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Abstract

The main objective of this thesis is the deployment of radiometric dating on Alpine ice archives, where
conventional, stratigraphical dating techniques fail. To this eAtiCaanalysis of particulate and, in

a novel attempt, also of dissolved organic carbon contained in the ice matrix is developed. Aimed at
minimizing the required ice sample size, the designed ice processing line allows for handling of up to
700 g ice and is shown to involve blank levels small enough to ensure religblanalyses down to a
modern carbon fraction of,f = 0.33 at a minimum sample mass of aboug@Qdcarbon.

Deployment of the system at the high altitude drilling area Colle Gnifetti (Monte Rosa, 4550 m.a.s.l.)
and, in contrast, to an ice core at the low altitude Vadret dal Corvatsch ice cap (Upper Engadin,
3433m.a.s.l.) reveals a quite significdAC excess, not explained by any blank contribution and

in contrast to the expected age range. The hypothesis that in situ prod@edght contribute to the

14¢C content of dissolved organic carbon reveals strong short comings in applying this carbon fraction
for radiometric dating of glacier ice, but also the new possibility to infer past accumulation changes.
The particulate fraction, mostly unaffected by exc&Ss, allows to connect an upper age limit of

(7.5 + 0.2) ka with the base of the Vadret dal Corvatsch, suggesting a minimal glacier extent during
that time. For the Colle Gnifetti drill sites a tentative upper age constrain indicates pre-Holocene ice re-
mains in the basal layer, while an enhané&d profile in the dissolved organic carbon fraction at core
bottom suggests a large in situ produc¢é@ contribution most likely as a result of low accumulation
during much colder periods.

Zusammenfassung

Ziel dieser Arbeit ist die Anwendung der Radiokarbon Datierungsmethode auf die Bereiche alpiner
Eisarchive, in denen konventionelle, stratigraphische Datierungstechniken versagen. Zu diesem Zweck
wird eine Methode entwickelt, um den in der Eismatrix enthaltenen partikularen, und zum ersten Mal
auch den gelosten organischen Kohlenstoff fir'di@ Analyse zu extrahieren. Mit der auf méglichst
kleine Eisprobenmengen ausgerichteten Extraktionsmethode kénnen Eisproben bis zu 700 g aufbereitet
werden. Es zeigt sich, dass der methodische Blank klein genug ist, um verlas8Gdkessungen bis

zu einem modernen Kohlenstoffanteil vop £ 0.33 an einer minimalen Probenmenge von etwa@0
Kohlenstoff zu erméglichen.

Die Methode wird auf Eisbohrkerne des hochalpinen Colle Gnifetti Gletschers (Monte Rosa,
4550m.a.s.l.) und zum Vergleich auf einen Eisbohrkern der tiefer gelegenen Vadret dal Corvatsch
Gletscherkappe (Oberengadin, 3433 m.a.s.l.) angewendet. Dabei findet sich eine signifikante Menge
an Exzess*C, welche nicht durch Blankbeitrage erklart werden kann und im Gegensatz zum erwar-
teten Altersbereich steht. Die Hypothese, dass in situ produziti@gum *C Gehalt des geldsten
organischen Kohlenstoffes beitragt, erweist sich als starke Einschrankung fiir die Anwenddf@ von

in geléstem organischen Kohlenstoff zur Datierung, bietet aber eine Mdglichkeit auf Akkumulations-
anderungen in der Vergangenheit zu schlieRen.

Die partikulare Fraktion des organischen Kohlenstoffs ist nahezu unberiihrt von ditSexzess

und ermoglicht somit die Bestimmung einer oberen Altersgrenze vont{ 02) ka fiir das Basaleis

des Vadret dal Corvatsch Kerns, welche einen minimalen Gletscherstand in dieser Zeit andeutet. Fir
den Colle Gnifetti Gletscher konnte eine vorlaufige Altersgrenze festgelegt werden, welche Eis aus
dem letzten Glazial andeutet. Ein Profil von tiberhoHt& Konzentrationen im gelésten organischen
Kohlenstoff des unteren Kernbereichs deutet auf eine grof3e in situ Produktionsrate hin, welche hdchst-
wahrscheinlich auf eine sehr viel geringere Akkumulationsrate in kalteren Zeiten zurtckzufihren ist.
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1 Introduction

The fourth assessment report on climate change states an increase of the global mean tem-
perature in the last 100 years of on average 0740.56°C to 0.92°C) very likely due to
anthropogenic causes. Palaeoclimatic studies furthermore suggest, that the second half of the
20th century was warmer than any other period in at least the last 1 300 years in the North-
ern Hemisphere. However, the maximum warmth period in the Holocene occurred in Europe
and North America between 11 000 and 5000 years ago. In this time, glaciers were in these
regions smaller than today or even completely absent (IPCC, 2007).

To determine past climatic conditions, a variety of proxies can be measured in different climate
archives, like ice cores, tree rings, stalagmites or sea sediments over different time intervals
from 1 000 to several 1 000 000 years. Ice cores from polar regions allow the reconstruction of
the past atmospheric composition and temperature changes in the last 800 000 years in Antarc-
tica (EPICA, 2004) and 120000 years in Greenland (NGRIP, 2004). Mid- and low-latitude,
high altitude mountain glaciers cover less time, but are important for recording the local cli-
mate variability in a region close to the majority of human population. The close vicinity

to human activities allows the study of the anthropogenic impact on climate forcing by short-
lived atmospheric substances with a non-uniform global distribution and highest concentration
close to the source (e.g. aerosol). Ice core records from mountain glaciers, i.e. from the Alps,
being suspected to contain climate information of the last 10 000 years, have been investigated
for several decades (Ce@tal, 2004). The small scaled glaciers thereby challenge climate
reconstruction, having complex ice flow dynamic especially at the bedrock and complicate de-
position sampling behaviour. This complexity affects not only the record of climate proxies,
but also the ability to date the ice.

Dating remains for most climate archives a challenge, and is especially difficult for ice cores
from mountain glaciers. Standard dating methods for sedimentary archives, such as annual
layer counting or the identification of absolute time horizons from e.g. volcanic eruptions,
become, due to the the rapid flow induced layer thinning, highly uncertain after a few hundred
years of age (Wagenbach and Geiss, 1989) and are limited to the upper 40 - 50 % of the core.
Due to the complex bedrock geometry, theoretical ice flow model approaches can also not
be applied to the lowest core sections. Finally, other non-sedimentary ice bodies, like small
ice caps, ice wedges or cave ice, where ice formation processes are unknwon or disturb any
seasonal signal, can not be dated at all.

Therefore, a dating technique is needed, which is independent of changes in climatic con-
ditions and the ice formation process. Radionuclides, 3ikBb, *°Ar or radiocarbon ¢.C),
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offer here an ideal dating tooP'°Pb allows dating only over the last 200 years, due to its
short half life time. Theé®Ar concentration in ice is too low for dating ice masses of less than

1 kg. However,*C dating has been a standard dating method for archeology and geology and
offers the best solution for dating ages up to at least 20 000 yearst(agl1990). Until now,

the quality of'*C analysis did not allow reliabl&C measurements on the very small car-
bon masses required for ice core dating. Micro-graphitisation (Stear 2006) and gas ion
source (Ruff, 2008) systems for Accelerated Mass Spectrometry (AMS) have only in the last
years improved enough th&C analysis on carbon masses as low agd®O became possible.

Concentrations of organic molecules in ice are extremely low and reservoir effects for organic
matter might result in an overestimation of the surrounding ice age. Especially the particulate
organic carbon (POC) fraction has extremely low concentrations (10 -50 ppb) and may be
biased by an inbuilt*C age from old soil or combustion of old organic matter (Jebél.,

2006). The dissolved organic carbon (DOC) fraction, being formed from secondary organic
aerosols (SOA) is assumed to have a recent radiocarbon age at deposition, as SOA is mostly
released by the living biosphere (Sziddtl. (2007); Gelencséetal. (2007)) and is present

in the ice in larger concentrations (50- 100 ppb). DOC offers therefore the best chance to
constrain the age of glaciers in their lower core section$'Bydating on ice masses < 1kg,
which is a reasonable sample size for analyses on ice cores.

Aim of the thesis is the development of a routit€ analysis of dissolved and particulate
organic carbon fractions in ice dedicated to dating the lower sections of Alpine ice bodies. For
this purpose, the present work comprises:

1. The development of a suitable extraction method for organic matter in the form of DOC
and POC from ice sample volumes as small as possible.

2. The investigation of*C measurements on DOC (and POC) for different ice samples
to determine the ability of DBC (and PG*C) for dating Alpine ice by discussing
problems and source contributions to th€ fractions and eventually the establishing
of age constraints.

3. The testing and deploying of this radiometric dating method on ice cores from various
Alpine glaciers distinguished by their depositional regime and depth age distribution.



2 Background

At present time about 10 % of Earth’s land surface is covert with ice, but only 1%, like moun-
tain glaciers, is in close proximity to humane activities. Ice cores from polar ice sheets and
mountain glaciers provide a unique climate archive for temperature and precipitation rates
through their isotopic composition (Dansgaard, 1964) as well as for atmospheric trace el-
ements and trace gases within the enclosed air bubbles @®atit 2000). Depending on
accumulation rate, ice thickness and flow dynamic of the ice, an ice core can cover a time
period of 100 up to several 100 000 years.

While polar ice sheets cover a large time frame up to 800000 years (EPICA, 2004), they
are relatively detached from anthropogenic sources. Ice cores from mountain glaciers, e.g.
from the Alps, are suspected to cover only time periodszaf0 000 years, but are closer

to human activities and thus can give detailed information on the anthropogenic impact on
the late Holocene climate. However, the small scales, complex flow dynamics and heteroge-
neous accumulation of mountain glaciers makes climate reconstructions difficult (Wagenbach
etal, 1992) and especially determination of the age-depth relationship a big challenge. Dating
techniques, which are relative successfully applied to polar ice cores, prove less effective for
Alpine ice archives.

The following chapters will provide basic information about mechanics and dynamics of ice
and mountain glaciers. Different dating techniques for Alpine ice cores are introduced and
their advantages and disadvantages discussed. In order to illustrate the potential and problems
of radiocarbon dating on organic matter in ice, the radiocarbon cycle is described and the
different fractions of organic matter deposited in ice are discussed with respect to their sources
and radiocarbon signatures.

2.1 Basics of ice and glaciers

For more details on the following subjects on ice and glacier physics reference is made to
Paterson (1994) and Oeschger and Langway (1989).

2.1.1 Transformation processes of snow to ice

Mountain glaciers are called “cold” if the ice temperature is bel6@®@ @ll year round and
“temperated” if the ice mass is at the melting point. Depending on the meteorological condi-
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tions both types of glacier have different snow-ice transformation zones.

1. dry-snow zone: no melting occurs and the snow transforms into ice through settling,
molecular diffusion, sublimation and coagulation of the snow flakes.

2. percolation zone: in summer, melt water penetrates a certain distance into the snow and
refreezes, accelerating on its way the settling and coagulation of the snow flakes and
forming ice layers and lenses.

3. wet snow zone: all snow since last summer is heatefi@o 0

4. superimposed ice zone: so much melt water is produced, that ice layer and lenses merge
to a continuous mass at T <G.

5. ablation zone: in this area the glacier looses mass.

While cold glaciers can contain all of these zones (although not at once), temperated glaciers
have per definition only superimposed ice and ablation zones. The transformation in dry-snow
zones can take, depending on accumulation rates, up to a few hundred years. As soon as melt
water is included, the ice formation process is much faster.

2.1.2 Mass balance of mountain glaciers

In time a glacier gains mass by accumulation processes, like snow deposition, avalanches
or freezing of rain, while loosing mass by ablation processes, like melting, evaporation and
removal of snow by wind. Investigating the gain and loss of matter on a certain area of a
glacier and over a certain period of timd, the mass balance is given as:

At
b:/ (¢ +a) dt 2.1)

where b = local mass balance= g—j = accumulation rate and = % = ablation rate within

At. The area with b < 0 is called ablation zone of the glacier, while the area with b > 0 is
called accumulation area. Both zones are separated by the equilibrium line. Integration over
the whole glacier area gives the total mass balance:

B:/ b-dA+/ b-dA 2.2)
Ac Aq

with dA. and dA, being points in the accumulation and ablation areas. If B = 0 the glacier is

in steady state and its geometry remains more or less the same. In steady state conditions a
net-transport of ice from the accumulation to the ablation zone is required. This is achieved
by combined flow and internal ice deformation processes.
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2.2 Ice and glacier dynamics

In contrast to the large polar ice sheets of Antarctica and Greenland, mountain glaciers have
small geometries, where their length and width is of a similar order to the total ice thickness. In
addition, the location on a more or less steep bedrock leads to complex ice dynamic processes.

Being a viscous material, ice is deformed already at low stress values. The different directions
of deformatione;;, one by normal stress (applied force and normal vector of the area are
parallel) denoted by;; and two by simple shear stress (applied force and normal vector of the
area are perpendicular) denotedrpycan be discussed separately.

l‘
T
normal stress simple shear stress

Figure 2.1: Deformation of an ice cube under normal und simple shear stress.

For all treatments of ice flow and deformation the constitutive relation between the amount
and rate of deformation and the applied stress is necessary. This material property can be
determined only empirically by experiments and is described by Glen’s law giving the corre-
lation between the deformation ratg and the applied normal stresg and shear stress;
respectively:

The first index gives the direction of the force, the second one represents the normal vector
of the area. n is usually assumed a constant, while C depends on temperature, crystal size
and impurity content. Empirical values for n are found to be between 1.5 and 4.2, but mostly
n is set equal to 3. This law describes only a uni-axial compression or simple shear stress
and its resulting strain or shear deformation. For the extension to the complex stress system
in glaciers the law has to be generalised. Assuming ice is incompressible and an isotropic
medium, the following final flow relation is found:

& = Ct"loy

éij = CTn_lTij (24)
with 7 being the effective deviator stress, a scalar entry independent of orientation and involv-
ing all 6 stress components. The deformation rate correlates with the velocity components
by:
. 1 a’Ui 81]]'
Eij - 5 . ((?rj + 87“1)

(2.5)



Chapter 2. Background

To derive the velocity distribution of(z, y, z), continuum mechanics yields the three fun-
damental equations for the conservation principal, which need to be closed by the flow law
discussed above:

1. Conservation of mass

% + div(pt) =0 (2.6)
2. Conservation of momentum
9ot
% + div(T) + pj = 0 2.7)
~~
0
3. Conservation of energy
or . " .
rel o) = div(K - gradT) + pc- 0 - gradl + trace(Té) (2.8)

The conservation of energy is usually neglected. The age-depth relationship in a glacier can
be basically calculated from the velocity distribution through integrations along the flow lines,
which in case of 1D reduces to the simple kinematic apprdach % and is then given

by:

Hz) = /0 L (2.9)

v,(2")

2.3 Dating of Alpine ice cores

In order to detect the climate change in ice cores drilled into glaciers, the age-depth relation-
ship needs to be determined. The great ice sheets of Antarctica and Greenland can be well
dated by annual layer counting. Dating of Alpine mountain glaciers is however due to the
complex geometry, flow dynamic and accumulation regime more complicated and requires in
most cases a combination of different methods.

2.3.1 Identifying time horizons

The first order of business in dating an Alpine ice core is the determination of absolute time
horizons. The most prominent, the atomic bomb peak of 1963, is commonly identified by the
enhanced tritium concentrations. Additionally, there are several well documented Saharan dust
events during the 20th century, which can be easily identified in Alpine ice cores (Wagenbach
and Geiss, 1989). The most common events are from 1971, 1947 and 1901/1902 AD and
are often visible directly by an orange colouring of the firn. These absolute horizons allow a
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reliable dating of the first 100 years and can be used to calibrate other dating techniques. They
also provide a first estimate of the average surface accumulation rate.

Volcanic eruptions are often used as absolute time horizons. However, determination of a
volcanic horizon in an ice core is a challenge and requires much care. Often dust, conductivity
and ion records have to be combined to mark a possible volcanic signal in ice. There is a large
record of historic eruptions available to date a volcanic horizon, but not every historically
recorded volcano is recorded in an Alpine glacier. This leaves the problem of deciding, which
eruption has been identified and results in large uncertainties. However, volcanic events may
still be used to verify and tune an age-depth relationship derived by other dating techniques
(Bohleber, 2008).

2.3.2 Annual layer counting

The main dating method used for sedimentary archives like the polar ice sheets and Alpine
glaciers is the counting of annual layers visible in different records of the ice core. In the polar
regions, seasonal variations are recorded in the water isotopes due to the strong temperature
variations and can be counted down to large depth (Dansgaard, 1964). For Alpine glaciers, the
accumulation varies during the year and precipitation is not uniformly sampled. A seasonal
variation enclosed in the precipitation is thus not always distinguishable, especially for small
accumulation rates. Other trace elements, like NHJust (e.g. Thompscet al.(1995); Mau-
petitetal. (1995)), contain a seasonal signal due to a seasonal source or the varying height of
the tropospheric boundary layer. In winter, high Alpine glaciers lie in the free troposphere and
are mostly cut off from any low level source regions, while in summer transport reaches high
altitudes.

However, regardless which proxy is used for annual layer counting, the fast annual layer thin-
ning in Alpine glaciers, the complex flow dynamic as well as natural variations in deposit and
accumulation limit this dating method to the upper 40 - 50 % of the core and thus, depending
on the accumulation rate, to 100-400years. Also, counting of annual layers assumes that
every year has been preserved and can be identified. Missing years or miscounting leads to a
fast accumulating age error with depth.

2.3.3 Radiometric dating

There are mainly four radioactive elements with adequate half life times to allow dating in
Alpine ice cores according to:
A=Ay e (2.10)

A is the decay constant and correlates with the half life time byTlT—/QQ and A is the activity.

The concentrations ofAr (T,,, = 269 a) and*Si (T,/» = 276 a) in ice are both too low to
allow reliable dating of ice samples smaller than 1 kg at present time. With a half life time of
22.3years?'°Pb can be used to date 200 years, if the initial concentration is known or can be
estimated well enough (e.g. Gaggedenl. (1983)).
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Radiocarbon dating is the most promising radiometric dating technique for the lower core
sections, having a half life time of,J, = 5370 a, which allows dating of up to 20 000 years.

The low organic carbon concentrations in ice require now, due to the steady improvement of
14C measurement precision over the last decades, ice sample sizes of less than 1 kg to obtain
enough carbon mass f&tC analysis, which prohibits a high time resolution, but would still

help to constrain the age at the bottom of the core. While radiocarbon dating on organic matter
in ice is not yet applied in a routine way, first successful analyses have been reported by Ruff
(2008) and Jenktal. (2009).

2.3.4 Ice dynamic modeling

Ice dynamic models are typically used to extrapolate the age-depth relationship down to larger
core depth.

Nye’s model

[

Yy X

H l—>
VZ

bedrock

ice divide

Z

Figure 2.2: 2D Mye model on a flat bedrock: assumptions are (1) infinite extension in
x-direction parallel to bedrock, (2) constant glacier thickness H (steady state) and (3)
constant accumulation rate A.

Nye’s model assumes a 2D ice slap with an ice thickness H(x,t) parallel to bec%%c&(

0). Since mass conservation has to be adhered, the mass added to the top of the ice-slap by
accumulation A(x,t) has to be counteracted by a mass flow in x-direction over the complete
ice thickness H. Integrating equation (2.6) over z from top (z = 0) to bedrock (z = H(t)) gives:

) g H(t)
/ —dz+/ div(p-0)dz=0
o Ot 0
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For an incompressible medium follows:

H(t)
/ div(v)dz = 0
0

H® ov,  Ov,
/0 (8:15 + az)dz =0

(2.11)

The system is assumed to be in steady state, meaning H(t) = H is constant in time, (8)so
is given by the constant accumulation rate A(x,t) = A an(H) = 0, since the ice is assumed
to be frozen to the ground. Finally a mean horizontal velogjtx,y,t) = v,.(X) is assumed.
00,
or

Vpe =

T =

- (2.12)

Using this approximation, the dependence 0bn z can be estimated for an incompressible
medium as follows:

ov, Ov,
+

R
Z 0v, = A
o2 dz = —/0 Edz
A
v,(2) —A = 5 #
z
v.(z) = A-(1- ﬁ) (2.13)
Together with equation (2.9) this gives the age-depth relation:
H z
tNye<Z> = —Z . ln(l — ﬁ) (214)

Ice-slab model

The ice-slab model assumes a parallel-sided slab of ice with the extension in x- and y-direction
being large compared to the ice thickness H(x,y,t). In steady state H(x,y,t) = H is constant in
time and space. The ice-slap is frozen to a rough plane with slppeviding the only driving

stress component. Considering a column of ice perpendicular to the plane with a constant ice
densityp, the gravitational force has a component parallel to the slope called the driving stress.
In equilibrium this gravitational pull is balanced by the shear strgss

Tez = PYSINQ - 2 (2.15)

If 7., is the only non-zero stress component, the flow lines are parallel to the surface and
the flow is called laminar. In this case the z-component of the velocity is zero and therefore
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Figure 2.3: 2D ice slap model on an inclined bedrock: assumptions are (1) infinite extension
in x-direction, (2) constant glacier thickness H (steady state) and (3) constant accumulation
rate A.

é = %‘%. Combining this relation with the general flow equation 2.4 and with Equation 2.15
and integrating over z, gives:

“ldv ?
gy = | C(pgsina) () de
/0 5 3 % /0 (pgsina)™(2")"dz

2C o
vz (2) —v,(0) = o—— (pgsina)™ - z
wlH) = u(0) = 2 (pgsina)" - H"

Thus the vertical velocity, depends on z:

va(2) = 13(0) (1 _ (%)”H) (2.16)

The velocity decreases with depth z and as B8, most of the decrease takes place near the
bedrock. Adhering to the boundary condition of the ice being frozen to the bedy@dk =

0 and integrating Equation 2.16 over the complete ice thickness gives the average velocity in
x-directiont, = L 5 v,(2)dz.

n+1

Uy = n2fl (pgsz’na)”% /HO (2" — H") dz

v, = nzfl (pgsina)”% (_nL—FQHnH + H"”)

U, = n252 (pgsina)"H" (2.17)
oo

—-10-
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Note that up to this point the laminar solution does not require any accumulationusioge
does not vary with X. In a crude approach, however, the conservation of mass results in the
dependence af, on x, given by, = % x. From this follows:

n+2A z\ntl
vz, 2) = i " (1 - <E> ) (2.18)

Assuming once again an incompressible medium, thus deploying Equation 2.6 in the form
ux 4 %= — () and considering the boundary conditionof0) = A:

o2 G) RGN e

SV 1 /7 2\%
v(z) = A (1 = (E) +7 (E) ) (2.20)
This polynomial equation can not be integrated analytically to give age versus depth (see

Equation 2.9) and therefore the age-depth relationship has to be obtained by numerical inte-
gration.

For n = 3 thisis:

As can be seen, even the 2D modeling of ice dynamics is very complex and many assumptions
are generally made, which do not represent real conditions. These problems result in strong
uncertainties in the lowest core sections.

In conclusion, dating of Alpine ice cores is a challenge. While the first few hundred years can
be dated well enough, although with some difficulty, the typical dating techniques fail for the
lower core sections. Radiometric dating witC seems at the moment the best solution to
extend the age-depth relationship derived for the upper core section down to the bottom of the
core.
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Chapter 2. Background

2.4 Radiocarbon in organic matter

For radiocarbon dating, organic matter must be extracted from the ice archive. However, even
if a sufficient amount of carbon is extracted, it€ signature might not correlate to the age of
the surrounding ice, depending on the age of the organic matter at deposition on the glacier.

2.4.1 Organic matter in ice

Organic matter is incorporated into glacier ice either in the form of dissolved organic carbon
(DOC) or as particulate organic carbon (POC). Both fractions origin from the atmospheric
organic aerosol body.

Atmospheric aerosols are defined as the suspension of liquid or solid particles with a diameter
of 10nm to 10Q:m in a gas, usually air (Junge, 1963). This definition covers many different
aerosol species with a wide range of physical and chemical properties. One possible classifi-
cation is through their production process:

1. Dispersionis the direct bulk-to-particle production from soils and liquid surfaces through
raising up of dust from the ground or through bursting of bubbles on the ocean surface.
These particles are called primary aerosol and have sizes of/dm10

2. Nucleation is the gas-to-particle production from the gaseous phase, where particles
evolve from gas molecules through condensation in an over-saturated environment or
on an already existing particle. These particles are called secondary aerosol and have
radii under 0.Jum.

DOC and POC are commonly distinguished by the particle size, POC being the fraction that
can be filtered. POC is therefore dominated by the primary aerosol, while the DOC fraction
origins from the secondary aerosol fraction.

Gelencsér (2005) summarises the different natural and anthropogenic sources of primary and
secondary organic aerosol. Primary organic aerosol consists of plant debris, microorganisms
(like bacteria) and soil particles as well as contributions from biomass burning. The gaseous
precursors for secondary organic aerosol are emitted from the living biosphere as e.g. terpens
as well as from the soil in the form of volatile organic carbon (VOC). Additionally, anthro-
pogenic sources like fossil fuel combustion, land use change and wood combustion contribute
to both fractions.

During their atmospheric lifetime, aerosols take part in various processes, that change their
size and chemical composition. The small, secondary aerosol particles thus coagulate within
hours to larger compounds with radii <¢dn. Water vapour and other gaseous components
condense on their surface and they are incorporated into water drops. The majority of particles
has a size of < 0.Lm, while the bulk of carbon mass is contained in the larger sizes.

Deposition of aerosol happens through sedimentation or rain-out. The larger particles have
a relative short lifetime, since they are fast deposit through sedimentation and thus quicker
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2.4. Radiocarbon in organic matter

removed from the atmosphere. Small particles with a sizegm &ct as water condensation
nucleii and are therefore deposit through precipitation.
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Figure 2.4: Typical lifetime of atmospheric aerosol depending on particle size and
atmospheric height (altered from Jaenicke (1987)).

It follows, that organic matter accumulated on high altitude glaciers is dominated by particles
in the smaller size mode. Since POC contains mainly the large, primary aerosol particles, its
concentration in ice is relatively low at 10 - 50 ppb for pre-industrial ice. The DOC concentra-
tion, on the other hand, contains mainly secondary aerosol and for high Alpine glaciers, the
pre-industrial DOC level is on average between 50 - 100 ppb.

