of CO3 into the ion source. The more caesium is evaporated from
the reservoir, the more can be ionised and directed onto the target for sputtering. Nevertheless,
too much Cs will lead to high leak currents between the different ion source potentials, sparks and
potential clogging of the target. In this regard, balancing the Cs availability (by changing the Cs
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temperature) to the amount of COs that reaches the ion source (by adjusting the syringe pressure)
is the key to a stable ion production. The best results for the Mannheim MICADAS system have
been achieved for reservoir temperatures between 160 °C and 167 °C with very sensitive reactions
to 1 °C changes. The temperature is about 20 °C higher than for graphite samples. This is due to
the fact that the ionisation efficiency of the sputtered material is much lower for gas samples than
for graphite. For every measurement period, the optimal temperature has to be found within the
range stated above, because it also depends on the condition of the ion source e.g. the time since
last cleaning. The whole system is very sluggish with respect to temperature changes. After the
first heating up from 140 °C to ca. 160 °C ,it takes about two hours until the first measurable ion
currents (above 3 wA) can be observed with gas samples.

CO; mass flow regulation

Besides the availability of Cs, the ionisation behaviour and sensitivity of the ion source strongly
depends on the amount of COs deposited on the gas target surface. The COs mass flow into the
ion source can be regulated by basically two parameters: The pre-pressure in the syringe and
the mixing ratio of He and COs. Therefore, different mixing ratios of COs in helium at different
syringe pre-pressures have been tested (see Fig. 5.2) at similar ion source conditions (constant
Cs temperature: 160 °C). The x-axis of the plot shows the actual amount of CO; as pressure,
calculated by multiplication of total syringe pressure with the fraction of CO2. The y-axis shows
the retrieved LE 2C~-currents for the respective mixtures.
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Fig. 5.2.: Variation of LE '2C~ cur- Fig. 5.3.: Effect of changing gas
rent dependent on different syringe pressure on the '>C ion current in
pressures and COo-He-mixing ratios. the AMS. Note the distinct drop in
The dashed lines are linear fits to the current after reducing the mass flow
respective datasets. Note the highest of CO4 into the source by reducing
current at 4,1% and ca. 10 pA the syringe pressure

The samples with 2.7 and 4.1% of COs show a typical ion current increase with increasing sy-
ringe pressure (mass flow). The ion currents of the sample with 10% COg2 however drop with
increasing pressures above a certain COg pressure. This occurs, when the CO2 mass flow gets too
high for effective sputtering or there is not enough ionised Cs available for sputtering in the ion
source. This particularly can happen during the start up phase of the system in the morning.
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If this happens, the mass flow (pressure) has to be reduced, until the ion current starts to rise
again. The highest currents could be achieved for a mixing ratio of 4.1% COsin He and syringe
pressures of ca. 1600-1800 mbar, which equals a mass flow of ca. 3.5 pgC /min. In Fig. 5.2,
the data has been fitted linearly through zero (dashed lines) and the slope m of this fit can serve
as a measure for the ionisation efficiency (or ion source sensitivity) in pA/mbar COy. For 2.7%
COg, this was determined to mo7 = (0.171 £ 0.004) pA/mbar and for 4.1% COxq the fit yielded
ma1 = (0.135 & 0.002) pA/mbar. Therefore, the ionisation efficiencies of the 2.7% and 4.1%
mixture do not differ very much. The 4.1 % mixture produced almost double LE currents and
should thus be preferred for retrieval of better counting statistics and an overall higher system
stability in terms of fractionation processes in the ion source. The slope of the 10% data (fitted
only to the increasing part of th data) is with mj9 = (0.044 £ 0.003) pA /mbar about three times
lower than the ones of the other mixtures. Therefore the 10% was not considered as an option.
Fahrni et al. (2013) state a mass flow of 1.6-2.5 pgC /min, which equals a CO3 - He mixture of ca.
2.5 % as the best settings for the MICADAS system at the ETH Ziirich. During this work, the
results achieved with the parameter set described above (4% CO9in He, 1600-1800 mbar) have
been regarded sufficiently good for stable and reproducible gas measurements, but there is still
room for optimisation.

Figure 5.3 illustrates the typical course of a gas measurement at the example of oxalic acid.
The ion current starts at ca. 7 pA and rises slowly, the small variations are manual pressure in-
creases. After six minutes, the syringe pressure was dropped on purpose and the ion current drops
accordingly. By application of the original mass flow again, the ion current recovers very fast and
continues rising to ca. 15 pA over 20 minutes of measurement time. The best currents that could
be achieved with this setup so far were about 17 pA. Measurements are usually performed at 8-12
wA, which yielded the highest stability of the system.

5.2.2. Standard and blank measurements - reproducibility

For interpretation and isotope fractionation correction (see section 2.2.3) it is necessary to measure
standard and blank materials along with the real samples.

Oxalic acid Il measurements

During this work, oxalic acid gas (OxII) with a 4C-content of 1.3408 F!*Cand §'3C = -17.8 %o
and blank (*C-free) CO, gas of mineral origin, used in the conventional '4C dating laboratory at
the TUP have been measured for standard and blank corrections. The gases have been directly
expanded into the syringe and were mixed with helium to a 4% ratio. Oxalic acid standards are
typically measured to a relative error of ca. 0.8% (20 000 '*C-counts). For every set of samples,
at least two oxalic acid measurements have been performed, ideally one before and after every
eight samples (1 cracker magazine) to ensure the stability of the system. The results of all OxII
measurements over a course of ca. two years time are shown in Fig. 5.4. The dashed lines mark
the expected values for *Cand 6'3C respectively. For the *Cvalues, 1o error bars are shown.

The Oxalic acid results of each measurement period are normalised to the expected value, so
Fig. 5.4 shows only the degree of scatter around that fixed literature value (dashed lines). The
14C results have a very small standard deviation of 0.008, which equals 0.6% of the literature value
and is thus smaller than the relative error of each individual measurement. Also no drifts of the
OxII results over each measurement period could be observed.
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Fig. 5.4.: Measurements of standard material (Oxalic acid II) as CO2 over the course of
two years. The dashed lines mark the expected value. All results measured to ca. 0.8%
counting error agree well with the expected values, the blue area marks samples with
smaller measurement times and thus larger errors

The 6'3C results show a larger scatter , which can be due to fractionation processes within the
ion source, but still with an overall relatively good agreement (standard deviation of 2.8) with
the expected value. For every period of measurements, the average of all oxalic measurement has
been used as reference for the calculation of the sample F14C.

Additionally to these oxalic acid standards from the tank, a set of small oxalic acid samples
prepared at the IUP Heidelberg have been measured as samples and not as normalised standards.
This was done to test the reproducibility of the ampoule cracking procedure, which was used
for all ice samples. These samples were chosen in size ranges where the latter ice samples were
expected. They have been manometrically quantified in the measuring volume described in sec-
tion 6.5 and were flame sealed into glass tubes of 4 mm diameter. They have been processed
in the GIS along with normal (ice) samples. The results are shown in Fig. 5.5 again with 1o
errorbars. Most of the samples hit the expected *C-value within 1o uncertainty. Even for the
very small samples below 10 ugC, there is no trend in *Cvalues, which excludes a significant
blank contribution and thus no bias of the real samples. The mean *C-value for all samples is:

Oxagp = (1.334 +0.03) F1C (5.1)

The depletion in 63C for very small samples is probably due to fractionation processes within
the ion source. This will however not affect the '“C -results, because the fractionation in C will
be corrected accordingly (see section 2.2.3).
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Fig. 5.5.: Left: Results of small (down to ca. 3 ugC) oxalic acid gas samples prepared
at the TUP. The “Cresults agree reasonably well with the expected value. The depletion
in §13C for the very small samples is due to a fractionation in the ion source at very low
ion currents. Right: Zoom to the section of smallest sample sizes.

Blank gas measurements

For the blank correction, similar to the oxalic acid measurements directly from the tank, '4C-free
CO2 gas of fossil origin has been measured (4% in He). All measurements were run for ca. nine
minutes, which equals the approximate measurement time for the oxalic acid measurements used

for standardisation.

0,020 |
0018 - . : 17
i [ ] L]

i i ] u
0’016_'ir'"!j'"i'"';";"'i‘j'i'i """""" ii""- 40
0,014 [ ] L] ia
0012 u® 2

o L] % % 150 E
3. 0010 % % % % g

1 O
0,008 - % % % %% %% i i % %iii 60 %
00064 ¢ ’ % i % §
0,004 @ % i § 170
0,002 |
01000 T T T T T T T T T T T _80

3-3 4-2 6-1 6-4 11-1 1-1 2-3 6-1 8-2 10-1  12-2

Sample number

Fig. 5.6.: Measurement of blank material (fossil CO2 ) over the course of two years. Re-
sults are in the range of 35 000 - 40 000 years BP (uncalibrated), which is reasonably good
for all measured samples. The dashed lines mark the average values of all measurements,
no trend is visible.
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The results for all blank samples (see Fig. 5.6) measured over the course of ca. two years are
scattering around an average 14C content of

Blankya = (0.0081 +0.0027) F14C (5.2)

which results in “Cages of 35 000 - 40 000 years BP. This is slightly higher than the blank
measurements with graphite samples (in the range of ca. 50 000 yBP), but still low enough for
the expected age ranges of the ice samples, which are in the range of several thousand years. They
are also comparable to the results found by Fahrni et al. (2013) for the ETH system. The slightly
enhanced blanks could likely be due to a small leakage at the valve of the gas tank, which will
be fixed for future measurements. The blank results do not show a trend, which implicates, that
there is no contamination accumulating in the system over time and thus reliable measurements
even of very old samples are possible.

5.2.3. Memory effect

To avoid cross contamination between samples, it is crucial to ensure that the sample handling
system is cleaned sufficiently. All dimensions of tubing (1/16”) and valves are designed for min-
imal internal volumes to avoid sample losses during manometric quantification and transfer into
the syringe. Because of the small diameters of the tubing, pumping alone is not a sufficient way
to remove remaining gases from the system. Usually, the cracker and the syringe are pumped and
flushed with helium twice after every sample, while the syringe is additionally moved forwards
and backwards. This cleaning procedure is done automatically.

To test the effect of just pumping the system without any helium flushing, two oxalic acid and
two blank samples have been measured directly after each other without any additional cleaning
of the cracker / syringe than just pumping for ca. 3 min. As the results in Table 5.1 show, all
14O values are within the ranges stated above for the overall mean and there is no cross contam-
ination visible, even without the helium flushing step and despite a large difference in absolute
1 Cvalues of sequential samples. The memory effect should therefore not play a role for the
routine measurements.

Tab. 5.1.: Sequential measurements of oxalic acid and blank gas to investigate possible
cross contamination within the GIS

Sample type !“C [pmC]

Oxalic acid 134.83 + 1.12
Blank CO, 0.74 + 0.09
Oxalic acid  134.64 + 1.11
Blank CO, 0.92 + 0.09
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5.2.4. Very small samples (< 10 pgC)

The processing of very small samples below 10 ugCcan be difficult, but is very important for
the *C measurement of Alpine ice samples, where the retrieved carbon masses usually are in
that range. For these small samples, the danger of material loss during sample transfer from the
cracker to the syringe rises. Additionally, the accuracy of the COy / He - ratio declines, because
the pressure sensors are not very precise for those very small volumes. The pressure adjustment
can be supervised manually, but still most of the time too much He is inserted into the syringe
and so the mixing ratio is smaller than 4%. This results in smaller carbon mass flows to the
ion source and thus lower currents (see section 5.2.1). For samples below 5 ugC, the ion current
can thus drop down to half of the current achieved with normal sized samples. This results in
a lower number of C counts and together with a very short measurement time in an increasing
statistical error. Samples below 5 pgC often yield less than 1000 counts, with average errors of
3-8%, whereas samples of normal size > 10 ugC usually have a relative error of 1-2%. The smallest
sample that could successfully be measured so fa, had a mass of 1.1 pgCand was counted to a
relative error of 7%.

5.2.5. Summary of the Gas lon Source characteristics

The key settings and characteristic parameters of the gas ion source and Gas Inlet System at
the MICADAS-AMS in Mannheim as they have been determined and used during this work are
summarised in Table 5.2.

Tab. 5.2.: Summary of the characteristic gas ion source system parameters

Process parameter

Cs reservoir temperature: 160 - 167 °C

COs in Helium, volume ratio 4%

Average carbon mass flow: 3.5 ugC /min

Maximum 2C~ LE current: 17 uA

Average 12C~ LE current (> 10ugC): 8-12 uA

Average 2C~ LE current (< 5ugC): 5-10 nA

Sample size range: 2-100 pugC

Average blank F4C: Blankya = (0.0081 4 0.0027)

Average precision for samples > 10 pgC: 1-2%

Average precision for samples < 10 pgC: 3-7%

With this set of settings and characteristic parameters, the gas ion source can now be used on a
routine basis. The largest room for further optimisation is the investigation of the optimal carbon
mass flows and COy / He ratios for the feeding of samples into the ion source.

48
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extraction system

The method improvements of POC extraction from ice samples and preparation for *C analyses
described in this chapter are all dedicated to the achievement of a mazximum filtration efficiency
and a minimal sample contamination. Therefore the main goal is to achieve a process blank if
possible below 1 pgC. This is crucial to enable reliable * C measurements of samples in the mass
range below 10 pugC, typical for high Alpine ice samples.

6.1. General remarks on filtration media for POC separation

One of the key parts of any POC extraction for '*C measurements is the step of sample filtration.
Here, the particles are in a first order separated by size. The main requirements for the filter
material are:

e Low organic contamination (blank contribution) of the filter material, cleanable of all organic
residues before use (by preheating)

e No disintegration of filter material during combustion and acidification
¢ Easy to handle
¢ Small clogging effects

These requirements restrict the possible filter materials to mainly quartz fibre and silver mem-
brane filters. These two filter types largely differ in there filtration principles. (Brock, 1983).
Quartz fibre filters are depth filters, made of a mat of overlapping fibres (see Fig. 6.1 left) and
thus do not have a technically defined pore size Here, filtration happens by trapping of particles
within the winding pathways of the fibre mat. Also adsorption of particles to fibres is possible
(see e.g. Hou etal. (1980)). The pore size is thus defined operational and varies from the man-
ufacturers declaration of 2.2 um for liquids (Whatman, QM-A filters) to experimentally defined
pore sizes of down to 0.3 pm (Kuchiki et al., 2015).

Silver membrane filters have better defined pore sizes (see Fig. 6.1, right), created by etching of
the material, which leads to a more sieve-like structure. Here in general a sharper size selection
of particle by choice of pore size is possible. The main size separation of particles happens on the
surface of the filter, were all particles bigger than the pore size of the filter are retained. This
leads however to a fast clogging of the filter pores compared to the quartz fibre filters. For a
nominal pore size in the same range, thus the membrane filter will retain smaller particles than
the fibre filter (see e.g. Kuchiki et al. (2015)).

49



6. Methods - Optimisation of the POC extraction system

I 10 um 1 r 0.5um ]

Fig. 6.1.: Schematic view of the internal structure of depth filters (e.g. quartz fibre
filters, left) and membrane filters (e.g. silver membranes, right). Note the very variable
interstices of the fibre filter. Figures taken from Brock (1983)

Both filter types can be preheated to remove organic contaminations (silver: 500 °C, quartz: 800
°C). The silver membrane filters are however much better to handle when wet, where the quartz
fibres are very delicate and tend to defibre. For POC filtration of high Alpine ice samples with
very low POC concentrations, it is on first order desirable to have a filtration efficiency as high
as possible. This would lead to the use of membrane filters with small pore sizes, which however
have the drawback of very fast clogging. During this work, both filter types have been in use,
depending on the respective filtration requirements. Silver membrane filters with a large pore size
for size separation (Sterlitech, silver membrane 13 mm, 5 pm pore size) were used in the so-called
offline filtration system. This pore size was chosen to prevent the membranes from clogging and to
only collect the large particle fraction (see Section 9.3.1). Quartz fibre filters (Whatman QM-A,
nominal pore size 2.2 um) have been used in the online filtration system REFILOX developed
within this work, for collection of a broad cross section of particle sizes. Both systems will be
described and characterised in the following.

6.2. Pre-existing offline filtration system at the IUP Heidelberg

In this section the already existing POC filtration system at the IUP Heidelberg is described
shortly. This system was developed in advance of this work (Hoffmann, 2010) and provides the
basis for all method improvements achieved within this study.

The filtration unit of this system is schematically shown in Fig. 6.2. It mainly consists of a
21 PFA (perfluoroether) bottle, where the ice sample is inserted through the inlet. At the outlet
of the bottle, a filter holder containing a silver membrane filter is mounted. Here, in contrast to
the early system used by May (2009) (see Section 4.2.2), the meltwater of the sample is directly
filtered after melting under a clean atmosphere. This avoids the step of intermediate storage,
which minimises potential losses of sample material by adhesion to the walls and sedimentation.
After filtration, the filter has to be taken out of the holder and is inserted into a glass ampoule
for combustion (with O2) followed by cleaning and manometric quantification (see Section 6.5).
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6.3 Process blank reduction

This step holds the risk of additional contamination during handling of the filter, together with
potential losses of material during removal and insertion of the filter into the glass tube partic-
ularly. Another disadvantage of the offline system is the combustion of the sample in a sealed
glass tube, which allows only one combustion temperature to be applied and therefore no thermal
separation of different carbon fractions (see Section 6.6).

ice sample with POC

13cm I

————

wog vz

4

PFA - bottle 295cm

'S

l

meltwater

Jt filtration unit

Fig. 6.2.: Offline POC filtration system for direct filtration of meltwater and silver
membrane filters still in use at the IUP. the sketch only shows the lowest part of the
melting vessel (a 21 closed PFA-bottle) and the filtration unit.

This so-called offline filtration system was still in use during this work, the characterisation is
discussed in Section 6.3.2 .

6.3. Process blank reduction

At the starting point of this work, the offline system mentioned above had a major problem with
high and variable contamination (ca. 6-30 ugC) due to an insufficient cleaning method for the
solid ice samples (Hoffmann, 2010). The main goal of all POC extraction system optimisation
measures are therefore:

1. Reduction and stabilisation of the blank
2. Increasing of the carbon extraction efficiency

Blank in this context means process blank. This describes the amount of particulate organic
carbon that was not originally part of the ice sample and has been introduced by contact with
organically contaminated surfaces and lab air. Sources for such contamination can be summarised
to:
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Primary contaminations

Contaminations, already present in the sample, when preparation in the lab starts
e Use of organic drilling liquids (e.g kerosene), at the ice core drilling process
e Inscriptions on the ice surface, often done by pencil (graphite)

e Surface contamination of the sample with textile fibres (from gloves) at initial handling and
packing of the sample in the field

e Surface contamination introduced by earlier analyses of the sample

Secondary contaminations

Possible sources for contaminations during the sample preparation and processing

e Sample contamination during handling and cutting of the ice in the cold room (textile fibres
from gloves and clothes, dirt on the saw blade)

e Adsorption of air dust particles onto the surface of the ice sample

e Contact of the sample with possibly contaminated surfaces (transport box, melting pot,
filtration system)

e Contamination by impure rinsing liquids for vessel cleaning (ultra pure water - MQ) and
acid

e Intrinsic contamination of the filter

For high Alpine ice samples, where carbon sample sizes are often limited to < 10 ugC, the overall
aim for the process blank is thus to keep it ideally below 1 ugC. This limit is set to ensure that
the blank does not influence the sample mass by more than 10%.

6.3.1. Blank reduction - the problem of clean ice

The best method to determine the process blank of the whole ice sample preparation system is
to run an artificially created or natural ice sample, which is evidently POC free (e.g. Antarctic
ice), through the sample preparation process and measure the carbon mass that was introduced
on the way. A major problem is here to guarantee the initial purity of the ice, which is crucial to
finally decide if the decontamination routine was successful or not. Tests revealed that it is not
straight forward to create particle free (organic or inorganic) ice. Just freezing ultra pure water
(further called MQ, created by a PURELAB ultra analytic system, 18.2 MQ-cm, 1-2 ppb TOC
(ELGA, 2016)) in PE-foil or other materials yielded absolute blank masses of 2.7-7.1 pugC, which
equals 8-25 % (measured with the offline filtration system). The data can be found in Table A.3
in Appendix A.2.

Based on these high and variable results, it was therefore attempted to create particle free ice
on the basic principle of slow freezing of water by constant movement. This method has been
used for growth of single ice crystals for many years (Bridgman method, see e.g. Higashi (1974);
Thibert and Dominé (1997)). Slow freezing of water leads to a separation of solutes and particles
in the liquid phase from an impurity free solid ice crystal (Halde, 1980; Shafique et al., 2012). To
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6.3 Process blank reduction

track the particle accumulation in the blank ice tests within this work, a water sample in PE-foil
was spiked with a UV-fluorescent powder, consisting of plastic particles in the size range of a few
micrometers. The water was frozen on a lab shaker at -20 °C for two days. During this slow
freezing, the particles have enough time to move ahead of the freezing front and accumulate in
the centre of the block, where a large air bubble forms (Fig. 6.3, a not shaken PE (polyethylene)
foil sample for comparison). The so collected particles can be cut out easily and the remaining
ice block is completely particle and thus POC free. This routine (without particle spiking) has
been applied for all blank ice samples discussed in this work.

Fig. 6.3.: Left: MQ-water frozen in PE-foil spiked with fluorescent powder. Most of
the particles accumulate in the middle, where the water freezes last, but there is also still
a fraction homogeneously distributed over the complete ice block. Right: MQ-water
frozen in PE-foil spiked with fluorescent powder and frozen on a lab shaker. By shaking,
freezing is so slow that all particles have time to accumulate in the middle of the sample
and can be cut out. The rest of the ice is completely particle free (pictures taken from
Leinfelder (2012))

6.3.2. Improvement of the decontamination routine

Past experiences (Hoffmann, 2010) showed that decontamination of the solid ice sample and the
handling until its insertion into the melting vessel is the most critical part where contamination
occurs. Therefore, the decontamination routine was adapted to the routines used for analyses of
DOC and volatile organic species in high Alpine and Antarctic ice samples, which are even more
prone to contamination (Preunkert etal., 2011; De Angelis etal., 2012). The decontamination
routine includes the following steps:

e Sawing of the ice sample to remove larger surface contaminations
(e.g. writings, drilling liquid)

e Scraping of the sample surface with a ceramic knife to remove sawing powder from the
bubbles

e Tempering of ice sample to 0 °C to avoid cracking of the sample

e Washing of the sample surface with MQ-water
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Washing of the sample and the additional use of protective clothing to avoid the deposition of
textile fibres on the ice sample and filter proved to be the most important improvements in terms
of blank reduction in the new decontamination routine. For a better overview, the major changes
in the ice sample preparation routine are summarised in Table 6.1. A more detailed description
of the decontamination routine can be found in Appendix A.2.2.