2.4.2 The radiocarbon cycle

Carbon is a major element of life and can be found in a lot of different organic and inorganic
components in the atmosphere, the biosphere and in ground soil. The most abundant compo-
nents are the two stable isotop&%; and!3C, followed by the radioactive isotogéC with a

natural atom ratio of;% = 1012,

Radiocarbon is produce continuously mainly in the lower stratosphere through interaction of
thermal (“slow”) neutrons with nuclei of atmospheric nitrogen (Libby, 1946):

UN+n-=MCH+yp (2.21)
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Figure 2.5: Sketch of the natural production 8fC by cosmic rays in the upper atmosphere
(Nave, 2005).

Thermal neutrons are produced naturally by primary high energy (1-10 GeV) G&Rdtic
CosmicRay) having a global particle mean flux of 3cAs~!. The GCR patrticles produce
cascades of secondary particles by interacting with the air molecules (Masarik and Beer,
1999). Different studies calculated similar global production raté$®fn the atmosphere of

2.0 atoms cm? s~! (10 % uncertainty). As the magnetic field diverts the particles toward the
magnetic poles;*C production is largest at high latitudes. (Lal and Peters (1967); Masarik and
Beer (1999)). The GCR particle flux is modulated by the solar magnetic field, depending on
the solar activity, and Earth’s magnetic field, resulting in a natural variation of the atmospheric
14C concentration with time (Usoskin, 2008).

After the production in the atmosphetéC is rapidly oxidised td*CO and then td*CO,. As

14CQ, it takes part in the global carbon cycle and is mixed and transported in the atmosphere,
exchanged with the carbon inventory of the ocean and the biosphere and stored in sediments
and soil (Figure 2.6).

The eventual sink fol*C is the radioactives— decay, with a half-life time of 5 730 years:

o - UN4+ B+ (2.22)
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Figure 2.6: The global carbon cycle together with its different reservoirs (PgC) and
exchange fluxes (PgClyear) for (@2000-2005) (pers. com. I. Levin, 2009)

2.5 Radiocarbon dating

As discussed previously, the common dating techniques in ice are limited to maximal a few
hundred years, whereas radiocarbon provides the possibility to date ice ages up to 20000
years.

Reporting '“C ratios

The procedure on reportingC concentrations is standardised by Stuiver and Polach (1977).
A more detailed description is given in Appendix A, however summarising, two important
conventions have been defined:

1. Correction for isotope fractionation:

Chemical and physical fractionation occurs whenever carbon is transported within the carbon
cycle, e.g. from the atmosphere into the biosphere. More importantly however, significant
fractionation can occur during sample preparation, combustion and graphitisation in the lab-
oratory and thus falsify th&'C/*2C ratio. Since carbon has two stable isotogé€, can be

used to indicate fractionating processes, as it is expected, that any fractionation is twice as
strong for'“C as for'3C, due to the two times larger mass difference. To make samples from
different sources and different sample preparations comparabléCathtios are corrected for
fractionation according to:

OBC, 1 eas + 25

14 14
Rsam e,norm — Rmeas (1 -2
ple, ( 1000

) (2.23)
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Per international conventioi:C ratios are referenced toy&’C value of -25 %o, which is the
postulated mean value for wood.

2. Reference year 1950:

To allow an easy comparison of samples measured in different years, 1950 AD was agreed on
as reference year. TH&C concentration is therefore measured relative to the absolute radio-
carbon standard value of 1950. The absolute standard material is wood grown in 1890, age
corrected for the reference year 1950. The commonly used radiocarbon standard today is an
oxalic acid standard normalisedd&’'C = -19 %o, which correlates to the absolute radiocarbon
standard by:

. 513(7‘+'19) . A (t-1950)

1 absolute — Y- L x 1-2
Rupsotute = 0.95 - YR, - ( o

(2.24)

where t is the year of measurement.

In the present work!*C concentrations are reported faaction modern carbon f,,, where
the term “modern” refers to the standard value of 1950:

14
Rsamplenorm
mw=——— 2.25
f 14Rabsolute ( )
f,, is dimensionless, but is equal to the pmC (percent modern Carbon) notation
(pmC =1,,- 100 [%]) reported by Stuiver and Polach (1977).

Calibration of '*C ages

The atmospheri¢'CO, is constantly incorporated and exchange between the atmosphere and

the different carbon reservoirs. As soon as the reservoir stops exchanging carbon with the
atmosphere, either by being no longer in contact or in case of living organisms by dying, the

radiocarbon clock starts. The activity A at a time t is then:

A=Ay e M (2.26)
where\ = %22 In case of radiocarbon tHéC/*2C ratio can be used instead of the activity A,
becausé*CO, is homogeneously mixed in the atmosphere. t gives the age, at which carbon

exchange with the atmosphere stoppeglis&he initial 1*C concentration, which is needed to
determine the age of the sample.

Serious effort has been put into the determination of the calibration curve, which réiates
concentrations to a dendrochronological time scale. Figure 2.7 shows the newest calibration
curve IntCal04 combining six chronologies of different sampling sites and materials in the
northern hemisphere. For detailed information on the calibration curve seeBadr2004).

Several software programs convert a meastit€draction f,, into a calibrated age based on
this IntCal04 curve. In this work the OxCal 4.1 program was used (Bronk Ramsey, 2009)
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Figure 2.7: The IntCal04 calibration curve giving the initial atmosphéfic fraction as f,
at a calibrated age derived from tree rings (data taken from 8@ald(2004)).

to derive calibrated ages from sing&C concentrations through Monte Carlo simulation.
The program uses the probability distribution of tA€ concentration given by (f + Af,,),

looks for intersections with the IntCal04 curve and calculates a probability distribution of the
calibrated age. Depending on the characteristics of the curve, e.g. small variations (plateaus)
or strong variations (wiggles), the age distribution can cover a larger or a smaller time period,
and even splitting into several time spans is possible (see Figure 2.8).

In this work, calibrated radiocarbon ages are givenasirhe periods in years before 2000.
The reported “central” value is the age with the larges probability.

Reservoir effect for organic aerosol

While the initial **C fraction is well known and allows a relative precise determination of
the radiocarbon age, a problem still remains. Radiocarbon dating quantifies the age, at which
the investigated reservoir stops exchanging carbon with the atmosphere. If a carbon reservoir
contains a mixture of carbon from an “old” and a “young” source, the calibrated radiocarbon
age overestimates the true age. This is called “reservoir effect”. Well known, natural reservoir
effects, are e.g. mixing of deep ocean water with surface water (marine reservoir effect)
(Wagner, 2005) or solving dfC free carbonate in soil and ground water (hard water effect)
(Deeveyetal,, 1954).

For carbonaceous aerosols in the atmosphere, the sources and source strengths contributing
to the respective aerosol fraction define the apparent age of the organic matter. Organic com-
pounds released by the living biosphere either as primary or secondary aerosol can be assumed
to have the same radiocarbon fractignds the atmospheri¢CQ, at the time. Since the at-
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1500 OxCal v4.1.2 Bronk Ramsey (2009); r:5; IntCal04 atmospheric curve (Reimer et al 2004)
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Figure 2.8: Example for an age calibration using OxCal 4.1. Given are th&8.2 %) and
20 (95.4 %) time intervals.

mospheric lifetime of aerosols are in the order of days, the deposit of these aerosols onto the
ice, would provide a direct information of the ice age. However, organics released from soil or
from decomposing matter are already several years up to several thousand years old (Cherkin-
sky (1996); Tegen and Dorr (1996); Pesseatial. (2000)) and the incorporated radiocarbon

has already decayed. This reservoir effect, would result in a severe overestimation of the ice
age.

The problem of the reservoir effect might be avoided by measuti@gn the secondary or-
ganic carbon fraction, which main source is the living biosphere. For the two carbon fractions
in the ice core, this translates inttC analysis of DOC rather than POC. Soil may be a signif-
icant source of POC, resulting in too large radiocarbon ages, while the DOC fraction should
be dominated by the biogenic SOA source.

Next to the natural source mix, anthropogenic activities resulted since industrialisation in two
strong reservoir effects:

1. Fossil fuel combustion

Because of the relatively short half life time of radiocarbon compared to geological time
scales, fossil carbon like coal and petroleum (millions of years old) is free of radiocarbon.
Input of carbon through combustion of fossil fuels thus leads to a depletion éf&heon-
centration in the atmospheric GOwhich is called the Suess-effect (shown in Figure 2.9).
The depleted*CQ, signal is incorporated into the biosphere resulting in the releas8Cof
depleted organic aerosols.

However, more importantly, fossil fuel combustion is also a direct source for organic aerosol,
emitting gaseous organic compounds and soot, which then contributes to the atmospheric
aerosol body and thus to both the POC and DOC fraction, although it is assumed, that it con-
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tributes less to DOC than to POC. THE signature of the atmospheric organic aerosol has
been strongly depleted since beginning of the industrialisation @eaik(2006); Szidaet al.
(2004)) prohibiting the use of this component for radiocarbon dating.

2. Nuclear fission and fussion bombs

In addition to the natural*C source, high-energy neutrons were produced through atmo-
spheric tests of fission or fusion bombs and “slowed down” to the thermal level by collisions
with nuclei in the atmosphere (Naegler, 2005). Atmospheric nuclear bomb tests have been car-
ried out only between 1945 and 1980, the majority during 1954-1958 and 1961/1962, and thus
resulted in a peak of the radiocarbon concentration in the atmosphere in the late 1950’s and the
early 1960's. The highestC concentration at,f = 2 in the atmosphere was reached in 1963.

After the stop of the bomb tests, the radiocarbon concentration decreased due to the uptake of
14C by the ocean and the biosphere. Since the atmosphere, the ocean and the biosphere are at
present almost in a steady state again regarding their radiocarbon signatures, the Suess-effect
is at the moment the main reason for the still decreasing atmosph€@ concentration.

Today the atmospheric radiocarbon signature has again nearly reached its pre-bomb value.
Figure 2.9 shows th&C concentration of atmospheric GOver the last 50 years.

““C in atmospheric CO,
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Figure 2.9: A™C = (f,, - 1) - 1000 [%o] in atmospheric COin the Northern Hemisphere
over the last 50 years, showing the Suess-effect (data from Stuiver and Quay (1981)) and the
bomb-peak (data from Levin and Kromer (2004); Legiral. (2008)).

The organic aerosol is influenced by this increase in atmospH&ithrough the incorpora-
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tion of the CQ into the biosphere, which then releases organic aerosol with an enhd@ced
signature. In this case tHéC signature changes while the organic aerosol mass remains con-
stant. However, since the atmosphétic O, signal during the bomb peak is well documented,
the well known bomb profile might still be used to determine how a fast changing atmospheric
14CQO, signal is recorded in the carbonaceous aerosol fraction in ice.
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3 Methodology of 1“C analysis in
glacial DOC and POC

Aim of this work is the radiocarbon dating of Alpine glaciers by measutit@on the dis-

solved and particulate organic carbon fraction on ice samples as small as possible.

Since the ice mass available fdC analysis is limited, e.g. by the geometry of the ice core,

and the samples should cover a preferably small time period, i.e. being as short as possible,
the extracted carbon masses can be, due to the low carbon concentrations in ice, extremely
small. To still allow reliable*C measurements, an extraction system for

(1) small DOC and POC concentrations must be developed requiring
(2) a minimal and stable blank
(3) and a good extraction efficiency.

A large efficiency assures that the maximum of organic carbon contained in the ice sample is
extracted and a small blank allows measurement of smaller carbon masses. The focus rests on
the dissolved fraction, which is present in the ice in larger concentrations then POC and there-
fore allows extraction from smaller ice sample volumes. Additional analysis of POC could
be used to confirm the DOC ages and the comparison of both fractions may give information
about the sources of the two carbonaceous fractions and the respective age of the material at
deposition. In the following, ...

. the concept and decision-making process for the DOC oxidation (3.2.2) apd CO
degassing (3.2.1) method, as well as for the ideal POC filtration medium (3.2.3) is ex-
plained.

« ... the final set-up of the extraction system is described, giving information about the
extraction procedure and which ice samples can be processed (size, organic carbon con-
centrations, etc.) (3.3).

* ... the developed system is characterised with regard to the blank, the minimal carbon
sample size and the overall uncertainty of the measti@aoncentrations (3.4).

... the performance of the system is tested on real ice samples to verify that the de-
contamination procedure and the determined blank apply to real samples as well and to
investigate the repeatability of the extraction system.
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3.1 State of the art

Measuring radiocarbon

Since its discovery in 1946 by Willard Frank Libby, the radioactive isotdfichas become a
fixture in several research fields. The radiocarbon dating of organic matter through radioactive
decay with a half life of 5730 a is a standard technique used mainly in archeology and geology
(Arnold and Libby, 1949). Conventionally, tHéC content of a carbon sample is measured

by counting the3— decay activity of a CQor CH, gas using a Geiger counter (Kronedral.,

1987) or liquid scintillation (Pringletal, 1955). These methods have the disadvantage of
requiring carbon masses in the order of 1 g to allow for a sufficient counting statistic. With the
invention of Accelerator Mass Spectrometry (AMS) and the possibility of directly counting
14C atoms relative to the stable isotogé€ and!'*C without having to wait for their decay,

the precision of“C analysis was increased and the necessary carbon mass reduced to 100 -
20019C (Suteretal,, 1981).

Conventional AMS measurement 4fC on organic carbon requires for the organic matter to

be oxidised to C@and subsequently reduced to solid carbon targets by graphitisation. Gas
ion sources, allowing the direct injection of the €@as into the AMS, have been proposed
already 25 years ago (Middelton, 1984), but have been improved only in the last years enough
to allow successful application for sample sizes of.8C (Ruff, 2008).

For the present study, AMS measurement were carried out on graphite targets at the VERA
laboratory (Vienna Environmental Research Accelerator, Institut fiir Isotopenforschung und
Kernphysik, University of Vienna). The VERA graphitisation setup is designed for small
carbon samples in the range of 5 - 1@fC and allows graphitisation of three samples si-
multaneously in one day. Procedure blank was found to bedCAwith a'“4C signature of

about f, = 0.4 (Steiertal, 2006). The AMS measurement returns reliable values for sample
masses larger than 1@C, while for lower masses the error increases.

As the measurement 6fC by AMS improves and allows exploration of new areas of research
(Beukens, 1992), the extremely small sample sizes challenge the quality of sample preparation
procedures.

Extraction of dissolved organic carbon - DOC

Dissolved organic carbon (DOC) has been measured for over 30 years in seawater samples
(Grasshofketal,, 1999) and more recently in freshwater and ice samples (Le@taig2007).
Different technigues have been used, all eliminating first the inorganic carbon fraction, before
the organic carbon is oxidised to GOThe gas is then extracted, e.g. by diffusion through a
semi-permeable membrane or purging of the liquid sample with gas and quantified, e.g. by
manometry, gas chromatography or infrared absorption.

In the present study, an infrared absorption,&@tector (Licor Bioscience: L1820) was used

to monitor the oxidation and CQilegassing processes. The detector measures the strength of
the IR signal that passes through a certain optical path length. The ratio of thal&S@rp-

tion band signal at 4.26m and a reference signal at 3,9% indicates the amount of light
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absorption by C@, and thus, the gas concentration (Biosciences, 2002). In the present study,
CO, concentrations in the gas stream reached seldom over 100 ppm and a high accuracy is
needed in the ppb concentration range. However, the main concentration range of the L1820
lies in the order of 100 to 20 000 ppm and has a relative unstable baseline. The detector was
still adequate enough for the simple task of identifying problems during as well as the end of
the oxidation and extraction process. A new {d@hline detector was purchased (Teledyne
Instruments, APl M 360EU), but could not be installed within this thesis.

Collection of the CQ gas for graphitisation and AM&C analysis is commonly done by
freezing it out from a carrier gas stream in cold traps with liquid nitrogen. A setup for sampling
of CO, and manometric quantification of the carbon mass was already available (see Section
3.3.2), although designed for slightly larger carbon masses in the rangegCoMHowever,

the manometric quantification was easily adapted to allow the determination of smaller carbon
masses (see Section 3.4.1).

The most difficult and controversial step remains the oxidation of the organic carbon fraction,
which is a complex mix of organic molecules. Over time, mainly three different methods have
been developed and improved:

» wet chemical oxidation (WCO)Liquid samples are oxidised in ampoules by autoclav-
ing at 100-170C with oxidants (e.g. KS,Og) (Menzel and Vaccaro (1964); Shaepal.
(1995)).

* high temperature combustion (HT:Cliquid samples, that are directly injected into a
combustion line, or dry samples, retrieved by either evaporation (MacKinnon, 1978) or
ultra-filtration (Benner and Hedges, 1993) of a liquid sample, are combusted at high
temperatures in a stream of pure oxygen. The combustion is carried out with or without
the aid of a catalyst (Menzel and Vaccaro (1964); Sugimura and Suzuki (1988)).

» UV-induced oxidationLiquid samples are oxidised by irradiation with UV light and the
addition of an oxidant (e.g. a peroxid solution or pure oxygen) (Collins and Williams
(1977); Oppenlander and Gliese (2000)).

Several inter-comparisons have shown that all methods can be improved to have very small
blank contribution and good agreement with each others. The largest controversy remains the
unknown oxidation efficiency for different samples. The HCT method is commonly supposed
to achieve complete oxidation, while the WCO procedure gives significantly lower values,
and the UV method might also fail to oxidise more complex molecules (Gerttady(1977);
Sharpetal. (1995); Shargetal. (2002)).

Extraction of particulate organic carbon - POC

Particulate organic carbon (POC) from ice samples has been extracted by filtration through
a carbon free, heat resistant filter medium (Steteal., 2006) or recovered onto any chosen
surface by sublimation of the ice (Biegalskial, 1998). After removal of inorganic carbon,

the POC is commonly combusted to €& high temperatures over 730D.
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Usually, filtration is used for POC extraction (Chylekal. (1995); Weissenbdkt al. (2000);
Jenketal. (2007)) being a simple and quick procedure applied successfully in seawater stud-
ies (Grasshofietal, 1999), but often carries the shortcoming of a poor particle collection
efficiency. In comparison, sublimation of ice may provide the better recovering efficiency, but
the melt water is irretrievably lost.

Grasshofetal.(1999) outlines the quantification of POC in seawater and recommends the use
of either glass fibre or metal foil filters. However, most POC studies on ice cores report use of
guartz glass filters, that can be pre-heated at 40®0r carbon decontamination (Weissenbok
etal. (2000); Steieetal. (2006)).

Combustion of the POC samples to £€an be done either in a closed off quartz-tube with
copper oxide (CuO) as oxygen donator (Weissendt@i., 1998) or in an open system under

a stream of oxygen (Szidatal., 2004). The combustion in a closed-off quartz tube with CuO

is a standard method for converting organic matter tg.CO

3.2 Concept of the extraction line

Careful consideration of the information found in the literature about the extraction of organic
carbon from liquid or solid samples, following conclusions were reached:

DOC: Aiming to extract DOC from sample masses of 300-500 ml, the wet HTC method was
immediately disregarded, as such large water masses can not be combusted in a prudent way.
The dry HTC technique is very susceptible to contamination and loss of organic compounds
during the evaporation. The WCO method, while being suitable for large sample volumes,
suffers from the necessity of large amounts of oxidants, which induces a significant blank,
while evidently not achieving complete oxidation. The UV induced oxidation technique seems
therefore the most reasonable choice, allowing oxidation of a large sample volume with both
large and small DOC concentrations within a suitable time frame (see Section 3.4.2).

This leaves the decision about the UV oxidation system being (1) “dynamic”, i.e. the melt
water is led in a stream past the UV lamp or (2) “static”, i.e. the melt water is sampled and
irradiated with UV in a glass vessel, as well as the decision about the best methodsfor CO
gas extraction from the water. The different possibilities are investigated and compared in the
following sections.

POC: Since in this study the dissolved organic carbon fraction is to be analysed preferential,
the sublimation method was no option and POC extraction by filtration the only logical con-
clusion. As glass fibre filters can only be heated to aboutG0But combustion temperatures

are over 750C, they were disregarded as filter medium. The suitability of silver filters versus
guartz filters is investigated in Section 3.2.3.

For the subsequent conversion of POC to,Cie closed-off combustion with CuO as oxygen
donator was chosen, based on the fact, that a suitable setup of a stream combustion system
requires significant work especially regarding the blank. On the other hand, the closed-off
combustion is found to allow a relative homogeneous and time efficient combustion process
of several samples at once, has a minimal blank contribution and was successfully used, as

—24—



3.2. Concept of the extraction line

described in Section 3.3.3, on previous occasions.

3.2.1 CO, degassing

Before deciding on a dynamic or static DOC extraction system, it should be investigated, what
method of degassing the G@om water, be it the inorganic carbon fraction or the oxidised
DOC fraction, is more suited for an effective extraction of a 500 ml sample, with a minimum
risk of contamination.

Mainly, two methods for complete GQlegassing of a water sample were investigated and
tested:

1. flow extraction through a semi-permeable membrane

2. static extraction by bubble degassing

he

| ot
N |

(A) (B)

Figure 3.1: Degassing C@from water: (A) dynamic degassing by flow through a
semi-permeable membrane, (B) static degassing by purging with clean air bubbles. The
green/blue arrows show the gas/water flow, the red arrows signify the concentration gradient
and consequently the direction of g@ow.

Theory of air-water exchange

CGQ, is dissolved in water in the forms of gaseousC@ydrogen carbonate HGOand car-
bonate C@ . Acidification to a pH of about 2 results in a shifting of the equilibrium, so that
all CQ, is present in gaseous form.
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Figure 3.2: The carbonate system and its pH dependence (Clark and Fritz, 1997).

Bringing CQO, free gas in contact with the solution, the concentration gradienbetween
water and air results in a netto transfer flux j of Caut of the water into the gas stream. The
mass transfer is controlled by molecular diffusion in a thin boundary layer, V\ggemen be
assumed to be constant.

0
p. % (Fick's law)

z

D

= —-Ac (3.2)

z

D is the diffusion constant of the gas in water. z is the thickness of the boundary layer and
depends on different parameters, most importantly the degree of turbulence in the water and
the air. g has the dimension of a velocity and is therefore called transfer velocity. If the gas
obeys Henry’s law dependsc on the solubility . = C,q:-/Cair Of the respective gas in water
conditioned on temperature, pressure and salinity according to:

Ac = (Cwater - hcccair) (32)

Table 3.1 summarises some of the parameters for different gases and organic compounds.

Since in the present case, the gas in contact with the water sample isg&@nd constantly
replaced, the concentratiop;cis zero. The change in concentration with time of degassing
within a sample volume V is given as the mass flux j through the area A:

oc

jA=V-o (3.3)

The resulting evolution of concentration c in the volume with time and the characteristic time
constantr is:

¢ = co-elT (3.4)
Vz 1%
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Table 3.1: Solubility h.. and diffusion constant D for different gases at 293'KSander
(1996);® Broecker and Peng (1974)

molecule| h,. [dim.less]® D [cm?/s] @
CO, 0.832 1.64-10°
CcO 2.32-1072 1.75-10°°
CH, 3.43.-10? 1.75-10°°
HCHO 7.58- 10 ~10°°
CH,OH | 5.38-10° |1.28-10° (288K)

Extraction by semi-permeable membrane

The liquid sample is led through a semi-permeable membrane tube. The material of the tube
allows CQ to pass through the pores, while water is retained. The membrane tube is contained
in another tube, which is flooded with a clean carrier gas. The gas flows contrary to the water
flow and takes up the CQliffusing through the membrane (see Figure 3.1 (A)). In this case,

z can be set equal to the radius of the tube. The surface area of the Pube. is

Two types of membrane tubes were available for testing: a single acurel membrane tube and a
membrane contactor (Liqui-Cel) with 1100 parallel polypropylene tubes. Table 3.2 gives the
characteristics for these two setups, including the theoretical characteristic, tafter which

the CQ concentration in a 500 ml liquid sample is reducedté @ the initial concentration

and the maximum water flow rate necessary to allow for a complete degassing over the length
of the tube.

Table 3.2: Characteristics of the single membrane tube and the membrane contactor setup:
tube radius r, tube length |, number of tubes n, total area A and volume V of the tube(s). |
gives an upper limit for the water flow rate necessary to assure, that alis@tracted in

one passage of the membramg,;., gives the characteristic time after which the
concentration in a 500 ml sample is reducedtb @f the initial concentration.

type single membrane tubemembrane contactar

r [cm] 0.025 0.011
| [cm] 10 15

n 1 1100

A [cm?] 1.6 1140
Ve [cM?] 0.02 6.3
J [ml/min] <0.01 <20
Twater [MIN] 8000 4.9

Test measurements with a carbonate solution supported the theoretical considerations pre-
sented in Table 3.2. For the single membrane tube, the amount of extractede@énded
strongly on the water flow rate, which could not be reduced enough to achieve complete ex-
traction in one flow-through. Additional, problems arose from the diffusion of the carrier
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gas into the water stream. The created bubbles hindered the flow pattern and disturbed the
diffusion process (Mommert, 2007). Complete extraction within an acceptable time was no
problem for the membrane contactor, however the housing is made of polycarbonate and the
fixed setup makes decontamination difficult.

Extraction by bubble degassing

The water sample is contained in a vessel with a gas in- and outlet and is directly purged with
CO, free gas. A frit is used to produce bubbles, which take up the @Ctheir rise to the

water surface. Furthermore, the bubbles create a strong turbulence at the air-water interface,
influencing the layer thickness z. The degassing process is therefore twofold: diffusion into
the bubbles and direct diffusion through the sample surface. While the sample surface is fixed,
the total effective exchange area depends on the number and size of the bubbles and through
this also on the gas flow. This complexity makes a calculation of the characteristic extraction
time 7 difficult.

instead, the CQextraction method was tested by degassing a carbonate solution and measur-
ing the CQ concentration in the carrier gas with the LI820 Cdetector. Figure 3.3 shows

the normalised COconcentration profile for three different gas flows. The larger the gas flow
through the sample, the faster is the O8traction.

0.12
—— 250 ml/min
0.10 =52 mi —— 470 ml/min
199 Ty — 2-< MIN ——— 620 ml/min
c
€ 0.08-
£ f
o / T =6.9min
O m&-/ .
e, |
@ |
0 ‘
© 0.04-
£
e T.=14.6 min
air
ow-ﬂ
\\\
0.00 T T T T T T T T
0 10 20 30 40 50 60
t in min

Figure 3.3: Degassing of a carbonate solution using three different gas flousgives the
characteristic time after which the G@oncentration in the gas stream is ®f the
maximum concentration: = ¢,,q, - € /7% .