Tab. 6.1.: Comparison of the major elements of the old and new ice sample decontami-
nation routine

Preparation step Old routine New routine
latex gloves latex gloves and protective

Ice sample handling no protective clothing, clothing, ice samples only touched
samples moved by hand by forceps after cutting

Cutting of sample electric band saw electric band saw

scraping with ceramic

Cutting powder removal none knife wnder laminar fow

Tempering 30 min. in PFA box 30 min. in PFA box

washing each side

Washing handheld under MQ-water in MQ-water stream, held by forceps

The combination of all those cleaning steps leads to an average mass loss of the original sample
of ca. 20-40% from cutting to melting and is still in the range of the values found by May (2009),
although the scraping step was added. This loss has to be calculated on top of the required
sample mass, when samples are selected. With this improved decontamination routine, a reliable
and reproducible procedure was found that was applied to all ice samples during this work. The
discussion of the achieved POC blank values can be found in Section 6.6.1.

6.4. Development and setup of the online cleaning - filtration -
combustion unit REFILOX

Within this work, the existing offline POC filtration unit briefly described in Section 6.2 (for de-
tails see Hoffmann (2010)) was complemented by a new, completely independent system, whose
development comprised a major part of the presented work.

The main reasons to build this new setup in addition to the already existing one can be summarised
in the following aims:

1. Keep the danger of sample contamination and thus the process blank as low as possible by
construction of a setup that unifies the processes of cleaning, filtration and combustion in
one closed system

2. Improve the filtration efficiency and reduce the potential sample losses and contamination
by avoiding the removal of the filter after filtration for combustion. Removing of the filter
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after filtration holds the risk of contamination by adsorption of DOC onto the wet surface,
which has been found to be potentially as high as 0.2 pgC /min (Preunkert et al., 2011).

3. Develop a setup that allows fast quantification of the POC content of a sample without the
time consuming combustion and cleaning process of the offline system, thus speeding up the
whole process

4. Build a setup that allows stepwise heating and makes combustion at different temperatures
for the same sample possible, which can be desirable for thermal separation of organic
fractions (see Section 6.7.1)

This new online setup called REFILOX (REinigungs-FILtrations-OXidations-Einheit) is com-
pletely home-made and will now be described and characterised in detail.

6.4.1. Description of the system components
Technical prerequisites

Out of the scientific aims stated above, some technical demands on the different parts of the
system arise, which determined the following choice of the single components:

e Use of inert and easy to clean materials (PFA, glass, stainless steel)
e Airtight filtration unit to avoid entering of ambient air during the combustion process

¢ Easy access for cleaning of the whole setup

Melting vessel

The melting vessel for the ice samples is a 21 PFA standard bottle upside down (PFA: perfluo-
roalkoxy alkanes (special type of Teflon)), which provides a very hydrophobic inner surface that
allows an almost traceless runoff of the meltwater. This material was preferred over glass, be-
cause glass surfaces are much harder to clean, especially from black carbon (Lim etal., 2014).
Additionally, PFA allows the application of larger air pressures without breaking the vessel. The
ice samples have to be inserted through the bottleneck and are thus restricted to a maximum
diameter of 5.4 cm or an edge length of 3.8 cm for rectangular samples. At the bottom of the
bottle, there are two inserts for adding of hydrochloric acid and application of a synthetic air
(20% Oz / 80% Na, free of trace gases) over pressure.

Filtration unit

The major part of the filtration unit is a quartz glass tube with a sealed-in quartz frit (porosity 2).
This quartz tube is connected to a CF 16 vacuum flange (VACOM) via a glued glass-metal-transfer
on both sides. On top of the frit, by use of a tweezer, a quartz fibre filter (9 mm diameter) can
be applied, which is then fixed by an inner quartz tube. This tube is loose and pushes down onto
the filter by the pressure of a spiral spring, which itself is fixed by downward push of the flange
seal. The meltwater coming down from the bottle is introduced through a stainless steel water
duct, which is connected to the upper flange and allows directing of the water drops straight onto
the filter without touching the copper seals of the flange (see Fig. 6.4 right). Pictures of the
REFILOX filtration system can be found in Fig. A.5 in Appendix A.2.
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Fig. 6.4.: Schematic views of the main parts of REFILOX. Left: Overview of the
filtration combustion unit with all major components. The oven is mobile, it can be
attached and removed as required. The filtration part of the system is airtight. Right:
Detailed view of the inner part of the filtration system. The filter is placed on top of a
fixed quartz frit and pressed down by the inner glass tube, which itself is fixed by the
pressure of a spiral spring. Pictures of the system are shown in Fig. A.5 in Appendix
A2,

31cm

Heating system

The oven unit was developed and custom built by the workshop of the IUP (Leinfelder, 2012). It
consists of two half-shells made of tool steel, that can be clipped around the filter section of the
quartz tube and fit tightly onto the tube for maximum heat transfer. The two steel blocks are
heated by four glowplugs and each has a separate temperature control. The oven temperature
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can be chosen manually and is then regulated automatically by adaption of current and voltage
between ca. 50 and 950 °C with an accuracy of about 5 °C. The oven unit is isolated by an outer
shell of ceramic that is clipped around the heated parts to keep the temperature on the inside as
stable as possible.

Connecting units

All connections in the system, apart from the two CF-flanges, consist of Swagelok tube fittings
and are made of stainless steel. The connecting valves to the bottle, the air inlet and outlet and
the meltwater outlet are Swagelok stainless steel ball valves. When all valves are closed (see Fig.
6.4 left), the center of the system, where the filter is located and the combustion takes place, is
therefore vacuum tight.

6.5. Sample handling in the REFILOX system

The whole POC sample preparation for *C-dating involves many different steps and will be now
explained. A schematic view of the individual processing steps is shown below.
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Fig. 6.5.: Schematic view of the sample processing steps for POC extraction
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Sample preparation starts with the sawing and surface decontamination of the solid ice sample,
which proved to be the most critical part of the preparation procedure in terms of process blank. A
schematic overview over the whole POC extraction system including the vacuum line for cleaning
and quantification is shown in Fig. 6.7.

Cleaning of the system

A very important part before and after the processing of an ice sample is the cleaning of the
whole system. The vacuum line connected to the REFILOX (see Fig. 6.7) is pumped (down
to a minimal pressure of ca. 2 - 107% mbar). The melting pot is rinsed three times with a 5%
solution of ammonia and MQ-water. All stainless steel connections between the melting pot and
the filtration unit and the inner quartz tube are cleaned separately in an ultrasonic bath for
10 min. The filtration unit is wiped with fibre free tissues and ammonia and rinsed with an
inorganic alkaline cleaner (Roth, RBS 50). A new quartz filter is inserted to the tube and after
re-assemblage of the whole system together with the PFA-bottle on top, it is rinsed first with HCL
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(0.2M) and second with RBS 50. After the cleaning solutions, is flushed with ca. 41 of MQ-water
to wash out remaining contaminations.

Then, valves 1 and two are closed, the system is

22 purged with synthetic air and the COg content
207 of the air is monitored online by a infrared CO9
€ 12 ) detector. The oven is put around the quartz

g ca. 650°C . .
S 14l tube, and when the COs concentration in the
g 12 ca 350°C purging gas drops below ca. 0.5 ppm, heating
g 104 to 900 °C starts. During the course of heating,
S’“ ZZ usually two peaks evolve. The first one starting
© 0:4_ at ca. 350 °C and the second around 650 °C.
02] The two peaks represent different organic car-
00 : : : : : : : bon fractions, this will be discussed in detail in

200 300 400 500 600 700 800 900 1000
Measurement time [s] Section 6.7.1. For the particular measurement
shown in Fig. 6.6, the sum of the combusted
carbon was ca. 4 pugC, which is quite charac-
Fig. 6.6.: Pre-heating of the quartz fil- teristic for a cleaning step. When the peak has
ter at 900 °C to remove intrinsic and declined, the filter is cleaned from all carbon
by rinsing accumulated contamination. contamination and prepared for the next sam-
Typically two combustion peaks arise, ple. This cleaning procedure has been applied
the first starting at ca. 350 °C and the before every sample and proved to be effective
second at ca. 600 °C. enough to avoid any memory effects.

Melting of sample

After surface decontamination, the ice pieces are placed inside the melting vessel in a laminar flow
box. The bottle is immediately closed with a screw cap and placed upside down on top of the
filtration unit. It is attached to the filtration unit via a screw connection. A stream of synthetic
air is connected to the bottle (1-1.5 bar), to press the evolving meltwater directly through the
filter. The melting process is sped up by illumination of the bottle with an infrared lamp. Still,
500g ice take about 2-2.5 hours to melt completely.

Inorganic carbon (IC) removal and drying of filter

After the ice is completely melted, a few drops of hydrochloric acid (0.2 M) are applied onto the
filter (see Fig. 6.7). This serves to remove all inorganic carbon (IC, mostly carbonates) from the
sample. After acidification, the oven is attached to the quartz tube and set to 75 °C to speed up
the reaction and dry the filter. Simultaneously, the top and bottom valve of REFILOX are closed
(1 and 2 in Fig. 6.7), to shut the system from ambient air and the filtration system is purged with
a stream of synthetic air (400 ml/min). This stream is led through a water trap cooled down to
-78 °C by a acetone - dry ice - mixture and a flow controller to the CO5 detector.

This detector monitores the COs concentration, which can be watched online. When the measured
CO, content of the gas stream drops below ca. 0.2 ppm, the system is considered to be clean and
combustion can start. This purging process usually takes about 45 min.
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Fig. 6.7.: Schematic overview over the comple POC extraction and cleaning system. The
process starts on the right with melting and filtration of the ice sample in the REFILOX.
After filtration, the sample is acidified and combusted to COg, which is purged out
with synthetic air. The COgis then collected in the cooling traps under liquid nitrogen
temperature at ca. 20 mbar total pressure to avoid condensation of Oy. After cleaning
of residual gases and manometric quantification, the CO, is flame sealed in a 4 mm glass
ampoule and ready for AMS-measurement. The setup of the vacuum line was not part
of this work, a description an characterisation can be found in Hammer (2003) and May
(2005).

POC combustion

Before the heating starts, the pressure in the filtration system is reduced to 800 mbar by pumping
shortly through the vacuum line. This is done to avoid large over pressures in the quartz tube
during the high temperatures of combustion. After the pressure reduction, valves 1 and 2 are
closed and thus the quartz tube functions as a combustion ampoule. The desired combustion
temperature is set and the oven heats up, which takes between 3 and 10 minutes maximum for a
maximum temperature of 900 °C. The sample is combusted for 30 minutes, then the CO4 trapping
starts.
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CO;, trapping and quantification

After the combustion, both cooling traps in the vacuum line are cooled with liquid nitrogen, valve
1 and 2 are opened and the COs created from the combustion of the POC is purged into the
vacuum line, which is continuously pumped, while CO4is caught in the traps. The gas flow is
regulated by a needle valve to make sure that the pressure in the traps does not exceed 200 mbar,
when Oy would start to condensate too.

This purging setup is kept for 15 min. to make sure that all remaining CO9 is washed out
from the REFILOX. With an internal volume of 0.38 1 of the gas system and a flow rate through
the needle valve of ca. 0.5 1/min this is 20 times the internal volume and should thus be sufficient.
After the 15 minutes of COq collection, the valve between REFILOX and the vacuum line is shut
and the residual gases that do not freeze (mostly Ny and O3) are pumped away.

Now, by thawing and cooling of the traps in dry ice again, the sample is cleaned from water
vapour and moved by cryogenic pumping to the measuring volume (3.265 ml), where it is quan-
tified manometrically. The calculations for COs quantification can be found in Hammer (2003)
and also in Appendix A.2.5.

After quantification, the gas is further cryogenically pumped to a 4 mm glass ampoule, flame
sealed and then ready for AMS-measurement. For detailed descriptions and characterisations of
the vacuum line, whose setup was not part of this work, see Hammer (2003) and May (2005).

6.6. Characterisation of the two POC extraction systems (offline and
REFILOX)

To assure the reliability and reproducibility of the whole POC extraction process, it is necessary
to test the system with standard and blank samples of known mass and “C content.

6.6.1. Standard and blank material measurements
General blank correction

The process background of organic carbon contamination influences the measured radiocarbon
value of the sample. This influence can be expressed as:

EFy-mpy, =Fs-mg+ Fy-my (6.1)
With F},, and m,, as the measured *C content and mass of the sample. F, and m, denote the
real values of the sample, which are biased by the blank mass my and its '*C content F. The
actual sample mass mg can be substituted by the measured and the blank mass:
Mg = My, — My
The true 4C-value of the sample can then be denoted as:

FS:Fm'mm_Fb'mb

(6.2)

Mm — My
This relation (6.2) has been used to correct all measured radiocarbon results for blank influences
during this work. As discussed in Section 6.3.1, the ideal blank mass determination is done by
running a clean ice sample through the whole sample preparation and POC extraction process
and measure the carbon mass that was introduced during the process.
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Blank measurements in the offline system

A fast method to get a first guess of the process blank is the use of liquid MQ-water as a sample
instead of blank ice, of which production is rather time consuming. The major disadvantage of
this method is that the whole process of solid ice decontamination is not included in the result.
Wherever possible, the blank determination should thus be done by use of blank ice samples. In
the offline filtration system (shortly described in Section 6.2), in which silver membrane filters
with a nominal pore size of 5 wm are used and in which a separate combustion at 800 °C with
pure Oq is done, eight blank ice samples have been measured over the course of ca. one year.
Seven artificial and one natural holocene Antarctic ice. The results are shown in Fig. 6.8. All of
these samples have been pretreated according to the improved decontamination routine described
in Section 6.3.2.
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Fig. 6.8.: Artificial blank ice measurements in the offline filtration system together with
one natrual Antarctic sample. Note the linear correlation of the blank ice samples and
the low carbon mass retrieved from the Antarctic sample

The average carbon mass of all measurements (data summarised in Table A.4 in Appendix A.2)
is:

my(offline) = (0.5 £ 0.4) ugC (6.3)

This equals an average POC content of 1.7 % . This result shows a carbon blank reduction for
the offline system of a factor of almost ten compared to the values determined by May (2009) and
Hoffmann (2010) and is a big success for the processing of small samples in the order of less than
10 ugC.

The blank masses in Fig. 6.8 follow a weak linear trend, with a slope of 0.006 pugC /g. The
only natural Antarctic ice sample however yielded a very low POC mass of 0.2 ugCor 0.69 % )
even with a comparably high processed ice mass of 326 g. This value fits perfectly into the range of
POC (WinOC) concentrations observed in Antarctic ice samples (0.83 £ 0.44) % (Hagler et al.,

2007; Legrand et al., 2013a) and implies that this sample was not influenced by any blank. The
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mass dependence of all other samples could therefore be regarded as an intrinsic contamination of
the MQ-water and not to be caused by insufficient decontamination. However, it is too uncertain
to assume the complete absence of a sample contamination based on only one result. Therefore,
the average blank mass stated above is regarded as an upper limit and used for correction.

Unfortunately, it was not possible to measure the *C content of these blank ice samples directly,
just because the absolute carbon masses were too small. Thus, for blank correction the average
14 Cvalue of the blank samples measured with the old decontamination routine (Hoffmann, 2010)
was used for correction as the best guess:

Fy(offtine) = (0.523 + 0.12) (6.4)

Blank ice measurements in the online system REFILOX

For the REFILOX system, a differentiation has to be made between process blanks for different
combustion temperatures. The temperatures used for ice samples during this work were 340
°C and 800 °C. With this sample preparation system, the focus of blank measurements was on
filtration of liquid MQ-water samples. This was mainly due to the fact, that the results with
the offline system proved the new ice decontamination routine to be successful. It was therefore
considered to be sufficient to test the new filtration system mainly with MQ-water samples, which
is much faster than the blank ice measurements. The only two blank ice samples that have been
processed so far in the REFILOX system gave the following results (combusted completely at 800
°C):

Tab. 6.2.: Overview of blank ice measurements done with the REFILOX

Name ‘ Type | Processing date | Ice mass [g] ‘ POC mass [ugC] ‘
Blank REFILOX ice 1 | blank ice 13.10.14 335 0.5+0.3
Blank REFILOX ice 2 | blank ice 5.3.15 330 2.5 +0.3

This gives a nominal average of
my(online, ice) = (1.5 + 1.0) ugC (6.5)

which is considered rather an upper limit, because the second sample has been measured directly
after a larger reconstruction of the gas tubing system and could be influenced by some residual
contamination. The second sample was large enough for *C measurement and yielded a value of

Fy(online, ice) = (0.574 + 0.030) (6.6)

Additionally to the blank ice measurements, MQ-water blanks have been measured on a routine
base between all ice samples, to guarantee that the cleaning of the filtration system was successful.
In each case, ca. 500 ml MQ water have been filtered from the melting vessel, treated from there
accordingly to the routine in Section 6.5 and were combusted in basically two different ways:

1. total combustion of whole sample at 800 °C

2. stepwise combustion first at 340 °C second at 800 °C
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MQ water total combustion at 800 °Cin REFILOX

The results for the total combustion procedure can be found in Table A.5 in Appendix A.2. The
average value for the 9 samples processed with the total combustion method is:

my(online, total) = (1.5 +0.5) pugC (6.7)

equalling an average POC concentration of 3 %, thus only slightly higher than the purity

specifications of the MQ-water (1-2 ppb TOC). This is also slightly enhanced compared to the
ice blank of the offline system, but still in the desired range of about 1 ugC. For one sample, a
140 measurement was possible and yielded a value of

Fy(online, total) = (0.272 + 0.031) (6.8)

which is lower than the result for the blank ice. This could be explained by omitting the step
of ice sample handling, which can introduce a fraction of modern carbon. This fraction is not
present in the processing of only MQ-water.

MQ water only 340 °C fraction in REFILOX

For the first step (340 °C) of the two step combustion, only one sample out of 12 yielded a carbon
mass that was large enough to be detected with 0.5 ugC. The blank contribution of the 340 °C
fraction was therefore considered to be negligible, which is a very good result.

MQ water only 800 °C fraction in REFILOX

For the second combustion temperature step, out of 12 sample an average blank mass of
my(online, 800) = (1.7 £ 1.2) ugC (6.9)

was retrieved. The results for the 800 °Cfraction are summarised in Table A.6 in Appendix A.2.
Again, only one sample could be measured for *C and yielded:

Fy(online, 800) = (0.299 + 0.027) (6.10)

Both values, mass and *C content, are in good agreement with the total combustion results and
thus also indicate, that the majority of the blank mass only combusts at 800°C and has almost
no influence at the lower temperatures. This is an interesting finding and will become very im-
portant, when it comes to the interpretation of results.

For blank correction of the results however, only the blank mass and '*Cresult of the blank
ice samples are used. This is done, because as stated above only those sample represent the whole
sample preparation process.

Standard material measurements

Processing of standard material with known carbon mass and *C content together with the blanks
provides important information to investigate the reliability and reproducibility of the C results.
Standard materials that have been used during this work are cellulose (IAEA standard material
C3 (Rozanski etal., 1992)) with a 4C- content of F..; =1.2941, oxalic acid (Ox II, SRM 4990
C (Mann, 1983)) with Fp,, =1.3408 and brown coal, which should be in the range of 25 000 -
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45 000 yBP according to Lowe (1989). To investigate any influences of the process blank on the
radiocarbon results of these materials (and therefore also the real ice samples), it would be best to
run them through the whole ice sample preparation process. Unfortunately, it was not possible to
produce clean standard ice samples with a homogeneous distribution of standard material. This is
due to the fact that particles (and solutes) are pushed ahead of the freezing front ((Halde, 1980;
Shafique et al., 2012)) which was utilised in Section 6.3.1 to produce blank ice. The standard
material measurements therefore only represent the process from combustion to C measurement
but not the ice sample preparation.

Offline filtration system

For the offline filtration system, the standard materials have been prepared in the mass range of
the real ice POC samples. They were inserted directly into a preheated glass ampoule together
with a piece of silver wire, which binds sulphur and halogen compounds. The ampoule was filled
with pure Og, flame sealed and heated to 800 °C for 6 hours. After that, the COysamples have
been cleaned, quantified and processed as described in Section 6.5. Table 6.3 gives an overview
of the "Cresults of the different materials and the results for the cellulose are shown in Fig. 6.9.

Tab. 6.3.: Overview of standard material *C results, combusted like ice POC samples
in the offline filtration system

’ Material type | Sample mass [ugC| ‘ 14C-content [F!*C] ‘ oF!iC ‘

Cellulose 17.4 1.178 0.038
Cellulose 12.9 1.269 0.018
Cellulose 9.7 1.292 0.0190
Cellulose 16.3 1.265 0.014
Cellulose 10.6 1.315 0.014
Cellulose 56 1.292 0.011
Oxalic acid 16.8 1.315 0.024
Oxalic acid 13.5 1.311 0.020
Brown coal 31.4 below blank -
Brown coal 15.5 0.004 0.002
Brown coal 16 0.006 0.002

The error-weighted 4C-average of all cellulose samples is:
feeu(offline) = (1.286 + 0.020) (6.11)

This average hits the expected value within the error range and no trend to a blank bias is visible,
even for the small samples. The one outlier (see Fig. 6.9) gave only a third of the ion current
during the measurement compared to the other measurements of that batch. It was therefore
regarded to be contaminated with residual gases and was not considered in the average. The two
oxalic acid measurements are slightly too low in C, but still hit the expected value of 1.341
within 20. For the brown coal, one was measured even below the system blank of the gas ion
source. The other two gave 14C ages of ca. 25 000 - 30 000 years with very large statistical errors
of 20-30 %, which is due to the very low number of *C counts. For the expected age range of the
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ice samples of probably up to 10 000 years, this blank is sufficiently low to distinguish any of the
ice samples from background. It also agrees with the expected values stated in Lowe (1989).
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Fig. 6.9.: Results of the cellulose '*C measurements processed in the offline filtration
system. The error bars denote the 20 range. Within this range, all results except one hit
the expected value (red line) and so does the weighted average (black line) within error.
The outlier was not considered in the average.

Overall, the standard material measurements made with the offline filtration system gave excellent
results, even the very small samples of ~ 10 ugC showed no influence of any contamination.
The preparation of even smaller samples was not possible because of limits of the balance and
manageability of such small amounts of sample material.

Online filtration system REFILOX

In the REFILOX system, the same type of standard samples has been used as for the offline
system. The samples have been weighed and were inserted directly into the quartz tube on top
of a pre-cleaned filter. Combustion was done at 800 °C total for all samples. Cresults are
summarised in Table 6.4. Sample masses are in total slightly bigger than for the offline system,
which results from the more difficult insertion to the tube. Very small samples often get statically
charged, stick to the walls of the tube and can thus not be combusted. The error-weighted average
of all cellulose samples is:

Foau(online) = (1.281 + 0.029) (6.12)

Within the error range, this is in good agreement with the expectation and the results from the
offline system (see Fig. 6.10). Only the smallest sample shows a weak bias towards a lower
14C content.
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Tab. 6.4.: Overview of standard material '4C results, combusted like ice POC samples

in the online filtration system REFILOX

Material type | Sample mass [ugC] | '*C content [F!*C] | cF!“C
Cellulose 7.8 1.245 0.022
Cellulose 28 1.265 0.011
Cellulose 46.6 1.284 0.014
Cellulose 36.9 1.301 0.013
Cellulose 19.1 1.318 0.020

Oxalic acid 34.8 1.347 0.014
Brown coal 38 0.004 0.002

This could be due to a small blank influence. If the result is corrected according to equation 6.2
with a blank mass of only 0.3 ugC and the blank 'C content from equation 6.6, the result is
already shifted to F=1.272 and lies perfectly within the error range of the average. The oxalic
acid result hits the literature value almost perfectly and the brown coal is in the same range as for
the offline system. The combustion process at 800 °C of the online REFILOX system shows no
significant systematical biases of the '4Cresults, at least for samples larger than 10 ugC . Another

type of system calibration with aerosol samples of known '“C content will be discussed in Section
6.7.1.
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Fig. 6.10.: Results of the cellulose measurements in the REFILOX filtration system.
The error bars denote the 20 range. Within this range, all results except one hit the
expected value (red line) and so does the weighted average (black line) within error.
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6.6.2. Extraction and combustion efficiency

Another important parameter of the system characterisation is the efficiency of POC extraction
from an ice sample and the subsequent combustion into COs. As discussed in Section 6.6.1, it
was not possible to produce artificial standard ice samples. The POC filtration efficiency can
therefore not be quantified and only be assessed qualitatively. Both used filter materials do not
retain 100 % of all particles. On top of that, within the offline system always leftovers of particles
have been discovered on the filter holder when the filter was taken out. Additionally, the folding
and insertion into the combustion tube involves the danger of material loss to the tweezers and
the walls of the tube. By omitting that step in the online system, apart from the use of different
filter materials, this risk of material loss is avoided and the overall recovery of POC should be
larger than for the offline system. The combustion and COs extraction efficiency was determined
by the standard material measurements. For each material, the theoretical carbon content was
calculated. After combustion and CO4y quantification, the ratio of weighed carbon and extracted
carbon was computed.

For the offline system, the combustion efficiencies ranged from ca. 50% to more than 90% and
for the online system from 65% to 90%. The smaller samples tended to yield a worse efficiency
than the larger samples (see Fig. 6.11).
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Fig. 6.11.: Carbon extraction efficiencies for different input sample masses in both com-
bustion systems. Note that the efficiencies for larger samples are better than for very
small samples.

At first glance, this seems to be contra intuitive, if the combustion efficiency was only constrained
by the available amount of oxygen. The effect is however mainly caused by:

e Limited accuracy of the balance (5 ug)
¢ Difficult handling of very small samples

¢ Easy loss of sample material to combustion tube walls at sample insertion
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All these factors, especially the sample losses, are relatively a more serious problem for small
samples than for large ones. The bad extraction efficiencies of the small samples are therefore
attributed to these uncertainty factors, which probably will not play a role for the real ice samples.
The high efficiencies (80-90%) of the largest samples are thus taken as an indicator for an efficient
combustion process. Overall, 70% efficiency were assumed as an average combustion efficiency
for both systems.

6.6.3. Memory effect

The term memory effect describes a carryover of material from one sample to the next due to
insufficient cleaning of the system, which results in a bias of the result. To make sure that this
effect is not a problem in the whole sample preparation process, a (MQ-water) process blank was
always run in between two ice samples. Even after large samples, no systematic enhancement
of the blank values could be observed, which means that the cleaning process is sufficient and
reliable and memory effects are not a problem for both systems.

6.6.4. Error estimation and consequences for the minimum sample mass

After characterisation and evaluation of the extraction system performance, now the consequences
for the accuracy of *Cresults will be assessed. All Cresults will be corrected according to
equation 6.2. The uncertainty of the corrected Cresult F, of the sample is then calculated by
error propagation to:

OF; \ 2 OF; \? OF,\ > OF,\ 2
UFSZ\/U%‘m'(ap ) +072nm'<8m ) +U%”.<8Fb> +U72nb'<amb) (6.13)

with the single components:

ors M2 — Moy, - M

oF, (M, — mp)?

oFs  Fy-mp— Fp-my
omy, (M, — Mgy )2

oFs mg — My - My,

an - (mm — mb)2

8FS . 2Fb~mb—Fm~mm—Fb~mm
omy - (mm - mb)2

The errors of F, (the ice blank F14C) and my, (the blank mass) have been determined in Section
6.6.1. The error of the measured *C F, is the statistical error of the '*C measurement and the
error of the measured carbon mass m,, results from the uncertainty of the manometric quantifi-
cation. For an accuracy of the manometer of ca. 0.2 mbar this can be set to 0.3 ugC for samples

smaller than 30 pgC. A detailed calculation of the manometric quantification can be found in
Hammer (2003) an in Appendix A.2.5.
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Fig. 6.12.: Relative errors of the '4C -results depending on the measured F,

If m,, is set as a parameter and o F), is estimated to be on average about 3%, equation 6.13 only
depends on Fj,. The resulting relative measurement error depending on Fj, is illustrated in Fig.
6.12. To get a *Cresult with a relative error below 10%, for the offline system the sample should
thus not be smaller 10ugC, for the expected age ranges mostly above F=0.2. This results in ca.
500 g of ice needed for reliable dating, assuming an average POC content in high Alpine samples
of 20 pgCper kg.

In the online system, the sample should not be smaller than 10-20 ugC, resulting in a required
ice mass of 500-1000 g. Note that this calculation was done for the total combustion at 800°C. For
the 340 °C fraction, the blank mass was below detection limit and thus the measurement error is
mainly dominated by the AMS-measurement and the minimal sample size measurable with the
gas ion source. It has been technically possible to measure samples down to 2 pgC, so based on
this, the minimal required ice mass for the 340 °C fraction would be about 100 g of glacier ice.

6.6.5. Summary of the technical improvements in the REFILOX system

The offline and the online system differ in many points, the main differences are summarised in
Table 6.5. Compared to the offline system, the new REFILOX setup has many advantages but
also a few drawbacks. The largest advantage of the new setup lies in the direct combination of
the pre-cleaning of the filter, the filtration and combustion process in one closed system. The
large risk of contamination and loss of material, if the filter has to be taken out of the holder
after filtration is thus minimised. Also a possible contamination of a new filter at insertion is
avoided, because the filter can be preheated directly before use. Another large advantage is
the adjustability of the combustion temperature, which enables stepwise combustion and is not
possible for the offline setup. The benefit of this stepwise combustion will be addressed in the
following section. Overall, the technical goals for the new setup have been widely achieved. A
drawback of the REFILOX is however the cleaning of its components. Especially the quartz tube
with the glass-metal-transfers is very delicate. Usually, glass and metal parts are cleaned in an
ultrasonic bath, which is not possible for those transfers. This complicated cleaning is pictured
in the slightly enhanced process blank of the REFILOX compared to the offline system.
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Tab. 6.5.: Comparison of different technical setups, advantages and disadvantages of the

offline and online POC extraction system

Process component

offline system

REFILOX

Filter material

only silver
membrane

only quartz
fibre

Filter cleaning

preheating outside
filter holder

preheating directly
in filtration system

POC combustion

filter combustion

in separate glass ampoule,
has to be taken out of
holder after filtration

direct combustion of material
on filter surface, filter stays
in holder, closed system

Combustion
temperature

fixed to one
temperature (800 °C)

variable between
50 °C and 950 °C

Setup cleaning

all components can be
taken apart and cleaned
separately

no separate cleaning
of all components possible,
delicate glassware

The cleaning of that crucial part is thus restricted to wiping and rinsing and has to be done very
carefully. This particularly comes into play, when a large sample has been processed and a lot of
residual material has to be cleaned from the middle of the tube. During this work, both filtration
systems (offline and REFILOX) have been used, considering their respective advantages.

6.6.6. Summary of the main findings of the system characterisation

The main findings and parameters of the whole system characterisation, blank and standard
measurements are summarised in Table 6.6. The most impressive finding in the whole system
characterisation process was, that the blank mass at the 340 °C fraction in the online system
was below detection limit, what becomes very important for the real ice samples later on. The
blank mass results show a major improvement compared to earlier IUP systems, with a reduction
of a factor of four to ten, which is a large success. The Cresults of the standard material
measurements show no significant influence of blank contamination. Even samples below 10
ugC are not influenced by blank contamination, which is very promising for further measurements.
As a summary, the overarching goals of the POC extraction system optimisation have been
satisfyingly reached.
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Tab. 6.6.: Summary of the main characteristic system parameters.

Process parameter offline system REFILOX
Process blank blank ice 800 °C: blank ice 800 °C: myp = (1.5 + 1.0) pugC
mass [ugC | my = (0.5+£0.4) ugC MQ-water 340°C: below detection limit
blank ice: blank ice:
P lank 14 —
rocess blank “C 7 5931 0.12) Fy, = (0.5735 £ 0.0300)

Standard material

Cellulose 4C Froey = (1.2844 £0.0489)  Frey = (1.2813 £ 0.0289)

Combustion 50-90% 70-80%
efficiency for Cellulose and OxII for Cellulose and OxII
Minimal 800 °C: 10-20 ugC — 500-1000g ice

10 pgC — 500g ice

sample size: 340 °C: 2 pgC — 100g ice

6.7. Calibration of REFILOX combustion temperatures

Because of the potentially C age biasing effects, which will be discussed in Section 7.3, a strat-
egy must be developed to avoid the influence of these materials in high Alpine ice samples (for
example from Colle Gnifetti or Grenzgletscher). Especially where no macroscopic selection of
the dated POC is possible. Different organic carbon fractions combust at different temperatures.
This characteristic feature has been used to separate OC and EC fractions of modern aerosol
samples for long years (see e.g. Pio etal. (1994); Szidat et al. (2004b); Pio etal. (2007)). The EC
fractions of these samples often originate from fossil fuel burning (Suess effect) and are therefore
strongly depleted in *C (see e.g. Szidat etal. (2004a)). So far, POC combustion from Alpine ice
samples at the IUP has only been carried out at one very high temperature (800 °C) where all
organic carbon is oxidised to COs. This was done under the assumption, that for pre-industrial
times EC from fossil fuel should not be relevant and the age offset from EC of biomass burning
compared to the living biosphere is negligible. Because of the overall very small sample sizes, it
was therefore decided to combust and collect all particulate organic material together.

Based on the results of the age bias investigations of different materials (e.g. Saharan dust and soil
components) retrieved within this study (see Section 7.3), this assumption is probably not true.
Indications for an age biasing influence of Saharan dust in the EC combustion (but not in the OC)
fraction have also been for example discussed in Jenk et al. (2006) and Sigl et al. (2009), but with
no final conclusion on the biasing effect. They only derive the suggestion to preventively avoid the
EC fraction for dating purposes of ice samples, by adapting the combustion temperature to 340 °C.

During this study, it was therefore envisaged, to find the best way for separation of the age
biased carbon fractions from the non-biased fractions by selectively combusting only the primary
biogenic particles. To test and calibrate the REFILOX system with regard to this selective com-
bustion, aerosol samples with known OC and EC composition have been processed and 4 C dated.
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Fig. 6.13.: Thermogram of the method for carbon fraction separation used in the
CARBOSOL project. The total organic fraction is subdivided into five subfractions OC1,
0C2, OC3, PC and EC by heating in an inert atmosphere before combustion with Oq
(Pio et al., 2007).

In the years 2002-2004, an FEuropean programme, which aimed to characterise the present and
retrospective composition of organic aerosol over Europe (CARBOSOL) has been conducted
(Legrand and Puxbaum, 2007) under strong participation of the IUP Heidelberg. During the
course of this project, aerosol has been sampled of air filters along a transect across Europe
and has been analysed. The samples were characterised for composition (inorganic and organic
species) as well as 1*C signature (May et al., 2009). Some of these aerosol filters were still available
and have been used during this work to investigate the best combustion temperature for POC
samples from ice.

Most studies which aim to measure OC / EC fractions, use a thermo-optical method, where
the separation of different carbon fractions is achieved by stepwise heating under inert and oxidis-
ing atmospheres by simultaneous supervision of the optical filter reflectance (see e.g. Huntzicker
etal. (1982); Zhang et al. (2012)). Apart from these thermo-optical methods, also two and three
step combustion systems are used to separate OC and EC fractions (see e.g. Cachier et al. (1989);
Szidat etal. (2004b)). Within the CARBOSOL project, the separation of OC and EC was done
by a thermo-optical method (Pio et al., 1994), which allows separation of the carbonaceous species
into five subfractions (see Fig. 6.13) with the following characteristics:

e OC1: T = 170 °C Ny atmosphere, including volatile organic compounds
e OC2: T = 340 °C Ny atmosphere, including non polar organic species (e.g. alkanes, fat)
e OC3: T = 600 °C Ny atmosphere, including polar species (e.g. HULIS)

e PC: T = 340-500 °C N3 + O atmosphere, including organic carbon, which pyrolised under
the inert atmosphere and high temperatures (e.g. HULIS, Levoglucosan)

e EC: T = 500-600 °C Na + O2 atmosphere, including initially present
elemental carbon (soot)
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The REFILOX is not capable of reproducing this whole process. Therefore, a simplified 3-step
heating procedure (340 °C, 380 °C and 800 °C) similar to Szidat etal. (2004a) has been applied
with the aim to attribute the carbon fractions stated above to these temperature steps. For
comparison of the “Cresults, also data measured by May etal. (2009) of CARBOSOL filter
samples was available. This data however only includes *C values of the total organic carbon but
no evaluation of the single fractions. They will however serve as a reference.

6.7.1. Analyses of CARBOSOL aerosol samples processed in REFILOX

For the systematic investigation of *C signatures of different organic carbon fractions, aerosol fil-
ters from three CARBOSOL sampling sites (Legrand and Puxbaum, 2007), Sonnblick observatory
3106 m a.s.l. (SBO), Schauinsland 1205 m a.s.l. (SIL) and Aveiro (AVE) have been selected:

e SBO 32: Summer, average dust contents, best reference for high Alpine glacier sites

SIL 02/08: Winter, high influences of fossil fuel burning

SIL 3/24: Summer, high contribution of biogenic carbon

SIL 3/28: Summer, probably influenced by Saharan dust

AVE 03: Summer, influenced by fossil fuel burning
e AVE 31: Winter, high influences of biomass burning

A piece of 10 mm diameter has been cut out from each aerosol filter. It was acidified in acid
vapour (HCI, 0.2M) prior to combustion following the protocol used in the CARBOSOL project
(May etal., 2009). The filter piece was inserted into the REFILOX and the combustion and
COg collection has been carried out according to the procedure described in Section 6.5. Three
temperature steps have been applied: 340 °C 380 °C and 800 °C, each for 40 minutes, trying
to achieve a similar OC / EC separation as reported by Cachier etal. (1989) and Szidat etal.
(2004a). The carbon concentrations retrieved from the filters are reported in Table 6.7. They
are given in the unit [ugC/m3], to make the values comparable with the CARBOSOL results. A
combustion efficiency of 70% for the REFILOX has been assumed (see Section 6.6.2) and was
included in the calculation.
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6.7 Calibration of REFILOX combustion temperatures

6.7.2. Comparison of extracted carbon fractions for REFILOX and CARBOSOL

In the following, relations between the different carbon fraction retrieved via REFILOX and the
CARBOSOL method are investigated. In Fig. 6.14, the extracted carbon concentrations for all
processed filters and different compared fractions are shown. The ratios of several carbon fraction
for each single filter are reported in Table A.7 in Appendix A.2.

Total carbon (TC)

The total carbon masses retrieved with the thermo-optical method and the REFILOX system
correspond very well. A linear fit of the measured TC values in Fig. 6.14 yields a slope of (0.91
+ 0.05). This means that almost 100% of the CARBOSOL TC mass has been recovered by the
REFILOX system. The slight variation can be caused on one hand by the principal differences in
the method and on the other hand by the assumed 70% combustion efficiency in the REFILOX.
It is striking that both total carbon masses are on average almost equal despite the fundamental
differences in the extraction system.
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Fig. 6.14.: Comparison of the retrieved carbon concentrations for the CARBOSOL
system and the REFILOX for total carbon content and the 380 °C + 800 °C fraction of
REFILOX.

REFILOX 340 °C fraction

A comparison of the REFILOX 340 °C fraction with the sum of the OC1 and OC2 fractions via a
linear fit (see Fig. 6.14) yields a slope of (1.58 £ 0.05). Thus, the REFILOX extracts on the 340
°C fraction more than the sum of OC1 and OC2. According to the applied temperatures in the
thermogram (Fig. 6.13), this additional carbon fraction should likely consist of a certain amount
of PC, combusting at very low temperatures and possibly also a fraction of OC3. A quantitative
apportionment would be on the basis of only seven samples however highly speculative.
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6. Methods - Optimisation of the POC extraction system

REFILOX 380 °C and 800 °C fraction

Comparing the sum of the 380 °C and the 800 °C fraction of REFILOX to the EC, PC and OC3
fractions of the thermo-optical method correlating in combustion temperature, this yields a slope
of (0.69 &+ 0.07) in a linear fit. The REFILOX does therefore retrieve less carbon than the CAR-
BOSOL method. This missing fraction was in the REFILOX combustion very likely incorporated
in the excess of the 340 °C fraction compared to OC1 and OC2. Again, the variable missing
fraction is attributed to OC3 and mostly PC, combusting at temperatures below 380 °C. This
effect is most prominent for the sample AVE 31, where the 340 °C fraction of REFILOX was 1.6
times higher than OC1+0C2 and for the sum of 380 °C and 800 °C only 63 % of the CARBOSOL
EC+PC+0C3 was reached. AVE 31 is known to be highly influenced by levoglucosan, a product
of biomass burning, which is attributed to the PC fraction in the thermo-optical method. This
finding is also backed up by comparison of only the 800 °C fraction of REFILOX with the accord-
ing EC fraction of the CARBOSOL method. The REFILOX 800 °C fraction (including parts of
PC and OC3) is up to seven times higher than the CARBOSOL EC. Especially interesting is in
this context the direct comparison of the samples SIL 3/24 and SIL 3/28. Both summer samples,
but SIL 3/28 probably influenced by a Saharan dust event. This sample shows the overall highest
ratio of EC fractions measured in CARBOSOL and REFILOX, which is also 12% higher than the
one of SIL 3/24. This finding could support the hypothesis, that Saharan dust mainly biases the
high temperature (EC) fraction, which was suggested by Jenk etal. (2006). This hypothesis is
however so far only based on the result of one sample and needs further investigation. The main
conclusions drawn from the analyses of the extracted carbon masses are therefore:

e Overall very good agreement in TC masses retrieved with the CARBOSOL and REFILOX
method (90% REFILOX recovery).

e The 340°C carbon mass in REFILOX is slightly higher than OC1+0C2 in CARBOSOL,
likely due to small incorporations of OC3 and PC.

e Most of the OC3 and PC fraction are incorporated together with EC into the 800 °C fraction
of REFILOX, thus very likely also organic substances from soils and dust.

e The REFILOX 340°C carbon fraction should therefore be the best option to extract pri-
marily biogenic carbon, which should have the smallest age bias.

6.7.3. Assessment of the *C values measured for the REFILOX fractions

After the comparison of carbon concentrations measured with the CARBOSOL and REFILOX
system, now the “C content of the different fractions is investigated. The conclusion that the
least age biased material should be combusted in the 340 °C fraction of the REFILOX system
was investigated by '*C measurements of the single carbon fractions. All C measurements have
been carried out at the MICADAS AMS in Mannheim via the gas ion source, because of the
overall small sample sizes below 100 ugC. The results of these "C measurements together with
the total TC 4C results measured by May et al. (2009) are given in Table 6.8. The 380 °C fraction
of sample SBO-32 was too small to be measured. Additional to the single fractions, one sample
from SIL-3/28 has been combusted completely at 800 °C, to investigate if this can reproduce the
average of all other fractions Fgy,, calculated according to:
F340 - m340 + F3g0 - m3g0 + Fpo - msoo

Fopm = 6.14
! mga40 + M3go + Mgoo ( )
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6.7 Calibration of REFILOX combustion temperatures

With the respective 14C values F and the carbon masses m for each temperature fraction. The
results of the sample SBO 32 and SIL 3/28 are exemplarily shown in Fig. 6.15 and 6.16, all other
results are shown in Appendix A.2. For SIL 3/28 also a measurement of May et al. (2009) was
available and SBO 32 is the best representative for high Alpine conditions. The first striking ob-
servation is that there is a large difference in C values for the different combustion temperatures
in all samples, even between the 340 °C and the 380 °C fraction. The samples systematically
show the youngest results at the 340 °C and get older to higher combustion temperatures. This
was expected based on earlier aerosol 4C investigations (Szidat et al., 2004a), because the fossil
black carbon fraction is known to be mostly combusted at that high temperature fraction.

Tab. 6.8.: Cresults of all carbon fractions extracted from CARBOSOL aerosol filters
processed in the REFILOX system. Additionally, as a reference the bulk TC *C results
measured by May et al. (2009) are given.

‘ Sample name ‘ F*C ‘ oF ‘ Average F!*C ‘ May (2009) F!4C ‘

SBO 32-340°C 0.902 | 0.027 SBO summer
SBO 32-380°C 0.875 | 0.033 | 0.818 4+ 0.025 average
SBO 32-800°C 0.751 | 0.019 0.794 + 0.018
SI1.-02/08-340°C | 1.044 | 0.023 SIL winter
SIL-02/08-380°C | 0.883 | 0.028 | 0.753 £ 0.091 average
SIL.-02/08-800°C | 0.453 | 0.016 0.731 =+ 0.006
SI1.-03/24-340°C | 0.933 | 0.011 SIL summer
SIL-03/24-380°C | 0.915 | 0.016 | 0.804 + 0.038 average
SI1.-03/24-800°C | 0.679 | 0.008 0.856 =+ 0.006
SI1.-03/28-340°C | 0.939 | 0.009 SIL 3/28 by
SIL-03/28-380°C | 0.870 | 0.012 | 0.782 %+ 0.050 May et al. (2009)
SI1.-03/28-800°C | 0.615 | 0.007 0.820 =+ 0.005
AVE 31-340°C 1.024 | 0.010 AVE winter
AVE 31-380°C 0.857 | 0.008 | 0.893 4+ 0.078 average
AVE 31-800°C 0.637 | 0.009 0.921 + 0.009
AVE 03-340°C 1.011 | 0.017 AVE summer
AVE 03-380°C 0.804 | 0.019 | 0.747 4+ 0.040 average
AVE 03-800°C 0.620 | 0.009 0.772 = 0.006

The hypothesis of high temperature fractions being most influenced by fossil fuel EC is also backed
up by the sample SBO 32, which shows the highest C content in the 800 °C fraction compared
to all others. Sonnblick observatory at 3106 m a.s.l. should be least influences by anthropogenic
fossil fuel emissions, which is thus pictured in the result.