It should be noted, that,,; characterises the extraction process from the gaseous side, while

Twater YEPresents the liquid side. The two parameter are therefore not exactly equal, but closely
correlated and while a direct comparison is not possible, the order of magnitude is sufficient.
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Conclusion

Concluding, both degassing with the membrane contactor as well as bubble degassing are fast
and efficient extraction methods. Both methods posses a potential for contamination due to
either the polycarbonate housing of the contactor or the large surface of the pot required for
the bubble degassing. Since both methods proved effective, the final decision rests on UV
oxidation being “dynamic” or “static”.

3.2.2 DOC oxidation

UV-induced oxidation of organic molecules was found to be the most logical method for the
extraction of DOC for'*C analysis. However, it remains to be decided, if a dynamic or
static oxidation is more suitable in handling ice samples of 500 ml, has the last chance of
contamination and allows an efficient degassing and trapping of the producetbCtC
analysis.

The UV-induced oxidation method converts DOC to{d® hydroxyl-radicals (OH), that are
formed through various processes by UV light of 185 nm and 254 nm (Figure 3.4). Although,
OH production might be achieved purely through the break-up,&f,tn oxidant is normally
added to enhance the process. This oxidant can either be oxygen gas or a liquid oxidant, like
hydrogen- oder ammonium-persulfate.

There are two possible ways for setting up a UV-induced oxidation system.
1. dynamic: a constant water flow is led past the UV lamp
2. static: the water is sampled and irradiated within a glass vessel

Past experiences with two DOC quantification systems for small samples used at the Institut
fur Umweltphysik (IUP)(WALTER = dynamic and DOCster = static; see Appendix B for more
detailed information), led to the following conclusions:

The dynamic system needs a constant addition of a liquid oxidant, which can induce a large
blank contribution. Even with the oxidant, DOC was not always completely oxidised in one
passage of the UV lamp, resulting in the setup of a sample loop. Time of analysis, including
waiting for basline and IC extraction, for a 5 ml sample was about 20 min at a water flow of
5 ml/min.

For the static system, the liquid oxidant can be foregone by purging the sample with synthetic
air or oxygen gas to produce OH. While the DOC oxidation and extraction time is in the order
of 5min, several intermediate steps are necessary to allow a quantitative extraction of DOC,
resulting in a total analytical time for a 5 ml sample of 17-20 min.

Based on these findings for small sample sizes, considering the findings for optimal degassing
of the CQ and taking into account, that the extracted,Gfust be frozen out in a cold trap,
different extraction scenarios were envisioned.

1. a completely dynamic systerextraction of IC from the melt water flow with a mem-
brane contactor; oxidation of DOC in the water flow passing the UV lamp using persul-
fate as oxidant; C@extraction from the water flow with a membrane contactor
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Figure 3.4: Schema of different oxidation mechanism of dissolved organic carbon.

2. a semi-dynamic systenextraction of IC from the melt water flow with a membrane
contactor or sampling the melt water in a glass vessel and extracting the IC with bubble
degassing; static UV oxidation in the glass vessel, @Qaraction from the water flow
with a membrane contactor

3. static systemsampling of the melt water in a glass vessel; extraction of IC with bubble
degassing; static UV oxidation; static @Bubble degassing

The first method has the advantage of no waiting time, because the melt water may be in-
stantaneously processed. The system allows minimal surface contact of the melt water thus
minimizing the blank. However, the melting velocity @ ml/min) might be to low resulting

in a non-continuously water flux. Also, depending on the DOC concentration, one passage by
the UV lamp might not be enough to assure complete oxidation. A solution would be the setup
of a sample loop, including a storage pot, in which the processed water is constantly mixed
with the new melt water. However, the additional pot and the constant circling might increase
the total blank mass.

The second method allows to adjust the time of UV irradiation assuring total oxidation, but
similar to the circling method above, the risk of contamination is high. Another problem is the
loss of CQ during the static oxidation to the air volume above the water sample.
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The third setup has the advantage that sampling of the melt water, extraction of IC, oxidation
and extraction of DOC can be achieved in one vessel and the UV irradiation time can be ad-
justed as necessary. The large surface of the pot might result in a large blank, but a liquid
oxidant can be forgone.

Conclusion

Based on these considerations, it was decided that the static oxidation and extraction method
is preferable, since it allows the necessary flexibility in irradiation time to assure complete
oxidation and extraction of IC and DOC with one setup, thus reducing the chances of con-
tamination. Also, in order to monitor the extraction process for the dynamic method, the gas
flow would have to be very small (in the order of 20 ml/min) to achieve a distingt €1D-
centration. Such a low gas flow makes the trapping in the €8 traps difficult. On the

other hand, the gas stream should be as large as possible for bubble degassing. A gas flow
of 580 ml/min was finally determined to be ideal for an efficient degassing and an efficient
cleaning and trapping of the G@as.

3.2.3 POC filtration

For the POC extraction, filtration was the only possible extraction method, however two filter
media could be considered as filter medium: quartz microfilter (Whatman) and silver mem-
brane filter (SPI Supplies). The silver filters have a pore size ofi.,2while the quartz
filters have no defined pore size, but are commonly used for particle filtration < 10 PM in air.
Requirements for the filter medium are the easy filtration of large and small particle concen-
trations with an adequate extraction efficiency and a minimal blank contribution.

All filter were pre-cleaned before sample processing. Quartz filters have been pre-heated
at 750°C for 4h and placed under a water saturated atmosphere for cool down to reduce
adsorption of organic compounds from the laboratory air. Silver filters have been washed in
mQ water in an ultrasonic bath (low intensity), dried at@0and also stored under a water
saturated atmosphere. The filter holder is described in Section 3.3.3.

Blank

The POC filtration blank value combines (1) the blank of the filter, (2) the blank derived
from processing of the sample and (3) the blank added by the combustion. The closed off
combustion process has been found to be blank free. Table 3.3 summarises average masses
for the filter blank and sample process blank for both filter media. Silver and quartz filter
exhibit no significant difference in their blank contribution. A more detailed discussion on the
sources of these blank masses is given in Section 3.4.
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Table 3.3: Filtration mass blank for quartz and silver filter: “filter” = filter material, “mQ” =
processing a liquid blank sample, “DOC” = processing a liquid dissolved organic carbon
standard, “blank ice” = processing a artificial blank ice sample. The number in brackets gives
the number of blank measurements averaged in the blank value.

quartz ugC] | silver [1gC]

filter 23(1) 29 (1)
mQ 6.2+ 0.8 (4)| 6.1(1)
DOC 4.1 (1) 3.8 (1)

blankice| 6.4+ 2.5 (5) -

Filtration efficiency

The filtration efficiency of both filter media was determined by measuring the particle concen-
tration before and after filtration for (1) clean water and (2) a granite powder solution. The
granite solution does not necessarily reflect a true POC sample size composition, but may pro-
vide an upper limit to the filtration efficiency. For both filter media a filtration efficiency of
only 80 % was determined. (see Appendix C).

Filtration velocity

To determine an upper value for the filtration velocity, mQ water (pre-treated ultrapure, DOC
free water) was filtered through the medium and the filtered volume versus time was measured.
Figure 3.5 shows that the filtration velocity of the quartz filter was for a sample volume of
700 ml constant at v = (373 3) ﬁln The filtration velocity of the silver filter, however,
started at a significantly lower value of 73,% and decreased rapidly. For samples actually
containing particles the silver filter was blocked rapidly and, more often than not, complete
filtration was not possible.

Conclusion

Filtration of POC should be possible for large and small concentrations and should be com-
pletely achieved within a reasonable time frame. The significant difference in filtration ve-
locity for quartz and silver filter and the fact, that for silver filters even filtration of 500 ml
mQ water was nearly impossible, led to choosing quartz over silver filter as filtration medium,
especially since all other relevant parameters showed seemingly no advantage for the use of
silver filter.

3.3 Final setup of the DOC and POC extraction system

In the following the final setup and procedure for POC and DOC extraction is described and
the resulting limitations and consequences for the minimal sample size discussed. Both units
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Figure 3.5: Filtration velocity for quartz (black) and silver (red) filter at 2 bar.

are flexible and can be used separately as well as consecutively, if both fractions are desired
from the same sample (Figure 3.6). All pots are prior to sample processing cleaned with mQ
water. Synthetic air, which is led through soda lime and charcoal to remove any residual
CGO, and hydro-carbons is used to flood the different vessels and as carrier gas forsthe CO
extraction.

3.3.1 Sample preparation line
Ice decontamination

The ice sample is cut and then sealed up in a PFE-foil. Assuming that a maximum of half
an ice core can be made available for radiocarbon dating, the upper limit of the sample cross-
section is 20 crh(3”) to 40 cnt (4”). A minimum area of 2.5 x 2.5 cm is necessary to allow

for a sufficient decontamination.

For decontamination, the sample is slowly tempered at room temperature for 20-40 min. This
precaution prevents cracking of the ice and subsequent infiltration of contaminated water into
the inner part of the ice sample. Then the sample is cleaned under running mQ water from all
sides, before being put into the melting pot. The pot is sealed and flooded with clean synthetic
air, before the sample is again washed with mQ water inside the melting pot. Afterward the
first 20 - 30 ml of melt water are discarded. The decontamination fa%ﬁéérﬁ for the

whole procedure is between 50 and 75 %. This mass loss has to be considered when deciding
on the size of the ice sample.

Stricker (2008) showed this decontamination technique, omitting the second cleaning step
within the melting pot, is very efficient and fast for small blank ice samples containing few air
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Figure 3.6: Schema of the POC and DOC extraction system: the POC and the DOC unit can
be used on their own as well as consecutively and it is possible to filter POC before (green) or
after (red) DOC extraction.

bubbles (Figure 3.7(a)). Test measurements using the DOCster (see Appendix B.1) showed
the same for large blank ice samples (Figure 3.7(b)).
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Figure 3.7: lllustration of the decontamination efficiency for small (data from Stricker

(2008)) and large blank ice samples. Shown is the accumulating carbon mass relative to the
fraction of sampled melt water with and without the described decontamination procedure as
stepwise measured with the DOCster.

In essential, this decontamination procedure reduces the time of decontamination as the oth-
erwise stepwise melting of the outer sample part is now simply washed away. In addition the
protraction of contamination by refreezing on the surface or infiltration into the inner parts of
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the ice sample of the contaminated melt water is significantly reduced.

Ice melting

air outlet

acid and water inlet synthetic air inlet

10cm A

22cm

melt water outlet

Figure 3.8: lllustration of the melting pot.

The melting unit consists of a glass pot with an inner diameter of 10cm and a removable
cover, allowing for a maximum ice sample geometry of 6.5 x 6.5 cm and a maximum height
of about 22 cm. Thus samples with 900tor a mass of 800 gr can be melted. Using two
infrared lamps, the ice is usually completely melted in two to three hours. The melt-water is
directly discharged to reduce contact with the melting pot surface and the ice sample itself and
is transfered either into a PFA pot for POC filtration or to the DOC extraction unit.

3.3.2 DOC - Extraction

DOC oxidation and degassing

The melt water is transfered either directly after melting or after POC filtration into the DOC
glass pot (Figure 3.9). The DOC pot has an inner diameter of 7cm and a fill height of about
20 cm. In its center is a Suprasil quartz-glass tube with an outer diameter of 2.5 cm. Thus the
maximal sample volume is about 750 ml. While the ice sample is melted, the inorganic carbon
fraction is extracted as clean air is continuously led through the collected melt water.

Suprasil is a synthetic quartz glass, which allows transmission of short wavelength light. The
quartz glass tube holds a specific UV lamp (Heraeus Noble Lights: NIQ40-18), which radiates
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Figure 3.9: lllustration of the DOC extraction pot.

mainly in the for oxidation of DOC needed wavelengths 254 nm (10 W) and 185 nm (4 W).
The carrier gas for the CQlegassing is induced in small bubbles through a stainless steel frit

with pore size 2zm at 580 ml/min.
Due to the 6 cm offset between the UV-lamp and the bottom of the vessel, the minimum sample

volume must be 300 ml for the radiation length being sufficiently insert in the water.

The DOC pot is pre-cleaned by filling it with mQ water adding 30 - 40 ml 21% phosphoric
acid and turning on the UV light and the gas stream for half an hour. 300 ml of this DOC-free
acid water is then left in the pot and the sample melt water added onto it, in order to enhance
the oxidation efficiency by increasing the UV radiation length covered by water.

It should be noted, that the UV lamp has its maximum power at 90>Q.@0d is destroyed at
temperatures over 130. Since the lamp is placed inside a tube, heat accumulation can easily
result in exceeding this limitation and a cooling of the lamp is necessary. For the present
setup, cooling has been achieved by a continuous stream afdund the lamp, effectively
removing the heat and preventing the production of ozone in the laboratory air.
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Figure 3.10: Illustration of the extraction line.

CO, online monitoring and trapping

After DOC oxidation and degassing, water vapour is removed from the gas stream by a cryo-
genic trap at -78C, before it is led through the GQletector for online monitoring of the
extraction to determine, when the process is complete.

The gas is then led over a platinum catalyst at about@d0r the oxidation of remaining
ozone, before being frozen into two ¢©old traps with liquid nitrogen and quantified mano-
metrically. With a volume of (3.265 0.019) ml and a pressure sensor with a maximum
pressure of 1000 mbar, sample masses between 2.5 tog&0€an be measured. Finally the
CO, gas is sampled for'C analysis, whereby part of the gas can be sidelined for a separated
13C measurement.

3.3.3 POC - Extraction
Filtration

For POC filtration the melt water is either directly or after DOC extraction transferred into a
PFA pot with a diameter of 10 cm and a cylindric bottom (Figure 3.11(a)) and a total volume

37—



Chapter 3. Methodology dfC analysis in glacial DOC and POC

melt water inlet synthetic air inlet

Hikii

= 10em

6mm
=== quartz filter (7Y 13 mm)

£
:
25mm
5
\ = \
0 i
melt water outlet
(a) The PFA pot for filtration. (b) The filter holder for filtration.

Figure 3.11: lllustration of the filtration unit.

of 700 cn¥. The melt water is pressed in regular steps with 1 to 5 bar through the filter, that
Is contained in a stainless steel filter holder (Figure 3.11(b)) and stabilized by a stainless steel
sinter filter.

Filtration is normally done on an area of about 0.28 @nin cases of very large POC con-
centration on 4.9 ch After filtration, about 80 ml of a water-acid mixture is used to wash
remaining POC from the melting and the PFA pot onto the filter and to remove inorganic
carbon from the filter.

The filter holder is cleaned with mQ water and dried &t®0T he quartz filter is pre-heated at
750°C for 4h before placed under a water saturated atmosphere along with the sinter filter. Due
to the high humidity during cool down the filter surface is “blocked” by water and adsorption
of organic compounds from the laboratory air is prevented.

Filter combustion

After filtration, the quartz filter is dried under vacuum with an infrared lamp, before transfered
into a pre-heated quartz glass tube with an inner diameter of 7mm. 1-5mg silver wool is
added for halogen reduction and 1-2 gr copper oxide (CuQ) as oxygen donator. The sample
tube is then evacuated while heated to (80-1CGpr about half an hour to remove any water
remains. The tube is melted off and the sample combusted &C7504 hours.

An illustration of the complete DOC and POC extraction system is shown in Appendix B.3
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3.4 Characterisation of sample preparation line

In order to determine the overall uncertainty of the radiocarbon results and the minimal sample
size, the carbon extraction methods have to be characterised regarding mask'Glataqgk,
extraction efficiency and the uncertainty of the manometric quantification needs determina-
tion.

3.4.1 Carbon mass quantification

For blank corrections of the measur&® values, the carbon mass of the sample must be
determined. The uncertainty of this quantification contributes to the overall uncertainty of the
final 1*C results.

Manometric quantification at [UP

The extracted CQis quantified manometrically, i.e. the sample is frozen into a known volume

of (3.265+ 0.019) ml and its pressure and temperature are determined.

The temperature is measured on the outside surface of the volume with a normal mercury
thermometer with a reading uncertainty of @C2 The pressure sensor (Omega: PX72-015AV)
gives a voltage output between 0 - 10 V, which is transformed into a pressure signal using a two
point calibration at vacuum and at atmospheric pressure. Specifications state that the sensor
is linear within 0.5% of full scale and has a nominal repeatability of 0.3% of full scale. The
sensor is temperature compensated betweeiC-abd 85C.

The calibration drifts over time, which has a significant impact on the small sample sizes being
quantify. Starting with (1) p[mbar] = 96?9}“—” U[V] + 0.7 mbar, five months later, three re-
calibrations within two weeks gave (2) p[mbar] = (9&&.5)@- U[V] + (2.6 £+ 0.3) mbar.

As can be seen, the drift within a week is relatively small compared to the significant drift over
several months.

Concluding, if the sensor is recalibrated at least once a week, the pressure reading has a relative
uncertainty of 0.5% for pressures larger than 100 mbar. For smaller pressures, an absolut
uncertainty of 0.5 mbar is assumed to be a sufficient constrain.

Based on these parameters, the relative overall quantification uncertainty is shown in Figure
3.12(a). Itis less than 10 % for sample masses larger th@C8Also, for sample masses up

to 401:gC an absolute uncertainty of about P@C is found, leading to a minimal sample size

of three times this uncertainty of about 2.5C".

Manometric quantification at VERA

During the graphitisation process done at the VERA laboratory, the sample mass is again
quantified manometrically using a volume of around 0.9,cwhich is determined for each
sample specifically with an uncertainty of 0.02crithe pressure is measured with the same
pressure sensor as at the IUP, however calibration is done prior to each measurement, resulting
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Figure 3.12: Overall uncertainty of manometric quantification...

in an absolute uncertainty of around 0.3 mbar.
Figure 3.12(b) shows the relative overall uncertainty of the VERA mass quantification, being
less than 10 % for sample masses larger thapdG
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Figure 3.13: Comparison of IUP and VERA manometric quantification for the IUP pressure
calibration (1) and (2).

Figure 3.13(a) shows that for carbon masses, quantified with the old IUP pressure calibration
(1), were about (2.62 0.10)ugC smaller then determined at VERA. Sample masses deter-
mined with the newer IUP calibration (2) show no such offset. However, in both cases the
VERA sample masses are only 91 % of the ones previously determined at IUP. These lower
values can be explained by the additional cleaning step at VERA, which removes remaining
water vapour and non-condensable gases.

— 40—



3.4. Characterisation of sample preparation line

Concluding, the IUP manometric quantification is sufficiently good, if the pressure sensor is
calibrated regularly. A regular quantification of the manometric volume might also be advis-
able. Regarding the removal of water vapour and non-condensable gases, a refining of the
cleaning steps, especially the sizes ofs@d water traps, should be considered.

Overall, the values from the quantification at VERA will be used for evaluating the radiocar-
bon measurements, as they give the carbon masses used f&C tA®S measurement, have

a smaller uncertainty and an additional cleaning step for other gases.

3.4.2 DOC extraction

The DOC extraction procedure has to be characterised for its blank and extraction efficiency,
to determine the minimal sample size, necessary for a reltdBlenalysis, and the overall

14C uncertainty. Furthermore, the UV oxidation velocity should be investigated to give an
estimate of the time necessary for complete extraction. Since the LI820 IRaG&lyser

is relatively inexact for very small concentrations, it should be assured that the oxidation is
indeed complete, when the G@oncentration in the gas stream suggests the end of extraction.

DOC extraction blank

The blank of the DOC extraction differs depending on the order of preparation, thus both cases
() “POC-before-DOC” and (Il) “DOC-before-POC” have to be investigated.

(I) POC filtration before DOC extraction:

To determine if the POC filtration has any influence on the DOC blank, mQ water was filtered
through a pre-heated but otherwise not specifically treated quartz filter. In comparison, a
decontaminated blank ice sample as well as a TOC standard solution (1000 ppb) was filtered
through a pre-heated quartz filter, which was additionally washed with 1000 ml mQ water
prior to filtration. The filtrate was stepwise measured with the DOC analysator DOCster.

As can be seen in Figure 3.14, even a pre-heated quartz filter contains a large amount of water
soluble organic carbon - most likely adsorbed onto the filter surface during cool down - which

is washed out into the filtrate and significantly contributes to the DOC blank. This contami-
nation can be reduced first by placing the filter under a clean, water saturated atmosphere for
cool down, as well as washing the filter prior to filtration with mQ. However, even this proce-
dure may not always completely eliminate contribution to the DOC blank. Considering that
the filtration of mQ water may possibly add to the POC blank, a compromise will have to be
found, to assure the reduction of the DOC blank contribution without unnecessarily increasing
the POC blank. Looking at the filtration of mQ water in Figure 3.14 suggests that 90 % of the
DOC may be already washed out with 200 ml.

Three DOC extraction measurements were done to determine the blank of this sample pro-
cedure: (1) filtration of a blank ice sample through a not pre-washed filter, (2) filtration of a
blank ice sample through a filter, previously washed with about 150 ml mQ and about 10 ml
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Figure 3.14: Stepwise measurement of DOC after filtration: black = filtration of mQ water
through an untreated quartz filter, blue = filtration of a blank ice sample after washing the
filter with 2000 ml mQ water, red = filtration of a TOC standard solution (shown is the excess
of the expected 1000 ppb) after washing the filter with 21000 ml mQ water. The added up
amount of DOC measured was 108C for the mQ sample, 6gC for the ice sample and

11.9C excess DOC for the standard solution.

21% phosphoric acid, and (3) filtration of an oxalic acid standard solution (121 ppb) through
a not pre-washed filter. Table 3.4 summarises the results.

Table 3.4: Extracted DOC blank mass aMtC value after filtration. Note that the value for
(3) gives the excess oxalic acid carbon mass to the expected masggt 2td the
necessary blank'C concentration to reduce the expectgg,fi.4..c = 1.04 to the measured f
value.

m [1.gC] fn decontamination factor [%0]
(1)| 31.4 |0.703+ 0.006 82
(2)| 34.0 |0.365+ 0.004 72
(3)| +25.6 | 0.076+ 0.130 -

The extracted DOC blank was very large and the pre-washing with only 150 ml did not reduce
the DOC blank as expected. Following these test measurements, extracting DOC before filtra-
tion of POC seemed more reasonable, as the DOC extraction does not affect the POC filtration
blank.

(1) POC filtration after DOC extraction:

One major blank source of the DOC extraction procedure is the large surface of the melting
and DOC pot. The most efficient cleaning process was to keep the pots filled with mQ water,
when not used, and rinsing them with mQ water several times before extraction. Additionally,
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the DOC pot is pre-cleaned with UV light prior to each sample processing (see Section 3.3.2).
This pre-treatment reduced the DOC extraction blank by a factor of 3.

Analysing carbon free water and ice samples, the blank massé$@moncentrations sum-
marised in Table 3.5 were determined. In addition, standard measurements were carried out
using different concentrations of a liquid oxalic a¢i€ standard solution with &C signa-

ture of f,, = (1.042+ 0.005) (provided by the Radiocarbon Laboratory, IUP). The expected
carbon concentrations of the standard samples were measured before sample processing with
the DOCster. The blank mass derived from the standard measurements by linear regression of
measured versus expected mass is also given in Table 3.5 along with the correspt@ding
signature derived by the method described below. All blank and standard samples were mea-
sured over the course of 5 month (Dec-Apr) parallel to the real samples reported in Chapter 5.

Table 3.5: DOC blank derived from processing carbon free mQ water and artificial blank ice
as well as**C oxalic acid standards. The number in brackets give the number of
measurements determining the respective value.

sample mass [:gC] f

mQ 7.1+ 1.9(5) | 0.553+ 0.101 (5)
blank ice 9.7+ 2.5 (4) | 0.7504+ 0.095 (4)
oxalic acid standard blank6.5+ 0.7 (13)| 0.646+ 0.050 (4)

As can be seen, all mass blanks seem to agree within their uncertainties, however it might be
that for a decontamination factor of 70 - 76% surface contamination of the ice still contributes
to the blank with about BgC on average and increases th€ signature of the ice black
compared to the liquid blank.

Combining all 21 blank and standard measurements, the average blank mass:i$.®,7gC

and the extraction efficiency 96 % (Figure 3.15).

To determine thé*C signature of this DOC blank, the measuré@ value f,.,, is plotted
versus the inverse of the measured mass, following:

fmeas * Mmeas = fea:pected © Megpected + fblank © Mplank (36)

fezpected(mmeas — mblank) + fblank © Mplank

1

fmeas = fea:pected + [mblank : (fblank - fexpected)] :

meas

The 'C value of the blank can then be derived from the slope S of the linear correlation and
the blank masses presented in Table 3.5:

S

Mplank

fblank = + feacpected (37)

Figure 3.16 shows this correlation for the water and ice blank measurements.(here fs
not known and a free parameter of the linear correlation) as well as for the reliable oxalic acid
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Figure 3.15: Blank mass for DOC extraction derived from 21 mQ water, artificial ice and
oxalic acid standard measurements.
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Figure 3.16: Determination of the D&C blank from...

14C standard measurements.

The resulting ..+ according to Equation 3.7 is for Figure 3.16(a) (0468.10) and for Figure
3.16(b) (0.65+ 0.05), giving an average value @f.f,x = (0.64+ 0.07).

Extraction velocity and efficiency

At the beginning, the ideal gas flow for a fast C€xtraction was analysed by degassing a

carbonate solution for different gas flows. The larger the gas flow through the sample, the
faster is the extraction of CQdsee Section 3.2.1).
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Having decided on a gas flow of 580 ml/min for a time efficient degassing, the time needed for
a complete oxidation of different organic carbon compounds was determined by measuring
the remaining DOC in the sample with the DOCster (Figure 3.17(a)). As can be seen, the
oxidation time depends on the type of organic matter.

Looking at the extraction time needed for different carbon concentrations of oxalic acid, no

correlation was found (Figure 3.17(b)) in the measured concentration range of 25 - 200 ppb.
The apparent differences in the extraction time can be attributed to a difference in the pH value
of the sample and the slight variation of the gas flow from sample to sample.

100+
= Oxalic acid: 37 ugC ——25 ppb
e TOC standard: 35 ugC t, =3.0min ——50 ggb
Humic acid: 18 pgC 80 100 ppb
v Grenzgletscher: 49 ngC ——200 ppb
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(a) Remaining DOC concentration in different orgar{l) CO, concentration in the carrier gas stream mea-
carbon samples normalised to the start value measatedd with the L1820 for the extraction of different ox-
with the DOCster. alic acid concentrations.

Figure 3.17: DOC oxidation and degassing time: the characteristic tynegtves the time
after which the C@concentration in the gas stream is ef the maximum concentration
and t,..., gives the time after which the concentration in the water volume is reduced to e
of the initial concentration.

Note that the characteristic times t discussed here, are not directly equal to the values discussed
in Section 3.2.1, but represent now the combination of oxidation and degassing process.