The second observation is that even the youngest results on the 340 °C fraction are 4-16% lower
than the expected atmospheric value of ca. F=1.08-1.09 for the years 2002-2004 (Levin et al.,
2010). This is probably due to the fact that a certain amount of organic species (6-19% of the
sample mass) derived from fossil fuel burning combusts at very low temperatures. It thus con-
tributes to the low combusting organic species, which are mainly derived from the living biosphere.
Overall the averaged values of the samples show a very good agreement with the seasonal averages
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6. Methods - Optimisation of the POC extraction system

for the respective sites found by May et al. (2009) with a maximum deviation of 5% from these
reference values. This means, that the combustion and COs collection of the single fractions did
not lead to any isotope fractionation processes, which would have biased the average.

SBO 32 (May 2003) SIL 3/28 (July 2003)
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Fig. 6.15.: "“Cresults for the differ- Fig. 6.16.: '“Cresults for the differ-
ent temperature carbon fractions of ent temperature carbon fractions of
sample SBO-32. sample SIL-3/28.

6.7.4. Conclusions on the optimal POC combustion procedure

As a summary of all CARBOSOL aersosol filter analyses, it can be stated that the separation of
the main organic carbon fractions within the REFILOX filtration and combustion system was very
successful. It could be shown, that the OC1 and OC2 carbon fractions, which are the ones mainly
consisting of relative volatile emissions mainly derived from from the living biosphere, can be
extracted at a combustion temperature of 340 °C. Soil and Saharan dust organic matter like HULIS
(part of OC3 and PC) probably contributes to the high combustion temperature fraction at 800 °C
together with the main fossil fuel contribution. This fossil fuel contribution should not be present
in pre-industrial samples. The '“Canalyses of the single fractions retrieved via the REFILOX
system showed a large trend in '4C depletion with increasing combustion temperature. The lowest
temperature yields the best agreement with the expected atmospheric value. Therefore, this
fraction should primarily be used for POC dating of ice samples, because it has the smallest
biases to older ages and will give the best representation of the real ice age. Nevertheless, POC
retrieved ice ages should be regarded as an upper limit.
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7. Results - Systematical investigation of
14C age biasing effects in glacier ice

7.1. Introductory remarks

Incorporation of aged organic material (see Section 3.2) into the POC fraction of glacier ice can
lead to large biases of the measured C ages. Systematic information on possible 14C age ranges
of these materials is however sparse. For pre-industrial Alpine ice samples, so far only Jenk
etal. (2006) reported a likely influence of Saharan dust, shifting the '*Cage of an ice samples
to higher values than expected. It was therefore envisaged to investigate '“Cages of typical
materials contributing to the POC in glacier ice, namely Saharan dust, cryoconite and basal
sediment. Cryoconite is windblown material of organic and minerally origin, which accumulates
on the glacier surface. It can form water filled holes due to the low albedo of the dark material
and subsequent punctual surface melting (Wharton et al., 1985).

: Austria

Be

Switzerland’

htalferner
Ao q S

Colle Gnifetti
”and Grenzgletscher

Italy AN

Fig. 7.1.: Map of the sampling sites for investigations of POC *C age biasing effects of
Saharan dust, cryoconite and sediment

The main questions that will be addressed in this context are:

1. What are the typical '4Cage ranges of Saharan dust, cryoconite and basal sediment incor-
porated in glacier ice?

2. Is it possible to detect common age features, which could help for data interpretation and
evaluation of micro POC *Cice sample ages?
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Under close collaboration with colleagues from Innsbruck and Trieste, it was possible to assemble
a collection of macroscopic material samples from selected sites all over the Alps (see Fig. 7.1).
These samples span a large range of type and composition. Starting with material collected on the
surface of the glaciers (Jamtalferner, Venediger- and Sulzbachkees, Grenzgletscher) over macro-
scopic incorporations to the ice matrix easy identifiable and accessible in glacier caves (Stubai
glacier) and ice caves (Vasto ice cave), to microscpopic POC samples retrieved from ice and snow
block samples (Grenzgletscher, Colle Gnifetti).

In the following, the *Cresults of these samples are presented according to the sampling sites,
followed by a general conclusion on potential '*C age biasing effects of the respective materials.

7.2. Site descriptions and presentation of radiocarbon results

7.2.1. Jamtalferner (Austria) - surface cryoconite and sediment samples

The main study area for collection of sediment and cryoconite samples was Jamtalferner glacier
located at the Silvretta mountain range in Austria, directly at the Swiss border. This glacier was
chosen on one hand because of easy accessibility (by car and foot) and on the other hand, because
it is retreating very fast (see e.g. Fischer (2013)) and uncovers more basal sediment each year.
It also produces a lot of cryoconite holes every summer, because of the comparably low altitude
(ca. 2430-3160 m a.s.l.) and significant surface melting during the summer season.

= <’ JamF

| e 2
" g&‘ Jam 2-2.sed ~

Jam M-1 sed

Fig. 7.2.: Aerial view of the Jamtalferner (Austria) 2013 from the south, with the sam-
pling sites for sediment and cryoconite. Picture provided by Andrea Fischer (Innsbruck).

A view of the whole sampling area is given in Fig. 7.2. During the summer seasons 2012-
14, five sediment samples, four cryoconite samples and one Saharan dust sample fresh from the
surface have been collected and radiocarbon dated (see Table 7.1). Two exemplary pictures of
the sampling are shown in Fig. 7.3 and 7.4.
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7.2 Site descriptions and presentation of radiocarbon results

Fig. 7.3.: Sampling location of Jam Fig. 7.4.: Sampling site of

2-2 sed. The greyish and sandy sed- Jam 1-1 sed. The sample was very
iment became ice free in the year of wet, rather dark and smelly, which
sampling and immediately a patch of indicates microbial activity (Hoover
grass grew there. Picture by Andrea and Pikuta, 2012) Picture by Andrea
Fischer. Fischer.

All samples have been stored in glass bottles and kept frozen as long as possible, but not during
transports. They have all been pretreated according to the standard protocol used for sedi-
ment samples in the Klaus-Tschira-Lab Mannheim (see Appendix A.3) and were graphitised for
14 measurement. Only the samples Jam 1-3 sed, Jam F-2 sed and Jam M-1 sed have not been
graphitised, but were combusted at the ITUP Heidelberg and measured via the gas ion source,
because of their small carbon masses. The Saharan dust sample was processed in the offline
filtration system and blank corrected accordingly.

Tab. 7.1.: Sample parameters and *Cresults of sediment (ending: sed) and cryoconite
samples (ending: cryo) and one surface Saharan dust fall collected at Jamtalferner.

Sample mass 14 14C age | Error 13
Sample name (mgC] %% Cmass F 4C AF [yBP] [yBP] 013 C [Yoo]
Jam 1-1 sed 0.226 0.2 0.856 0.002 1247 22 -26.5
Jam 1-2 sed 0.985 0.7 0.928 0.002 602 19 -22.9
Jam 2-2 sed 0.436 0.1 0.444 0.003 6514 50 -36.6
Jam F-2 sed 0.016 0.124 0.005 16749 308 -36.7
Jam M-1 sed 0.093 0.365 0.004 8090 95 -23.5
Jam 2-1 cryo 3313 5.3 0.796 | 0.002 | 1833 17 19.9
Jam S-1 cryo 1.422 13 0.802 | 0.002 | 1774 21 2.9
Jam H-1 cryo 1.655 17 0.828 | 0.002 | 1517 2 21.0
Jam H-2 cryo 1125 05 0.740 | 0.002 | 2415 % 9.7
Sahara 7-A 1.2 pgC 0.61 | 0.015 | 3073 199 19.3

All sediment samples showed carbon contents below 1% of the sample mass, which is quite typical
for soil with low organic content. The 6'3C values indicate average organic material (see Table
2.1), the very low values of Jam 2-2 sed and Jam F-2 sed are due to the small sample sizes.
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7.2.2. Grenzgletscher (Swiss Alps) - surface cryoconite and Saharan dust samples
from ice blocks

The Grenzgletscher originates in the summit region of the Monte Rosa Massif at the Swiss Italian
border, namely at the Colle Gnifetti, where the ice cores discussed later in this work have been
drilled.

wi ohi dio Bundos aut o i dor vofotiian normasionen acen kit dr hakichon i, Gonaugat, Aualt, Zoriassigkot und
dighait o stung Obarmommen wordan.Copyright, Bundosbanordan der Schweizerischen Eidgenossenschaf, 2007. htp:wwew.disciaimor.admin.ch

Fig. 7.5.: Map of the Grenzgletscher sampling area downstream of the glacier in the
ablation zone. The sampling sites for cryoconite are marked in blue.

It is a polythermal glacier, which means that the ice is cold at the base and has a temperate sec-
tion on top of that cold basal ice in the mid altitudes (Steier et al., 2006). This flow characteristic
leads to the resurfacing of old, cold ice in the tongue area (Haeberli, 1975), which was formed at
very high altitudes (For a more detailed description see Appendix A.3). No measurable amounts
of 219Pb could be detected within the ice (Steier et al., 2006), which implies, that it is older than
ca. 150 years and therefore pre-industrial. In summer 2014, a large ice block sampling campaign
has been carried out at the ablation zone of Grenzgletscher, at two main sites, shown in Fig. 7.5.

Overall, 27 blocks have been extracted from the upper (2460 m a.s.l.) and lower (2300 m a.s.l.)
sampling site by use of a chainsaw and shipped frozen to the IUP Heidelberg. Two blocks (15R
and Dust S, see Table 7.2) from the upper site were by the characteristic yellow / red colour
identified to have a large Saharan dust content.

Additionally, along a transect between the two major block sampling sites, five cryoconite samples
(ending cryo in Table 7.2) have been collected from water-filled holes. They were stored in glass
bottles in the freezer until sample preparation. The cryoconite samples have been pretreated like
sediment samples (see protocol in Appendix A.3) and were graphitised for AMS measurement.
Some of the ice samples have been processed in The REFILOX (total combustion at 800 °C) and
some in the offline system. All have been blank corrected accordingly and C dated via the gas
ion source.
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7.2 Site descriptions and presentation of radiocarbon results

Tab. 7.2.: Sample parameters and POC “Cresults of Saharan dust, clean ice and cry-
oconite samples from Grenzgletscher (Swiss Alps). The samples with ending REFILOX
have been processed in the REFILOX system, the ones with ending Offline in the offline
filtration system. Carbon concentrations are given in % for the ice samples and mass
% for the cryoconite samples

Sample mass C conc. 14 Cage | Error 13

SamPle NN | mge] / wgc] | 1401/ 1) | ¢ © | 27 | pme] | peey | © T
4-1 REFILOX 4 11 0.342 | 0.187 8620 1502 -34.2
4-1 Offline 3.5 9 0.862 | 0.187 1192 1506 -22.9
4-2 Offline 3.3 5 0.694 | 0.176 2929 1412 -24.2
16-1 REFILOX 3.8 14 0.609 0.26 3980 2087 -28.7
16-2 REFILOX 3.3 9 0.827 | 0.393 1529 3161 -27.7
16-3 Offline 3.0 7 0.7 0.201 2863 1616 -26.4
15 REFILOX 6.3 22 0.778 | 0.143 2019 1148 -15.8
Dust Offline 13.5 67 0.745 | 0.041 2368 329 -19.9
GGT-1 cryo 1.025 1.0% 0.933 | 0.003 556 23 -18.3
GGT-2 cryo 0.870 0.8% 0.940 | 0.003 494 23 -18.6
GGT-3 cryo 0.899 0.9% 0.923 | 0.002 642 23 -19.2
GGT-4 cryo 0.411 0.4% 0.838 | 0.002 1420 25 -19.7
GGT-5 cryo 0.427 0.2% 0.772 | 0.002 2076 27 -21.2

7.2.3. Stubai glacier cave (Austria) - sediment, cryoconite, Saharan dust and
macroscopic organic material

Stubai glacier cave is an artificial cave, carved along bedrock in the tongue of Schaufelferner
(Stubai glacier) near Innsbruck (Austria). The glacier is located at an altitude of 1750-3210 m
a.s.l. and is therefore temperate, but nevertheless shows regions of bedrock permafrost (Andrea
Fischer (Innsbruck), pers. comm.).

Site 4 Site 5 ‘
Sediment bands Sediment layer
and basal ice,

cryoconite
\ Cave
Site 1 o \ ) entrance
5 \ >
Saharan dust @ - /

Bark particle
Y9 and larch
needle

Sediment & o
layer 3

Fig. 7.6.: Left: Map of the cave with the sampling sites. Right: View inside Stubai
glacier cave. Note the distinct layering visible in the walls.
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At the position of the cave, the glacier diverges trapezoidal around a rock feature, where the cable
car station Eisgrat is located. Thus the flow velocity is not larger than ca. 0.5 m/year and the
layers are strongly tilted (ca. 45°). The cave was mainly laid out for touristic purposes, but now
allows easy access to basal glacier ice without ice core drilling. Fig. 7.6 shows a view into the
cave. The cave walls reveal a large variety of different material incorporated into the layering
of the glacier. During April and September 2014, nine samples (see table 7.3) of macroscopic
material have been extracted directly from the ice walls of the tunnels by use of ice screws.

Fig. 7.7.: Microscope image of the Fig. 7.8.: Saharan dustband in the
bark particle extracted from the wall wall of the glacier cave, which was
of Stubai glacier cave for 1*C dating. sampled for POC *Cdating. Pic-
Note the scale. ture by Andrea Fischer.

Tab. 7.3.: Samples extracted from the walls of Stubai glacier cave, Austria, their masses
and Cresults. Stubai 1 is from a Saharan dust horizon, Stubai 3-5 are taken from
sediment bands, Stubai cryo is probably old cryoconite and the last two are biological
remnants (bark and a larch needle).

Sample mass 14 11Cage | Error 13

Sample name (mgC] / [ugC] F C | AF yBP] | [yBP] 0% C [%oo]
Stubai 1 Sahara 84.6 0.738 | 0.008 2442 85 -24.3
Stubai 4 middle 12.4 0.165 | 0.006 | 14 500 311 -30
Stubai 4 basal 19 0.073 | 0.003 | 21072 368 -31.8
Stubai 4 sed basal 34 0.058 | 0.002 | 22 866 310 -25.2
Stubai 3 7.5 0.135 | 0.007 | 16 106 409 -29.3
Stubai 5 16.9 0.181 | 0.005 | 13 713 204 -29.3
Stubai bark 25.9 0.960 0.009 325 74 -21.2
Stubai larch needle 14.8 0.942 0.013 484 108 -21.9

The samples include: A saharan dust band (Stubai 1, see Fig. 7.8), several sediment bands
(Stubai 3-5, see e.g. Fig. 7.9), a sample probably containing enclosed cryoconite (Stubai cryo)
and two particles of clearly biological origin. A bark particle (Fig. 7.7) and a larch needle.
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Fig. 7.9.: Exemplary sediment band sampled for POC 4C dating with ice screws. Picture
by Andrea Fischer.

Although the samples were not large enough for graphitisation, they have been pretreated at the
IUP Heidelberg according to the protocol used for sediments stated above and were combusted
completely at 800 °C. All have been measured for Cvia the gas ion source.

7.2.4. Vasto ice cave (ltaly) - Saharan dust

Vasto ice cave is located in the Eastern Alps in the Monte Canin massif at an altitude of ca. 2200
m a.s.l. (Colucci, 2013). It is a karst area, and some of the rock caves host large perennial ice
bodies. The original formation of these ice bodies is up to now not entirely clear, but for Vasto
ice cave it is assured that nowadays there are wind blown material inputs as well as direct snow
accumulation.

entrance

debris

Fig. 7.10.: Left: Vertical section through Vasto ice cave. The entrance is only open
during summer, when the winter snow accumulated in the entrance shaft is gone (Figure
taken from Colucci et al. (2014)). Right: The cave interior and the ice surface during
core drilling. (Picture provided by Jacopo Pasotti).
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After a ground penetrating radar survey in 2012 ((Colucci et al., 2014)), in fall 2014 a ca. 7.8 m
long ice core has been drilled from the main ice body (Forte etal., 2014). A map of Vasto ice
cave and a picture from the drilling is shown in Fig. 7.10. From the core, six depths (core depth
D in Table 7.4), where macroscopic material was visible have been sampled for POC 4C dating.
Part of the layer was consisting of very dark material, which had a large carbonate content and
therefore must be considered to contain sediment from the surrounding carbonate rocks. The
other layers showed a very red colour typical for Saharan dust, which also can be observed as
surface dust falls in that region.

Tab. 7.4.: Overview of the ice samples (masses and *Cresults) prepared from an ice core
from Vasto ice cave (Italy). The first two samples have been pretreated like sediment,
the others were filtered in the offline system.

Core depth | Sample mass

14 Cage | Error 13
Sample name D [em] ueC] FliC | AF [yBP] | [yBP] 013 C [%o]
Can 2A 70 58.8 0.861 | 0.009 1199 85 -16.2
Can 2B 70 62.2 0.704 | 0.007 2819 83 -26.4
Can 11A 500 65.5 0.713 | 0.007 2721 84 -26.9
Can 13-A 490 39.7 0.835 | 0.008 1452 79 -27.6
Can 15-A 515 11.0 0.832 | 0.015 1481 142 -31.4
Can 16-A 530 30.1 0.794 | 0.008 1852 81 -25.5

Samples 2A and 2B were large enough to be treated directly like sediment samples. All others
have been processed in the offline filtration system and their *C results have been blank corrected
according to the values in Table 6.6. All samples have been *Cdated via the gas ion source.

7.3. Discussion of radiocarbon results

In this section, the '4C ages of macroscopic sediment, cryoconite and Saharan dust samples from
different locations described above are analysed for age biases and common features. The aim
is to draw some conclusions for the interpretation of '*C dates derived from micro scale POC
analyses of Alpine ice samples.

7.3.1. Saharan dust

The *C ages of the Saharan dust samples from all sites are shown together in Fig. 7.11. They
are complemented by three snow samples from the high Alpine glacier saddle of Colle Gnifetti
(detailed site description in Chapter 9), whose sample parameters and results can be found in
Table A.10 in Appendix A.3. The samples S4 and S4-2 are from one snow block, taken directly
below the fresh snow surface in Summer 2013 and the sample S6 from ca. 2 m depth. Additionally,
a firn sample from 1977 A.D. was measured, containing a large Saharan dust fall (Wagenbach
and Geis, 1989). The results of all dust samples collected at present day (Colle Gnifetti and
Jamtalferner) have been according to Equation 6.2 corrected for a assumed fossil fuel contribution
of 7% of total POC mass (based on results for high Alpine modern aerosol byGelencsér et al.
(2007)). These corrected values are marked in grey in Fig. 7.11.
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Fig. 7.11.: "“Cages of snow and ice samples clearly containing Saharan dust from sam-
pling sites all over the European Alps. The grey symbols denote the modern dust sample
results after correction of a 7% mass contribution of fossil fuel EC. Note the very narrow
age range for the pre-industrial samples from Stubai glacier cave, Grenzgletscher and
Vasto ice cave.

The most striking observation is that all samples collected from the ice matrix of the pre-industrial
sites (Stubai glacier cave, Grenzgletscher, Vasto ice cave), separated by hundreds of km distance
and very different ice body characteristics (and ages) agree extremely well, almost within 1o error
range. This implies, that in these samples a characteristic POC 4Csignature of Saharan dust
has been recorded. This could possibly hint to a similar source region in the north west of the
African continent (Aymoz et al., 2004; Sodemann et al., 2006; Thevenon et al., 2012). The POC
14C ages of these samples are in a range of:

Pre-industrial Saharan dust POC “C age: 2200 - 2800 yBP

This range is marked by the grey bar in Fig 7.11. This finding agrees quite well with the only
other direct '*Cmeasurement of Saharan dust reported so far by Eglinton et al. (2002) over the
Atlantic ocean, where ages between 1200 and 2000 yBP have been measured.

All samples from Colle Gnifetti snow, which should represent a modern *C-age without a dust
bias, are dated within a range of ca. 1500-4500 years BP. The deepest sample from ca. 2 m depth
(S6) showing the youngest age. There are probably several reasons for these high *C ages:

e Incomplete decontamination of the very porous snow samples, therefore possibly higher and
unknown blank contribution.

¢ Insufficient correction of fossil fuel contribution, which could be enhanced during summer,
where the nearby hut is using a diesel generator for power supply.
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Also the firn sample from 1977 shows an age of about 1500 yBP and not an over modern
14 signature of F=1.37 (Levin et al., 2010), which would be expected from an atmospheric sample
archived during the bomb peak period. If this sample is hypothetically corrected to F=1.37 (Eq.
6.2), under assumption of a Saharan dust age of 2500 yBP, this would result in a contribution
of 67% mass of dust to the total POC of the sample, which is regarded to be not unrealistic by
the optical appearance of the sample material. About the same contribution, 62% is calculated
for the snow sample S6. For the snow samples S4 and S4-2, as well as for the surface sample
from Jamtalferner however, this correction does not work, because they are already older than
the assumed Saharan dust age. Here, it is concluded that the fossil fuel correction of 7% was
probably too low and not representing the real conditions. The uncertainty of this correction is
a major problem for all samples from the industrial period.

Vasto ice cave and Grenzgletscher - examples for dating problems caused by dust biases

An impressive example of the '“Cage biasing abilities of Saharan dust, put into the context
of a glaciological investigation, is the dating of the ice core samples from Vasto ice cave. The
uncalibrated results of all 1*C dated POC samples are shown in Fig. 7.12. It is striking that four
samples show a reasonably increasing age with core depth, while two are showing much larger ages,
with deviations of up to 1500 years. These two samples (2B and 11A) were taken directly adjacent
in depth to 2A and 13A. They were the ones with the characteristic red colouring of Saharan
dust. In this case, the biased samples could be optically identified. If the POC concentrations
are very low and optical identification of these horizons is no longer possible, the distinction of
dust biased outliers, especially in older age ranges can be very difficult.
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Fig. 7.12.: POC *Cdating results for samples from an ice core drilled in Vasto ice cave
(Italy). Note the two very high ages produced by obvious Saharan dust input directly
adjacent to unbiased samples.

An example, where this macroscopic distinction is not possible and thus more representative for
the real problems when it comes to dating of high Alpine ice samples, is the POC “C dating of
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block samples from Grenzgletscher (Swiss Alps) collected in summer 2014. All ice block samples
had a very white and bubble rich appearance and no incorporated macroscopic material. Out of
the total 27 ice blocks, only three yielded high enough POC concentrations for '*C dating so far.
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Fig. 7.13.: POC '“C ages of all measurable Grenzgletscher ice blocks. The large errorbars
result from the very small sample masses. Note the coincidence of the dust biased and
not dust biased sample ages (shaded area).

All samples have been *Cdated via the gas ion source, with rather large errors because of the
very small sample masses below 5 pugC. All yielded very low POC contents of 5-14 %and

were thus really at the lower limit of feasibility. The *Cages of the ones large enough to be
dated are shown in Fig. 7.13. Remarkably, the two obviously dust biased samples show no large
age difference compared to the other samples, apart from one outlier. The question is now: is
this agreement a coincidence? Do the non-biased results represent the ice age, as they are in
about the same ranges as the results found by Steier etal. (2006), which were also retrieved by
POC 'Cdating and scattering around 2000 yBP? Or are all samples biased by small amounts of
Saharan dust, which is just not obviously visible. From the *C data alone, this question can not
be answered. Thus the Grenzgletscher samples are an impressive example for the limitations of
the POC *C dating method of ice, when it comes to microscopic material sizes.

Conclusion of the Saharan dust investigations

As a conclusion, the Saharan dust POC C ages of different sample types and a large variation of
sampling sites show overall age ranges from ca. 1000 - 4000 yBP with a mean around 2500 y BP
for pre-industrial samples. Saharan dust must therefore considered to have a large potential of age
biasing effects for POC C dating of Alpine ice samples. Therefore, such dust must be avoided
at the sample selection, where it is obvious. Where it can not obviously be excluded by colour, it
should be tried to separate it from the residual organic material by other methods. Apart from
the separation by application of different combustion temperatures discussed in Section 6.7.1,
this could potentially also be achieved by a size separation. Saharan dust reaching the Alpine
glaciers by long range transport mainly consists of clay minerals with particle sizes below 2 um
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(Tomadin etal., 1996). In soil, degrading organic (humified) substances are able to build very
stable aggregates with these clay minerals (Scheffer and Schachtschabel, 2010), which prevents
them from further degradation and allows ageing of the material. It is therefore assumed, that
the high C ages found for Saharan dust samples are mainly caused by these aged substances
transported along with clay minerals.

7.3.2. Cryoconite

The 4C results of all cryoconite samples collected from the sites described above are shown in Fig.
7.14. They are complemented by three samples from Venedigerkees and Sulzbacherkees, parts of
the Obersulzbach glacier below the peak of Grossvenediger, Austria (for glaciological features see
Fischer etal. (2014)). For comparison with some non-Alpine cryoconite, also three samples from
the Karakoram glaciers (provided by Christoph Mayer (Munich)) have been radiocarbon dated.
Sample parameters and “Cresults of these additional samples can be found in Table A.3.4 in
Appendix A.3.

The first thing to notice is that most of the Alpine samples reveal ages in the same ranges
as the Saharan dust samples around 1500-2500 years BP. This is probably not due to a significant
input of Saharan dust, but caused by the diversity of material that makes up the cryoconite,
containing sediment, soot and microbes (see e.g. MacDonnel and Fitzsimons (2008); Langford
etal. (2010); Xu etal. (2010)).
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Fig. 7.14.: Overview of all cryoconite *Cresults. Note the gradual age increase of the
Grenzgletscher (GGT) samples.

The samples from the Austrian glaciers were all very black and smelly, which on one hand indi-
cates a high soot content and on the other a high living microbial activity. These qualities are
contradicting elements in terms of '*C age, assuming the soot in modern times mainly originating
from fossil fuel combustion. Only the sample from Stubai glacier cave has with ca. 5000 yBP a
much higher age. This sample has been identified as cryoconite mainly because of its very dark
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colour. It was also incorporated in the ice matrix and no surface sample. Therefore it is likely
also influenced by sediment and does not show as much microbial activity metabolising modern
carbon with young C ages than the other samples.

The cryoconite samples collected at Grenzgletscher show a gradually increasing age downstream
(see Fig. 7.5 for sampling sites), which is intriguing at first glance because it follows in principle
the expected age increase of the glacier surface ice. But this would mean, that the major part of
the organic material would have originated from the glacier interior and this is just not plausible.
A more realistic scenario is a difference in the source of the particles within the cryoconite holes.
All Alpine samples show §'3C values around -20 %o, which indicates average organic values and
no large influence of fossil contributions and thus the age differences are likely to be caused by
different origins of the sediment material accumulating in the holes. The ages of the Karakoram
samples are overall younger than the Alpine samples, but still show *C ages up to 600 years BP.
They have a much higher 6'3C values of about -14 %o clearly indicating the influence of C4 plant
material and no large contributions of fossil fuel.

Overall, as appreciated from the possible composition, cryoconite also can have large resevoir
14C ages even if sampled from fresh, active, water filled holes. If these holes are covered again
with ice and are slowly subducted into the glacier ice, this cryoconite material can later be taken
mistakebly for atmospheric aerosol. In such a case, the POC Cice age will be biased to ages
too old and not representing the surrounding ice. With a large age range from ca. 400 yBP to
more than 3000 yBP the quantification of this cryoconite influence is difficult, but nevertheless it
is a first order of magnitude. Therefore, wherever it is possible to identify old cryoconite within
a glacier ice sample for POC *Cdating, for example by high concentrations of microbes, these
sections should be avoided.

7.3.3. Sediment

The “Cages of the surface sediment samples collected at Jamtalferner and from the walls of
Stubai glacier cave are shown in Fig. 7.15. The sediment samples collected at Jamtalferner show
an overall very large age range starting at a '“Cage of ca. 600 yBP going up to almost 17 000
years. The youngest samples Jam 1-1 sed (see Fig 7.4) and Jam 1-2 sed were sandy, but had a very
black appearance and were smelling like rotten organic material. This is an indicator for microbial
activity (see e.g. Hoover and Pikuta (2012)) and thus probably the reason for the comparably
young ages. The other three sediment samples that have been collected from patches, which were
ice free for at least one season showed very high '#C ages. The highest age with ca. 16 800 years
BP, and therefore almost within the last glacial maximum, was shown by the sample from the
highest altitude in the accumulation zone, Jam F-2. This is a significant result and could hint to
the possible age range of glacier formation onset, which has to remain however highly speculative
only based on the present sparse data. Also the other two samples collected from an old side
moraine (Jam M-1) and from a freshly ice free patch a little lower than the oldest sample (Jam
2-2) showed with ca. 6500 yBP and 8000 y BP very high ages compared to all Saharan dust and
cryoconite results.

The samples taken from different dust bands in the walls and basal sediment of Stubai glacier

cave show even higher Cages of up to almost 23 000 yBP measured for the basal sediment.
This impressively shows, that basal glacier sediment is able to conserve very old organic material,
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which then does not represent the surrounding ice age, when folded into the glacier.
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Fig. 7.15.: Overview of all sediment “Cresults. The two samples from Jamtalferner
marked in green (black material) are very young compared to all other samples. They
showed clear indications of living bacterial activity, which is likely the case for the com-
parably young *C ages

As a conclusion, if this openly available very old sediment material is mobilised by wind and
transported onto the glacier surface, it can have a significant age biasing effect, when dated as
POC later within glacier ice. Therefore, obviously sediment rich layers should not be chosen for
POC 'C dating of ice samples under all circumstances.

7.4. General implications for interpretation of POC derived
radiocarbon ice ages

Within this study of potentially age biasing effects on the POC *Cdating of ice samples, for
the first time Alpine Saharan dust, cryoconite and sediment samples have been investigated sys-
tematically together for their intrinsic 14C ages and influences on the POC fraction in glacier ice.
The averaged '*C age ranges found for these materials collected from various sites all over the
FEuropean Alps are summarised in Table 7.5. The overall large intrinsic reservoir ages imply that
the incorporation of these materials into POC samples for ice dating should be avoided by all
means.

This is most impressively shown at the example of Stubai glacier cave, where Saharan dust,
sediment and macroscopic biological remnants could be studied in the ice walls in close vicinity
of only a few meters. The macroscopic bark particle and the larch needle were dated to '4C ages
of 325 and 484 yBP and meet within 1o error range. Unfortunately, this is the age range, where
calibration with the atmospheric C curve is not possible, but still this age range can serve as a
best guess for the representation of the actual glacier ice age. Only because of the lucky finding of
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these macroscopic biological particles, it was possible to judge the POC *C ages from the other
layers in the right way as biased by aged material.

Tab. 7.5.: Summary of the characteristic 1*C ages of different materials in Alpine glacier
ice samples

Material 14C age range [yBP]
Saharan dust

(pre-industrial) 2200 - 2800
Cryoconite 500 - 3500
(modern)

Sediment 600 - 22 000

Where no macroscopic organic particles can be found in the ice and also an identification of Saha-
ran dust or sediment layers is not possible in a sample (see e.g. the example of Grenzgletscher),
other methods must be applied to exclude the potentially biased materials. This can be done
e.g. by size, which could be possible for Saharan dust, or by combustion temperature, which was
demonstrated by the analyses of aerosol samples (see section 6.7.1). The main conclusion drawn
from these results is that for sampling sites, where the microscopic fraction is the only one that
can be dated, the estimation of a glacier ice age is therefore limited. Because of the tendency of
biases to very old ages, POC C ages should be regarded as an upper age limit in most cases.
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8. Results - POC based '“C dating of selected
small Alpine glacier caps

8.1. Cold Alpine ice patches

Small Alpine glacier caps and ice patches at altitudes below 3500-4000 m a.s.l., where under
normal conditions no cold ice bodies can be found (Wagenbach et al., 2012) have recently come
into focus again (see e.g. Haeberli etal. (2004); Haeberli (2005)). Some of these ice patches, like
Titlis glacier (Switzerland), were found to be still cold at the base, frozen to bedrock and very
stagnant (Lorrain and Haeberli, 1990). This characteristic offers the possibility of potentially old,
undisturbed basal ice being conserved. The age of this ice could then provide valuable information
about the time of glacier formation onset. At present, a new project ((C)old ice AT) to investigate
such ice bodies is in progress, led by colleagues from the University an Institute of Mountain
Research, Innsbruck. During a pilote study connected with this project at Titlis glacier, it was
possible to retrieve some basal ice samples for a first application of POC *C dating. Another
research target within this project about cold ice patches is Vadret dal Corvatsch (Switzerland),
where the glacier base is still cold as well (Hager, 2002) and already an ice core has been drilled
in 2007. Here, it was envisaged to apply the improved POC C method of this work to back up
earlier measurements of May (2009), which showed a very large measurement error.

8.2. Site descriptions

8.2.1. Titlis glacier cave, Swiss Alps

Titlis glacier cave is an artificial cave carved out along the bedrock of Titlis glacier at the summit
of Chli Titlis (near Engelberg, Swiss Alps) at an altitude of 3020 m a.s.l. The cave has already
been constructed more than 25 years ago for touristic purposes and allows easy access to the basal
ice of the glacier along bedrock. A schematic outline of the cave and a view inside the tunnel are
shown in Fig. 8.1 and 8.2. The glacier has a maximum thickness in this area of ca. 20 m, but
especially in the entrance part of the cave this is nowadays probably rather in the order of 6-8m
(Bergbahn Titlis pers. comm.). The walls of the cave show a very distinct layering including very
dark layers and especially near bedrock very much sediment-like material.

In 2014 and 2015, two reconnaissance campaigns have been realised, together with new mea-
surements of the englacial temperature. The basal ice temperature in August 2015 was still
about -1 °C, so after 25 years (see Lorrain and Haeberli (1990)), the glacier cap can still be con-
sidered to be cold and frozen to bedrock despite substantial surface melting. In total three spots
in the cave walls have been sampled for ice blocks with a chainsaw. Two profiles were cut out
near the entrance of the cave, probably close to the spot where also Lorrain and Haeberli took
samples for water isotope analyses 25 years ago. The third spot was about 20 m deeper in the
cave.
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strong
layering

Fig. 8.1.: Schematic view of the out- Fig. 8.2.: View into the ice
line of the ice tunnel at the summit tunnel at Titlis glacier (2015).
of Chli Titlis. Today the cave is ex- A level floor has been con-
tended to a U-shape, roughly marked structed by freezing water.
in red. Adapted from Lorrain and Hae- Note the distinct layering visi-
berli (1990). ble in the walls.

Pictures of the three sampling sites can be found in Fig. A.11 in Appendix A.4, sketches of the
sampling sites are shown in Fig. 8.5 and 8.6. All profiles were cut down to bedrock, where the
deepest part of the first profile from 2014 showed a section of very clear, bubble free ice. The
origin of that section is up to now not entirely clear, but crystal fabric investigations showed
strong signs of meltwater influences (pers. comm. Johanna Kerch). This clear ice section was
not present in the other two profiles.

8.2.2. Vadret dal Corvatsch (Piz Murtel), Swiss Alps

Vadret dal Corvatsch is a small glacier cap on top of Piz Murtel (3433 m a.s.l.) in the Upper
Engadin, Switzerland. Pictures of the glacier cap in 1998 during a strong melting event and
2007 are shown in Fig 8.3 and 8.4, with a strong layering visible at the flank. A more detailed
description of the glaciological settings can be found in Haeberli et al. (2004) and May (2009).

In winter 2007, in cooperation with the University of Ziirich, an ice core (VCL) has been drilled to
bedrock, about 100 m below the peak (see Fig. 8.4). Along many other ice impurity investigations
(see e.g. Rau (2008)), '*C measurements of DOC and POC over the whole core length have been
carried out by May (2009). The POC Cresults indicate a basal ice age of ca. 7500 yBP, but
exhibit very large errors of up to 100% for most data points.
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Fig. 8.3.: Crest of Vadret dal Cor- Fig. 8.4.: Vadret dal Corvatsch in
vatsch in summer 1998 (picture by winter 2007. The VCL core drilling
Martin Hoélzle), strong melting re- site is marked. Picture by Barbara
vealed the glacier ice surface May

8.3. Presentation of radiocarbon results

For Titlis glacier cave five different ice blocks, extracted from the cave walls by chainsaw, have
been POC '“Cdated. Three samples were processed in the REFILOX and four in the offline
(ending-S in Table 8.1) system.

Tab. 8.1.: POC “C dating results for the samples from Titlis glacier cave and the one
sample from the VCL core. The Titlis samples with ending -S have been processed in
the offline filtration system, the others in the REFILOX, also the VCL sample. The VCI
samples are complemented by the results of May (2009) for the sample VCL 38.

HCa 1C age

14 g€corr gecal 13
Sample name | POC [ugC] F4C .orr [yBP] [yBP] 33 C [Yoo]
Titlis 1.2.9 9.5 0.818 L 0.008 | 1323 173 | 1180.1305 | 222
Titlhs 1-9-S 177 0.702 £ 0.007 | 2848 £ 78 | 2861-3070 | -25.3
Titlis 2.3-9 80.7 0551 £ 0.007 | 4784 £97 258
Titlis 2-3-340 13.6 0.610 £ 0.000 | 3974 £ 125 | 4237-4615 | -29.2
Titlis 2-3-800 20.7 0.490 £ 0.011 | 5735 & 187 29,9
Titlis 2-3 0.561 + 0.010 | 4687 + 106

average

Titlis 2-6-340 201 0.754 £ 0.009 | 2270+ 99 | 2122-2378 | -32.8
Titlis 3-5- 56.2 0568 £ 0.006 | 4539 = 89 | 5047-5319 | -25.8
VCL 38-fotal 26.2 0.904 +0.009 | S07T+79 | 811478 | -26.4
this work

VCL 38

(May, 2009) 7.8 0.990 & 0.050 | 80+ 404 | 408 + 408 | -28.7
VOL 38-CTA

(May, 2009) 7.9 0.920 +£ 0.102 | 667 + 887 | 727 £ 717 | -13.1
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All samples showed very high contents of visible material, dark bands in the ice and a lot of small
stones and sediment material in the section closest to bedrock. Even though it was tried to avoid
the visible dark layers and sediment contaminated parts, all Titlis samples exhibited a thick layer
of very black material on the filter surface after filtration. From the VCL core, only one sample
could be dated during this work, because the available core material was very limited. All results
together with two results from VCL measured by May (2009) are shown in Table 8.1 All samples
have been C dated via the gas ion source at the MICADAS AMS in Mannheim with an average
statistical error of 1-2 %.

8.3.1. Discussion of radiocarbon results
Titlis glacier cave

The Titlis samples showed overall very large POC concentrations starting at 500 % of up to
almost 4 mgC/kg ice. Even in samples, which had no large obvious material inclusions. This
is remarkable and has not been observed in any other Alpine ice samples during this work. By
the optical appearance and together with the lessons learned from the analyses of potentially age
biasing materials, they could probably have a large contribution of old cryoconite. To confirm
this, chemical and biological analysis of the material composition would be needed, which are
planned, but have not been carried out so far. Also the VCI sample had a high POC content of
187 % and the material collected on the filter had very similar optical appearance as the Titlis
samples. This must however up to now be considered as coincidence, until further analyses of the
material.
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Fig. 8.5.: Schematic view of sampling site one (2014) and two (2015) with the calibrated
14C ages shown in red.
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All radiocarbon ages have been calibrated using OxCal 4.2 an the calibrated ages within 1o range
are shown in Fig. 8.5 and 8.6. For block 2-3, which has been processed both in the offline filtration
(5 w silver membrane filter) system and the REFILOX, only the result of the 340 °C fraction has
been calibrated. This fraction will according to section 6.7.1 give the best representation of
actual ice age. In this context it is worth to notice that the average uncalibrated “Cage of
both REFILOX temperature fractions (calculated according to eq. 6.14) with (4687 £+ 106) yBP
almost exactly hits the result of the offline filtration system combusted completely at 800 °C. This
indicates a high comparability between both systems.

The conventional '“C ages of the basal blocks 2-3 and 3-5 differ about 400 years on average. This
difference in the calibrated ages shown in Fig. 8.5 and 8.6 is due to the fact, that for block 2-3 only
the 340 °C result has been calibrated. If the averaged uncalibrated *C age for both temperature
fractions of block 2-3, (4687 £106) is compared to the *Cage of block 3-5, both values meet
in the one sigma range. Therefore they agree extremely well. Considering the findings about
the optimal combustion temperature, the calibrated age of block 2-3 will however give a better
estimation of the real ice age.

ca. 8 cm Block 1-9 form the 2014 profile showed a *C age
— bubbly ice significantly younger. This could possibly be
T ] caused by the close proximity to the clear ice
layer, which was probably melted at some point.
Thus it may be influenced by younger material
penetrating the ice in the past. This needs how-
[ 5047 - 5319 cal yBP ever to be backed up by further analyses of adja-
5 cent blocks. The blocks recovered from higher
positions in the wall (2-6 and 1-2) show ages
gradually getting younger with higher block po-
\ sitions, which is reasonable, if the layers of the

. glacier have formed chronologically and have
3.6 | A B‘ C| not been folded or mixed in another way. An
bedrock age step from the basal ca. 5000 yBP to ca.

60 cm 1200 yBP only two meters above is nevertheless
significant. The course of 1*C ages over the up-

per part of the wall needs thus also needs to be

Fig. 8.6.: Schematic view of sampling investigated by additional '*C measurements of

site 3. The calibrated age of block 3-5 other block samples.
in red

3-1

3-2

ca. 160 cm

3-4 clear ice

With the knowledge derived from the analyses of potentially age biasing materials, all Titlis
14C ages should be regarded as upper age limits. This is due to the remaining possibility of age
biases caused by incorporated old cryoconite or sediment material, which would lead to a system-
atical overestimation of the sample age. As a hypothesis based on the present data, the maximum
age of the basal ice of Titlis glacier can thus be estimated to be likely not older than 4237-4784
years BP (calibrated age of 340 °C fraction of block 2-3).

The dating of samples from Titlis glacier cave can thus be treated as a successful application

of the POC dating method, where the problems of very small sample sizes were not present
and there is no reason to question the retrieved “C results from a methodological point of view.
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However, for a more detailed interpretation of the results in terms of glacier age and onset of
formation, chemical and biological analyses of the dated material are necessary.

Vadret dal Corvatsch

The main purpose for analyses of a VCL core sample additionally to the samples measured by
May (2009), was to narrow down the large errors applying the improved POC extraction method
and confirm the basal ages. The sample VCL 38 processed in the REFILOX system (total com-
bustion at 800 °C, to ensure comparability) within this work indeed shows a relative measurement
error of ca. 1%, which is five to ten times lower than the ones retrieved by May (2009). In that
study, two samples out of VCL 38 were filtered, the first one directly (quartz fibre filter, 800
°C) and the second in succession of the continuous flow analyses (CFA). The error of this second
sample is thus almost double of the one directly filtered, because the CFA measurement produces
a higher blank contribution in the POC. The massive error reduction of the sample processed
during this study is due to the major improvements of methodology and blank reduction reported
in Chapter 6. The absolute age retrieved in this study agrees within error almost with the former
results. The result is an important contribution to the confirmation of basal ice ages at Vadret
dal Corvatsch and it is envisioned to continue the POC dating in more sections of the core, where
the old results show the largest errors.

The two examples of Titlis glacier cave and Vadret dal Corvatsch show the capability of the
new POC '4C measurement method. However, the POC dating of these ice samples was not addi-
tionally complicated by very small sample sizes. This is the case for samples from Colle Gnifetti,
which will be discussed in the following Chapter.
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9. Results - POC based '*C dating of a new ice
core from the high Alpine firn saddle Colle

Gnifetti (Swiss Alps)

9.1. Glaciological site description, available ice cores and dating
challenges

9.1.1. Glaciological characteristics of Colle Gnifetti

Colle Gnifetti is a cold firn saddle in the summit regions of the Monte Rosa Massif, Swiss Alps
(see Fig. 9.1). It has a distinctive saddle geometry of only a few hundred meters spatial extension
between the peaks of Zumsteinspitze in the north west and Signalkuppe in the south east. To
the east, the saddle is confined by a steep, overhanging ice cliff, to the west it flows down the
mountain flank and forms the catchment area of Grenzgletscher (see Fig. 9.2).

Fig. 9.1.: Location of Colle Gnifetti in the European Alps. Adapted from Wagenbach
etal. (2012).

The Colle Gnifetti is located at an altitude of 4450 m a.s.l., which is high enough to guarantee
perennial air, firn and ice temperatures below 0 °C (Haeberli and Funk, 1991; Hoelzle et al., 2011)
and therefore makes it a so called cold or non-temperate glacier. These low englacial temperatures
are a main prerequisite for the capability of a glacier body to serve as a stratigraphic climate
archive. Only by the complete preservation of precipitation without loss or mixing of material
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Gnifetti (Swiss Alps)

during melt events, a continuous archiving of climate signals is possible (see e.g. Wagenbach
etal. (2012)). Colle Gnifetti however has due to its exposed location a very complex and variable
accumulation regime, with very low net accumulation rates rarely exceeding 1 m w.e./year (see
e.g. Haeberli et al. (1983); Haeberli and Alean (1985); Liithi (2000)). Especially on the southern
flank, where all ice cores discussed in this study were drilled, the net accumulation is typically
below 0.5 m w.e./year.