A problem now arises. The monitoring of the €@oncentration in the gas stream should
allow to determine the completion of the DOC extraction. However, the L1820 is not precise
enough in the ppb range. Therefore, if the degassing is faster than the oxidation - as is the case
for the presented oxalic acid measurements - a complete extraction of DOC may be seemingly
concluded by the COprofile, while DOC still remains in the sample.

Overall, it was found, that an extraction time of 40 min. is sufficient to convert and extract
more than 96 % of the DOC for most samples, except humic acid (89 %).

3.4.3 POC filtration

For the POC filtration, a good determination of the blank is necessary, since the small particu-
late carbon masses extracted form ice samples, react especially sensitive to blank contribution.
A small and well defined blank is therefore desirable.
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The different contributions to the POC filtration blank, being (1) the blank of the filter, (2) the
blank from sample processing and (3) the combustion blank, were investigated. The combus-
tion procedure was found to be blank free. Table 3.6 gives then the respective mass and
blank values for different blank sample types.

Table 3.6: Mass and“C blank for POC filtration with quartz filter: “filter” = filter material
blank = (1)+(3), “mQ” = processing a liquid blank sample = (1)+(2)+(3), “blank ice” =
processing an artificial blank ice sample = (1)+(2)+(3). The number in brackets gives the
number of measurements defining the respective value.

m [1gC] f

filter 2.3+ 0.1 (1)] 0.610+ 0.016 (1)
mQ 6.2+ 0.8 (4)| 0.644+ 0.017 (2)
blank ice| 6.4+ 2.5 (9) | 0.596 0.124 (5)

As can be seen, both mQ and ice blanks have a comparable blank mad€<aignature,
indicating that ice decontamination does obviously not contribute to the POC blank. For those
5 quartz filters measured for théfiC content the average mass blank is (5.2.0) ugC with

an averagé*C signature of (0.6% 0.10).

Possible sources for the POC blank may be:

* POC in the laboratory air
» WSOC (water soluble organic carbon) in the laboratory air
e DOC contained in the sample

e POC contained in the “blank” sample

Point one and two may explain the filter blank. E.g. assuming a total carbon concentration in
the laboratory air of ggC/m? the filter blank would equal about 0.5rair. This contamina-

tion could be reduced by handling the filters only in dust free environment. However concern-
ing the process blanks, it was determined that any WSOC adsorbed onto the filter surface is
washed out in the filtrate (see 3.4.2, (I) POC filtration before DOC extraction), thus making a
significant contribution arguable. Furthermore, even if the blank samples might contain traces
of dissolved organic carbon, filtration of a DOC standard sample showed that it would not be
retained by or adsorbed in the filter matrix, thus not contributing to the blank. Notable is that
after subtracting the filter blank from the process blanks, a carbon concentration of 7 ngC/ml
might be found for the sample, which seems however unbelievably large for mQ water.

Summarising the origin of the blank remains questionable and even the determined amount
may not represent a true blank for real samples. However, the determined mas€ aigt

nature gives the POC blank to the best of knowledge and although rather large, is sufficiently
constrained, remaining relative constant over the course of 5 month (Dec-Apr). However,
further work is needed in the future, to determine and reduce the blank sources.
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3.4.4 Overall analytical uncertainty of the  C results

Finally, the overall uncertainty for théC values after blank correction according to Equation

3.6 has to be determined for POC and DOC containing (1) the measurement uncertainty for
the mass and thEC concentration of the sample as well as (2) the amount and uncertainty
of the blank mass and itéC signature. The uncertainty of the measured sample mass and
f,, value can be mostly neglected. Figure 3.18 shows the resulting overall relative uncertainty
for different sample masses ang Yalues calculated by error propagation of Equation 3.6.
lllustrated also are estimates for the corresponding agesaade.uncertainties derived with
OxCal. It should be noted however, that these age values give only a rough notion of the order
of magnitude and can vary due to the variations in the IntCal04 inventory curve depending on
the combination of f and\f.
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: ‘ : ‘
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(a) Overall uncertainty for POC (b) Overall uncertainty for DOC

Figure 3.18: Overall uncertainty of th&'C fraction f,, for different sample masses derived
by error propagation of Equation 3.6 and estimates of the corresponding ages and 1
uncertainties given by OxCal 4.1.

Due to the similar blanks for POC and DOC the overall uncertainty for both fractions is nearly
equal. However, while most sample masses for POC reported in this study are in the range of
10 to 20ugC, DOC sample masses range between 20 tq4@sometimes even larger.

Concluding, a DOC sample of 4@C can be dated up to an age of 8000 years withra 1
uncertainty of less than 500 years, while a POC sample qgf®D can be dated only up to
4000 years with the same uncertainty.

3.4.5 Testing the extraction system with real samples

After characterising the DOC and POC extraction using blank and standard samples, the per-
formance of sample processing was investigated for real samples. The focus was on the de-
contamination quality, sample sizes and the repeatability@fanalysis for DOC and POC,

as well as the ability to reconstruct a recent atmospHé@csignal in ice. Additionally, first
insights into the source mix of DOC and POC (see Section 2.5) may be gained.
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Reconstruction of the bomb peak decline from DOC in ice

Three well dated ice samples from a high accumulation ice core of the Col du Déme (CDD)
glacier in the Mont Blanc massif were used to investigate the ability to reconstruct a recent at-
mospheric*C signal incorporated in ice with D@C analysis. All samples contained summer
snow and were lying in the declining period of the bomb peak. Table 3.7 shows the sample
parameters.

Table 3.7: Sample parameters for three CDD ice samples from the bomb peak era. The ice
mass gives the sample size before decontamination. The carbon mass gives the expected
VERA derived value according toygra = 0.9 myyp, but without blank correction.

name date | ice mass| decon. facton carbon mass m
[mg] [%0] [19C]
CDD 86a | 1975| 570 64 82.2+ 0.9
CDD 95 | 1972 540 70 107.1+ 1.0
CDD 105a| 1966 320 56 4954 0.9

A problem arose during graphitisation. The transfer of the €@mple gas into the graphiti-
sation reactor was hindered by foreign gases reducing the diffusion of thée@ding to only

about 50 % of the sample gas being transfered into the reactor. However, there is no reason to
discarde the determinedC values, sincé*C values are per definition corrected for any frac-
tionation. However, since any contamination contributed to the total sample mass extracted,
the carbon mass quantified at the IUP was corrected according @ sm= 0.9- m;;p (see
Section 3.4.1) and used for blank correction.

The!*CQ, concentration during the bomb peak is well documented (Letah (1985); Levin

and Kromer (2004); Levirtal. (2008)) and can be used to interpret the quality of the mea-
sured DO*C. The DO“C shows as expected a decrease with time, however contains only
about 80 % of thé*C concentration measured in atmospheric,CO

Table 3.8: Blank corrected“C fraction measured in DOC from ice samples compared to
atmospheric C@from the Austrian Vermunt station (Levit al., 1985).

date DOMC co, | B2E
fm fcorr fm [%]

1975| 0.976+ 0.013| 1.010+£ 0.017| 1.37£0.02 | 74+ 2
1972| 1.176+ 0.015| 1.216+ 0.018| 1.474+-0.02| 82+ 2
1966 | 1.185+ 0.020| 1.280+ 0.031| 1.69+ 0.03| 76 £ 3

In order to explain the reduced DT fraction by contamination, the blank mass would have

to be either significantly larger, which is unlikely considering the good decontamination factor,
or its radiocarbon signature has to be a great deal lower, which contradicts the finding, that the
blank ice samples showed rather a high€r signature.
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May etal. (2009) report'‘C fractions for total organic carbon (TOC) aerosols sampled be-
tween 2002 and 2004 and gives summerOto *CO, ratios for three mountain site sta-
tions of 81 % at Puy de D6me (France, 1450 m.a.s.l.), 80 % at Schauinsland (Germany, 1200 m
a.s.l.) and 74 % at the high Alpine site Sonnblick (Austria, 3106 m a.s.l.). Similar findings are
reported in various works by Szidatal, e.g. Szidaetal. (2007) or Szidaetal. (2004).
Although, these values include the water insoluble aerosol fraction, while the ice sample mea-
surements apply only to the dissolved carbon fraction, the findings show, thdCvalues
obtained from the ice samples correspond well to the atmospheric organic aerosol signal.

The analysis shows clearly the problem arising from the diffef&tsource signatures con-
tributing to the atmospheric carbonaceous aerosol and consecutively to the dissolved organic
carbon fraction. The bomb!C is incorporated into the biosphere and from there released
into the atmospheric aerosol body leading to an incre&¥edignature. At the same time,

the combustion of“C free fossil fuels leads to the 20 % smaller BO values compared

to 1“CO,. While for the presented samples, the falsification of 'tt@ signal is due to an-
thropogenic activities, there is no garanty, that pre-industrial DOC sources have né*®©ld”
signature (see Section 2.5), which would disturb the age signal. Nonetheless, the recent atmo-
spherict*C carbonaceous aerosol signal could be reconstructed from DOC in Alpine ice cores
for sample volumes of 200-300 ml and high carbon concentrations.

Testing the repeatability on cold ablation zone ice

In order to determine the quality of the decontamination process as described in Section 3.3.1
and the repeatability of*C analyses for real ice samples, several samples from the Grenz-
gletscher ablation zone were investigated.

The Grenzgletscher is a polythermal glacier (Seteal,, 2001), which flows down from the
Colle Gnifetti firn sattle on the northwesterly flank of the Monte Rosa massif. In its upper
accumulation area, the glacier is cold throughout and frozen to the bed. In the region around
the equilibrium line & 2800 m.a.s.l.), temperate ice covers the cold ice. In the ablation area,
the temperate ice layer is melted away and cold ice origin from the upper accumulation area
resurfaces. In 1992 several large ice blocks were taken from the emerging cold ice at two
sites in the ablation zone of the Grenzgletscher (see Figure 3.19). Lo#18h,and tritium
concentrations indicate preindustrial ice (mentioned in Pichimayak (1998); Steiertal.
(2006)). The Grengletscher provides thus an easy access to pre-industrial ice in large quanti-
ties, which allows the measurement of two similar samples of any sample size to t&€€ the
extraction system.

It should be noted, that it could not be determined from which of the two sampling sites
marked in Figure 3.19 the two sample blocks # 19 and # 21 were taken.

The decontamination of these Grenzgletscher samples is due to the high bubble concentration
of the ice more difficult, then for the bubble free blank samples. Thus, while blank ice repre-
sents an ice sample, where decontamination would be ideal, the Grenzgletscher represents a
sample type, where decontamination might be the most problematic.

Figure 3.21 shows DOC measurements done with the DOCster on small ice samples from
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Figure 3.19: Map of the Grenzgletscher flowing down from the Colle Gnifetti and merging
below the equilibrium line with the Gronergletscher (taken from Stetiat. (2006)). The
two sampling sites have been marked in the lower ablation zone.

# 19 (DOC concentratiorr 10 ppb) and # 21 (DOC concentratien120 ppb) with and with-

out washing of the samples prior to melting. The decontamination factor
My fter decon! Meefore decon fOr the pre-washed samples was around 50 %. Shown is the accu-
mulating carbon mass in the sampled melt water.

For both samples, the excess carbon mass added to the true carbon mass of the sample by
contamination of the ice surface, is reduced by decontaminating the sample through washing
with mQ. The decontamination procedure seems, however, less efficient for samples with
lower DOC concentration. Overall it can be concluded, that although all ice samples contain
high bubble concentrations, the decontamination procedure with pre-washing of the sample
proves similar effective than for the blank ice.

Following the measurements on small samples, the quality of the decontamination procedure
and the DOC / POC extraction system was tested for large ice volumes. POC was extracted
from two and DOC extracted from one ice sample taken from block # 19. Additionally, two ice
samples were extracted for DOC from ice block # 21. The two POC and DOC samples were
cut from the same position within the block and dimensioned in a large and a small ice volume
respectively, to allow the investigation of blank contribution, since the larger the sample size,
the smaller the influence of the blank. Table 3.9 contains the parameters and results of the
extraction process.

POC: The extracted POC mass is very similar for both samples, although the extracted ice
volume differs by almost a factor of five. Th&*C (not shown in Table 3.9) is equal for both
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Figure 3.20: Schema of the Grenzgletscher taken from (Friedrich, 2003). Shown in red is the
temperated ice region.
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Figure 3.21: Accumulating amount of carbon in melt water for small (50 - 108cm
Grenzgletscher ice samples melted in the udder vessel. Black = measurement without
decontamination of the samples, red = measurement with decontamination by previous
washing of the sample.

at +4.5 %o, whereas théC signatures differ significantly. Assuming that this difference is due

to a contamination of the small sample, nearly all of its carbon mass, i.eg&.8vould have

to be due to contamination and would have to cartyGsignature of §,,., = 0.48, in order

to achieve accordance of th&C values for the small and the larger POC sample.

However, Grenzgletscher POC samples analysed from the upper sampling side of the ablation
zone by Steieet al. (2006) ranged also between 16 - 62 ppb &it@ fractions of f, = 0.44 -

0.9, showing a strong variation in the POC age mix found in the Grenzgletscher ice. Therefore
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Table 3.9: POC and DOC extraction from Grenzgletscher samples. The ice mass gives the
sample mass before decontamination. Blank correction is done according to the determined
blank parameter in 3.4.2 and 3.4.3.

ice mass| decon. fraction m,,cqs frneas feorr
[mg] [%0] [19C]
#19 POC,,.u 200 50 10.84+ 0.2 | 0.511+ 0.013| 0.4194+ 0.106
#19 POG,; 4 590 85 9.9+ 0.2 | 0.6974+0.009| 0.7924-0.124
#19 DOC,,..u 480 66 15.94+ 0.8 | 0.885+ 0.026| 1.063+ 0.077
#21 DOC,,.u 550 55 35.94 0.4 | 0.9384- 0.023| 0.9984 0.031
# 21 DOG, ¢ 820 73 57.84+ 0.7 | 1.0634+0.009| 1.1174+ 0.015

the mass and'C values found for the two POC samples here may also be correct. Further
measurements would be required to determine the truth and thus no final conclusion on the
quality of decontamination and the repeatability of the POC filtration process can be given at
this point.

DOC: The first DOC sample was from the same ice block as the POC samples. The ex-
tracted mass concentration is slightly larger, than expected from DOC measurements of small
samples of the same ice block, but still within the range given by all Grenzgletscher DOC
measurements (unpublished data, M. Schock). The blank corré@eadilue shows modern
concentrations, indicating present-day or at least very young ice.

For the DOC samples from block # 21, the DOC concentrations are in the order of previous
DOC measurements, although they differ from each other."f@dractions are similar to #

19 very high.

All three DOC samples have therefore atypical hi¢@ fractions, partly lying over the mod-

ern reference value. The imminent assumption, that the blank correction is not adequate for
real samples, presents the dilemma of determine the correct blank for real samples.

All possible blank contributions during the DOC extraction, like pollution through the carrier
gas, glass surfaces, mQ water and acid, are contained in the determined extraction blank. If
there is an additional contamination for real samples, it must origin before the sample melting
and DOC extraction.

Comparison of mQ water and ice blanks indicated already a possible contribution to the overall
blank from the decontamination and melting procedure. Additional contamination sources
reach from exposure to the atmosphere during drilling, storage in PE foil and exposure to
laboratory air and different materials during prior core analysis. However, assuming simply
a larger blank mass does not solve the problem. Crucial for the blank correction'ithe
signature of the blank.

PE foil is typically produced from petroleum and can be assumed to have ‘d@wontent.
Exposure of the ice to large concentrations of acetone or ethanol used in the laboratory can
be ruled out as a significant contamination source, since the contact of the sample with the
laboratory air is too short and the sample is washed under a clean atmosphere afterward. Con-
tamination of the laboratory air with radiocarbon is unlikely and'th@ concentration in air

would have to be extremely large, to explain the contamination during the short atmospheric

—52—



3.4. Characterisation of sample preparation line

exposure of the ice surface. Such a contamination would also be seen in the blank. During
storage, the samples are inside the PE foil and in a styrofoam or metal box, so that even a
continuous exposure to a radiocarbon source would have limited effect.

A contamination through exposure to the atmosphere either during sampling or later during
sample preparation could have a relative hitf ratio. The averag&CO, value for 1992,

the time of sample taking, was measured to,hef1.13 at the tropospheric background sta-
tion Jungfraujoch (Levin and Kromer, 2004) and 1.03 for 2009 in Heidelberg (. Levin, 2009,
unpublished data), the time of sample processing. These values thus represent the uppermost
justifiable limit for any!'*C contamination of the Grenzgletscher samples. They do however
not necessarily reflect the real contamination of the ice by atmospheric contact, since the ex-
tracted DOC sample contains not contamination by atmosphericl0Oby carbonaceous
aerosols. Thé*C signature of the carbonaceous aerosol is in most cases lower than the CO
value by 10 to 20 %, as shown above for the bomb peak signal and as apparent from different
atmospheric aerosol studies (e.g. Szetatl. (2007); Mayetal. (2009)).

However, even if contamination with a highC concentration takes place, it should be super-
ficial and the surface of the samples, which might have been in contact with the atmospheric
air, is cut off and a simple surface contamination should be negligible.

Identifying or determining an additional contamination blank proves difficult, as neither the
blank mass nor th&C value of the contamination is known. However, the following facts can
be given regarding the process blank of the DOC extraction:

 The blank mass antfC concentration as determined in Section 3.4.2 summarises all
carbon and“C contributions added during the DOC extraction process by the carrier
gas, the mQ water or the acid. These blank contributions are independent of the sam-
ple type and contribute to all samples equally. The extraction blank must therefore be
subtracted from all samples.

* It was expected that the small and large DOC sample from # 21 should have both the
same DOC concentration anélC signature. However, the small sample has a larger
DOC concentration and a lowé&C value. Consolidation of the two samples indicates
an increased blank contribution of + 7.8§C for the small sample. There was indeed
a problem during the decontamination of the small sample, which could explain the
additional blank mass. However, this additional blank is a singular occurrence and
should not be ad hoc attributed to all samples.

» An additional contamination of the Grenzgletscher samples from exposure to atmo-
spheric air, storage and sample handling can not be completely rejected. However, only
a large carbon mass contamination witt'@ signature f, > 1.11, would reduce the
measured and extraction blank correct&d concentration of the large DOC sample to
a value around or below the reference value and even thefd@heoncentration would
be still larger than expected for pre-industrial ice.

Disregarding for the moment the highC values, it can be concluded, that after the additional
correction of the small ice sample from block # 21, all three'fivalues lie in the same
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range. The additional correction of the small ice sample is justified by the adaption of the
determined DOC concentration and the fact, that there was a problem during decontamination
of the sample. The remaining difference between the samples from # 19 and # 21 could be due
to a true age difference. Not knowing, how strong the natural variation of DOC in the Grenz-
gletscher ice is, it must be concluded, that the DOC extraction seems to allow reproduction of
14C values within 5-10 %.

3.5 Summary of the extraction system performance

Aiming at '*C analysis on ice samples as small as possible, the major requirements for the
DOC and POC extraction system were a minimal blank and a good extraction efficiency.
A large extraction efficiency assures that the maximum of organic carbon contained in the
ice sample is extracted and the smaller the blank and its absolute reliability the smaller the
minimal carbon mass required for a reliatt€ analysis.

System concept and setup:

After careful considerations of previous investigations, a system was developed to extract
DOC and POC from ice samples. DOC extraction is achieved by static UV-induced oxidation
with synthetic air and bubble degassing of the evolved.Cis method was determined to be

the most adequate for the extraction of DOC from 300-500 ml samplé$Gaanalysis. POC
filtration should be done on quartz filter, which were then combusted &t 50a closed-off
guartz tube with CuO as oxygen donator. Filtration after DOC extraction was found to be
preferable, to avoid a relative large blank contribution from the filtration process to the DOC
analysis.

The final setup allows to process ice samples with an area between 2.5 x 2.5 cm and 6.5 x 6.5
cm, a length up to 22 cm and a sample volume between 200 ml and 700 ml. For a sufficient
decontamination, a mass loss of more than 25 % should be accounted for. The system is well
suited for sample volume of 300-500 ml, which was the aim for ice sample size.

Carbon mass quantification:

Sophisitcated graphitisation allows reliable ANFE analysis of carbon masses between 10

and 20QugC. The manometeric quantification at the IUP allows credible determination of
carbon masses between 2.5 and 150C. With an overall uncertainty of less than 10 % for
sample masses larger thapdC, this quantification system seems sulfficient for the envisaged
sample masses.

The manometric quantification at VERA is at the moment more precise allowing quantifica-
tion of sample masses larger than AgEC with less than 10 % uncertainty. Furthermore, the
carbon masses determined at VERA are on average 10 % smaller then the masses determined
at the IUP most likely due to additional removal of remaining water vapour. This leads to the
conclusion, that the trapping and quantification system in Heidelberg needs further improve-
ment. For the cleaning steps better adapted cold trap geometries should be considered and
with respect to the quantification precision, the pressur sensor of the manometric unit should
be calibrated regularily with the reference volume further reduced.

Since the VERA carbon values give the very masses used for AMS measurement, they are
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deployed as well the evaluation of the presented data.

Blank contributions and minimal sample sizes:

The DOC extraction process has a blank of (6.71.0)gC (based on 21 standard and blank
samples) and &C signature of (0.64t 0.07) (based on 9 blank and standard samples), if
the POC filtration is done after DOC extraction, otherwise the filtration process contributes
greatly to the DOC blank. The blank determination was done over the course of 5 month
(Dec-Apr) parallel to the sample measurements discussed in Chapter 5. Blank sources are
most likely the large surfaces of the melting and the DOC pot. In less than 40 min 96 % of the
organic compounds are oxidised and extracted, except for humic acid, were the efficiency is
only 86 %. The minimal carbon sample mass given as three times the blank mass would then
be 20ugC.

POC filtration is done on a quartz filter of 0.28 to 4.9%owith a filtration efficiency of 80 %.
The filtration blank (based on 5 blank samples) is (£.2.0):gC with a*C signature of
fuank = (0.61+ 0.1). The blank sources could not be identified, but the exposition of the filter
to laboratory air might contribute significantly and requires further work. Minimal samples
size for the POC filtration are therefore A§C.

Based on this blank values is the overall uncertainty of the blank corrét@eétaction of

a of 20ugC sample for both the DOC and the POC fraction less then 10 %'@®walues
larger than f, = 0.3. This translates roughly into the ability of dating 11 000 years withan 1
uncertainty of 1 000 years.

Testing the system performance with real ice samples:

Testing the extraction system with real ice samples, the bomb €5 signal can be re-
produced in the DBC fraction of the high accumulation ice core Col du Dome with 80 %

of the 1“*CQ, signal. The difference in DBC and!“CQ, is similar to the ratio of TO'C

/ 1*CO, measured on recent atmospheric aerosol samples. The reconstructed ghal

can therefore be assumed to be equal to the atmsopH€risignal of organic aerosol and it

can be concluded that the sample extraction works well for real ice samples with large DOC
concentrations.

The decontamination procedure was tested on large ice block samples from the Grenzgletscher.
No significant problem was detected despite the large bubble concentration of the ice. The de-
contamination is therefore adequate even for bubble rich ice. However, reproducit@ PO
and DO*C values proved difficult.

The extracted POC concentrations were very small and therefore sensitive to the blank con-
tribution. No consens could be found for tHC fractions of the two POC samples, but
according to Steieetal. (2006) PO*C seems to vary greatly within the Grenzgletscher ice
blocks anyway. The non-consent has therefore very likely nothing to do with the filtration
method, but is of natural origin, indicating the problem arising from possible reservoir effects
in the organic aerosol source mix.

For DOC, a problem during decontamination of one sample, makes the interpretation of the
measurement repeatability unclear. The extracted carbon concentrations differed, but were
still in agreement with previous measurements. Ti@ values of the three samples agreed
within 10 %, which is either the natural variation within the Grenzgletscher ice or due to the
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decontamination problem for one of the samples.

The biggest problem is presented by the hightfithvalues after blank correction, lying above

the modern reference value. However, no reasonable contamination source can be identified,
that would cause such highC concentrations. Therefore, the extraction blank is assumed to
be applicable to real samples and no other contamination takes place.

At this point, the DOC and POC extraction system is expected as being characterised well
enough to allow first interpretation of Alpine ice samples.
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4 The investigated area - Two types
of Alpine glaciers

4.1 Colle Gnifetti

4.1.1 Glaciological and meteorological setting
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Figure 4.1: Geographic map of the Colle Gnifetti glacier in the Monte Rosa Massif on the
Swiss-Italian boarder.

The Colle Gnifetti (CG) glacier, situated at an altitude of 4550 ma.s.l. in the Monte Rosa
massif, forms a firn saddle between Zumsteinspitze and Signalkuppe (see Figure 4.1). The ice
flows from these peaks to the main outflow of the Grenzgletscher or breaks off over a steep cliff
at its north-eastern edge. Temperatures well below melting point at bedrock cause the glacier
to be frozen to the ground prohibiting sliding motions. The CG is a “cold” glacier having ice
and firn temperature below zero degree throughout the year, being on averagéHagberli

and Alean, 1985). This condition is a prerogative for the chronological preserving of climate
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signals and makes the Colle Gnifetti one of few Alpine glaciers providing the possibility to
serve as a mid-latitude climate archive. However, the small horizontal dimensions compared
to the ice thickness of about 100 m, the complex bedrock topography and ice flow dynamics,
the exposed location and the varying meteorological conditions challenge the interpretation of
the climate archive (Wagenbaehal., 1992).

The accumulation rate varies over the glacier surface depending on the exposure to wind and
aspect systematically increasing from about 0.1 mw.e. (meter water equivalent) at the north-
west slope of Signalkuppe to 1.2mw.e. at the south slope of Zumsteinspitze (@labn

1983). While on a large scale the CG has been shown to be in steady state over the last
hundred years, variations of the surface topography on small scales can cause a temporal
change in accumulation at one position. Furthermore, although air temperatures are below
zero throughout, the glacier samples snow not homogeneously over the year. The winter snow
being drier and lighter is often blown off by strong winds, while the more heavier, wet summer
snow sticks to the underlying firn. The amount of sampled winter and summer snow may
change from year to year and even loss of a complete annual layer is possible. This sampling
behaviour makes interpretation of the isotopic signal exceedingly difficult (Bohleber, 2008).
The temporal changes in accumulation rate at one position on the glacier as well as the inflow
of ice to that position from up-stream regions with significantly different accumulation rates,
called the up-stream effect (Wagner, 1996), also disturbs the age-depth relationship.

4.1.2 The available ice cores

Several ice cores have been drilled in collaboration of IUP and KUP (Klima und Umwelt-
physik, Physikalisches Institut, Universitat Bern) at the Colle Gnifetti, their position being
shown in Figure 4.2(a). Table 4.1 combines the most important details about the four down to
bedrock climate ice cores analysed and in store at the IUP.

Table 4.1: Main core characteristics of the four deep Colle Gnifetti ice cores analysed at the
IUP. Given are the core depth in absolute m and mw.e., the year of drijlitiget position of

the tritium peak, the accumulation rate averaged over 30-40 years derived by the
identification of the tritium peak Aand the firn-ice transition.

core abbrevation CC | KCS | KCH | KCI

H [m] 64.10| 100 | 60.30| 61.84
H[mw.e.] 49.85| 78.65| 45.02| 48.44
to [year AD] 1982 | 1995 | 1995 | 2005
3H [mw.e.] 4.1 |16.18| 7.34 | 5.75

Ay(CH) [mw.e./a] 0.22 | 051 | 0.23 | 0.14
firn ice transition [mw.e.] 20 28 22 17

KCH, CC and KCS lie on the same surface flow line, while the newest KCI core has been
drilled in direction of the cliff, at a position with small accumulation rate as the ice cliff acts
as a sink for the wind blown snow (see Figure 4.2(b)).
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(a) Positions of main Colle Gnifetti ice cores anal-  (b) Spatial distribution of accumulation rate: red
ysed and in store at IUP. Figure taken from Bohleber = small accumulation, blue = large accumulation.
(2008). The position of the KCI core is marked. (based on

ground penetrating radar data from Boehlert (2005))

Figure 4.2: Surface flow lines and accumulation rates at Colle Gnifetti. Note that Figure
4.2(b) shows only a part of the surface covered by Figure 4.2(a).

The accumulation rate Avaries considerably for the different core positions. However the
flow dynamics of the glacier saddle make it clear, that all lower core sections obey a common
surface accumulation regime. Thug @onverges in the lower core sections toward the typical
value of the upper catchment area contained by the Bergschrund, a deep crevass separating
the flowing from the stagnant part of the glacier (Keck, 2001). Nevertheless, the annual layer
thickness is still not homogeneous between the cores, since while the KCH core exhibits a
mean horizontal flow direction downslope of the Signalkuppe, the KClI is influenced by a two
dimensional flow pattern.

4.1.3 Previous dating attempts

Dating of the Colle Gnifetti ice cores has been undertaken by Armbruster (2000), Keck (2001)
and especially Bohleber (2008) using:

* identification of absolute time horizons in the last 100 years, like the tritium bomb peak
and Saharan dust events.

» establishing of a volcano chronology.

« continuous and discrete annual layer counting especially of Bkt other major ions
or dust records.

* ice model extrapolation for the lower core sections.
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Bohleber (2008) dismisses the establishing of a volcano chronology as dating technique, as
the identification of a volcanic horizon in an ice core and the determination of the eruption
event in history it represents is very difficult. A volcano chronology may therefore at best
be used to validate other dating scenarios. The Colle Gnifetti core dating is mainly based on
annual layer counting of the NHconcentration record for CC and KCS and the particle con-
centration record for KCH and KCI as well as model extrapolation in the lower core sections.
Table 4.2 summarises some parameters of the preliminary age-depth relationship of the four
cores shown in Figure 4.3.

Table 4.2: Core dating characteristics for CC, KCH, KCS and KCI derived from Armbruster
(2000), Keck (2001) and Bohleber (2008) (SS = Saharan dust event; n.i. = not identified).

dating parameter CC KCH KCS | KCI
surface date AD 1982 | 1995 | 1995 | 2005
SS 1947 AD [m w.e.] 1.0 4.4 10.0 4.7
3H 1963 AD [m w.e.] 4.1 7.3 16.2 5.8
SS 1947 AD [mw.e.] 7.8 n.i. n.i. 7.7
SS 1936 AD [m w.e.] n.i. 12.6 26.7 n.i.
SS 1901 AD [m w.e.] 16.0 20.0 37.3 | 115
1000 AD [m w.e.] - 42 60.7 34
dating uncertainty at 1900 AD +5a | +3a - +2a
dating uncertainty at 1600 AD+ 18a| + 75a | = 10a| +42a
dating uncertainty at 1000 AD - +200a| £52a| +80a

Figure 4.3 shows that as expected, the KCI core exhibits, compared to the other cores, same
ages at lower depth. Following this dating, the oldest ages would be found in the KCI or the
KCS core.

4.2 Vadret dal Corvatsch (Piz Murtel)

4.2.1 Glaciological and meteorological conditions

The Vadret dal Corvatsch is a small ice cap on top of the Piz Murtéel (3433 ma.s.l.) in the
Upper Engadin. At the beginning of the 20th century, the ice crest was part of a larger glacier,
which has “broken up” since then. The Corvatsch consists now of a northern and a southern
part and is about 500 m long (see Picture 4.4). The southern part exhibits an asymmetric
geometry, with a cornice running from the peak of Piz Murtel in northern direction separating
a 45m high, very steep slope (30 4®n the north-west from the smoother decline on the
south-eastern slope (Haebeatial., 2004).

Busarello (2002) determined the topography of the bedrock and the glacier surface via geo-
radar measurements in 2000 AD and quantified the glacier thickness. These measurements
were repeated 2007 revealing that since then the glacier lost on average 5m of its thickness,
which also changed the surface topography (see Figure 4.6).
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Figure 4.3: Comparison of all four Colle Gnifetti ice core chronologies. The dashed line
indicates, where the age-depth relationship becomes no longer reliable. Plot taken from
Bohleber (2008).

Haeberliet al. (2004) reported, that during the hot summer of 1998 snow on Piz Murtel melted
back to the crest and the subjacent ice was exposed, revealing a striking sequence of crest
parallel layers on the leeward slope, strongly resembling annual layering (see Figure 4.5(b)).
Furthermore, during the summer 2003, snow and firn disappeared and ice loss of at least 3m
was observed.

Investigating the meteorological conditions in the last 28 years, the average air temperature
measured at the Corvatsch station at 3315 ma.s.l. isH{®R3FyC and the mean annual pre-
cipitation sum (880t 130) mm/a, both showing no significant changes since 1980. However,
the years 1998, 2003 and 2006 are exceptional with very high summer temperatures and low
precipitation.

Due to the relative low altitude of the glacieret, air temperatures always reach positive values
in summer: 22 % of the monthly mean temperatures since 1980 at€,>0@ly 29 % of the
months have maximal temperatures not exceeding zero and 42 % of the months have more
than 10 days with temperatures abov€0These positive temperatures result in melting of

the surface snow cover. Therefore ice formation happens through melting and refreezing (su-
perimposed ice) rather than sedimentation. As the accumulation is converted into ice over the
course of two or three years, the glacier can still chronologically preserve climate information.

Although the ice cap lies today in the altitude range where temperated firn is typically ob-
served, measurements revealed sub-zero ice temperatures over 3300 ma.s.l. and an average
of -3°C for the basal layer (Hager, 2002). These findings indicate that the small ice cap con-
tains in parts cold ice frozen to the bedrock and thus may contain several thousand years old
ice. As the ice mass is very sensitive to climate change, dating of the bedrock ice may give
information about minimal glacier extension (Haebetlal., 2004).
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Figure 4.4: Geographical map of the Piz Murtél area. The red line indicates the north and
south part of the Vadret dal Corvatsch glacier (map from Swisstopo).

4.2.2 Previous studies on the ice composition and the glacier age

The Vadret dal Corvatsch has been the focus of decided research for about 10 years. During
the EU-ALPCLIM project (Wagenbach (2001), Haebetlal.(2004)), the ice temperature, ice
formation and mass balance have been investigated to determine the utility of small glacierets
as climate archive. In 1999 a 6 m long ice core was drilled at the crest and analysed for i.e. ice
density,§'80, conductivity, ion content and tritium. The visual inspection of air bubbles, the
average density of 0.85 g crhand the high ion content indicated superimposed ice formation.
The tritium peak of 1963 was found in a depth of about 4 m thus giving an idea about the age
of the recovered ice.

In 2005 a surface profile of the north-western slope was taken and analysed for various pa-
rameters by Bengel (2005). The dust and age profile revealed, that melting processes and
subsequent run down of melt water, makes interpretation of the data nearly impossible.

Afirst attempt at modeling the age-depth profile was made using a 2D finite element model for
two glacier geometries (Wagner, 1996). Assuming plain strain, steady state, a homogeneous
ice density of 0.9%;, incompressibility of the ice and no basal melting and sliding, the results
for a symmetric (a) and a asymmetric (b) triangle geometry are shown in Figure 4.7.

For the symmetric geometry, ice emerging at the lower half of the slope has been accumulated
in a narrow zone at the summit and thus under more or less the same topoclimatic conditions.
Flow velocities are extremely slow in such symmetric and steady-state conditions and there-
fore result in very large ice ages of several thousand years even reaching into the last glacial.
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(&) Summer 1998: strong melting of the complete  (b) Winter 2007 during the VCL drilling campaign
snow and firn cover revealed the subjacent ice (Pic- (Picture by B. May)
ture by M. Hoelzle).

Figure 4.5: Vadret dal Corvatsch glacier as seen from the Corvatsch Cable Car Station.
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(a) Change in ice thickness between 2000 and 2007 (b) Change in surface topography between 2000
(red) and 2007 (blue)

Figure 4.6: Change in the Vadret dal Corvatsch glacier thickness and surface topography
(data by M. Hoelzle, map from Swisstopo). The red square indicates the position of the VCL
ice core.
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Figure 4.7: 2D finite element modeling of a (a) symmetric triangle with horizontal bed and
an (b) asymmetric triangle with an inclined bed (Wagner, 1996).

For an asymmetric geometry, accumulation takes place in the direct summit zone and in the
whole area of the steep leeward slope. The ice flows away from the slope with far larger ve-
locities than for the symmetric case. The resulting ice ages are in the order of centuries, with
older ice in an extremely thin layer at the bottom of the ice body (Wagenbach (2001); Haeberli

etal.(2004)).

4.2.3 The VCL ice core

In January 2007 an ice core (VCL) was drilled in cooperation with the Department of Geog-
raphy, University of Zurich down to bedrock about 3 -4 m from the ridge on the south-eastern
flank at an altitude of 3340 ma.s.l. about 100 m below the peak. The core has a diameter of
3” and a total length of 27.46 m starting about 0.6 m below the top surface of 2007. The core
contains 0.4 m.w.e of snow/firn layer, followed instantaneously by ice with an average density
of 0.85 g cnT3. The ice core was analysed by Rau (2008) with Continuous Flow Analysis
(CFA) for particle concentration and conductivity and@tO and D-profile was determined

on discrete aliquots. The tritium peak of 1963, found in the short ice core from 1999 by
Frauenfelder (Wagenbach, 2001), was no longer found in the VCL core. Maximum tritium
values exceeding the natural values were however measured at the top of the ice core and were
attributed to the year 1962 (Rau, 2008).

4.3 The bottom part of the available ice cores

Two of the four CG cores, CC and KCS, as well as the VCL core are drilled down to the
bedrock. All three show the distinct yellow silt indicating basal ice, which has to be regarded
carefully with respect to dating, since it does not reflect the age of the glacier ice. The colour-
ing indicates the influence of the bedrock on the ice matrix and impurity contents, seen e.g.
in a characteristic increase of particle concentration, conductivity and organic carbon. For the
other two cores, KCH and KCI, increases in particle concentration and conductivity have been
observed too, but no silt was encountered, suggesting that the basal layer was not reached, but
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is probably not far off.

The stable water isotopg®0 records show for all CG cores the strongest signal at the bot-
tom of the core through a significant shift &f0O below the 20th century mean of -13 %o. It
seems obvious, that this signal indicates Pleistocene ice. However the different preliminary
dating give different ages for the80 transition in the different cores. Thus, the question re-
mains, if the transitions seen in the CG cores, indicates indeed Pleistocene ice, or if diffusional
processes, as discussed by Keck (2001), are responsible.

For the VCL, no extraordinary signal can be seen indi© signal of the basal layer. Also,
contrary to the CG cores, the variation of the particle concentration and the conductivity signal
does not diminish, as would be expected due to a rapidly decreasing annual layer thickness.
This difference sets the small ice cap apart from the typical cold glacier and indicates, that the
age distribution in this glacieret may behave quite differently than for the CG.

Since the annual layer thickness in the lowest part of the ice core becomes infinitesimal thin,
the age in the bottom of the core explodes making theoretical as well as traditional, experi-
mental dating impossible. The bottom of any ice core is therefore a sensitive region and needs
to be paid special attention. Since all other dating methods fail He&Zemay finally be able

to put an age constrain on this difficult area.
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Figure 4.8: 580 record of the CC, KCH, KCS, KCI and VCL ice core down to near
bedrock. The red line indicates the 20th century m&a@®. Note the different scale of the
y-axes for the VCL core.
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5 Presentation and discussion of ice
core 4C data

5.1 Sample selection, blank correction and data
presentation

The focus of this work was the dating of mainly two ice cores: (1) the VCL from the Vadret dal
Corvatsch and (2) the KCI from the Colle Gnifetti. In addition, some samples were measured
for the other two CG cores, KCH and KCS, to allow a comparison of the radiocarbon ages
derived for different cores from the same glacier.

The following chapter contains the presentation of th@ data set, including characteristics

of and reasoning for the different samples, followed by a first perusal, where obviously biased
values are discarded. Finally, artificial and natural input of ext&nto the organic carbon
sample masses are discussed.

5.1.1 The data set

Mainly there were three rounds of sample preparations!&dneasurements: (A) January
2009, (B) February - April 2009 and (C) June - July 2009. At the time of sample prepara-
tion for round (A), the (I) “POC-before-DOC” method was still envisioned for the extraction

of both fractions, but the blank could not be sufficiently reduced. Even without prior POC
filtration, the DOC blank was at the beginning not yet sufficiently small enough to attempt
DO C measurements. For the samples prepared in round (B) and (C) all DOC samples were
extracted with POC still present in the sample ((I1) “DOC-before-POC”).

Sample selection for the Vadret dal Corvatsch

The lower altitude of the Vadret dal Corvatsch yields higher particle concentration in the ice
than found in a higher glaciet*C analysis could, therefore, easily be carried out on POC,
returning enough carbon mass for small ice volumes (100 - 200 ml). The POC samples were
analysed in the first round (A) dffC measurements and no DOC was extracted parallel to
the POC. In the second sample charge (B), six DOC samples were prepared for comparison,
but POC was not extracted due to sample limitatiod*af analysis. Additionally, six POC
samples are reported, that were obtained during Countinuous Flow Analysis (CFA) (see Rau
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(2008)). Although, these samples were more a byproduct of the CFA, great care has been
taken with decontamination of the filter to makéC analysis possible. After filtration, the

CFA filters have been treated like all other POC samples.

All POC and DOC samples were selected to ensure coverage of the whole core. As the VCL
contains no firn, the whole ice core was available for sampling without concern for decon-
tamination. Strong dust layers and exceptional high particle concentrations were avoided, to
evade singular deposition events, which might carry an atypi€asignature.

The whole core was previously cut as seen in Figure 5.1 antt@lsamples were simply
taken from part B.

7.6cm

39cm ) 3,2cm

stratigraphy
14C samples
CFA

rest

archive

1.9cm_
23cm

3,2com
7,6¢em
moaowr

2,1¢cm

Figure 5.1: lllustration of the cutting into different parts of the VCL core.

Sample selection for the Colle Gnifetti

The particle concentration in the high Alpine Colle Gnifetti cores are far lower than for the
Vadret dal Corvatsch. ThereforéC analysis was mainly focused on the DOC fraction.

The first'*C samples from the Colle Gnifetti were extracted in the first round (A) from three
ice samples of the KCS core. The preliminary dating of the KCS core suggested large ages
and there was still enough core material available for reasonable sample sizes. Regardless
of the blank problems for DOC, both fractions were still extracted with the (I) “POC-before-
DOC” method, in order to gain a feeling for the extraction of both fractions from real ice core
samples. At least, the POC fraction would give reliable data, if the carbon mass was large
enough, and the DBC value might still be compared to it.

In the second round of sample preparation (B), nine samples from KCI were extracted for DOC
and POC. Focusing on the DOC fraction, the ice sample volume was adjusted to ensure that
the DOC carbon mass was large enough'f@ranalysis, while still keeping the ice volume at

a minimum. This adjustment resulted in very low carbon masses for the POC fraction. Still it
was hoped for, that a comparison of tH€ fractions for the two carbon fractions might give
information about the respective source composition.
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Three samples from the KCH core were extracted for DOC and POC to completéCthe
comparison of the three CG deep ice cores.

All samples were selected according to the following criteria:

 the sample was taken from below the firn ice transition, i.e. below pore close-off with a
sample density > 0.84%;, to allow for adequate decontamination.

* the particle concentration, as determined by CFA (Bohleber (2008); Armbruster (2000)),
was of an average range to avoid sampling of singular deposition events, that might have
an atypical DOC / POC composition.

« there were no strong gradients in tH&0O, particle and conductivity record, which might
indicate sudden changes in the environment, leading to excepti@aalues.

Finally in the third"“C sample charge (C), DOC was extracted from two KCS samples adjacent
to KCS-95 and KCS-108. These additional measurements should allow a comparison of the
DOC fraction for the two extraction methods and give BOvalues comparable to the other

CG ice cores. Also, DOC was extracted from two ice samples preceding KCI-32 and KCI-74,
to test the repeatability of the extraction process.

Note that for two samples, KCI-42 (DOC) and KCI-54 (POC),'t0 value was obtained due

to loss of the carbon target after graphitisation.

The POC and DOC samples extracted from the Col du Dome (CDD) and the Grenzgletscher
(GG), have already been discussed in Section 3.4.5. However, they will here be reported
and incorporated into the discussion for the sake of completeness. The CDD samples were
measured in the first round (A) after the DOC extraction blank was reduced enough for a
reliable measurement. For the Grenzgletscher, the POC samples were analysed in round (A),
the single DOC sample in round (B) and the other two DOC samples in round (C).

Blank correction
All samples are corrected for the extraction blank according to:

m - fm = Mcorr * fcorr + Mplank fblank’ (51)

where m and f are the measured mass'd@draction and m,,, = (M - My,,.;). The following
blank values were used for correction:

* POC (all except CFA samples): i, = (5.2 + 1.0)ugC; fyanr = (0.614+ 0.10): as
determined in Chapter 3.4.

* POC-CFA: myunr = (7.4 + 1.0)ugC; fyunr = (0.625+ 0.10): the blank value was
obtained by one specific CFA blank measurement, the errors have been adopted from
the POC blank.

* DOC method (I1): ani = (6.7 = 1.0)ugC; fyranr = (0.64+ 0.07): as determined in
Chapter 3.4.

— 69—



Chapter 5. Presentation and discussion of ice ttalata

* DOC method (1): Manr = (35.0+ 5.0)ugC; fyank = (0.365+ 0.07): the blank value
was obtained from one specific process blank measurement, the uncertainty,pisn
assumedAfy,,.. is adopted from the other DOC blank.

Table 5.1 gives the sample characteristics and the blank corré@adlues for the CG sam-
ples. Table 5.2 contains th&C results for (1) the Vadret dal Corvatsch VCL ice core samples,
(2) the Col du Déme bomb peak samples and (3) the samples from the Grenzgletscher.
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Table 5.1: Characteristics of th&C samples for the Colle Gnifetti ice core KCI, KCS and

KCH. Reported are the ice core number, the depth of the sample, the blank corrected carbon
mass, theé'3C and the blank corrected fraction modern carhgn fFor the KCS samples,

the difference in the sample preparation method is indicated by (I) and (Il). The asterisked
sample is discarded immediately due to the extremely low carbon mass.

type | core name depth Meorr | A Megpr | 03C | foorr | Afeorr
and number [mw.e.] [£19C] | [19C] | [%o]

DOC KCI-32 17.75+£ 0.13| 45.1 0.9 -19.6| 1.006| 0.013
DOC KCI-32 17.98+0.11| 35.6 1.1 -17.211.131| 0.022
POC KCI-32 1798+ 0.11| 1.0 1.0 -12.91 1.094| 0.739 | (*)
DOC KCIl-42 25.44+0.14| 28.8 1.1 - n.a. n.a.
POC KCl-42 2544+ 0.14| 6.1 1.0 -19.0| 0.644| 0.090
DOC KCI-51 31.98+0.12| 16.0 1.0 -7.5 1 0.947| 0.037
POC KCI-51 31.98+0.12, 2.0 1.0 -14.8| 0.916| 0.317
DOC KCI-54 34.71+£0.12| 14.3 1.0 -17.7| 1.185| 0.058
POC KCI-54 3471+ 0.12| 2.2 1.0 - n.a. n.a.
DOC KCI-63 40.924+0.10| 30.5 1.1 -11.6| 1.074| 0.023
POC KCI-63 40.92+0.10| 94 1.0 -24.0| 0.832| 0.064
DOC KCI-67 43.32+0.13| 8.9 1.0 -22.5| 1.152| 0.073
POC KCI-67 43.32+0.13| 3.2 1.0 -15.3| 0.468| 0.177
DOC KCI-72 46.39+0.09| 17.7 1.0 6.7 | 0.690| 0.030
POC KCI-72 46.39+ 0.09| 2.3 1.0 -20.0| 0.773| 0.250
DOC KCI-73 47.46+ 0.09| 31.9 1.1 -20.0| 0.870| 0.020
POC KCI-73 47.46+0.09| 2.5 1.0 -18.0| 0.664| 0.220
DOC KCI-74 47,724+ 0.12| 52.2 1.0 -18.7| 0.839| 0.011
DOC KCI-74 4793+ 0.09| 38.4 1.1 -17.1| 0.849| 0.017
POC KCI-74 4793+ 0.09| 4.4 1.0 -18.0| 0.798| 0.135
POC| KCS-79(l) | 55.19+0.14| 4.4 1.0 -3 10.940| 0.151
DOC | KCS-79(l) | 55.19+0.14| 5.7 5.0 -32.5| 3.080| 2.430
POC| KCS-95(I) | 68.18+0.14| 5.2 1.0 -12.1| 0.704| 0.108
DOC | KCS-95(l) | 68.18+0.14| 31.8 51 -26.8| 0.551| 0.083
DOC | KCS-95(Il) | 68.46+ 0.14| 44.1 1.2 -18.8| 1.027| 0.018
DOC | KCS-107 (Il) | 78.32+0.10| 44.1 0.8 -12.2| 0.449| 0.013
POC | KCS-108(l) | 78.54+ 0.12| 14.1 1.1 -27.7| 0.245| 0.047
DOC | KCS-108(l) | 78.54+0.12| 71.4 5.2 -25.1| 0.125| 0.038
DOC KCH-43 22.93+0.09| 40.3 1.1 -19.8| 1.062| 0.019
POC KCH-43 2293+ 0.09| 5.2 1.0 -20.1| 0.968| 0.130
DOC KCH-62 36.424+0.12| 79.6 14 -20.0| 0.680| 0.010
POC KCH-62 36.42+ 0.12| 13.0 1.0 -21.8| 0.969| 0.052
DOC KCH-70 42.78+0.09| 52.1 1.2 -19.7| 0.930| 0.014
POC KCH-70 42.78+ 0.09| 8.0 1.0 -22.6| 0.917| 0.080
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Table 5.2: Characteristics of*C samples from the Vadret dal Corvatsch ice core VCL, the
three bomb peak samples from the Col du D6me and five samples from two sampling
locations on the Grenzgletscher. Reported are ice core number, the depth of the sample, the
blank corrected carbon mass, #HéC and the blank corrected fraction modern carhgn f

The asterisked samples are discarded immediately due to the extremely low carbon masses.

type | core name depth Meorr | A Megpr | 03C | foorr | Afeorr
and number [mw.e.] [£19C] | [19C] | [%o]
CFA VCL-02 0.44+ 0.21 4.4 1.0 1.4 | 0.864| 0.180
CFA VCL-04 1.274+0.20 1.7 1.0 8 0.969| 0.485 | (*)
CFA VCL-7 2.92+0.33 | 36.8 1.0 - 0.578| 0.009
POC VCL-07 267009 | 17.6 15 -33.6| 0.615| 0.044
POC VLC-09 4194+ 0.09 | 81.6 1.5 -32.4| 0.770| 0.008
POC VCL-14 6.994+ 0.09 7.1 1.0 -24 | 0.482| 0.037
POC VCL-21 10.49+0.11| 34.4 1.1 -24.2 1 0.626| 0.007
CFA | VCL-21/22 | 10.78+0.40| 1.6 1.0 - 0.692| 0.466 | (*)
DOC | VCL-24/25 | 12574+ 0.17| 6.8 1.0 21.0| 0.664| 0.077
POC VCL-27 14.01+ 0.09| 26.6 1.1 -27.4| 0.786| 0.014
POC VCL-30 15.83+0.09| 12.6 1.1 -26.3| 0.624| 0.014
DOC| VCL-31 16.584+-0.18| 20 1.0 -28.5| 0.591| 0.029
DOC VCL-34 18.17+0.17| 10.5 1.0 7.5 | 0.627| 0.052
POC VCL-35 18.65+ 0.09| 52.5 1.2 -29.6| 0.977| 0.011
DOC VCL-37 19.924+ 0.18| 27.1 1.1 -19.1| 1.003| 0.028
POC| VCL-38 20.61+0.09| 7.8 1.0 -28.7| 0.990| 0.050
CFA VCL-38 20.64+0.31| 7.9 1.0 -13.1| 0.920| 0.102
POC VCL-40 21.53+0.09| 7.7 1.0 -23.1| 0.969| 0.048
POC VCL-41 2242+ 0.09| 26 1.1 -23.1| 0.931| 0.027
POC VCL-42 22.86+ 0.10| 21.2 1.1 -32.5| 0.935| 0.017
DOC | VCL-40/41 | 22.12+0.22| 95.1 1.6 -17.4| 0.875| 0.008
DOC | VCL-42/43 | 23.13+0.18| 86.4 15 -15.0| 0.848| 0.012
CFA VCL-44 23.60+0.29| 21.6 1.0 - 0.702| 0.035
POC VCL-45 23.95+ 0.05| 394.8 2.2 - 0.442| 0.003
DOC | CDD-86a 1966 AD 67.3 1.1 -18.3| 1.035| 0.015
DOC CDD-94 1972 AD 89.7 1.2 -15.1| 1.224| 0.018
DOC | CDD-105a 1975 AD 37.9 1.0 -21.2| 1.303| 0.024
POC GG, an sample #19| 5.6 1.0 46 | 0.419| 0.106
POC GGyrge sample #19| 4.7 1.0 45 |0.792| 0.124
DOC GG il sample #19| 9.2 1.3 -13.0| 1.063| 0.077
DOC GG il sample #21| 33.3 0.9 -11.0| 0.998| 0.031
DOC GGiyrge sample #21| 52.1 1.0 -20.4| 1.117| 0.015
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5.1.2 Overview on the Vadret dal Corvatsch  *C data

The carbon concentrations for POC and DOC extracted from the VCL core and corrected for
blank contributions (Figure 5.2) show, as expected, overall large POC concentrations with a
strong variation. The DOC values on the other hand are relatively low. The increase toward
the bedrock is seen in other cores as well, and seems to be a characteristic of basal ice.