@ Zumsteinspitze l\

ice cliff
CG 03
®

-

Zumsteinspitze

(KCI)'@

'0 Grenzgletscher S : \:: 3 “ ‘. l I. ‘
to Grenzgletsch B\ / “I
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, ieefow 4 s \ Bergschrund |///| Signalkuppe
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Fig. 9.2.: View of the saddle of Colle Fig. 9.3.: Schematic view of
Gnifetti from the top of Signalkuppe in the all deep ice core positions and
south east. Note the locations of the cores names, where drilling was led
KCC and KCI on the same flow line. The by the TUP Heidelberg (red)
picture was taken during the 2013 drilling and the core CGO03 drilled by
campaign. the Paul Scherrer Institute.

Together with the small total thickness of the glacier body in the order of 100 m (Wagenbach

et al.,

2012), this leads to a rapid layer thinning with depth (Bohleber et al., 2013), but also basal

ages of more than 1000 years BP can be expected (Wagenbach etal., 2012). This makes the
Colle Gnifetti until now a unique climate archive in the European Alps. The main glaciological
characteristics of Colle Gnifetti can be summarised to:
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glacier body frozen to bedrock, basal temperature in 2014: -12.4 °C
(pers. comm. Martin Holzle)

due to wind erosion, only ca. 10% of annual precipitation is preserved with strong bias to
wet summer snow, no closed system in terms of precipitation (Wagenbach et al., 2012).

overall low and spatially highly variable net snow accumulation,
ca. 0.15 - 1.2 ™2 (Bohleber etal., 2013))

total loss of annual precipitation by wind erosion over the ice cliff is possible

low net accumulation together with small glacier thickness (60-140 m) leads to rapid layer
thinning with depth, but also high expected basal ice ages



9.1 Glaciological site description, available ice cores and dating challenges

9.1.2. Colle Gnifetti ice core material and data available for this study

So far, five deep ice cores have been drilled at Colle Gnifetti under the lead of the IUP Heidelberg,
the first in 1982 and the last in 2013. The core positions, mainly located on two divergent flow
lines, are shown in Fig. 9.2 and 9.3. An overview of all key parameters of the ice cores drilled
under the lead of IUP together with the characteristics of the core CGO03, drilled by the Paul-
Scherrer-Institute, Switzerland (PSI), is given in Table 9.1. The core CG03 was included, because
it will be used for data comparison in section 9.5. For the IUP cores, CC, KCS and probably
KCC reached bedrock, indicated by the appearance of yellow silt in the KCS (Keck, 2001) and
small stones as well as a strong change in the microstructural characteristics induced by a large
load of mineral dust (pers. comm. Johanna Kerch) in the KCC. This work mainly focuses on the
latest core, KCC.

Tab. 9.1.: Key parameters of all deep Colle Gnifetti ice cores drilled under the lead of
the IUP Heidelberg, together with the core CGO03 drilled by the Paul-Scherrer-Institute
(PSI). The firn ice transition is defined by a density of 0.83 —25; for all cores without

KCC. Table adapted from Bohleber (2008).

cm

Name CC KCS KCH KCI KCC CGO03
Depth absolute [m] 64.10 100 60.30 61.84 71.81  80.18
Depth [m.w.e] 40.85 78.65 45.02 4844 53.77  62.79
Year of drilling 1982 1995 1995 2005 2013 2003
Accumulation [m.w.e./a]  0.22 051 023 0.14 0.22 0.46
Firn-ice-transition [m.w.e.] 20 28 22 17 21 no data

This core was drilled in August 2013 in close collaboration with the Institute for Climate and
Environmental Physics in Bern and the Climate Change Institute of the University of Maine.
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Fig. 9.4.: Cutting plan of the KCC
ice core and method attribution of the
aliquots.

The drilling site was chosen to complement the
KCI core on the eastern, low accumulation flank
of Colle Gnifetti. The core is with almost 72 m
total length the second longest of the IUP cores
and of very good quality. It was dedicated to
the application of several state of the art ice
core investigation methods, to create the opti-
mal set of parameters for the retrieval and in-
terpretation of climate signals. These methods
include high resolution continuous flow analy-
sis (CFA) for dust, chemical composition and
water isotope analyses and, for the first time,
Laser ablation ICP-MS for high resolution im-
purity measurements.
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9. Results - POC based '“C dating of a new ice core from the high Alpine firn saddle Colle
Gnifetti (Swiss Alps)

Together with a 3D flow model, this dataset is the most comprehensive pool of information
retrieved from one single Colle Gnifetti ice core so far.

9.1.3. Challenges in Colle Gnifetti ice core dating and previous '*C dating attempts

High basal ice ages can only be achieved by a rapid layer thinning with depth (and the glacier
being frozen to bedrock), which in turn leads to a very non-linear age-depth relationship. This,
together with the highly variable accumulation rate with potentially missing annual layers, makes
the development of a core chronology a large challenge. The chronologies of all IUP Colle Gnifetti
ice cores are so far based on the identification of absolute time markers (like the bomb peak at
1963 A.D. or well documented Saharan dust events), annual layer counting (based on CFA data)
and age depth models (see Schéfer (1995); Armbruster (2000), Keck (2001) and Bohleber (2008)).
For the new KCC core, the following dating methods have been applied so far (pers. comm.
Pascal Bohleber):

¢ Identification of absolute time markers: Bomb peak: depth of 11.18 m w.e. (20.84 m abs.);
large Saharan dust falls in 1977 AD and in 1901 AD (pers. comm. Pascal Bohleber)

e CFA (setup by University of Bern (Rothlisberger et al., 2000; Kaufmann et al., 2008)) based
annual layer counting (NHy signal), depth resolution ca. 0.5 cm

e Laser ablation ICP-MS based annual layer counting (Ca and Na signal), depth resolution
ca. 100 pm (for method see Sneed etal. (2015))

The resulting preliminary working chronology was not developed within this study, but will be
discussed with respect to the *Cdata in Section 9.3. All conventional cm-resolution counting
methods and absolute time markers are however restricted in reliability to the last few hundred
years, because potentially missing annual layers and multi-year-cycles can occur with increasing
depth (Bohleber, 2008). These effects introduce a cumulative age error, which is estimated to at
least 10%. The high resolution laser ICP-MS technique can only reduce but not eliminate this
error. There are many possible sources of uncertainty, which are not yet completely evaluated.
The most important sources of these uncertainties are:

e No absolute age markers available so far in the lower half of the core, thus increasing
cumulative counting error with depth.

e Potential discontinuities in glacier flow, which do not have to be visible in the structure of
the ice, causing discontinuities in layering.

e Laser ICP-MS layer counting has been performed based on the calcium and sodium signal,
which has a ca. four times lower seasonal amplitude than the usually used ammonium
(Preunkert et al., 2000).

The assessment of the dating uncertainty of the annual layer counting chronology was however out
of the scope of this work, and the chronology will thus be treated as the best working hypothesis
available so far.

For the deep and oldest parts of the cores, thus C dating is the only option to extract direct
and absolute age information from the ice, which is the main goal of this study.
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® PO“C May 2009
annual layer counting
A absolute horizons
—— Bohleber 2008
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The first attempt of *C dating of Colle Gnifetti
ice cores at the IUP was carried out by May
(2009). Because dating via analyses of the
DOC fraction was not possible due to in situ
14C production (see chapter 4), the only ra-
diocarbon dates available so far are based on

depth in m.w.e.

POC analyses. They major drawback of these
14C dates are very large uncertainties (see Fig.
9.5 for data from the KCI ice core), mainly due
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Fig. 9.5.: POC “Cdating attempts
of the KCI core by May (2009) to-
gether with absolute time markers, an-
nual layer counting and a simple flow
model (Bohleber, 2008). Note the very
large age uncertainties of the *C data.

to a very high and variable process blank.

Within this work, large methodological im-
provements, mainly a massive blank reduc-
tion, resulting in much smaller measurement
errors, have been made (see chapter 6). Com-
pared to the errors reported in May (2009) (40-
100%), the errors for the most important sam-
ples (340°C fraction) could be reduced within

this work by a factor of ten or more.

Together with a better understanding of possible reservoir effects in the POC fraction, these
improvements form a solid base for a new attempt of POC radiocarbon dating of Colle Gnifetti
ice cores, namely the KCC.

9.2. Sample selection, presentation of radiocarbon results and blank
correction

For the POC “C dating of the new KCC ice core from Colle Gnifetti, samples from 16 different
core depths have been selected in two sets, one using the offline filtration system and silver
membrane filters, the other using the REFILOX system and quartz fibre filters (see Table 9.2).
The main sample selection criteria were:

e The samples should be taken below the firn ice transition (21 m w.e.) to ensure that the
decontamination routine can be applied successfully.

e The samples should be expected to be older than about 400 years based on the existing
chronology, to avoid the anthropogenic biased industrial period and the age range where
14C ages can not be calibrated unambiguously (see section 2.2.4).

e Significant high dust and conductivity contents should be avoided to minimise age biasing
effects (see section 7.3) together with large variations in the 8'®O signal, which could hint
to changes in the accumulation regime larger or climatic effects.

e An age range where the error of the annual layer counting chronology is still far below the
14C dating error should be covered to verify this chronology, together with samples from the
very basal section of the core where all other dating methods fail.
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9. Results - POC based '“C dating of a new ice core from the high Alpine firn saddle Colle

Gnifetti (Swiss Alps)

Tab. 9.2.: Key sample parameters and POC *C results of all samples from KCC ice core.
Samples with ending -S have been processed using silver membrane filters in the offline
filtration system, samples with ending -R in the REFILOX. M;.. denotes the sample ice
mass and meo,, the blank corrected carbon mass. The 4C values measured in the 800°C
fraction of the REFILOX samples and the samples pretreated in the offline system haven

been blank corrected. All *Cresults are reported as fraction modern carbon F4C.

Sample name

| Depth [m w.e.] | Micc [g] | meor [1gC] | POC [¥F] | FMC o | oF!C

KCC 61/62-S 35.00 + 0.27 360 41 11 0.838 0.153
KCC 68-S 38.14 + 0.19 290 15 16 0.908 0.145
KCC 69-340-R 38.46 + 0.16 304 3.2 0 0.914 0.029
KCC 69-800-R 38.46 + 0.16 304 35 0.624 0.253
KCC 70/71-340-R 39.21 + 0.23 386 1.1 s 0.955 0.050
KCC 70/71-800-R 39.21 £ 0.23 386 5.9 - -

KCC 71/72-S 39.64 + 0.23 355 5.4 16 0.808 0.111
KCC 75/76-340R 4133 £ 0.23 438 5.9 2 0.875 0.052
KCC 75/76-800-R 1133 £0.23 138 8.0 0.340 0.115
KCC 77a/b-S 4217 + 0.18 284 2.7 10 0.947 0.275
KCC 81/82a-S 44.19 £ 0.23 340 5.4 16 0.948 0.143
KCC 83/84-1-R 1512 £ 0.27 460 1.9 o 0.942 0.018
KCC 83/842R 1512 £ 0.27 160 2.7 0.490 0.397
KCC 84-S 45.69 + 0.14 290 2.2 8 0.826 0.321
KCC 86-340-R 16.33 £ 0.23 404 6.6 2 0.933 0.062
KCC 86-800-R 16.33 £ 0.23 404 5.0 0.654 0.247
KCC 88/89-S 47.84 £ 0.23 378 6.0 16 0.903 0.107
KCC 89/90-340-R 4338 £ 0.23 400 5.3 0 0.905 0.048
KCC 89/90-800-R 1838 £ 0.23 400 5.0 0.294 0.175
KCC 94-340-R 50.5 + 0.18 277 7.9 0 0.848 0.067
KCC 94-800-R 50.5 & 0.18 277 5.1 0.653 0.242
KCC 97 a/b 340-R | 51.9 £ 0.18 280 83 o3 0.801 0.014
KCC 97 a/b 800-R | 51.9 £ 0.18 280 6.4 0.409 0.155
KCC 100-340-R 53.3 £ 0.16 250 10.6 0 0.638 0.015
KCC 100-800-R 53.3 £ 0.16 250 125 0.354 0.075
KCI 53-340-R 33.9 + 0.18 656 74 0 0.921 0.029
KCT 53-800-R 33.0 £ 0.18 656 73 0.566 0.144
KCI 59-340-R 385 + 0.18 388 5.4 10 0.854 0.019
KCI 59-800-R 385 £ 0.18 388 10.1 0.282 0.078

Additionally, two samples from the KCI core have been selected for inter-core age comparison.
Based on the insights from the blank measurements and error estimations in chapter 6, samples of
about 500 g ice mass were targeted. However, compromises between comfortable sample sizes and
depth average had to be made with prevention of large dust peaks. Thus, the depth ranges var-
ied between 30 and 60 cm with sample masses after decontamination between 250 and 460 g of ice.

The dust and NHI signal were chosen as the best indicators for the amount of expected or-
ganic material (see Section 2.1.1). The integrated dust content of a sample, which includes
inorganic and organic particles shows a strong linear dependence (see appendix, section A.5.1)
with a correlation coefficient of R=0.9 with the sample POC mass in the 340 °C combustion
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fraction. Therefore, even though very large and distinct spikes in the dust signal were avoided,
it was tried to choose sampling ranges of average instead of very low dust contents to guaran-
tee measurable POC contents within the samples. Higher dust values indicate summer samples,
which also contain more NHy indicating organic material (Preunkert and Legrand, 2001) than
the very low concentration winter samples and thus should also yield higher POC masses.

The results produced with the offline system using silver membrane filters (5 wm pore size) and
the REFILOX 800°C F'4Cresults have been blank corrected, according to the blank mass 7y and
blank F'C value F}, reported in table 6.6:

my (REFILOX) = (1.5 + 1.0) F, (REFILOX) = (0.574 + 0.03)

my (silver) = (0.5+0.4) F,, (silver) = (0.523 £0.12)

And by use of relation 6.2:

F,,-mg, — F,-my

F, =
My — My,
The results for the 340 °C fraction of the REFILOX samples have not been blank corrected,
because the blank was below detection limit. The results reported in table 9.2 are the base for
all latter calculations.

9.2.1. Overview of the POC “C results

In a first set of measurements, samples from seven different core depths below the firn-ice-
transition have been selected and were processed in the offline filtration system using silver mem-
brane filters with a pore size of 5 um. All POC samples have been combusted completely at 800
°C and were “Cdated via the gas ion source. The results are shown in Fig. 9.6. The blank
corrected 4Cages together with the uncorrected raw data is shown. The large error bars of the
blank corrected values result from the rather high uncertainty (23%) of the blank F4C for the
offline filtration system. Blank correction shifts the results to younger ages, but there is no trend
in both datasets, corrected and uncorrected results.

In the second set of measurements, samples from 9 different core depths have been processed
in the REFILOX system using the two-step combustion at 340 °C and 800 °C. The uncalibrated
14C ages of both combustion fractions are shown in Fig 9.7. The results of the low combustion
temperature show a gradual age increase with depth, while the high temperature results are on
average almost 4000 years older and show a large scatter. The big error bars result again from
the large uncertainties of the blank mass and blank F!C.
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34 — 7T T T T T T T T T T T T T T T 1

36 B “Cageuncorr. | -

] ® 'C age corr.
B4 o w .

40+ .
';:‘ 42‘- ® = i | .
244—40—4—I—0—< .
%_ 46—- @ t = t 1]
a)

44—+ .

50 -

54 bedrock
T T T T T T T T T T T T T T T T T

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

C age uncalibrated [yBP]

Fig. 9.6.: Uncalibrated POC 'C ages of samples processed in the offline filtration sys-
tem using silver membrane filters (5 wm poresize). No age increase with core depth is
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Fig. 9.7.: Uncalibrated “C ages of the 340 °C (green) and 800 °C (black) fractions. The
large errorbars of the 800 °C results are caused by the blank correction. Note the large
age offset between both fractions.
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9.3 Discussion of POC C results

9.3. Discussion of POC “C results

9.3.1. First dating attempt applying silver membrane filters and the offline system

For the Colle Gnifetti, the largest source for deposition of already aged POC material is long
distance transport of soil material (e.g. Saharan dust (Wagenbach etal., 1996)). Long range
transported Saharan dust mainly consists of particles within the clay mineral fraction (< 2 pm),
which was for example shown in Tomadin et al. (1996). In a first POC *C dating attempt of the
KCC ice core it was therefore envisaged to remove this potentially age biased organic particle
fraction by size selection under use of a silver membrane filter with 5 wm nominal pore size and
not by application of different combustion temperatures. This was done because the overall ex-
pected carbon sample sizes are with < 10 pgCalready in the lower range of measurability and
a further subsection of the POC fractions could lead to very high dating errors because of the
bad counting statistics and large influences of the blank correction. An influence of any fossil fuel
POC combusting on the high temperature fraction can be excluded for pre-industrial ice samples.
However, the Cresults of these samples, shown in Fig. 9.6 show a large scatter between 500
and 2500 years BP with no trend in the dataset. Not even an overall increase of C ages with
core depth, which should be a general criterion. Also the blank correction does not change this
observation, apart from largely increasing error bars.

Based on these results, it was decided that the size separation of age biased material by choice
of a filter with a larger pore size is not successful, probably due to partial clogging of the pores,
which then also allows retention of smaller particles and no sharp size selection.

9.3.2. General findings for POC “C results retrieved via the REFILOX system

The second set of samples from KCC was processed in the REFILOX system under application
of the two-step combustion method despite the initially expected smaller sample sizes.
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Comparing the retrieved POC concentrations

*7 Eogcg:agze HE Sl from the silver filter method and the quartz fil-
*7 e ® 1 ter method (see Fig. 9.8), it is however obvi-
— 7 o, 1 ous, that for the quartz filters in the compara-
aé' :j: - . ble depth section (excluding the three deepest
% 6l = . 1 samples) the average retrieved POC concentra-
8 ] . . 1 tion is with ca. 23 % almost twice as large as
50 . 1 the one of the silver membrane filters (13 % )
52 membrane | | . 1 Dbut still very low. This is on one hand prob-
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Fig. 9.8.: Comparison of retrieved filter handling as described in Chapter 6. An-
POC concentrations for the offline fil- other striking finding is the strong increase of
tration system and the REFILOX. The POC content near bedrock to a factor of four of
respective averages are marked by the the average value. This is probably caused by
dashed lines. Note the strong increase incorporation of basal sediment into the ice ma-
in the basal core section. trix (indicated by blurring of the ice) inheriting

a higher organic content.
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The uncalibrated '*Cresults shown in Fig. 9.7 show a gradual increase of age with core depth
in the 340 °C fraction, which is not visible in the 800 °C fraction. The high temperature results
are scattering around an average age of ca. 5000 y BP. Based on the results of the CARBOSOL
aerosol filter analyses, it was expected to see a principle bias to older ages in the high temperature
fractions, because on this fraction potentially aged organic matter combusts (see Section 6.7.1).
On the other hand, the lower temperature fraction should mainly consist of organic material
originating from the recent biosphere and thus give the best representation of the glacier ice age.
Therefore, only the 340 °C fraction is considered in the following discussions.

9.3.3. Assessment of determined radiocarbon ages with respect to expected dating
scenarios

For a better evaluation of the MC results retrieved via the 340 °C fraction, a comparison of the
14C ages with the independently determined dating scenario based on annual layer counting and
a preliminary flow model was done. Therefore, the measured *C ages have been calibrated using
OxCal 4.2 (see Section 2.2.4). The calibrated ages with 1o error bars are shown together with
the annual layer counting chronology in Fig. 9.9. The data can be found in Appendix A.5.2.
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Fig. 9.9.: Calibrated “C ages of the 340°C POC fraction together with two dating sce-
narios based on combined CFA and laser ablation annual layer counting (blue) with a
10% error range and a preliminary age-depth model. The *Cresults seem to follow the
course of the model. At present state, the model uses however glaciologically unreal-
istic assumptions. Note the systematical offset between the *Cages and the counted
chronology.
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The main findings of this comparison can be summarised to:

The samples within the bottom 10 meters of the core show a fast age increase of ca. 2500
years from (543 £+ 160) to (3216 + 283) yBP with depth.

A large systematical offset between the *C ages and the layer counting chronology is ap-
parent. In the bottom 10 m of the core, the deviation is more than 2500 yBP.

The “Cresults seem to follow the course of the preliminary age depth model (pers. comm.
Carlo Licciulli), with a constant age offset of ca. 250 years. This model uses however at
present state too high vertical velocities resulting in largely overestimated accumulation
rates of more than 1 m w.e.. It is thus up to now not representing realistic glaciological
conditions.

The three samples above 43 m w.e. however seem to follow a different course with an age
increase from 736 - 1007 yBP over 4 meters of depth.

Sample KCC 70/71 at a depth of 39.21 m w.e. shows a very large error, which is due to
the very small sample size of 1.1 pgC and was the smallest sample measured via the gas ion
source so far.

Disregarding the sample KCC 70/71 with the large error, especially sample KCC 75/76 at
41.33 m w.e. seems to be biased within the course of the *C ages to a higher value.

One reason for this apparent offset of sample KCC 75/76 could be the location of the sample
right above the 4th largest dust peak of the whole core (see Fig. 9.10, a picture of the sample is
shown in Appendix A.5.3).
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Fig. 9.10.: CFA data (dust and NHy) for sample selection (pers. comm. Tobias Erhardt,
Bern). The blue box marks the depth range of the sample. Note the proximity to a very
large dust peak (logarithmic scale).

This peak has actually been avoided at sample cutting, but possibly the separation was not sharp
enough so this sample could still have incorporated some fraction of the dust peak. Additionally,
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the temperature separation of old organic material could have not entirely worked. A hypothet-
ical correction of this sample to the age level of the following sample at 45.12 m w.e. depth by
an assumed Saharan dust bias (calculated with an average dust age of 2600 yBP, see chapter 7)
would lead to a biasing dust mass of 1.6 ugC . This is about 27 % of the total sample mass. Thus,
such a bias is considered to be not unrealistic. Another possibility for the age deviation of sample
KCC 75/76 will be discussed in section 9.4.3.

There is an apparently strong correlation between the completely independently developed model
and the "Cresults. The curvature and shape of the age depth relation is very similar to the
course of the *C data with a comparably small offset even in the basal section. At present devel-
opment state, the model however uses vertical ice velocities, thus accumulation rates, which are
up to four times higher than the observed values in field measurements. It is thus not yet able to
represent realistic glaciological conditions and gives an additional hint to some systematical bias
of the "Cresults to younger ages than expected.

As an intermediate conclusion, from a methodological point of view there is no reason to question
the retrieved *Cresults. All results could be measured with reasonable relative errors of

1-10 % and there were no hints for measurable blank contaminations or isotope fractionation in
the sample preparation system. In the following, other possible reasons for this systematical age
difference of both dating methods will be discussed.