= DOC
4004 o pOC . "
2
300
LR ;
c 1 )
S
T 200- ¢ ¢
= [
e . = DOC
Q 100 - S % """" atCG
] % ¢ . ]
= POC
01— ,.@,,.atCG
0 4 8 12 16 20 24

depth in m.w.e.

Figure 5.2: DOC and POC concentrations of the extractéd samples after blank
correction. The dotted lines reflect the typical concentrations of POC and DOC quantified for
the '*C samples of the Colle Gnifetti cores.

Figure 5.3 shows the blank correcté@ values reported in Table 5.2 against depth. Ti@
fractions in the upper two thirds of the core show no correlation with depth and are relatively
low with a strong variation. It can be concluded that the top part of the core must contain ice
from the industrial period indicated by strong contributions from fossil fuel combustion. At
about (18.5+ 0.5) mw.e., thé*C fraction suddenly jumps to nearly modern composition and
then declines sharply down to bedrock. At this point, there are no contributions from fossil
fuel combustion and the values can be used to date the ice.

Although there are no POC and DOC values for the same samples, the good agreement be-
tween PG!C and DG"C in the lower part of the core indicates that both carbon fractions
found in the Vadret dal Corvatsch glacier have “young” sources in pre-industrial times with
no indication for a reservoir effect, allowing for dating of the ice by both fractions. The CFA
POC samples agree well with the other measurements, showing the suitability of this extrac-
tion method for PO!C analysis.

5.1.3 Overview on the Colle Gnifetti *C data

Figure 5.4 shows the extracted, blank corrected DOC and POC concentrations for the three
CG cores. The higher concentrations of both DOC and POC in KCH and KCS compared
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Figure 5.3: '*C values for POC and DOC samples from the Vadret dal Corvatsch ice core
corrected for sample preparation blank.

to KCI might indicate a difference in detention of organic aerosol for different accumulation
regimes.

The low accumulation of the KCl is in large parts due to the loss of snow blown over the ice
cliff. This sink may also be attributed to the aerosol particles being carried in the wind blown
snow (Pomeroy and Jones, 1996) and could explain the lower POC concentrations. For DOC
the possibility of UV induced oxidation of organic molecules in snow and firn (Hoffmann,
1996) and their subsequent loss to the atmosphere, might be an additional sink for organic
compounds and would contribute stronger to a low than to a high accumulation regime. How-
ever, these processes should have no effect ot @éaction of DOC and POC.

A temporal variation of the organic aerosol source strength could also explain the difference
in organic concentrations for the three cores, since the cores themselves as well as the sample
selection cover different time intervals.

Regardless of the reasons, due to the lower carbon concentrations and the fact that especially
for KCI the ice mass was kept to a minimum, the extracted total carbon masses have been
significantly smaller for the KCI samples than for those extracted from KCH and KCS, and
are thus stronger influenced by blank contributions. Especially the POC carbon masses are
often too low to allow a reliable interpretation of tHeC values.

Before, discussing th&C results for the Colle Gnifetti ice cores shown in Figure 5.5, the
following outliers must be addressed:

(1) For KCH, the second sample (KCH-62) shows a very low'fiivalue, which is not in
agreement with neither the respective'Onor the other D&'C fractions. The preliminary
dating of the KCH core also suggests ages younger than 1000 yearg,vaués in the order

of 0.9. Also, the DOC concentration as well as the POC concentration of the sample was
significantly higher than the other CG samples.

The carbon mass is so high that blank correction has no imminent influence and a large mass
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Figure 5.4: Organic carbon concentration for the DOC and POC fraction determined from
the extracted carbon mass for the three CG ice cores.

contamination with an exceptional loWC signature would be needed to increase the f

value to match the respective PG value. However, no problems were encountered during
sample preparation, which might explain such an extraordinary high contamination.

The alternative would be a large fraction of “old” organic matter contributing to the DOC
fraction in ice. It is expected that any such source contributes in some part also to the POC,
which is supported by the increased POC mass, but not ByGtsignature. Without further
analysis of the surrounding ice, no final conclusion can be given and the KCH-62DO
value is declared as biased by fossil matter, either by contamination or by a “natural” effect.
Therefore it is unfit for*C dating and disregarded in the following investigations.

(2) For KCS, the large blank correction results in an unrealisti¢‘@®alue for the first DOC
sample KCS-79 (1). This problem could be solved by reducing the blank mgss. finom
35.9C to 15ugC at the samef,,.,. The newly correctedC value would then be.f,,.(KCS-

79 (1)) = (0.967+ 0.125). Although this correction is rather arbitrarily, the blank of the
() “POC-before-DOC” method is not very well constrained, leaving room for speculations.
Supporting this blank correction is the fact, that the new blank corrected DOC concentration
is also in better agreement with the concentrations encountered in other samples.

(3) Two adjoining samples from core section KCI-32 and KCI-74 respectively were analysed
for their DO"C content, in order to show the ability to reproduce thevilue. The sample
preparation was three months apart. The blank corrected®@alues agreed well for the
KCI-74 samples. However, while the DOC concentrations for the two samples from KCI-32
differ only slightly, the!*C fractions disagree significantly by about 10 %. The measurement
of two Grenzgletscher samples gave a similar discrepancy, which could there be explained by
blank correction. This is not possible for the KCI samples. Reduction of the highevdlue
requires an extremely strong increase of the lowgr &nd thus an extremely low;f,.. value.

Since there is no indication for an exceptional contamination during sample preparation, both
values are taken as “true” for the moment and possible reasons for the difference will be
discussed later.
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Figure 5.5: Blank correctedC fraction for POC and DOC samples from the Colle Gnifetti
ice cores versus core depth. The dashed line indicates the exp&ttealues based on the
preliminary dating.
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Having now a look at the blank correct&tC values for the different CG cores, several basic

problems are encountered, that need to be addressed before any attempt at dating can be made:

« Some of the DO&'C values in KCH, KCS and especially KCI are higher than the modern
reference level (in the following denoted as “over-modern”) and show strong variations
without a distinct age-depth relation. Such high values have already been encountered
for the Grenzgletscher samples (see Section 3.4.5).

» Comparison of the (I) “POC-before-DOC”and (Il) “DOC-before-POC” method for the
KCS samples shows a significant difference in the'fitfraction for the two methods,
the second giving significantly high&C values, than the first.

« For several ice samples P@ and DG*C differ significantly.
« For KCI, both PG*C and DO“C increase at the bottom of the core.

The most important and imminent problem is the over-moderd‘BQralues, encountered
mainly for the KCI core, but also for KCH, KCS and the Grenzgletscher samples. Until the
reason for these values is not identified, any comparison éf®@@nd DO*C is rather futile

as well as any attempts at dating.

The main questions to be answered are now:

1. What causes the highC values in the DOC fraction?
2. What does this mean for the ability to date ice sample's®yn DOC?

5.2 Contamination of the ice cores during drilling,
storage and sample preparation

The first reason coming to mind for the over-mod&@ values is that the blank correction
determined in Section 3.4 does not reflect the true contamination of the ice samples.

Looking at the over-modertC values, it is striking that for most samples the uncorrected
DO"C fractions are surprisingly high but not over-modern. Only the correction for the ex-
traction blank results in the unreasonable hitf fractions. Nonetheless, it is unrealistic to
assume no blank correction for the extraction process would be necessary for real samples.
Assuming M., to be smaller would result in less highC fractions, but the values would

still be relatively large. A reduction of the blank mass was not seen in the blank and standard
measurements performed in between the sample extractions and is therefore not supported.
The only other possibility to avoid the over-modern values is an additional contamination of
the sample during or before sample preparation. A total correction for the extraction blank and
any additional contamination needsaf i contamination > 1, @s all other correction parameters
would still lead to'“C values larger than modern.

In the following, the term “blank” is attributed solely to the carbon contributions of the ex-
traction system, while the term “contamination” refers to all other contributions to the sample
outside of the DOC extraction system.
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5.2.1 Modern “C contamination of the ice sample
Adsorption of organic compounds onto the ice - Surface contamination

It was shown in Section 3.4.5 that all possible blank contributions during DOC extraction are
contained and corrected for in the determined extraction blank. It has also been discussed
that any additional surface contamination for real samples before sample processing should be
eliminated by the careful decontamination of the ice sample surface. In case of an incomplete
decontamination, adsorption of organic compounds onto the sample surface due to the contact
with atmosphere between drilling and sample processing would be the most likely source for
a significant contamination with highC concentration.

Diffusion of organic compounds in ice - Ice bulk contamination

A contamination of the complete ice bulk by the adsorption onto and diffusion into the ice of
organic compounds from the air after sampling would not be eliminated by the decontamina-
tion process. Moreover, if a continuous exchange of organic molecules between the ice bulk
and the surrounding atmosphere could take place, theh@ltoncentrations might be the
result of a significant amount of present-day organic compounds diffused into the ice matrix.

Soluble organic gases in the atmosphere, lik®4 formaldehyde and methanol, can be ab-
sorbed in snow and ice from the air (Wolff and Bales, 1996). The surface uptake of organic
gases in ice depends on the solubility and the chemical composition of the ice and has been
found to be comparable to the exchange flow between water and air (&fahjal 998). How-

ever, the diffusion within the ice matrix is for large molecules six orders of magnitudes lower
than in water. Whillans and Grootes (1985) calculated the isotopic diffusivity of oxygen in firn

at varying densities as well as in ice and reports the temperature dependent diffusivity in firn
to be in the order of 10 to 10°® cn? s71, and 10''° to 102 cm? st in ice. This diffusion

factor in ice is assumed to be similar for other species, including organic compounds. Thus,
although the uptake of organic gases at the ice surface can be significant, the transport inside
the ice is far slower and restricts the total amount of carbon diffused into the ice within a few
years to negligible concentrations.

The only other way for adsorbed large molecules to reach the inner sample would be micro-
cracks in the ice. These cracks are often not visible, but can provide an easy way into the inner
ice. However, they appear randomly, compose a singularity within the ice and transfer of
organic molecules would only happen along them. It remains questionable, if the contribution
to the total amount of organic carbon would be significant enough to even alter the original
14C signature of the sample and even more, that total equilibrium of the whole ice bulk with
the atmosphere could be achieved.

Modern contamination scenarios

Regardless, if a surface or a bulk ice contamination is assumed, the upper linit ol fation
of these contributions is given by the atmosphéteQO, value since drilling (Table 5.3).
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Table 5.3: Atmospheric'CQO, fraction measured at the continental background station
Jungfraujoch at the time of ice sampling (Levin and Kromer (2004); Leval. (2008)) for
the different ice samples giving the upper limit'6€ contamination for the respective
samples.

name drilling year | f,,
KCI 2005 1.06
KCS 1995 1.12
KCH 1995 1.12
Grenzgletscher 1992 1.13

The atmospheri¢*CQO, value for the year 2009, the time of sample preparation, in Heidelberg

is f,, = 1.03 (unpublished data, pers. com. I. Levin, 2009). It should be noted, tha}, the f
value for the atmospheric carbonaceous aerosol fraction during this time can be lower by 10 to
20 % due to anthropogenic activities affecting TOC differently than GO has been shown

for the bomb peak samples from the CDD (see Section 3.4.5) and by different atmospheric
aerosol studies (e.g. Szidsital. (2007); Mayet al. (2009)).

For KCI, the upper limit of £,,.;amination = 1.06 is not large enough to reduce or explain the
blank corrected*C values, regardless of §iamination. FOr KCH and KCS (I1) thé“C values

are lower than the upper atmospheric limit. The same is true for the Grenzgletscher samples.
However, in both cases, the near compliance of the blank corrected values with the upper
contamination limit would suggest a more or less complete equilibrium with the atmosphere,
which is very unlikely.

Overall, the assumption of a contamination through contact with the atmosphere remains un-
satisfactory. Surface contamination should be eliminated and diffusion into the ice bulk was
found to be negligible. Only the possibility of micro-cracks offering pass ways into the in-
ner ice sample might account for a contamination. However, even if the sample would reach
complete equilibrium with the atmosphere, the upper limit.9f.f,.;na:i0n given by the atmo-
spherict*CQ, is not enough to explain the highC values for KCI.

5.2.2 Influence of POC filtration on the DO !*C value

A comparison of the two methods was attempted, to deduce if the presence of POC has any
influence on thé*C fraction of DOC, which might explain the highC values.

After having already processed three ice samples from the KCS core by filtering POC before
DOC was extracted, it seemed reasonable to analyse adjoining samples for KCS-95 and KCS-
108 respectively by extracting DOC with POC still present in the sample. This approach would
also enable a direct comparison of the KCS (Il) samples with the other CG ice samples. As
indicated in Figure 5.5(b), the PEC (1) values give similar ages as the preliminary age-depth
relationship determined by Armbruster (2000) and can thus be seen as an indicator for the true
14C fraction.

The two DOC values for the (I) “POC-before-DOC” method are significantly lower, than the
one for the (1) “DOC-before-POC”. One might argue, that the difference between KCS-107
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and KCS-108 reflects a true age signal. The age is expected to increases rapidly in the basal
ice layer, the accumulation during the time of glacier forming can vary strongly and the age
of the basal ice must be treated carefully. All this could lead to an exceptionally loiW@®O
value in the lowermost core section and the large difference t&'@draction of KCS-107.
However, there is no such explanation for the difference of the KCS-95.

Exchange of organic compounds between DOC and POC

Assuming that the blank correction is adequate and not the reason for the differér@gtive
presence of POC during DOC UV-irradiation would seem to affect4@esignature of the ex-
tracted DOC samplé*C values are corrected for fractionation effects and every fractionating
process favoring*C to '2C in one way or another, would also affect the ratid%#/*C, and

is thus already eliminated. Therefore, the effect of POC on DOC must be on the total carbon
mass and not the isotopic fraction. Following scenarios come to mind:

 part of the POC is cracked by the UV light and contributes to the DOC carbon mass.

« part of the DOC is adsorbed onto the POC and is thus removed from the DOC fraction
and added to the POC fraction.

Both scenarios are quite reasonable. However, careful consideration and testing of each point
based on the measured values reveals that any possible influence of POC on the extracted
DOC carbon mass, is not enough to explain the difference. Even if a scenario could be found,
the fact remains that regardless if a “young” carbon fraction is added to the DOC or an “old”
fraction removed by the presence of POC, in every case, the hitfhealue would represent

the true value for radiocarbon dating.

Blank scenarios

Since the difference in the DEC fractions can not be explained by an exchange between
DOC and POC, the only other possibility is a problem with the blank correction for the two
methods. Several facts have to be considered:

« The respective PBC values for the KCS-95 (1) and KCS-108 (1) are significantly higher
than the DO*C ones, hinting that the DAC signature might be too low.

* The (1) “POC-before-DOC” method has a large blank, which is not very well defined,
while the extraction blank for (1) “DOC-before-POC” has been shown to be relatively
fix. Thus, it is easier to argue a wrong blank correction for method (I).

» The processing of an Oxalic AcittC standard solution using the (I) “POC-before-

DOC” method showed that tHéC blank concentration can be quite fossil (see Section
3.4). Assuming a loweY'C blank value is therefore possible.
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« KCS-95 (Il) has a very high'C fraction. To reduce this value so far that it agrees with
KCS-95 (1), regardless if the PAC or DO'C value, would require a blank with a very
high 4C signature. The possibility of &C blank fraction §,,.x-+contamination > 1 has
been already discussed and was shown to be very arguable.

Surveying this information, a contamination of the KCS-95 (1) and KCS-108 (1) DOC samples
with fossil organic matter is the most likely reason for the difference. Matching the respec-
tive two DO C values, would require &C blank value of f,,, = 0, which is as unlikely as

a blank value of > 1. However, a blank correction wigh,f. = 0.2 would already result in

an adjusting of the DBC and PG*C values for KCS-95 (I) and KCS-108 (l). If in addition

to the change of the blanKC fraction, the mass blank is increased tg.m = 45.9C as

well, the DO“C values for KCS-95 would match up, but not KCS-108 (1) and KCS-107 (l1).
Figure 5.6 shows the correctétC values for the KCS samples for the extraction blank cor-
rection and the artificial scenario.
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Figure 5.6: Atrtificial correction of the KCS values in order to match up KCS-95 (1) and
KCS-95 (I). Note that for KCS-79 (I) ... was assumed to be 1/5C, as discussed above.

The blank for the (I) “POC-before-DOC” method is indeed poorly known, due to the fact that
the procedure was discarded as not suitable soon after the KCS measurements. Due to many
additional possible blank sources, like filter, filter holder, PFA pot, etc., the blank may vary
significantly. Therefore, the above discussed blank correction is not wholly unreasonable and
a possible explanation for the difference in BO for the KCS-95 samples. For KCS-108 /
KCS-107 the new blank correction would not allow a consolidation of thé‘D@alues, but

in this case the difference may be a true age signal. However, the explanation remains unsat-
isfactory without proof from additional measurements of the (1) “POC-before-DOC” method
blank. It should be noted that again the “younger” BO value would be considered to be
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true, which provides the problem that the value differs significantly from th¢®@nd is far
higher than would be expected at such a depth.

5.2.3 Conclusion

Concluding, the decontamination procedure was shown to eliminate contamination of the ice
sample surface. The diffusion of organic molecules in ice is too small to be of importance to
the total organic carbon mass of the ice sample. However, migration along micro-cracks in
the ice is a possibility and carries the potential for contamination of the inner part of the ice
sample. The exchange of DOC in the ice with the atmosphere along those cracks is probably
not significant enough to alter tHéC signal of the sample. While the possibility remains
that there is an exchange effect, it is entirely a matter of chance and still does not solve the
problem of the higH*C values. After théC values of the KCI samples are corrected for the
extraction blank, no reasonable contamination source can be identified with a sufficiently high
f,, to reduce théC signatures to sensible values.

Also, no reason could be found why the presence of POC during DOC extraction should
lead to higher'*C fractions. The difference in the DEC values for method (1) and (II)

was ascribed to the contamination of method (I) samples during the extraction process. The
contamination of the (I) “POC-before-DOC” method is poorly constrained and seems to vary
much. Therefore, any artificial blank scenario is pure speculation and all DOC (I) samples are
excluded from the following discussions.

Finally, itis assumed here that the over-modéfvalues are not due to the extraction method

and also not due to a contamination of the ice core béef@esample preparation. The DOC

and POC extraction blank applied here has been stable over the time of sample preparation
and is warranted for alf'C values derived by method (ll) as the only blank contribution.

If contamination can be ruled out as source of the High values, natural ways have to be
found to incorporate exce$&C into the ice core.

5.3 Excess C in Alpine ice DOC

5.3.1 Incorporation of over-modern organic matter

The only possible source of carbonaceous aerosol with enhatCedbncentration is organic
matter carrying thé*C signature from the bomb peak efaCO, fraction in the bomb peak
period between 1954 and today range between 1.0 and 2.0.

For all CG cores, the position of the bomb peak was identified with tritium measurements
within the firn part of the core, and no samples were taken directly from this period.

However, organic gases can diffuse significantly within snow and firn as long as the pores are
not yet closed off from the atmosphere (Whillans and Grootes (1985); Schwander (1996)) and
exchange of soluble gases with ice may have an important effect over the time of ice formation
(Ravishankara (1996); Hoffmann (2003)). Such exchanges would result in a smoothing of the
atmospheric radiocarbon signal (Legraeithl, 2003), and result in an offset and a larger
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uncertainty for radiocarbon dates. Thus, the signal of the bomb peak might carry to larger
depth than expected.

The bomb peak was identified in the KCI core at 5.75mw.e. and pore close-off at 17 mw.e.
(dated at 250 years BP by Bohleber (2008)). The first KClsample is at depth 17.98 mw.e.

and therefore could see at least part of the bomb peak. However, all deeper KCI samples see
nothing of the bomb era, but still have enhané8@ signatures. Therefore the incorporation

of *C enhanced organic matter from the bomb peak era by diffusion in the firn stage, can not
explain the over-modern DOC values.

5.3.2 In situ produced C

Having rejected the possibility 6fC enhanced organic matter being deposit onto the glacier,
only the direct production of'C in ice remains as possible solution to the problem.

It has been well known for many years, tHA€C is produced in ice by oxygen spallation
through cosmogenic radiation (Letal. (1987); van de Waét al. (1994); Masarik and Reedy
(1995)). The main processes for this so called in situ production®@én,n2pj*C and
16Q(u,2p)*C. The recoil energy of the reaction is large enough to disrupt the bonds of molecules
and create hot atoms, which then lose their energy within the ice. The atoms will be quickly
oxidised and may finally be present within the ice matrix in different chemical species, similar
or completely different to the parent compound, e.g. CO;,GTH,, methanol or formalde-

hyde (Yankwichet al. (1946); Nebelinget al. (1985); Petrenket al. (2009)).

Muon induced in situ production is mostly neglected. Having a significantly larger absorp-
tion mean free path length than fast neutrons, the contribution to the total production rate at
sea level might be significant (van der Kerapal., 2002), decreases however with altitude
and contributes in most cases with less than 7% (Masarik and Reedy, 1995). Therefore only
neutron reactions in ice are considered in the following analysis.

The change in*C concentration in a glacier with time inC-atoms per gram ice is given as
de(t)
dt

where\ = }’:—/22 is the decay constant 6fC. The time interval, in which in situ production

takes place is related to the ice depth z through the accumulation ra% Aaletal.(1987)
gives the in situ“C concentration at depth z for a constant accumulation rate as

P z Pz
Cinsin() = Gx = (7% — %) (5.3)
A

= —A(co(t) + Cinsita(t)) (5.2)

Py is the production rate in ice at the surface, depending on latitude, altitude and the ice density
p andA the absorption mean free path expressed in §/é&s can be seen in Figure 5.7 the in
situ'4C concentration first increases with depth due to continuous production, which decreases
with the scale length\/p, and finally decreases due to radioactive decay. The maximum
concentration of in sitd*C is found at

AN pA
= —In|— 5.4
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In most cases, this point lies in the firn region. Below this maximum depth, the't@al
concentration, combining both in situ produced as well as trapi§eds then given as:

C(Z) = (CO(t) + Cinsitu(zmax))ei)\t (55)

In order to correct any*C measurement for in situ production, there are several parameters,
which must be sufficiently defined. First the production rajerfist be determined for the
respective latitude and altitude. Lal and Jull (1990) give production rates of 15, 39, 85, 167,
300, 490'*Cg¢~ta~! for altitudes of 0, 1, 2, 3, 4, 5 km at latitudes >*G@spectively.

For the mean free path length Masarik and Reedy (1995) report values between 157 and 167
g/c?. Most papers use a value af= 150 g/cnd and an ice density qf = 0.9 g/cni. Depth

and accumulation rates are then given as meter ice equivalent.

10000
—A=51cmw.e./yr
A =23cmw.e./yr
A =14cmw.e./yr
8000 -
— A= 7cmw.e./yr
)
O 6000 -
=
£ 4000
o
2000 -
0 . \

1 10 100 1000 10000
depth in m.w.e.

Figure 5.7: Concentration of the in situ produc&tC with increasing depth for different
accumulation rates. Production becomes negligible in all cases at a depthOoh w.e.

The question remains how well the produced in $i is retained in the firn in its different
molecular form, or if there is a significant loss to the atmosphere by diffusion. The fact that in
situ!'*C is found in the deeper parts of the ice cores at estimated rates along with other findings
leads to the conclusion that the in sif« is well retained in the ice matrix (Judt al. (1994);

Lal etal.(1997); Smithetal. (2000)).

In the past, only in sitd“*C in the form of CO and C©have been measured, finding that
about 60% is present as CO and 40% as (®bwland and Libby (1953); Lattal. (1990)).
However, Yankwichetal. (1946) found for neutron irradiation of nitrogeneous substances,
that methanol and formic acid appeared in the presence of water.

For the here presented measurementd ©fin DOC the contribution of in situ production is
difficult to determine. In sitd*C in form of CG, is eliminated from the melt water during the
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IC degassing step of the sample preparation. CO is also extracted during this step to a certain
extent. To assess the amount of CO lost during @€passing, their transfer velocities kl—jz

(see Section 3.2.1) are compared. Assuming that the layer thickness z is equal for both gases
the diffusion coefficients show, thatk is 1.07 k,, i.e. the transfer velocity of CO is as

fast as CQ, if not faster. Chemical enhancement for £i® not considered, because due to

the reduced pH value it is in the gaseous phase. The presence of bubbles during degassing
enhance the transfer for both gases, by directly transporting the gas and creating turbulence.
Therefore, most likely all CO is degassed at the time, @Zompletely extracted.

Finally there is the unknown fraction of in situ producé@ in organic molecules to consider.
No information is available for any in sitiC incorporated in organic molecules. As already
stated Yankwicretal. (1946) found significant in sitd*C in methanol and formic acid in
the presence of water during irradiation of nitrogenous solutions. Additionally, Woon (2002)
reports the formation of methanol and formaldehyde via

H+CO % HCO
H+HCO 4 HCOH
H+ H,CO 2 H;CO
H4+ H,CO % Hy;COH

During '“C in situ production the KD molecule can be disrupt by the high recoil energy,
resulting in the required free H atoms. The ice can function as catalyst. H atoms might also be
produced near the surface through disintegration ) Hy solar UV radiation X = 185 nm)
(Bar-Nun and Hartman, 1993).

Thus a significant part of in sittC may be present as formaldehyde and methanol. However,
as there is no information on the fractiempresent in organic molecules, three scenarios are
investigated, (1) 10%, (2) 20% and (3) 30% of the produced in'é$uis contained in the
extracted DOC sample.

In order to correct the blank corrected f value for in SitQ, the age of the sample must be
known.

14 — At 14 — At
Ccorr — Cinsitu " Mjce " € € = CO - € (56)

finsitucorr = fO : e_/\t (57)

1C.. gives the measured number'é€ atoms, m. the extracted ice sample mass arid

the fraction of in situ producet!C oxidised to organic molecules. The left hand side of the
equation gives the input value for the OxCal program to calculate the most likely age span
for the respective value. Therefore, the correction@f for in situ production requires an
iterative process: (1) calculating an ages(firobability), (2) correcting the number of in situ
producted“C atoms for the radioactive decay, (3) correcting the blank corrected f value for
the decay corrected in sitdC, (4) = (1) calculating an age with the new value. This is done,
until the in situ corrected value does not change anymore.

Figure 5.7 shows the blank and in situ corrected fractions for the three scenarios together
with the blank corrected value for the KCI samples.
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Figure 5.8: 'C values for the KCI samples versus core depth for different in situ scenarios.
All values have been corrected for the extraction blank before an additional in situ correction
as described in the text was executed.

As can be seen, already 10 % of in sit€ in organic form is sufficient to correct the over-
modern value in the KCI core. For 20% the KCI BXQ values become reasonable for the
respective ice core depth. Applying the same correction scenarios to KCH, KCS and CDD,
shows less effect due to the larger accumulation rates and the higher carbon concentrations, but
the over-modern values are eliminated. However, the VCL values are also reduced and show
now a discrepancy to the POC values. The Grenzgletscher samples are a different problem, as
they have been taken from an ablation area, where additional production of ilGitakes

place during the rise of the ice to the surface. An estimation suggests a production ofi@ situ

for over 150 years to reduce the measur&ivalues significantly enough. However, without
detailed information about the flow dynamics and the accumulation area of the measured ice,
the GrenzgletschéfC values can not be corrected for in situ production.

5.3.3 Conclusion

The incorporation of*C enhanced organic compounds into the ice samples from the bomb
peak era by diffusion in the firn can not explain the hi¢@ values found in the deeper core
sections of KCI.

Therefore only direct production dfC in ice remains as explanation of the enhant&l
concentrations. The production bfC in ice by cosmic radiation is a well known fact and
has already been investigated in CO and,@@d was recently observed in GHThe in-
corporation of in situ**C into organic molecules has not been specifically investigated, but
neutron irradiation experiments with nitrate solutions showed that in the presence of water
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simple organic molecules are formed incorporating the hot carbon atom. In combination with
UV-induced chemistry in snow and ice, the assumption of a significant contribution of in situ
14C to the organic carbon fractions in ice is not unreasonable. Therefore, in situ produced
14C becoming incorporated in DOC may be a sensible explanation for the over-modern values
found in the KCI, KCH and KCS cores and will here be assessed to correct the measured
DO!MC values.

The presence of in sittfC however, brings now the problem, of three additional parameters
influencing the'*C concentration:

1. accumulation rate A: the accumulation rate is expected to vary with time and the larger
the accumulation rate, the smaller is the amount of in situ prodtf€zd

2. in situ organic carbon fraction the '*C fraction of in situ produced‘C, that is bound
in organic molecules is virtually unknown and may depend on the solar UV radiation
and the chemical composition of the ice.

3. production rate § the production rate is modulated by the solar activity, and varies
only by some percent over decades (Usoskin, 2008)

These differing parameters may explain the outliers, variation and disagreement with PO
of the DO*“C record and strongly disturb the time signal.

Having now investigated the reasons for enhanced*Ban ice, the remaining questions to
be answered are:

1. What does it mean for the ability to date ice with BO?

2. What information can be gained from PQ and DO*C?
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6 Assessment and implications for
l4¢ dating of Alpine glaciers

Having decided that the extraction blank correction is as far as can be determined sensible
for real samples and that an additional correction for in situ prodti€@is necessary for the

DOC fraction, an attempt is made to determine, if the blank and in situ corré/@edhta for

DOC and POC can still be used for dating and what additional information may be gained.
For both the VCL and the Colle Gnifetti cores, tH€ ages will be compared to other dating
techniques and the age-depth relationship (re)evaluated.

6.1 Vadret dal Corvatsch - '“C age constrain for a low
level glacier

6.1.1 Dating with DO #C?

In order to correct the D&C values from the Vadret dal Corvatsch ice core for in $i0,

a production rate Pof 208 “C g a ! was calculated for an altitude of 3400 ma.s.l. based

on the rates given by Latal. (1987) for latitudes > 60. Since the neutron production rate

in the atmosphere is smaller at lower latitudes, this value may be regarded as an upper limit.
Nonetheless, Pis relative stable and only small variations in the order of a few percent can
be expected on time scales of a few decades.

For the accumulation rate, an average value of 16 cmw.e./a was determined between the
1901/1902 Saharan dust event, identified at a depth of 10.5mw.e. and the tritium peak at
1963, that is supposed to be at 0.4 mw.e. However, the accumulation probably changes sig-
nificantly (Rau, 2008) and even periods of ablation may have occurred, making this parameter
highly variable in case of the Vadret dal Corvatsch.

The rater of in situ “C incorporated in the organic molecules is the largest uncertainty. Since
no information is given on the oxidation rate of H&€ atoms to organic compounds or the fac-

tors influencing these reactions, any value can be choserafot it might even vary strongly

with time.

Investigating the influence of different scenarios of in $#Q contribution to the measured
DO!MC values, Table 6.1 shows a variation of the three'f@values in the pre-industrial
core section of 1 - 9%, when assuming accumulation changes between 16 and 30 mw.e. and
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¢ between 0 and 20 %. For the samples from the industrial period, the values change even by

up to 34 %.

Table 6.1: Blank corrected D®C fraction f,,, and two scenarios for an additional

correction of in situ contribution for the 6 DOC samples extracted from the Vadret dal

Corvatsch core. For both scenarios a production rate 208'C g~! a~! was used.

name depth fcm"r fcor?",insitu(6 = 02)
[mw.e.] - A=30cmw.e./a A=16cmw.e./a
VCL-24/25| 12.57+ 0.17 | 0.664+ 0.077| 0.546+4+ 0.079 | 0.444+ 0.084
VCL-31 | 16.58+0.18| 0.591+ 0.029| 0.5374+ 0.030 | 0.491+ 0.030
VCL-34 | 18.174+0.17| 0.627+ 0.052| 0.527+ 0.053 | 0.440+ 0.056
VCL-37 |19.92+ 0.18| 1.003+ 0.028| 0.963+ 0.028 | 0.931+ 0.028
VCL-40/41 | 22.12+ 0.22| 0.931+ 0.027| 0.884+ 0.027 | 0.846+ 0.027
VCL-42/43 | 23.13+ 0.18| 0.848+ 0.012| 0.8374+0.012 | 0.828+ 0.012

While the influence from in sitttC to the pre-industrial DBC values is relative moderate and
might at first be regarded as tolerable, it is at the same time a highly uncertain contribution.
In case of the Vadret dal Corvatsch glacier, not only the unknown production rate and the
unknowne cause problems for the dating, but the glacier itself is a highly inhomogeneous,
complex system with changing accumulation and ablation rates. Evenaid would be
determined for the present-day conditions by dedicated experiments, their temporal variation
and especially the glaciological changes of accumulation and ablation would be difficult to
estimate. Therefore, DOC should not be used to date such extremely complex ice bodies.

While the in situ correction hinders théC dating with DOC, it might provide a tool for iden-
tifying periods of ablation and changes in the accumulation rates. Reduction in accumulation
or ablation of ice results in a higher in sittC concentrations due to longer production times.

If an age-depth relationship is established for an ice core and the parameters of € situ
organic molecules of Alpine ice cores are more constrained by experiments, the deviation of
DO'"C from the expectedC concentration at the respective time might even allow a quan-
tification of accumulation as described in Section 6.2.3 and as previously applied to in situ
14CO, andCO (Laletal.(1987); Laletal. (1997)).

6.1.2 Comparing DO “C and PO'C - Information on the organic
source mix

Figure 6.1 presents the blank corrected f®0values together with the blank and in situ cor-
rected DO*C fractions from Table 6.1.

As already stated, th€C values for both DOC and POC show in the upper two thirds of the
core no correlation with depth and relative low values, suggesting most likely ice from the
industrial period with significant fossil contribution. Only the lower core section reflects the
decrease it*C indicating increasing age of ice.

The sudden leap from strongly fossil influencé@ values to nearly modern concentration
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Figure 6.1: PO'“C and DO*C: POC (black) and DOC (blue) have been corrected for the
blank. DOC has also been corrected for a 20 % in'Siuifraction in the organic compounds
with green: A=16cmw.e./a, red: A=30cmw.e./a

is not expected. Combustion of fossil fuel, like coal and petroleum, started sometime around
1850 AD and increased steadily but slowly. With begin of the industrialisation in the second
half of the 19th century, the atmospheric concentration of carbonaceous compounds from
fossil sources increased more rapidly especially after 1950 (IPCC, 2007). It would therefore
be expected to see a slow rise in tHE€ concentration with increasing depth instead of the
sudden leap encountered at 18.5 mw.e. Most likely this rapid change is due to a discontinuity
in the ice core. It might be, that at some point after 1850, part of the Vadret dal Corvatsch
glacier melted, just like it has been observed between 2001 and 2007, loosing several tens
of years. There is however nothing out of the ordinary seen in the particle concentration,
conductivity or density record, that would indicate a strong melting.

Although, no VCL sample was extracted for both POC and DOC, the inter-comparison of the
values can still give information about source contributions to the respective fraction. The av-
erage of the blank correctétiC values for POC and DOC are equal for the industrial period.
Including the in situ correctione(= 0.2), the DOC value can be up to 30 % smaller than the
POC values, which would indicate that fossil fuel combustion, quite unexpectedly, contributes
equal or even more to the DOC, than to the POC fraction.

In the pre-industrial core section, the PO and DG*C agree surprisingly well, with and
without the variation in DOC due to the in situ correction, and reflect a surprisingly smooth
decline with depth, considering the expectation of strongly variable conditions. This agree-
ment of POC with the DOC fraction, which is supposed to origin purely from biogenic sources
carrying the atmospherié¢C signal, leads to the conclusion that POC is a good dating tool for
the pre-industrial ice in the Vadret dal Corvatsch glacier.
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6.1.3 Establishing an age-depth relationship based on 14c

After having discussed théC values for DOC and POC and their ability to use for dating, an
age-depth relationship for the VCL core is established.

For the blank correctet!C values below 18.5mw.e. Oxcal 4.1. returns the following cali-
brated radiocarbon ages in years before 1950 (BP) (Figure 6.2).
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Figure 6.2: Probability distributions of the calibrated radiocarbon ages given by OxCal 4.1
for the DOC and PG*C samples of VCL. Shown are the age probability distributions for
each sample (gray area) and the 4ge interval (line) versus the depth of the sample.

Figure 6.3 gives the ages, this time in years before 2000 AD, distinguishing between POC,
POC-CFA and DOC samples. For DOC the ages for the different in situ correction scenarios
are given to illustrated the age uncertainty. A cubic spliaised to illustrate the increase in

Yri(t) = 1/6 [(—t3 +3t2 = 3t + D)ay_1 + (3t — 612 + 4)z; + (=32 + 3t2 + 3t + )21 + 37,1 2] and analog
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Figure 6.3: '“C dating of the lower core section of the Vadret dal Corvatsch deep core. The
radiocarbon ages are given with the Interval, i.e. the probability of the age lying in the
given interval is 68.2%

Overall the age increases relative steadily with depth, but the©O@alues indicate that the
accumulation rate and / emwas probably not constant over time and may have changed by up
to a factor of 2.

The oldest sample of the Vadret dal Corvatsch ice core dates at an age of#7500) a.

This age gives an upper age limit and indicates, that the glacier grew and persisted after this
time, which falls together with the period of the Holocene Climate Optimum between 5000
and 10000 BP, where temperatures were about 1°t® Righer than today (IPCC (2007);
Saltzman (2002)). The special position of the basal layer within an ice core will be discussed
in more detail in Section 6.3.

Having now a firstinkling for the age of the glacier, different traditional dating techniques have
been applied, in order to verify tHéC ages by the extension of the age-depth relationship into
the upper core section.

Identification of absolute time horizons

Three absolute time horizons within the last 100 years were identified. Tritium measurements
revealed that the 1963 maximum due to atmospheric bomb tests can not be found in the ice

for y;(t).
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core anymore. The largest values, which are significantly higher than present day natural
values, were measured at the ice surface (0.4mw.e.) by Rau (2008), suggesting a calender
age of the glacier surface at drilling position of (1962) AD . Furthermore, two prominent
Saharan dust events of the 20th century could be identified: (1) 1947 AD: 4.2mw.e. and (2)
1900/1901 AD: 10.5mw.e.

Radiometric dating with  21°Pb

Stempel (2009) measured tREPb activity for samples from 8 different depth (see Table
6.2). The sample with the lowest concentration (VCL-41), lying in the lower core section and
thus expected to have AY'Pb, was used for blank correction. The lowest sample VCL-44 is
disregarded on the assumption of either being influenced by an uncertain blank contribution
or disturbed by the bedrock.

Table 6.2: 21°Pb analysis of 8 samples from the Vadret dal Corvatsch deep core VCL
analysed by Stempel (2009). Dating was achieved relative to VCL-09 (4.01 mw.e.), which
was appointed the age of the 1947 AD dust event at 4.2 mw.e.

name | depth [mw.e.]| ?!°Pb [dpm/kg]| age [a before 2000]
VCL-9 4.01 46+1.1 52+ 10
VCL-9 4.01 43+1.0 54+ 9
VCL-16 8.10 3.4+ 0.8 62+ 10
VCL-16 8.10 3.8+ 0.9 58+ 10
VCL-22 11.14 0.884+ 0.17 106+ 8
VCL-27 13.90 0.37+0.11 136+ 12
VCL-34 17.90 0.81+£0.13 109+ 8
VCL-40 21.81 0.13+0.03 176+ 12
VCL-41 22.64 0.03+ 0.02 -
VCL-44 23.32 1.7+ 0.3 84+ 8

*1Pb is a radioactive isotope and decays with a half life ¢f, B 22.3a according to

A = A, e *. The initial activity A, is determined by setting the boundary condition, that
VCL-09 at a depth of 4.01 mw.e. has the same age as the 1947 AD dust horizon at 4.2 mw.e.
From this condition, a tentative initial activity is calculated of (229.0) dpm/kg for the
corresponding year 2000 AD. Based on this reference, all other dates have been calculated.
Below 10 mw.e. the age varies significantly. However, the initial activity deposit onto the
glacier is not constant and changes significantly with time, thus resulting in the strong age
variation.

Annual layer counting

The particle concentration and the conductivity record have been used for annual layer count-
ing, as proposed by Bohleber (2008), using the absolute time horizons for calibration.
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Figure 6.4: Vertical velocity versus depth derived from annual layer counting of the particle
concentration and conductivity signal.

The vertical velocity derived from annual layer counting shows a relative smooth, linear de-
crease with depth, but does not approach zero at the bedrock as expected. This is a clear sign
that the seasonal signal can no longer be distinguished in the bottom of the core due to the
strong layer thinning and multi-year layers are counted. There is no indication at which point
the seasonal signal vanishes, but keeping in mind, that a loss of years is suspected around
18.5mw.e. the dating by annual layer counting should be applied only down to this depth.
Also, the large annual layer thickness in the upper core section carries the possibility of count-
ing inter-seasonal variations instead of annual layers, which causes large uncertainties.

Figure 6.5 summarises the results from all dating techniques. The different dating methods
present together a consistent picture. The absolute time horizons, the annual layer counting
and the?'°Pb dates are consistent in the upper core section down to about 18 mw.e. This
consistency is only partly due to the fact, that thtPb values as well as the annual layer
counting have been calibrated using the absolute horizons. The two [Bi\istvalues differ
significantly from the other dating techniques. However,#HEb measurement blank is not

very well constrained and the initial activity can vary strongly with time. Therefore the two
219pPp ages may be discarded. Surprisingly, there is no indication for a hiatus between annual
layer counting ages anldC ages at depth 18 mw.e. However, taking the uncertainties of both
methods into account, the agreement between the two methods is precarious anyway.

Modeling of the age-depth relationship is due to the geometry of the glacier and the complex
bedrock topography difficult and was previously attempted by Wagner (1996) with finite ele-
ment modeling. In the asymmetric 2D model (see Section 4.2.2, the ice flow was assumed to
be orthogonal to the ice crest and the steep slope acted as accumulation area. However, the
contour lines indicate a strong flow component parallel to the crest (see Figure 6.6). In this
case the accumulation regime for the ice core lies up-stream of the bore hole position close to
the ice crest.

A simple model approach for a glacier with an inclined bedrock is the ice slap model described
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Figure 6.5: Annual layer counting?'°Pb and“C dating as well as an ice slap model with
25mw.e./a for the VCL ice core.

in Section 2.3.4. It assumes that the glacier is frozen to the bedrock, in steady state and has a
temporal and spatial constant accumulation. The horizontal and vertical velocities are given
as:

e = e (1)
it

w0 = A(-3)

A being the accumulation rate and H the glacier thickness. Despite the fact that the Cor-
vatsch glacier has most certainly not constant accumulation nor is it in steady state, this model
describes the measurement based age-depth relationship of the VCL core surprisingly well,
giving an average accumulation rate of 25 cmw.e./a. Nonetheless, the modeled ages can only
be seen as a first approach. In the future, a three dimensional finite element model must be de-
veloped and a variable glacier geometry applied, to gain a better understanding of the system.
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Figure 6.6: lllustration of the ice flow close to the borehole region: red: contour lines 2000,
blue: contour lines 2007, black: illustration of the flow lines for the 2000 topography.

6.1.4 Summary on the Vadret dal Corvatsch chronology

Overall, the Vadret dal Corvatsch ice core is less than 7 500 years old and is made up by ice
from the industrial period in the upper 3/4 of the core. The sudden leap from the anthro-
pogenic influenced'C values in the industrial period to the nearly recéft concentrations

at 18.5mw.e. suggests a discontinuity in the ice stratigraphy due to mass loss in the second
half of the 18th century. However no disturbance can be found in the particle concentration,
conductivity andy**O records.

Different dating techniques show consistent ages and a surprisingly smooth age-depth relation-
ship. It has to be considered that annual layer counting can not account for periods of glacier
melting anc?'°Pb dating is heavily dependent on the unknown and varying initial activity of
210pp, The DO'C values suggest varying in situ contribution which could be attributed to
changes in the accumulation rate by a factor of 2, while th&*€Q@ges increase smoothly

with depth.

Crudely estimating the age depth relationship with a 2D ice slap model assuming steady state
and constant accumulation fits surprisingly well with the measured ages and suggests an av-
erage accumulation rate of 25cmw.e./a. However, this model should only be regarded as a
first approach and a more sophisticated 3D model with a varying glacier geometry should be
attempted in the future.

Without any idea about the age contained in the Corvatsch ice't@pneasured on POC
has proved to be a reliable dating tool for the complex glacieret and has helped to establish a
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first age-depth relation, which now allows further interpretation of the various tracer records,
like §'80. Suspecting a contribution of in situ producé€ to the DO*C fraction without
knowing its significance to the surprisingly low DOC concentrations,4®@0could not be

used for dating. However, the comparison with'BOages suggested not only a “young”
biogenic source for both fractions, but indicated also a variation in accumulation rate and /
or the organic in situ“C fractione. Furthermore it put forward the surprising possibility,
that anthropogenic fossil fuel combustion might contributed equally or even stronger to the
DOC fraction, than to the POC fraction found in Alpine ice. The question remains, if this is a
true source signal or is due to the different transport behaviour of soot particles compared to
gaseous precursors to higher altitudes.

6.2 Colle Gnifetti - Interpreting '*C ages in a high
Alpine glacier

6.2.1 Information gained from DO '#C and PO !4C

For the Colle Gnifetti ice cores, the in situ production rate at an altitude of 4500 ma.s.l. is
calculated at 38¢*C g~ ! a ! based on Laétal.(1987). Similar to the Vadret dal Corvatsch,
this value should be regarded as an upper limit, being derived from production rates for lati-
tudes > 60. The accumulation rate for the three cores has been given in Table 4.1. Assuming
e =0.2, Figure 6.7 shows the blank and in situ corrected@desults together with the blank
corrected PO'C.

The least affected by this in situ correction scenario are the KCS samples changing by
1-5%, followed by KCH with 6-8 %. In both cases the assumed accumulation rate and the
determined DOC concentrations are large enough to reduce the in situ influence. For the KClI,
however, the combination of low carbon concentration and low accumulation rates, renders
DOC strongly affected by in sitd*C (< 39 %) and thus useless for dating, as long as the

in situ *C contribution to organic moleculess not constrained. Even after gaining a better
understanding of the possible contribution of in SitC to the organic compounds in ice at
present, changes inand the accumulation rate in the past, would still preventi@Qo0 be a
relibale dating technique on its own.

With the DO*C fraction being so wholly uncertain, comparison of'P©and DOC*C can

reveal no information on the sources of the two carbon fractions. Only for the two KCH
samples D®'C and PG'C agree within their uncertainties, indicating that both fractions may
have similar source compositions. For KCS and KCI, however, no consens can be found
between the two fractions, being a result of the small carbon masses for POC and the strong
influence of in situ**C on DOC, which is most obviously not as constant as assumed for the
present correction scenario. However, assuming strong variation of the in situ component,
would explain the difference in the adjoining D@ samples in the KCI at about 18 mw.e.
(KCI-32) as well as the large difference in PG and DO*C for the KCS at 68.5m.w.e
(KCS-95).
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Figure 6.7: Blank corrected PBC as well as the blank and in situ corrected 'BOvalues
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Concluding, for the presented KCH samples, both'f0and PG*C might cautiously be used

for dating. For KCS, the small effect of the in situ correction scenario suggests, tH4&€DO
might here also be usable for dating, but the strong difference betweétChédd PGC
indicates a problem, that must be investigated first. Nonetheless, tH€ R@ues as well

as the KCS-107 DBC value, which is due to the large carbon concentration not sensitive
to the presented in situ correction, will be able to restrain the total age of the ice. For KClI,
unfortunately neither the PAC nor the DO*C values obtained in this study can give reliable
dates.

Perusing the Colle Gnifetti samples, it is apparent, that in most cases ftithmeasurements

on DOC and POC are required to support the various conjectures made, before any definite
information can be gained, which allows to constrain the previous dating of the Colle Gnifetti.
Nonetheless, a comparison of tH€ ages with the preliminary dating of the different cores

will be attempted, hoping to get an additional perspective on the deri@udalues.

6.2.2 Comparing calibrated '“C ages with previous dating
scenarios

The ages for thé*C values presented above have been calculated with OxCal 4.1 and are
reported here in years before 2000 AD. The given period represents the 68.2 % propability
time frame.

For KCH and KCS, thé*C ages seem to agree with the previous dating (except for the KCS-

95 DOC sample). For the KCI POC ages, a decline with depth is observed for all but three
values. Two'“C ages seem strongly biased toward older ages and the lowest sample indicates
an age inversion. Since the POC samples are very sensitive to the blank contribution, these
ages may be simply attributed to contamination and are therefore ignored. For the DOC ages,
overall an increase of age with depth can be made out, but there are several samples deviating
from the main relation. Especially, the age inversion in the lowest core section, seen also in
the POC ages, is curious. However, contrary to POC, thesé@@lues are very stable and

have been reproduced for three samples.

KCH

The radiocarbon ages for both fractions agree within their errors with the previous age-depth
relationship by Armbruster (2000). The older ages of the first sample origin probably from
anthropogenic fossil fuel contributions, as the sample covers the beginning of the industrial
period. The lower samples however support and further consolidate the previous dating, but
suggest slightly younger ages in the lower core. Since the preliminary dating fails especially
at the bottom of the core, tHéC ages constrain the total age of the ice core (Figure 6.9).

However, although the extracted carbon masses have been larger than for the KCI core, the
age uncertainties are still significant and additional measurements are required to fix the age
at the bottom of the core. The disagreement between the POC and DOC age of the lowest
sample, is most likely due to the uncertainty pertaining from the in situ correction 6f®O
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Figure 6.8: DO'C and PG'C ages for the three Colle Gnifetti deep cores and the respective
preliminary age-depth relationship from Armbruster (2000) and Bohleber (2008).
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Figure 6.9: Dating of the KCH core: given are the annual layer counting (light blue) and the
resulting age-depth relationship by Armbruster (2000) (blue line) compared to tH&€DO
(black) and PG'C (red) ages. The red and the black line illustrate the age-depth relationship
based on the respectiV&C results.

and thus the PBC gives the best age guess for the moment.

KCS

Overall, the three PBC values give believable ages for the respective depths compared to the
preliminary dating and can be used to correct and restrain the previous age-depth relationship
for the bottom of the KCS core. The large carbon concentration of the KCS-107 sample makes
the DO C fraction more insensitive to the in sittiC contribution and it may be suitable for
dating.

The “C based age-depth relationship shown in Figure 6.10 agrees very well with the pre-
liminary one down to about 70mw.e. Below this depth, thé age constrains the age-
depth relationship to smaller ages than the preliminary dating. Only after reaching the basal
layer does the ice age suddenly explode within 40cmw.e. from abouti{032) ka to
(13.2+ 2.2) ka. This near bedrock feature agrees with recent findings byelahk2009) for

the Colle Gnifetti CGO03 ice core drilled not far from the KCS position (see Figure 6.11(a)).
Similar to the presented results, the CG03 core has a POC radiocarbon age of > 15.2 ka for
the lowest core section and (8#40.75) ka for the sample directly above this. However, the
decline of the CGO03 core is relative smooth (Figure 6.11(b)) compared to the KCS.

The uneven age-depth relationship of the KCS supports the assumption of changes in accu-
mulation rate. Based on the fact that changes in accumulation are to be expected due to the
up-stream effect as well as due to temporal accumulation changes and that the KCS and the
CGO03 exhibit many similar features e.g. in th&ifO record, the smooth age-depth relation

of the CGO03 core seems a little suspicious. The different accumulation rate would explain the
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Figure 6.10: Dating of the KCS core: given are the annual layer counting (light blue),
postulated volanic eruption horizons (blue) and the resulting age-depth relationship by
Armbruster (2000) (blue line) compared to the BO (red) and P& C (black) ages. The
black line illustrate the age-depth relationship based on the respé&ivesults. The lined
area indicates the region of uncertainty given by the use or neglect of the&Cx@e of
KCS-107.

strong aberration of DOC and PG'C at 68.5mw.e. If the accumulation was significantly
smaller than today, the in situ correction would be far stronger, resulting in an increase of the
DOMC age.

KCI

For the KCI samples, POC and DOC are regarded separately. THER®es overall, even

with the large uncertainties, younger ages than proposed by Bohleber (2008) with a maximum
dated age at 47.5mw.e. (98 % core depth) of (3.8.5) ka.