9.4. Discussion of potential reasons for the age difference between
POC C dating and annual layer counting
In this section, the possibility of artificial contaminations and natural effects causing the large

systematic offset to young ages from the annual layer counting chronology will be analysed. These
possible age biasing effects are:

1. Insufficient blank correction
2. Incorporation of over-modern matter

3. Incorporation of in situ "Cinto the POC fraction

09.4.1. Insufficient blank correction - artificial bias

A possible reason for the large age offset could be an insufficient blank correction of the results.
No procedure blank has been observed on the 340 °C fraction so far during the processing of liquid
ultrapure water, so the '4Cresults have not been blank corrected. If this assumption is not true
and there is a blank contribution introduced by insufficient decontamination of the sample surface
or additional input of material during ice sample handling, this would not be represented by the
liquid water blank samples. Thus, hypothetical blank scenarios will be discussed to evaluate
this possibility. Two hypothetical blank corrections have been performed under the following
assumptions:

1. Fixed blank masses my, = 1, 2 and 5 pugC and variable blank F14C

2. Fixed blank F!*Cto modern atmospheric values and variable blank masses
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annual layer counting

Overall, the hypothetical blank needs to have a higher F!*C value than the samples to shift them
to older ages during correction according to eq. 9.1. The according annual layer counting age for
each sample depth was used as the expected value of the sample F14C . Therefore, the two deepest
14C samples have not been considered, because of a missing reference value. Together with the
measured sample masses my,, the measured F14C,, values and assumed blank masses my, the
resulting hypothetical blank F'C values, which are necessary to adjust the measured results to
the annual layer counting chronology have been calculated. The results are shown in Fig 9.11.
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The main findings of the hypothetical blank estimation with fixed blank masses are:

55

e For an assumed blank mass of 2 ugC, which is in the range of the measured values for the
800 °C fraction, for the samples below 45 m w.e. a highly over-modern blank F'4Cwould
be needed for correction, almost reaching the highest bomb peak values.

e For a blank mass of 1 pgC, which is in the range of the observed values for blank ice samples
of the offline system, this effect is even stronger.

e Only for blank masses of 5 ugCor more, the “Cvalues would drop below the modern

atmospheric value.

e Blank masses can not exceed the smallest measured sample mass, which would be the case

for mp= 5 pgC for three samples out of seven.

The same effect is shown in Fig. 9.12, where the blank F'C was fixed to a value of 1.03, which
was the atmospheric content in the year 2013 at the time of ice core drilling. This was assumed as
the highest possible value for contaminating material introduced during the drilling and handling
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thereafter. With such a F'4C, hypothetical blank masses again of up to 5 pugCare calculated
for the deepest samples. As already stated above, this is very unrealistic, because without a
very high blank variability, the blank mass should on average not exceed the minimal measured
sample masses of 1.1 pugC. Such a high variability has never been observed in the course of all
blank measurements.

As a result, an artificial contamination of the POC *Csamples, which was not considered so
far could only be a realistic explanation for the top two to three POC *Csamples of the core.
For the deeper samples, all hypothetical blank scenarios are highly unrealistic and the age off-
set between the counted chronology and the POC *C dating can not be explained by sample
contamination with organic material during processing.

9.4.2. Incorporation of over-modern matter

Apart from an artificial contamination with modern material after sampling, another possibility
for the offset to younger ages between the '“Csamples and the annual layer counting could be
the incorporation of over-modern material, especially from the bomb peak period directly on the
drilling site. Within the firn section of the glacier, volatile organic substances are able to diffuse
within the open pores (see e.g. Schwander (1996)), which will lead to a smoothing of atmospheric
signals (Legrand etal., 2003). This has however only been observed for gaseous substances and
not for the POC fraction. In the KCC core, the bomb peak has been detected at a depth of 11
m w.e., the first POC Csample was taken at a depth of 35 m w.e., 25 m deeper, below the firn
ice transition, which makes an influence of bomb '4C enriched material by diffusion highly unlikely.

Another phenomenon which could lead to incorporation of young material in the deep core sec-
tions is the recurringly open Bergschrund upstream of the core drilling site. This crevasse could
possibly faciliate the direction of fresh, modern precipitation to basal parts of the glacier body.
This hypothesis was however dismissed as unlikely by Wagenbach et al. (2012). The possibility of
mechanical incorporation of (over) modern material into the ice matrix is therefore not sufficient
to explain the age offset between annual layer counting and POC C results

9.4.3. Incorporation of in situ produced “Cinto the POC fraction - natural bias

Another possibility of a natural bias of radiocarbon ages to younger values is the in situ production
of "Cby cosmic irradiation in the ice matrix, which has already been discussed in chapter 4. By
neutron irradiation experiments it has been shown that 20-30% of the total in situ produced
radiocarbon is able to enter the DOC fraction,, thus excluding the possibility of ice core dating
via C analyses of the DOC due to the produced age bias.

DOC adsorption to the quartz fibre filter matrix

The in situ effect has only been shown in the DOC and not in the POC so far. A direct production
of in situ in the POC fraction is regarded to be unrealistic, because of the up to ten times smaller
concentration of POC compared to DOC and the very inhomogeneous and isolated distributions
of particles. However, it could in principle be possible that during the melting and filtration of
the ice sample a fraction of the in situ biased DOC adsorbs onto the surface of POC particles or,
more probable, onto the filter matrix. This effect is widely known for POC / DOC separation
in seawater samples, where the distinction between the two organic carbon fractions is usually
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defined by particle retention on a filter with 0.45 um pore size (Johnson and Wangersky, 1985;
Karanfil etal., 2003). It has been observed, that for seawater samples up to 30% of the DOC
is retained on glass fibre filters (Abdel-Moati, 1990; Collos et al., 2014) at variable pore sizes of
0.4-1.2 um. This effect can even be enhanced for quartz fibres compared to glass fibres (Maske
and Garcia-Mendoza, 1994). The effect is strongly dependent on the salinity of the water, the
polarity of the DOC substances and the chain length of the organic molecules (Bates et al., 1983;
Gémez-Gutiérrez et al., 2007). It was observed to increase with high salinity and lipophilic nature
of the substances. However, seawater has a very different chemical composition, most notably,
a very much enhanced salinity compared to high Alpine snow and is therefore not directly com-
parable. Also glass fibre filters can have a different surface texture and chemical properties than
quartz fibre filters, which makes a direct comparison difficult.

Better comparable to the filtration of high Alpine precipitation, but still different, is the fil-
tration of freshwater and artificial solutions, where DOC adsorption to glass fibre filters has been
observed as well (Bates etal., 1983; Gémez-Gutiérrez et al., 2007). There, the effect od DOC
retention of the filter is smaller. It has been measured up to 10% (Karanfil etal., 2003) in an
artificial solution (1-4 mg/1) of humic and fulvic acids based on deionised water.

However, adsorption of particles much smaller
than the nominal pore size (see Fig. 9.13 for an
example of adsorbed bacteria) and even solutes
to the filter matrix, especially for fibre filters,
is on first order a physical process. It can also
be driven by electrostatic effects (Brock, 1983)
and should therefore in principle occur to a cer-
tain stage in any filtration setup using fibre fil-
ters. The adsorption processes have also been
observed to be not linearly dependent on the fil-
tered volume. This is due to a saturation of the
adsorption centres on the fibre surfaces, but typ-
ically filtration of a certain amount of material
a saturation is reached, strongly dependent on

Fig. 9.13.: Scanning electron micro- concentration (Brock, 1983; Abdel-Moati, 1990;
graph of bacteria adsorbed to the ma- Collos et al., 2014).

trix of a fibrous filter. Note the scale.
Taken from Brock (1983).

Based on these facts and observations, it could in principle be possible for a fraction of the in situ
biased DOC to adsorb to the filter matrix, especially, because saturation of the adsorption centres
will probably not be reached for the very low impurity concentrations in Alpine samples. The
quantitative assessment of this fraction must however up to now remain highly speculative. In a
first attempt to set up a quantitative estimation for the ice samples the 10% adsorption observed
by Karanfil et al. (2003) are regarded as an upper limit. Based on the finding, that about 30%
of the in situ produced “Ccan enter the DOC fraction (see Section 4.1.3), the lower limit for
calculation was in a first estimate set to 3% adsorption, which then equals a total incorporation
of 1% in situ *Cinto the POC fraction.
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The assumptions for in situ calculation can thus be summarised to:

e Upper limit: 30 % incorporation of in situ '*C to the DOC
— 10 % adsorption of DOC to the filter = 3 % total in situ *Cincorporation to the POC

e Lower limit: 30 % incorporation of in situ *C to the DOC
— 3 % adsorption of DOC to the filter = 1 % total in situ *C incorporation to the POC

Based on these assumptions a hypothetical in situ *C correction of the measured POC values has
been performed according to (the detailed calculation is reported in appendix A.5.4):

Cm = Cs + C’insitu m-€ = Cs = Cm - Cinsitu m-e (91)

with C,, as the measured number of Catoms, C, the expected number of *C atoms of the
samples based on the age of the annual layer counting in the according depth, m as the sample
ice mass [g] and € as the fraction of in situ 1 measured in the POC. Cy, i1, denotes the additional
4 C number per gram ice due to *C production and was calculated according to (see chapter 4):

Cinsitu(z) = pAPO I\ ’ (ei% - e*%) (92)
A

with Py as the production rate, p the ice density in g/cm?, A the mean accumulation in cm water
per year, z as the sample depth [cm w.e.], A the decay constant of *Cand A as the mean free
path length for neutrons in ice. The parameter values used in these corrections are summarised
in Table 9.3.

Tab. 9.3.: Parameter values used for hypothetical in situ correction of the POC “C ages
of the KCC core.

Parameter Value for calculation
Py 380 Cg~ta~! (Lal and Jull, 1990)
A 150 g - em™2 (Lal and Jull, 1990)
A 22 cm w.e./year (pers comm. Pascal Bohleber)
p 0.9 g/cm?
e 0.01 /0.03 / 0.1

The resulting in situ corrected calibrated POC *C ages are shown in Fig. 9.14 and the main
findings retrieved from this hypothetical in situ correction of the POC *C can be summarised to:

e The hypothetical in situ correction has an overall rather small effect on the *C ages of the
samples. The calibrated ages increase about 2-30 % at 16 % average for 1 % assumed in situ
incorporation. Even 3% assumed in situ incorporation is not enough to shift the samples in
the bottom 10m of the core to the range of the annual layer counting.
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e Only an assumption of 10% in situ *C incorporation into the POC fraction (see Fig. 9.14)
would be large enough to shift the five deepest samples to the range of the annual layer
counting. This would however mean, that one third of the total DOC mass needs to be
measured in the POC fraction, which is considered to be unrealistic regarding the overall
low total carbon masses of the POC samples.

e The in situ correction is also dependent on sample size and has a larger influence on smaller
samples (see calculations in appendix A.5.4), which causes the large deviation for the two
samples at 39.21 m w.e. and 45.12 m w.e.
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Fig. 9.14.: In situ production corrected POC “Cages for the KCC core calculated
with 1 and 3 % total in situ incorporation in the POC via 3-10 % DOC adsorption
onto the quartz fibre filter. Note that only for the unrealistic assumption of 10 % in
situ incorporation the basal ages are shifted to the range of the annual layer counting
chronology.

A major drawback of this correction is the assumption of a constant accumulation rate over
the complete core depth, which is, based on the glaciological settings stated above, not very
realistic. The in situ corrections are thus regarded as a first order estimation. As a conclusion,
an incorporation of in situ produced *Cinto the POC fraction could be possible, but the effect is
very likely too small to explain the large offset between the POC *C dates and the annual layer
counting chronology, especially in the bottom part of the core.

Accumulation changes

Although an in situ *Cbias of the POC fraction is probably not able to explain the large offset
between the two dating methods, it could however be a reason for the apparent shift between
the top three POC samples and the bottom part, if the sample at 41.33 m w.e. depth is not
regarded as an outlier biased by Saharan dust influence. Such a shift could be due to a change
in accumulation regime, either temporal or spatial. Upstream of the drilling site, high on the
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slope, field measurements yielded very low accumulation rates of down to 4 cm w.e./year (Liithi,
2000). However, reconstructions of accumulation rates based on ground penetrating radar (GPR)
data, rather predict a slight increase of accumulation upstream to ca. 30 cm w.e./year (Bohleber,
2011; Konrad, 2011; Konrad et al., 2013). If, however, based on the direct field measurement, a
substantial decrease in upstream accumulation is assumed, this would result in an enhanced in
situ production and thus increase the bias to younger ages.

It was therefore tried to assess such an effect by application of an accumulation change be-
low the sample at 41.33 m w.e. depth using the most probable in situ correction scenario with
1% incorporation into the POC. The results are shown in Fig. 9.15; the large deviations of the
samples at 39.21 m w.e. and 45.12 m w.e. depth are due to their very small sample sizes. First,
a change from 22 cm w.e./y (surface accumulation of KCC) to 14 cm w.e./y was applied (black
symbols), which equals the surface accumulation of the KCI core on the same flowline as the
KCC. This was however not enough to eliminate the offset between the top and bottom samples.
Only for an assumed accumulation change to 5 cm w.e./y in the bottom part of the core, the top
and bottom samples seem to follow the same course. This is a very large step and probably not
very realistic. The apparent shift in the data is mainly caused by the deviation of the sample at
41.33 m w.e. depth, the two samples above are within error range equal to the following sample
at 45.12 m w.e.
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- - - annual layer counting
B 1% in situ A=22 cm w.e./y top -
A=14 cm w.e./y bottom
V¥ 1%in situ A=22 cm w.e.ly top
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Fig. 9.15.: In situ corrected POC *C results including an accumulation change between
the top three and the bottom samples. An accumulation change from 22 cm w.e./y to 5
cm w.e./y (triangles) is needed to compensate the apparent shift between top and bottom
samples.

Because the accumulation change scenarios have been found to be not very realistic, the C result
at 41.33 m w.e. depth is rather considered as an outlier caused by possible influences of an adjacent
dust event already discussed above.
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Bacterial activity

Another possibility to incorporate in situ produced *Cand its products (CO2 and DOC) directly
into the POC fraction could be the fixation of CO2 and DOC by microbe and bacteria metabolism
within the snow and firn section of the glacier. Bacterial activity has been found even in the
cold, high Alpine regimes (Chuvochina et al., 2011). There, for example cyanobacteria have been
discovered, which are able to perform photosynthesis. Also heterotrophic species have been found,
that use external organic material for metabolism, (Tung et al., 2005; Anesio et al., 2009) and could
be able to incorporate in situ '4C fixed in the DOC this way. These bacteria and microbes have
typical sizes of up to a few micrometers (see e.g. Després etal. (2012)) and thus are able to
contribute directly to the POC fraction. However, as already stated in Chapter 3, their total
concentration and mass, which lies for high Alpine ice and snow typically in the range of 1.5
ngC/kg ice (Chuvochina et al., 2011), (pers. comm. Birgit Sattler, Innsbruck) is just too small to
have a measurable contribution to the POC fraction. Thus, the fixation of in situ produced *C by
microbial activity and their contribution to the POC fraction is considered to be negligible and
can not serve as an explanation for the age offset between the POC *Cresults and the annual
layer counting chronology.

9.4.4. Conclusion of potentially age biasing effects

As a conclusion of the investigations on potentially age biasing effects, no phenomenon, artificial
or natural, could so far be discovered, that is large enough to completely explain the offset
between the POC *Cdates and the annual layer working chronology. The most likely effect is
the incorporation of in situ produced *Cinto the DOC fraction. Based on the estimations for
DOC adsorption this could be able to explain several hundred years of age offset, but not 2500
years for the most basal samples. However, this effect needs to be investigated further, before a
final conclusion. Therefore, the POC *Cresults should be regarded as preliminary, until further
insights into the in situ effect and the nature of the internal shift in the data are gained.

9.5. Comparison with previous Colle Gnifetti ice core dating studies

Because the investigation of potential artificial and natural biasing effects causing younger *C ages
than expected in the POC fraction of the KCC core yielded no final conclusion, the results are
now compared on a normalized depth scale to other *CPOC dating attempts at Colle Gnifetti.
This is done to obtain an evaluation of the measured *C data independent from the annual layer
counting scenario. Such a comparison can only be performed on a qualitative base though. It can
not be expected, that for a common relative core depth the total ages of two cores agree, because
of a strong connection between total thickness, accumulation rate and layer thinning (Bohleber,
2008). As an example, in Fig. 9.16, the normalised age depth relationships for all IUP Colle
Gnifetti ice cores are shown. The core with the lowest accumulation, KCI, yields the highest ages
in already shallow depth. Note that all shown chronologies inherit an increasing uncertainty with
depth, which is not shown in the picture. The aim of this data comparison is therefore in first
order not to compare directly total ages, but the shape and curvature of the '*C datasets.
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Fig. 9.16.: Normalised age depth relationships for all IUP Colle Gnifetti cores except
KCC. Note the differences in total ages at common relative depths. Taken from Bohleber
(2008)

9.5.1. KCC - KCI comparison

First, the results are compared to POC 4C ages retrieved by May (2009) from the KCI core on
the same flow line as KCC (see Fig. 9.17) but with only about half the surface accumulation. The
results by May (2009) for the KCI were combusted completely at 800°C (marked in black) and
show very large errors due to a high blank correction. Based on the findings about the age differ-
ences between the different temperature fractions, they should therefore have a general tendency
to older ages than the results of 340 °C combustion only. The old KCI samples are complemented
by two more samples measured within this work (blue). For the two new samples only the 340 °C
results are shown, which should be better comparable to the KCC results. The error bars of the
two deepest samples are not shown completely, because this would have required a logarithmic
scale, which is not very descriptive.

Overall, the curvature of both datasets is very similar. The KCI samples also show a devia-
tion in direction to younger ages increasing with depth compared to the annual layer counting
based ice slap model of the KCI. This deviation is however at a normalised core depth of 0.8-0.85
not as strong as for the KCC. The comparison of the two datasets has a very suggesting appear-
ance regarding the one outlier of KCC. In this depiction, it seems that there is indeed a shift in the
KCC data between 80 and 85 % of the core, which is not apparent in the KCI data. Nevertheless,
on base of the present sparse and highly uncertain KCI data, a final decision about the shift is not
possible, more data in the gap between 80 and 85 % of the KCC and KCIT is needed to investigate
that phenomenon. Note that since being based on a simple flow model consideration, the shape
of the KCI dating is inherently analytical in contrast to the annual layer counting based dating
of KCC. The KCC dating comprises frequent points of inflection, which are a realistic feature of
a Colle Gnifetti age scale, due to the variable net accumulation.
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Fig. 9.17.: Comparison of POC #Cages measured at the KCI ice core by May (2009)
with 4Cdata retrieved in this study for both cores. Note the overall similarity in the
curvature of age-depth relationship.

The most important finding of this comparison is the overall very similar shape and curvature
in the KCI and KCC POC '“Cdata, which is contradicting to the chronologies based on annual
layer counting. This finding could hint to a systematic difference in *C data and annual layer
counting based age data for the Colle Gnifetti.

9.5.2. KCC - CG 03 comparison

Apart from KCI and KCC, the only other ice core from Colle Gnifetti, which has been dated by
POC 'Canalyses so far (CG 03) has been drilled under the lead of the Paul Scherrer Institute
(Switzerland) in 2003 (see Jenk etal. (2009)). The drilling position of the core near the saddle
point is marked in Fig. 9.3. Nine samples from the lowest third of the core have been POC
14C dated, using quartz fibre filters for filtration and a two step combustion (340 °C and 650 °C).
Only the 340 °C fraction has been used for dating. The radiocarbon results of this study (taken
from Jenk etal. (2009)) are shown together with the KCC results in Fig. 9.18 on a normalised
core depth scale.

More important is again not the absolute agreement of the data points but the very similar

course and shape of the age increase with depth of both *C datasets, strongly contradicting the
shape of the annual layer counting chronology.
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Fig. 9.18.: Comparison of POC *C ages measured at the CG 03 ice core by Jenk et al.
(2009) with '*Cdata retrieved in this study. Note the very similar curvature of both
radiocarbon dating scenarios.

Both datasets show an offset of ca. 500 years, which stays almost constant in the deepest 15%
of the core. At some relative depths, the results even agree within error. This is somehow
surprising, because the CG 03 core is indeed located at the same flank of the saddle, but at a
very different position and not the same flow line as KCI and KCC. The CG 03 core also has a
surface accumulation of 46 cm w.e./year, which is almost twice as high as for the KCC. Such an
age comparison on a normalised core depth scale can thus only provide a qualitative assessment.
Nevertheless, combined with findings from the KCI comparison, a general trend in the POC
14C dates for three independent cores measured by three independent POC *C methods can be
deduced. In contrast to the annual layer counting based chronology, the #C ages show a trend to
stay younger in the deepest quarter of the core, with increasing age offset approaching bedrock.

9.5.3. Summary of the POC “Cresult discussion and final evaluation of the data

As a conclusion, the POC 'C for the KCC core retrieved within this work are not questionable
from a methodological point of view. They show however a large systematical offset to the annual
layer counting working chronology. The ultimate reason for this offset must remain unclear at this
stage of investigation. Possibly, the in situ production of *C and the incorporation into the POC
has a limited influence, but this needs to be clarified in further measurements. Also the possible
shift between the top three samples and the bottom part of the core needs to be investigated
further by additional measurements. At the present stage, the main reason for this apparent shift
is the result of the sample at 41.33 m w.e. depth, which is rather regarded to be an outlier biased
by Saharan dust as long as this trend is not backed up by additional measurements.
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9.5 Comparison with previous Colle Gnifetti ice core dating studies

Therefore, based on the data obtained so far it is not possible to constitute the POC “C ages as
a self-contained dating scenario, this can only be assessed by further 4C investigations which will
be proposed in chapter 10.

The main findings of the POC C data evaluation of the 2013 Colle Gnifetti deep ice core KCC
can thus be summarised as follows:

The POC samples had small sample sizes (<10 pugCin most cases), but could be measured
to errors between 1 and 5 % on average, which is a factor of more than ten better than
previous studies.

The results show a gradual age increase with depth, as expected, but have a simultaneously
increasing massive offset of up to 2500 yBP to the chronology based on annual layer counting.

So far, a basal age of (3216 + 238) cal. yBP could be measured 60 cm above bedrock.

Artificial contamination could be ruled out as reason for the offset between 1*C and annual
layer counting data.

Incorporation of in situ produced *C in the POC fraction via adsorption of DOC to the filter
matrix could have an influence on the *C dates, resulting in younger ages than expected,
but the effect is probably not large enough to explain the complete deviation between the
14C and annual layer counting method.

An apparent age shift within the upper part of the sampled core length can either be due
to a bias of one sample by dust input or systematically due to accumulation rate changes.
A final decision is not possible on base of the present data, but the outlier is considered to
be more probable.

Inter-core comparisons with other POC 'C dating studies from Colle Gnifetti yield a very
good agreement of the principal shape and curvature of age increase for all '*C datings
including a systematical shift to younger ages compared to the annual layer counting sce-
narios.

The 4C data is not proposed as an independent dating scenario but as an alternative working
hypothesis until further insights into possible in situ effects and age shifts are gained by
additional measurements.
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10. Outlook

The main goal of this work was to improve the POC *Cdating of high Alpine ice samples
regarding the reduction of required sample ice mass, in order to make the method applicable for
ice core dating, where the retrieved POC concentrations are often not exceeding 50 %. This
goal has been widely achieved. The methodological key improvements were:

e The establishment of CO,gas '“C measurements at the MICADAS AMS in Mannheim,
which enable reproducible '4C dating of CO5 gas in a sample size range of 2-100 ugC with
a precision of 1-2 % for samples larger than 10 ugCand 3-7 % for samples smaller than
10pgC.

e Setup of a new combined pre-cleaning, filtration and stepwise combustion system,
REFILOX, by which the process blank could be reduced by a factor of four to ten compared
to earlier POC extraction systems at the IUP Heidelberg. The new process blank has now
a maximum value of (1.5 + 0.5) pgC for a total combustion at 800 °C and was even below
detection limit for combustion at 340 °C.

e As a result, dating of samples > 2 ugC for the 340 °C, fraction and > 10 ugC for the 800 °C
and total combustion is possible with a relative error introduced by the blank contribution
of less than 10 % for ages up to ca. 12 000 years BP.

A systematic '*C age investigation of different materials (Saharan dust, cryoconite and sediment)
yielded overall very high (600-22 000 years) intrinsic ages, much higher than the expected ice ages
at the respective sample locations. By systematic analyses of aerosol samples of known 4C age,
it was found that the carbon fraction best representing the real sample age already combusts
at very low temperatures of only 340 °C and only this fraction should thus be used as the best
representative for the ice age of a sample. In spite of this general limitation of dating accuracy,
all POC ' C dates can serve for constraining upper ice age limits.

In a first dating application a consistent basal age, narrowed down to 4237-4784 calibrated yBP,
could be measured for basal ice blocks from Titlis glacier (Switzerland), which serves like stated
above as a first estimate of an upper age limit. The dating of a new ice core from Colle Gnifetti
via POC 'Chas been very successful in terms of measurement technique. Although almost all
samples had a size below 10 ugC, they could be dated to average relative errors of ca. 3% in the
340 °C fraction. A basal ice age of (3216 + 268) calibrated yBP, ca. 60 cm above bedrock could
be found. However, the *Cresults show a large age offset to younger ages of up to 2500 years
compared to the independently established working chronology based on annual layer counting,
which can not be explained by artificial contamination. A possible natural reason for this age
difference could be the incorporation of in situ produced *Cvia DOC adsorption to the POC
fraction, which is however likely to be insufficient for the explanation of the whole offset. The
enigma of age deviation between both dating methods must therefore at present state remain
unsolved. The next steps planned in the near future for the investigation of this phenomenon are:
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10. Outlook

o Filtration of synthetic solutions containing different species of DOC to quantify the adsorp-
tion effect of solutes to the filter matrix

e Comparison of normal POC filtration and DOC extraction before POC filtration for one
Colle Gnifetti ice core sample to evaluate, if there is an age change in the retrieved POC
14C ages by removing the DOC from the sample first

o Dating of further core samples, especially in the depth range where an apparent shift in the
14 (C data is visible in the present data

Also planned for the near future are biological investigations of the POC composition of the Titlis
basal ice, which will be carried out in collaboration with the University of Innsbruck. This will
help to further evaluate the measured basal ice ages. In this context, also 3?Ar dating (done by
the aquatic systems group at the IUP) of the Titlis ice will help to further constrain the age.
Within the next year, it is envisaged to repeat the neutron irradiation experiments, already done
for in situ production in DOC as presented in this work, for the POC fraction, to evaluate the
amount of in situ '*C possibly incorporated into the POC fraction. Also further improvements for
the gas ion source can be made by optimising the mixing ratio of CO2 and Helium introduced into
the ion source, to maximise the retrieved ion currents and thus minimise the statistical counting
error. Also for the carbon fraction separation by combustion temperature further investigations
are needed to gain deeper insights in the separation of the different organic carbon fractions.For
that purpose, further analyses of aerosol samples and ice samples, where a lot of material is avail-
able for testing (e.g. block samples from Titlis glacier) are planned. These analyses will mainly
focus on further tuning of separating temperatures and combustion times.

In the long run, in terms of method optimisation, speeding up the cleaning routines of the RE-
FILOX system and the establishment of an online sample combustion are the next aims. By
such an online combustion in a stream of oxygen instead of within a closed volume, directly
supervised by a COs detector, the whole sample preparation process could be sped up signifi-
cantly. It was already attempted to implement such a system, but this has so far been thwarted
by too high process blanks of so far unknown origin, probably caused by leaks in the COs detector.

The method of micro POC '“Cdating of Alpine ice samples, refined and evaluated within this
work, is a valuable tool for glacier dating where stratigraphic methods fail and on this sensitivity
level only complemented by one other similar system in Switzerland. It is planned to play an
important role in many different projects. These include for example a project called (C)old ice
AT(led by colleagues from Innsbruck University), in which the Titlis samples presented in this
work were part of a pilote study and which aims for a better understanding of the distribution of
cold, old ice bodies all over the Alps. In another Alpine context, a higher resolved dating of the
ice core from Vasto ice cave (Italy) is in preparation in collaboration with colleagues from Trieste
and Milano. Also a collaboration with the Climate Change Institute (CCI) at the University
of Maine has been established, as part of which the POC *C dating has already been applied
in pilote studies for dating of selected ice samples from the Andes and South Georgia. Apart
from these numerous collaborations, it is also envisaged to investigate more ice core samples from
Colle Gnifetti, especially from the KCI core. This aims to complete the picture of chronologies
established so far, which will be an important contribution to the interpretation of climate proxy
time series retrieved from this ice core array.
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A. Appendix

A.1. Appendix to Chapter 4

A.1.1. Neutron flux calculation and ice sample parameters

Calculation of neutron number n detected at the position of the flux monitor. The flux monitors
have been measured for their y-activity at VERA after the irradiaton experiment.

Ccor'r M -\

Al
0-Ng-p-d-e-1, (A1)

n =

With C. as the measured y count rate, corrected for the decay between time of irradiation and
time of measurement, M as the molar mass of the flux monitor material, A the decay constant
of the respective material, o the cross section for the respective neutron reactions, p the density
of monitor material, d the thickness of the monitor foil, € the efficiency of the detector and I, as
the intensity of the y-line. The values used for calculation are summarised in Table A.1.

From the number of neutrons n, the neutron density p, and finally the neutron flux ®, can be
calculated under use of the flux monitor surface A, onitor and the irradiation time t;.qdiate:

n

Pn =
Amonitor

=

P, =

_Pn (A.2)

tirradtiate

Tab. A.l.: Parameters of the different flux monitor materials used for neutron flux

calculation.

Half life 92Nb:

Ty 2(?2Nb) = 876 960 s

Half life 198 Au:

Ty 2("9Au) = 232 848 s

Molar mass ?2Nb:

Mpyb = 92 910 mg/mol

Molar mass 98 Au:

196 970 mg/mol

Monitor radius:

r =5 mm

Monitor thickness

d = 0.127 mm

Density Nb: pNby = 8.57 mg/mm?
Density Au: pauw = 19.32 mg/mm?
Cross section 2*Nb(n,2n)?2Nb: ony = 135D
Cross section 7 Au(n,y)!"8Au: 04y, = 10.0 b
Detector efficiency: e =0.02%
Intensity: I, =097 %
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A.2 Appendix to Chapter 6

A.2. Appendix to Chapter 6

A.2.1. Clean ice production

Tab. A.3.: Overview of different failed attempts to produce POC free blank ice by
freezing of MQ-water in different materials measured in the offline system

’ Material ‘ Ice mass [g] ‘ POC mass [ugC] ‘ POC conc. [%] ‘

PE-foil 337 2.7£0.3 8.0
PE-foil 277 4.0 £ 0.3 14.4
PE-foil 270 6.7 £ 0.3 24.8
PFA-pot 336 71+£0.3 21.1

A.2.2. Detailed description of the sample decontamination routine

The decontamination routine used during this work follows the scheme shown in Fig. A.1.

— (cutting with bandsaw) — ' tempering ' — (washing) — (melting)

Fig. A.1.: Ice sample decontamination routine at the beginning of this work.

textile fibrés /

13 mm

Fig. A.2.: Surface of a silver mem-
brane filter after filtration of blank ice
without any further decontamination
after cutting

First the sample is cut by a band saw to the de-
sired size, then it is tempered to 0 °C to avoid
cracks which can lead surface contaminations to
the inside, after tempering the sample is washed
with ultra pure water and inserted into the melt-
ing pot. Washing of the sample proved to be the
most effective cleaning step, but also the one
with biggest mass loss. The initial high vari-
ability of ice blank measurements at the begin-
ning of this work made a detailed analysis of
the decontamination steps and their optimisa-
tion necessary.

Especially textile fibres (see Fig A.2) have been discovered every once in a while on the filters,
although all open ice samples have been handled in a laminar flow box. As a result, it was decided
to handle open ice samples only when wearing a fibre free overall and latex gloves, even in the
cold room. This simple step already reduced the amount of fibres that could be found on filters

significantly.
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Cutting

All ice samples have to be cut to fit into the melting vessel and to remove the outer and in
terms of POC probably dirty surfaces. Sawing can not be avoided, but the abrasion from the
blade, even if cleaned by sawing blank ice in advance, and the collection of cutting powder in
bubbles can be a source of organic particles (e.g. lubricants). To show this, again a test with
UV-fluorescent particles was performed, which made the particles smeared onto the ice surface
visible in a demonstration experiment (see Fig. A.4).

Fig. A.3.: Sawing blade of the ice Fig. A.4.: Abrasion (red) from the
band saw coated with fluorescent blade on the surface of a freshly cut
particles (red) (picture taken from ice block (picture taken from Lein-
Leinfelder (2012)) felder (2012))

Scraping

In the past, after sawing, the ice sample was directly moved to the tempering step followed by
washing. Based on the insights of the fluorescent particle experiment in this work, another step
was added in between sawing and tempering. This step consists of scraping of the ice surface with
a ceramic knife under a laminar flow in the cold room. By scraping of the surface, all potentially
contaminated cutting powder is removed mechanically, even from the surface bubbles. By this
pre-cleaning step, the washing of the sample can be shortened and material is saved this way.

Tempering

After scraping, the sample is placed inside a closed PFA container and transported out of the cold
room to a laminar flow box at room temperature. The box has to remain closed during transport
and until it is warmed up, to avoid condensation and transport of air dust onto the ice surface.
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Washing

When the ice reached 0°C and the first meltwater drops occur (usually after ca. 30 min), the
samples are washed shortly under a jet of MQ water from each side and transferred into the
melting vessel. All in a laminar flow box.

A.2.3. Pictures of the REFILOX system

Quartz frit
with filter
on top

Fig. A.5.: Pictures of the main part of the REFILOX filtration-combustion system. It
mainly consists of a quartz tube, with a molten in quartz frit, where the quartz fibre filter
is placed on top. The zone, where the filter is located can be heated by an exactly fitting
oven, which can be clipped around the tube. The oven consists of tool steel, heated by
four glowplugs.
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A.2.4. Data for system characterisation

Tab. A.4.: Overview of all blank ice measurements done with the offline filtration system

Name Type Processing date | Ice mass [g] ‘ POC mass [ugC] ‘ POC conc.[%] ‘
POC 623 blank ice 11.4.14 210 0.2 +0.3 0.95
POC 624 blank ice 16.4.14 218 0.0+ 0.3 0.0
POC 625 blank ice 25.4.14 177 0.2 +0.3 1.12
POC 629 blank ice 22.5.15 205 0.5£03 24
POC 635 blank ice 20.11.14 339 1.4 +£0.3 4.1
POC 636 blank ice 26.1.15 284 1.0 £0.3 3.5
POC 642 blank ice 6.3.15 288 0.2 £0.3 0.69
B34-159 | antarctic ice 24.4.15 326 0.2+£03 0.61

Tab. A.5.: Overview of MQ-water blank measurements with total combustion at 800°C
in REFILOX

Name ‘ Processing date | POC mass [ugC] ‘ POC conc.[“kigc] ‘
Blank Refilox MQ 29 09.03.15 1.4 +£0.3 2.8
Blank Refilox MQ 30 20.03.15 1.6 £ 0.3 3.2
Blank Refilox MQ 31 21.04.15 1.4 +£0.3 2.8
Blank Refilox MQ 32 08.05.15 22+£03 44
Blank Refilox MQ 33 16.05.15 1.6 £ 0.3 3.2
Blank Refilox MQ 34 16.05.15 21+£03 4.2
Blank Refilox MQ 35 08.06.15 0.8 +0.3 1.6
Blank Refilox MQ 36 28.07.15 1.0 £ 0.3 2.0
Blank Refilox MQ 38 02.10.15 1.9+ 0.3 3.8

Tab. A.6.: Overview of MQ water (500 ml) blank measurements only at the second
combustion temperature step 800°C in REFILOX

Name ‘ Processing date ‘ POC mass [ugC] ‘ POC conc.[%gfj ] ‘
Blank Refilox MQ 37-2 01.10.15 3.6 £0.3 7.2
Blank Refilox MQ 38-2 06.10.15 0.0 +0.3 0.0
Blank Refilox MQ 39-2 08.10.15 3.2+0.3 6.4
Blank Refilox MQ 40-2 12.10.15 1.1 £0.3 2.2
Blank Refilox MQ 41-2 27.10.15 0.6 £0.3 1.2
Blank Refilox MQ 42-2 30.10.15 0.5+£03 1.0
Blank Refilox MQ 43-2 03.11.15 3.3 £0.3 6.6
Blank Refilox MQ 44-2 04.11.15 1.3 £0.3 2.6
Blank Refilox MQ 45-2 09.11.15 0.6 £0.3 1.2
Blank Refilox MQ 46-2 11.11.15 1.3 £0.3 2.6
Blank Refilox MQ 47-2 17.11.15 2.7+ 0.3 5.4
Blank Refilox M(Q 48-2 14.12.15 2.7+£03 5.4
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A.2.5. Manometric quantification of carbon mass

Calculation of carbon amount n via virial expansion (see also Hammer (2003)):

(A.3)

With B(T) as the first virial coefficient approximated by:

B(T) = —149.65+1.2049 - T — 6.87-1073 - T? +4.25-107° - 73 - 1.9-107" - T* [cm?’]

mol

With T' as temperature, n number of moles, V' measuring volume, p pressure, R gas constant for
COy.

A.2.6. CARBOSOL filter investigations - additional data

Results of the *C measurements of different temperature fractions in REFILOX

SIL 3/24 (June 2003) SIL 02/08 (November 2002)
10 T T T T T T 11 T T T T T T
'
L] 1,0 4
091 $ ]
091 % Averaged value for all temperatures 1
O B R g 084
£ e
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0,7 071
‘ [
0,6 4
0,6
0,5 4
[
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300 350 400 450 700 750 800 850 300 350 400 450 700 750 800 850
Combustion temperature [°C] Combustion temperature [°C]
Fig. A.6.: "Cresults for the differ- Fig. A.7.: "Cresults for the differ-
ent temperature carbon fractions of ent temperature carbon fractions of
sample SIL-3/24. sample SIL-02/08.
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09+ 4
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Fig. A.8.: "Cresults for the differ-
ent temperature carbon fractions of
sample AVE-31
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Fig. A.9.: "Cresults for the differ-
ent temperature carbon fractions of
sample AVE-03

Carbon fractions / ratios measured with REFILOX and CARBOSOL

Tab. A.7.: Comparison of the different carbon fraction masses extracted by CARBOSOL
and REFILOX shown as ratios

TC REF / 340 °C REF / REF 380°C+ 800°C / | EC REF /
Sample name | TC CARB 0OC14+0C2 CARB | OC3+PC+EC CARB | EC CARB
SBO-32 0.90 0.80 0.88 6.48
SIL-02/08 0.94 1.93 0.76 1.56
SIL-3/24 1.12 1.54 0.97 6.57
SIL-3/28 1.09 1.27 0.97 7.38
AVE-31 0.87 1.61 0.64 1.42
AVE-03 1.29 1.31 1.28 6.25
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A.3. Appendix to Chapter 7

A.3.1. Sample preparation routine for sediment samples used at the
Klaus-Tschira-Laboratory (Mannheim)

1. washing with HCI (4 %) at 60°C for 1 hour to remove carbonates and subsequent rinsing
with MQ-water

2. washing with NaOH (0.4 %) at 20°C for 1 hour to remove humic and fulvic acids, which are
known to possibly bias the sample age (see section refcomp) and subsequent rinsing with
MQ-water

3. washing with HCI (4 %) at 60°C for 1 hour to remove any CO9 taken up from the lab air
during the NaOH step and subsequent rinsing with MQ-water

4. drying of sample
5. combustion at 800°C in an Elemental Analyser and graphitisation of CO»

6. AMS-measurement

A.3.2. Grenzgletscher sampling site additional information

In 2004, already a block sampling campaign has been carried out (Steier et al., 2006) to get large
amounts of ice for testing of the Vienna POC '*C dating method. The results of this study were
not completely conclusive and had a large age scatter for both sites around ca. 2500 yBP 4C age.
Within this age range, a '*C dating accuracy of higher than 1% would therefore be needed to
distinguish the age difference of the two new sites.

The sampling sites chosen in 2014 (see section 7.2.2) are separated by a lateral distance of about
2 km, which results in an age difference of ca. 200 years with an assumed flow velocity of 10 m/y
(Steier etal., 2006).

Temperated area

L

Block
samples

e

2700m 1

[ Iclacier [~

12km

Fig. A.10.: Left: Map of Grenzgletscher in the Monte Rosa Massif, originating in the
Colle Gnifetti area. Taken from Steier etal. (2006). Right: Schematic view of the
theoretical ice flow lines of Grenzgletscher with old, cold ice resurfacing in the block
sampling area
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A.3.3. Sample parameters of Saharan dust samples from Colle Gnifetti

All samples have been filtered and pretreated within the offline filtration system described in
section 6.2 and blank corrected according to the values reported in table 6.6. Nevertheless, there
is a possibility of a slightly higher blank contribution for the snow samples, because washing of
the samples was difficult due to their high porosity.

Tab. A.10.: Saharan dust samples an POC 4C results from Colle Gnifetti snow (Sahara
4-6) and a Colle Gnifetti ice core (KCI 10). All samples have been pretreated in the
offline filtration system at the IUP Heidelberg and were combusted completely at 800°C

’ Name \ Mass [ugC] \ FC ., r \ AF orr \ 4Cagecorr [yBP] \ Error [yBP] \ S13C [%o] ‘
Sahara 4-F-1 61.5 0.591 0.011 4227 152 -20.6
Sahara 4-F-2 31.4 0.635 0.02 3647 258 -22.2
Sahara 6-S-2 14.6 0.785 0.048 1943 491 -23.2

KCI 10 10.4 0.834 0.071 1460 679 -29.5

A.3.4. Sample parameters of Cryoconite samples from Grossvenediger and
Karakoram

Tab. A.11.: Selection and major results of cryoconite samples from Sulzbacherkees (ti-
tle: Sulz, Austria), Venedigerkees (title: Venedig, Austria) and Karakoram (title: Kara,
Central Asia)

Sample mass 14 1Cage | Error 13
Sample name [mgC] %C ass F 4C AF [yBP] [yBP] 0+3C [%o0]
Sulz 1 cryo 1.196 8.0 0.820 | 0.002 1599 24 -20.1
Venedig 1 cryo 0.905 4.6 0.659 | 0.002 3353 30 -27.2
Venedig 2 cryo 1.281 6.6 0.757 | 0.002 2235 23 -22.5
Kara 1 cryo 3.200 2.9 0.921 | 0.002 661 22 -14.1
Kara 2 cryo 3.650 3.8 0.936 | 0.002 532 20 -14.3
Kara 3 cryo 3.620 4.6 0.961 | 0.003 318 22 -19.7
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A.4. Appendix to Chapter 8

Titlis glacier cave block sampling: Pictures of the extracted profiles

Fig. A.11.: Left: Sampling site 1 near the cave entrance. Note the layering. Middle:
Sampling site 2 ca. 1,2 m to the right of site 1. Right:Sampling site 3 deeper in the

cave. Note the large stones

A.5. Appendix to Chapter 9

A.5.1. Sample selection - additional data

14000 . . . .
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©

Pearson R: 0,90
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2000 +—— T —

POC sample mass [ugC]

Fig. A.12.: Linear correlation between integrated dust content of ice core samples and
retrieved POC mass. Note the high Pearson correlation coefficient
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A.5.2. “Cages of the 340 °C fraction of the KCC samples

Tab. A.13.: Uncalibrated and calibrated “Cages (10) of the 340 °C fractions of the
KCC ice core samples.

Sample name Depth | “Cageyncq | Error | “Cage ., | Error 1o
[(m w.e.] [yBP] [yBP] [yBP] [yBP]
KCC 69-340-R 38.46 723 375 736 349
KCC 70/71 340 R 38.7 371 824 899 695
KCC 75/76-340-R 41.33 1075 172 1007 167
KCC 83/84-340-R 45.12 478 461 590 379
KCC 86-340-R 46.33 555 172 543 160
KCC 89/90-340-R 48.38 804 218 788 196
KCC 94-340-R 50.5 1324 154 1232 157
KCC 97 a/b 340-R 51.9 1784 157 1717 172
KCC 100-340-R 53.3 3011 200 3216 238

A.5.3. Picture of KCC 76

Piece of KCC 76 directly following the sample KCC 75/76. Note the strong yellow layering caused
by the fourth largest dust inclusion of the whole core.

31cm

( | |
End of KCC 75/76 Dust

Fig. A.13.: Picture of KCC 76
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A.5.4. Hypothetical in situ correction of “C results - calculations

1. Calculation of number of in situ produced “C atoms n in sample depth z (Eq. 4.1):

Py _Az _pz
ninsitu(z) = Myce * A : (6 A —e A )
A

With Py ~ 3964Cg~ta™!, A = 1509 - cm ™2, A = 22cmw.e./y, p = 0,9g9/cm® and mj. as the
ice mass of the sample in grams.

2. Calculation of the number of in situ !*C atoms incorporated into POC:

ninsitu,POC(z) = Cinsitu(z) - €

With ¢ as the fraction of total in situ *C reaching the POC via adsorption of DOC to the filter
matrix.

3. Calculation of the F'*C ., of the sample

14 Ninsitu, POC 1
F Cinsz’tu = ’

140
e (#8)
OzxlIl

20
C-atoms in the sample, calculated via

With (140)0 g the measured 4C /12C ratio of the OxII standard and nc as the number of
x

mpoc 1
nc = NA ’ M, ' 13
o)
sample

Where N4 denotes the Avogadro constant, mpoc the measured sample carbon mass in gram,
13 13

M the molar mass of carbon in g/mol and (%) l the measured (%) ratio of the sample.
sample

4. Calculation of the corrected F*Cvalue F'*C,,,, of the sample:
F14Ccorr = F14Cmeasured - F14Cinsitu
5. Calculation of the in situ corrected “C age ., [yBP] of the sample:

teorr = —8003 - In(FCopr)
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