However, due to the large uncertainties, an adaption of the previous age-depth relationship to
the 14C ages as show in Figure 6.12 would be presumptuous.

The DO“C ages, after being corrected for in situ witkr 0.2 and A = 14 cmw.e./a, support
partially the Bohleber (2008) age-depth relationship. However, the information gained from
this agreement, is rather that the in situ correction with0.2 is valid, than an affirmation of

the core dating. The divergence of DOC ages from the dating scenario, are again suspected to
be due to variations in the in situ contribution indicating possible changes in the accumulation
rate.

Having now stated on several occasions, that changes in the in situ fraction are the reason for

the variations in D®C, it should be investigated if the required accumulation rate changes
are even reasonable.
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Figure 6.11: Position and dating of the CGO03 ice core drilled in 2003 and analysed at the
Paul Scherer Institute (PSI), Switzerland.

6.2.3 Accumulation rate changes and in situ ~ ™C

Although, the contribution of in situ producédC to organic compounds in ice, is at this
time only an assumption, and the parameters governing the production and contribution to the
organic carbon in Alpine glacier ice is completely unknown, an investigation of the possibility
to determine accumulation changes offered by this unexpected parameter will be explored.

Since the amount of in situ producétC atoms in ice depends on the accumulation rate A,
the measurement of tHéC content at a certain depth with a known ice age, could allow the
reconstruction of the surface accumulation rate around that time (see Section 5.3.2):
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Of course, to actually quantify accumulation rates, the production ata& especially the
ratio e of in situ rate in organic molecules must be well constrained. Natural changesé P

in the order of a few percent has been assumed to be 0.2, since this value gives the most
sensible DO'C fraction for the KCI core, but the true value as well as its temporal variation
are unknown. Assuming both factors to be constant in time, Table 6.3 gives the accumulation
rates required to match the measured'fiDvalues with the ages determined by Bohleber
(2008) and Armbruster (2000). For the samples at the bottom of the cores, a minimum age
was estimated rather than using the theoretical ages.

For the KCH core, the accumulation rates required to match the previous dating are in the
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Figure 6.12: Dating of the KCI core: given are the annual layer counting (light blue),
absolute time horizons (blue) and the resulting age-depth relationship by Bohleber (2008)
(blue line) compared to the PEC (black) ages. The black line illustrates the age-depth
relationship based on tHéC results.

order of the assumed accumulation rate and could therefore very easily explain the deviance
from the previous dating. However, to consolidate the'fivalue with the POC age, the
accumulation would have to be 108 cmw.e./a.

The accumulation for the KCS-95 sample of 7cmw.e./a is equal to the accumulation rate
determined for the KCI at the same age. Such a low accumulation is possible, especially con-
sidering, that 2500 years ago an ongoing cooling trend since 5ka reached a minimum(IPCC
(2007); Saltzman (2002)), resulting maybe in a lower precipitation rate and a stronger loss of
light snow by wind. The slop of the age-depth relation for KCS indicates a reduction of the
accumulation rate anyhow. On the other hand the accumulation for the bottom of the KCS
core is difficult to interpret. Since the supposed age suggests already ice from the last glacial,
such low accumulation rates would be quite possible. This possibility, however, makes the
determined D®'C age less reliable s previously assumed.

The determined accumulation for the KCI seems to alternate between the present-day deter-
mined value of about 14 cmw.e./a and periods of lower accumulation of about 7cmw.e./a.
However, two extreme events would be necessary to explain the KCI-32 and KCI-BCDO
Bohleber (2008) dates the KCI-51 sample at around 800 BP, which is generally known as the
Medieval Climate Optimum (MCO) characterised by higher temperatures and especially high
solar activity. The larger temperatures could cause such an enhanced accumulation rate as
seen in Table 6.3. For the KCI-32 samples, the explanation is more difficult. First off, there
is no well known climate signal, that indicates the cause for such a high accumulation rate
at 250 BP. Even more problematic is the fact, that the adjoining sample suggests a normal
14 cmw.e./a accumulation, resulting in an abrupt change in precipitation sampling over the
course of 10years. The only remaining explanation is that different factors may contribute to
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Table 6.3: Surface accumulation rates determined frd@ concentration measured in DOC
and based on the assumption of an in $iD contribution. The expected ages are taken from
the dating scenario of Armbruster (2000) and Bohleber (2008), the expéCGedlues have
then been estimated by backwards calculation given by Equation 6.1. For the values marked
with an (*), the expected ages were chosen as a minimum.

sample name| depth exp. age fewpected feorr A
[mw.e.] [a before 2000] [dim.less] [dim.less] [cmw.e./a]
KCH-43 22.93 123+ 5 0.99+ 0.0001 | 1.062+ 0.019| 28+7
KCH-70 42.78 1240+ 50 0.855+ 0.005 | 0.930+ 0.014| 17+3
KCS-95(ll) | 68.46 2225+ 100 0.762+ 0.01 | 1.027+0.018| 7.3+ 0.6
KCS-107 (Il) | 78.32 | > 10000+ 1500 (*) 0.10+0.10 | 0.449+0.013| <3.6+2
KCI-32 17.75 247+ 7 0.9730+ 0.0001| 1.006+ 0.013| 86+ 34
KCI-32 17.98 254+ 7 0.9728+ 0.0001| 1.131+ 0.022| 14+ 2
KCI-51 31.98 835+ 70 0.900+ 0.01 | 0.947+ 0.037| 107+ 88
KCI-54 34.71 1070+ 80 0.873+0.01 | 1.185+0.051| 16+ 3
KCI-63 40.92 2150+ 150 0.769+ 0.01 | 1.074+ 0.023| 6.8+ 0.6
KCI-67 43.32 3175+ 250 0.693+ 0.02 | 1.152+ 0.073| 15+ 3
KCI-72 46.39 7320+ 500 0.451+ 0.03 | 0.690+ 0.030| 7.3+1.4
KCI-73 47.46 | > 8000+ 1000 (*) 0.33+£0.13 | 0.870+0.020| <2.1+0.4
KCI-74 47.72 | >9000+ 1300 (*) 0.18+£0.16 | 0.839+0.011|<1.5+0.3
KCI-74 47.93 | > 10000+ 1500 (*) 0.10+£0.10 | 0.849+0.017|<1.3+0.3

alter the'“C signal. A combination of a slight decrease in thé production signal, a reduc-

tion of the fraction of in situt“C in DOC together with a change in the accumulation and a
possible contribution of old matter might all add up to result in the 10 % difference of the two
adjoining samples.

Comparison of the in situ accumulation rates with the vertical velocities, derived by Bohle-
ber (2008) from particle concentration and the density profiles (Figure 6.13), shows no con-
clusive evidence in the vertical velocities for an increase in accumulation rate at core depth
17.75mw.e. (KCI-32). However, at 32mw.e. (KCI-51) a step is found in the density de-
rived velocity, indicating a strong increase in accumulation. On the other hand, at core depth
42 mw.e. and 46.4 mw.e. the vertical velocity suggests a decrease of accumulation which is
in agreement with th&'C derived accumulation changes. Annual layer counting thus supports
the in situ derived accumulation changes.

Concluding, the in situ derived accumulation changes are mostly within a reasonable range,
can be partially explained by known changes in past climatic conditions and are generally
supported by annual layer counting derived vertical velocities. Only the strong change in
accumulation for the KCI-32 samples can not be explained or supported by other data. The
difference in DG*C for the KCI-32 samples therefore shows not the accumulation signal, but
another influence oHC concentration.
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Figure 6.13: Vertical velocity derived by annual layer counting of the particle concentration
and density profile (data from Bohleber (2008)).

6.2.4 Summary on the Colle Gnifetti results

Overall, the DG*C values from the Colle Gnifetti core can not be used for dating and no
information can be given for the sources of the two carbon fractions. Nonetheless,'tt@& PO
ages support the general preliminary age depth relationship for KCH, but suggest slightly
younger ages in the lower core.

For KCS the PG'C ages agree well with the pre-liminary dating of Armbruster (2000) down

to 70mw.e. The PBC age of the basal ice gives an upper age limit of < 13000 years.
Assuming no strong effect of in situ for the KCS-107 DOC sample, the age would increase
within 40 cmw.e. from 7 500 years to < 13000 years. This sudden age increase has also been
found by Jenketal. (2009) in another ice core CGO03 in the saddle point area close to the
KCS. However, assuming a far lower accumulation rate during the last glacial, would result
in a stronger in sitd*C component in the KCS-107 sample and a possibly highef'D@ge

closer to basal ice age.

The PO*C values return smaller ages than the preliminary dating with a maximum age of
3500 years at 98 % core depth. However the uncertainties are too large to establish a new
age-depth relationship. DEC could not be used for dating, but may be deployed for infering
past accumulation changes as it broadly shows agreement with vertical velosity features and
past historic climate conditions.

Concluding, no immediately useftfiC based dating could be established for the Colle Gnifetti
ice cores. In all cores, the influence of in sit€ to the DG*C fraction was to unpredictable
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to allow reliable dating. For P®C the sample masses were still too low and the uncertainties
therefore too large to give well constrained ages. Nonetheless, tH€R@es indicate for all
cores lower ages in the lower core sections than predicted from modeling.

6.3 The problem of bottom ice core ages

The bottom of an ice core is always a sensitive region and the area of major unknown. For the
ice cores studied in this work, only two, KCS and VCL, reached the basal ice layer indicated
by a yellow silt, while the other two are not drilled down to very bedrock.

Determination of minimal glacier extension from the VCL

For cold glaciers, that are close to pressure melting point, like the Vadret dal Corvatsch, the
basal layer reflects an upper age limit. The age indicates the time, when climatic conditions
where favorable for persistent ice growth. The determined age would thus give advice on the
minimal glacier extension. However, in addition to the influence of the bedrock on the basal

age, it is possible that before that date only a small ice patch existed alternately growing and
ablating for a long time before the glacier started to grow steadily to significant proportions.

For the Vadret dal Corvatsch a maximum ice age of {7 &1) ka was determined, which falls

into the period of the Holocene Climate Optimum (5000-10 0000 BP), with grand average
temperatures being about 1 t6@ higher than today (IPCC (2007); Saltzman (2002)). It is
reasonable that any ice at the location of the Corvatsch glacier being present during the ice age
was melted during the first part of the Holocene optimum, before growing again during the
cooler periods. Other investigations on minimal glacier extensions in the Alps, e.g. by Baroni
and Orombelli (1996) or Joeriet al. (2008), gave similar results.

If the rapid increase in ice age is due to layer thinning or because the glacier did not grow
steadily in the beginning, can not be decided. However the fact, that temperatures were still
high after 7.5 ka BP and that the second lowest‘®Cage is well after the climate optimum,
indicates that the glacier did very likely not grow steadily in the beginning, but alternated
between growing and ablating. A DOGC sample might give information on this.

Indication of Pleistocene ice in the KCS

For high Alpine cold glaciers, like the CG, where temperature and precipitation conditions
kept the ice temperature always far belodd) the majority of age information is contained

in the bottom part of the core and any determined radiocarbon age would represent an aver-
age age over sample depth. Incorporation of bedrock material and disturbance of the glacier
flow through the uneven ground may disturb this age distribution as well. Therefore the age
determined from a basal layer ice sample has to be regarded carefully and may not necessarily
reflect the age of the local glacier ice.

For KCS, the'C ages show a very strong increase in ice age in the basal layer. While the
ice directly above the basal layer was dated by'fifDat (7.5+ 0.2) ka, the last 25cmw.e.
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of the KCS core, being completely from the basal layer, give &8@ge of (13.2+ 2.2) ka.

It should be noted, that the DEC age is not wholly reliable, since a longtime change in
accumulation could increase the age of the sample to cover the Pleistocene. However, the
same behaviour has been reported by @k (2009) for the CG03 core, which exhibits also

a similaré®0 signal.

The!*C dates suggest that, although Pleistocene ice may be present in the basal ice, the strong
dip in thed'®0 in the bottom core section is not due to the glacial-interglacial transition.

The age inversion in the KCI core

For the KCI, the!“C values of DOC and POC show an apparent age inversion in the bottom
core section. This anomaly has been reproduced for three independent DOC samples and one
POC sample. Relative large carbon masses make the values robust to blank correction and the
standard in situ correction with= 0.2 and A = 14 cmw.e./a has little influence. There are two
possibilities:

1. enhanced in situ production through reduced accumulation

2. source region anomaly

(1) To make this observation a natural phenomenon, the accumulation rate needs to be main-
tained at 1-2cmw.e./a (see Table 6.3) for several tens of years. Such a low accumulation rate
however is very unlikely for a high Alpine glacier in the early Holocene. Reducing accumu-
lation down to less then 1 cmw.e./a would result in BOages lying in the last glacial. The
average)'®0 value for the respective interval of the samples is -15.3 %o, which normally does
not indicate glacial ice through being significant lower than the late Holocene mean. However
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compared to thé'®O values for Pleistocene ice in KCS and CGO03, it may be possible for the
ice of the three over-modern samples to origin in the last glacial.

2.2-55ka
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Figure 6.15: 5'%0 in the bottom of the KCI core. The thin blue line marks the oldest age
given by PO*C and DG*C. The thick blue line indicates the interval of the measured age
inversion.

The fact that the high D&C values are measured over a depth of 1 mw.e., not accounting for
the missing ice down to bedrock, indicates that the low accumulation rate needs to be main-
tained for several hundreds of years. There is no cold period in the Holocene long enough to
allow such behaviour.

The fact remains that, although with a large uncertainty, the lowest®@lue supports the

high DO'C fraction and the age inversion. This context means, that either POC interacts and
exchanges with DOC on long time scales or in $#@ and changes in accumulation are not

the reason for the age inversion.

(2) For all CG cores the accumulation area is at the north-west slope of the Signalkuppe. In
this region lies the so called Bergschrund, a crevass between the flowing and stagnant part of
the glacier.

This crevass is constantly filled with present-day precipitation or young firn flowing in from
the steep slope upwards of the Bergschrund. This matter would then be incorporated into the
lower parts of the glacier and be transported down stream (see Figure 6.16) (Keck, 2001). The
ice added to the bottom of the glacier by such a process is not only younger than typical for the
respective ice depth, but due to the contribution from the steep slope, were the accumulation
rate is extremely low and the concentration of in situ produé€dvery high, the ice would

be strongly enriched ik‘C. Ice from the Bergschrund could therefore produce the apparent
inversion of age encountered in the lower KCI core. However, it is arguable, if a mass contri-
bution from the Bergschrund would take up more than 1 mw.e. at the bottom of the glacier.
Also, if the Bergschrund has such a large influence, why is there no indication for it seen in
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Figure 6.16: lllustration of incorporation of snow into the lower section of the glacier at the
Bergschrund.

the KCS and KCH core?

A reason for the age inversion in the lower part of the KCI can not be given conclusively.
However, while the addition of ice from the Bergschrund is possible, it is hard to believe, that
it would take up more than 1 mw.e. of the bottom of the core. Also, if such a strong recent
contribution from the source region is feasible, than one would expect an effect in the KCS
and KCH core as well.

A change in accumulation rate and an increase in in situ production, would only be an option,
if the ice origins in the last glacial. Only then are almost zero accumulation rates for a long
period of time possiblej'*0O comparison with Pleistocene dated ice from KCS and CG03
suggest, that the three age inversion samples might contain glacial ice.
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7 Conclusion and outlook

The eventual aim of this work was the dating of Alpine ice bodies thrdéghmicroanalysis

on dissolved organic carbon. It was envisioned, that the DOC fraction, being present inice in
larger quantities than particulate organic carbon and not expecting any reservoir effects for this
fraction, would provide correct ages for smaller ice volumes. The methodical adaption held
many difficulties and had to be finally defined sufficient enough although the blank contribu-
tion remains significant. The extraction system allows handling of up to 700 g ice samples and
allows for getting reliablé*C results for carbon masses of >3gC.

The unexpected identification of an additioh&C source, which could not be explained by
blank and was considered actually as in $tQ production in ice contributing to the dissolved
organic carbon fraction, prevents the use of DOC for dating. Especially for low and strongly
variable accumulation regimes, DOC can not give reliable ages. At present, the contribution
of in situ *C is not known and dedicated experiments are necessary to determine if and how
strongly in situ'*C contributes to organic carbon in Alpine glacier ice. At first, further mea-
surements are needed to ascertain that the enhatCambncentration in DOC is indeed due

to in situ production and not imposed through a not yet identified, external contamination. If
contamination continuous to be ruled out, the determination of the production rate and more
importantly the conversion efficiency of the H6€ atoms in ice into organic compounds need

to be quantified. Information is needed on the oxidation processes, its dependence on the ice
structure, impurities in the ice and intensity of UV radiation. However, even if these parame-
ters and their temporal changes may be determined sufficiently to allow a correctiort@® DO
values, the problem of varying accumulation rates still prevents the use for dating. However,
similar to the use of in sitd*CQ, in polar ice sheets, a well defined in sittC fraction may

be used to infer past changes in accumulation for a well dated Alpine glacier.

Concluding, it seems at present, that DO must be discarded as dating tool, holds how-
ever the chance of identifying accumulation changes. On a side note, DOC may still hold the
possibility for dating exotic ice, like cave ice, where in situ production does not contribute.

Having also extracted the particulate organic carbon fraction from the ice, although often
getting too low carbon masses compared to the blank contribution, POC proved to be a better
14C age carrier, not showing as expected any significant reservoir effects. Although the ice
volume required for PBC analysis should be by a factor of 2 larger, the benefits of dating the
lowest core section as shown for the CG KCS core and dating of small glacier caps, like the
Vadret dal Corvatsch, is significant. The most work here must be put into the reduction of the
filtration blank.

Despite the many problems with in sittC and small carbon samples, dating of the Vadret dal
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Corvatsch glacier cap was successful and a first age-depth relationship could be established.
The maximum age of the basal ice of (Z®.2) ka gives an upper limit for the time of minimal
glacier extension in the Alpes and interpretation of H®© signal can now be attempted.

For the basal layer of the CG cores, it was determined that the sit®é@gsignal is not due
to the glacial-interglacial transition, although Pleistocene ice is found in the basal ice of KCS.
For KClI, there is evidence that the lowest mw.e. of the core may also contain Pleistocene ice.

Although expectation for DB&C dating could not be met, a possible indicator of accumulation
changes was found. The focus'6€ dating must now rest on the POC fraction.
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APPENDIX






A 14C definition

The 13C and !C ratio

13C concentrations are given as the ratio of the numbét®fatoms relative to the number of
12C atoms:
13N

13 _
R= 5 (A.1)

The concentration of‘C is given as the ratio of the number'é€C atoms to the total number
of carbon atoms in a sample

14
upo N (A.2)
12N_|_ 13N

Note, that the contribution of radiocarbon atoms to the total number of carbon is neglected.

Carbon isotope ratios are reported in theotation, denoting the relative deviation of the
isotope ratio from a standard in %eo:

) iRsam e .
5'Cloample = (ﬁ —1)- 1000 (i = 13,14) (A.3)

The international used standard &€ is the PDB (Pee-Dee Belemnite). The standard*or
is the NBS OxAl (Oxalic Acid) (Stuiver and Polach, 197 7Rumpie is always directly deter-
mined relative to the standard and neith&®,;q,qarq NOT ' Ryiandara iS €Xplicitly measured.

Definition of the fractionation

In general the three carbon isotopes afd behave differently in various processes due to
their different masses. This leads to the so called fractionation effect and changes the sam-
ple’s isotopic signature. Thus the measured isotopic ratio deviates from the atmospheric value.
Fractionation processes occur naturally during exchange between two reservoirs (e.g. transfer
of CO, from air to biomass during photosynthesis) or during sample processing and measure-
ment in the laboratory.

The isotopic fractionation factar for the transition from one compound A into another com-
pound B is defined as the isotope rafd (i = 13, 14) of compound B divided by the ratio of
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compound A (Mook, 2000):

iRB
iRA
i(SB +1

= - A.4
W4+ 1 ( )

Note thatd is not given in %o, but as its absolute small value.
The isotopic fractionatioa = « - 1 can then be determined by:

lOéAHB =

i(53+1 B
g+ 1

lGA—»B -

The fractionation of3C and!“C is correlated (Mook, 2000):

Yaup~ (Pasp)? (A.6)

d3C normalisation and the definition of  A4C

To allow direct comparison of radiocarbon concentrations from different origin and differently
processed samples, a normalisation for fractionation processes is necessary. Assuming a car-
bon sample with the measured ratid?, ..., and the'3C signaturey'3C,,..., it is possible to
calculate the normalised ratloR,,,,.,, using the relationships derived above.

13 13 13
€meas—norm — ) Cnorm -0 Cmeas
= g 08 Ch — 0 Copeg + 1 (A7)
meas—mnorm norm meas .
14 14 14
Rnorm = Rmeas * Ompeas—norm

14 13 2

- Rmeas ameas—morm)

- (
- 14Rmeas : ((6130nm"m - 5130meas) + 1>2
~ 14Rmeas : (1 -2 (5130mea3 - 613Cnorm))

Note, that in the calculations above thgalues are again given as absolute values.
Fors™C in %o, *R,,,,., is described as follows:

613Cmeas - 513Cnorm

14 14
Rnorm - Rmeas -(1—2-
( 1000

) (A8)

With this correction, it is possible to define a new scale for repotti@roncentration: thé-
notation of a sample describes the relative deviation of the sample ratio from a standard ratio,
corrected for fractionation, in %o (Stuiver and Polach, 1977). This notation is the international
used form for reporting*C concentrations.

14 14Rsample norm
A Cgmple = ( ’ — 1) - 1000 (A.9)

14
Rstandard,absolute

-1V -



The “C absolute standard material is wood grown in 1890, age corrected for the reference
year 1950. The nowadays used Oxalic Acid standéafth, can be calculated back to the
absolute standard by:

0B C + 19) . ME-1950)
1000
The Oxalic Acid standard is in this connection conventionally normalisé¢*® = -19%o. A

is the decay constant for radiocarbon and t the year of measurement.
" Reample.norm 1S CcOnventionally normalised @3C,,,,.,, = -25%o:

51307716(15 +25
1000

Another form for reporting*C concentrations is the pmC scafgefcentmodernCarbon),
which gives the normalisedC ratio relative to the absolute standard ratio for 1950 in percent
(Stuiver and Polach, 1977).

14Rstandard,absolute =0.95- 14RO$ : (1 —2 (AlO)

14 14
Rsample,norm - Rmeas : (1 -2

) (A.11)

14Rsam le,norm
PMCrorm = 7 P =100 % (A.12)

4
Rstandard,absolute

ThepmC value is correlated with tha-notation:
AMC
10

+100 % (A.13)

pmcnorm =

Correcting and reporting  '*C-signatures in pmC

Concluding, this means, that for a carbon sample with a measured radiocarbond Ratig,
and a'3C signaturey*C,,,.., the following corrections have to be done:

1. The measuretC ratio has to be corrected for the measurement blank, which is deter-
mined independently.
14Rcorr - 14Rmeas - 14Rblank (A14)

2. The correction for the fractionation is done using
513Omeas + 25

14 14
Rsampienorm =~ Reorr - (1 — A.15
for the sample and
61C +19
14Rstandard,absolute =0.95- 14ROJ} : (1 -2 W) (A16)

for the standard.

3. This work reports it$*C concentrations as,f= pmC/100, which is calculated according
to

14Rsam le,norm
pmChorm = Pe, -100 % (A.17)

Rstandard,norm
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B DOC analysis systems

B.1 The DOCster

A detailed description about the DOCster DOC measurement system is given in Stricker
(2008).

The Phoenix 8000 is a commercial system for the quantification of TOC and TIC in liquid
samples from the Firma Teledyne Tekmar. The DOC is converted tplyQJV-induced
oxidation and degassed by purging the sample with clean synthetic air. This G@asured

by leading the gas stream through a non-dispersive infrared detector (NDIR).

Table B.1: Specification of the Phoenix 8000 system given by Teledyne Tekmar.

method UV induced photo-chemical oxidation with persulfat
detector non-dispersive infrared detector (NDIR)
measurement parametef OC (NPOC), TC-IC, TC, IC, (POC optional)
analysis detection limit: 0.5 ppb

maximal concentration| 10 000 ppm

(depending on sample volume and dilution)

accuracy 2% RSD or CV4+£ 1 ppb or+ 0.02:gC

depending on the purity of cleaning water, reagent and purging gas
cleanliness of sample bin as well as the sample matrix

sample volume 500ul to 20 ml
time of analysis 4 to 8 minutes
data processing real time display of measurement curve

Figure B.1 illustrates the main component of the Phoenix 8000 system for DOC analysis.

Stricker (2008) adapted the measurement principle to allow DOC analysis of small ice samples
and renamed the systdig:DOCster. The standard measurement procedure after the adaption
can be summarised as follows:

» charging the IC- and UV-reactor with 4 ml clean water and 0.5 ml acid respectively
 determination of the base line signal from the IC-reactor

« exhaustion of the IC-reactor

— VIl -
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IC-Reaktor

Ausgasen des anorganischen Kohlenstoffs

UV-Reaktor

Umwandlung von organischemn Kohlenstoff
in CO, unter UV-Licht

Reagenz Saure I

Gas-Auslass

=

Reinstwasser

W/ Laripe Detektor

Abfall

B
Figure B.1: Illustration of the DOC measurement system Phoenix 8000. Figure taken from
Stricker (2008).

charging the IC-reactor with 4 ml sample volume and 0.5 ml acid

purging with clean synthetic air and waiting for complete IC degassing

determination of the base line signal from the UV-reactor

transfer of the sample from the IC- into the UV-reactor

purging with clean synthetic air and waiting for complete UV-oxidation and @&
gassing

During the whole procedure, the UV lamp is on, the sample and acid volume can be adjusted
and the total time of analysis is now 15-20 min. Measurements of artificial and real samples
gave a detection limit of 5 ppb, a relative measurement error of 12 - 4 % for typical Alpine ice
DOC concentrations and a oxidation efficiency of over 80 %.
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B.2 The WALTER

For a more detailed description on the WALTER DOC quantification system see Schock
(2001) and Greilich (1998).

TOC-GLS TIC-GLS
UV-Reaktor

)
|- ]
Ermptanger ’ ’ |

il
-

U]
T

Figure B.2: lllustration of the DOC quantification system WALTER. Figure taken from
Schock (2001).

The UltraTOC system, measures DOC in a water stream by UV-induced wet-chemical oxida-
tion and degassing through semi-permeable membrane. The system was originally intended
as a continuous flow system, but to reduce the necessary sample mass, a sample loop was
installed and the system renamed WALTER.

In this flow-through system, the acid and persulfate is added to a liquid sample stream before
it enters a gas-liquid separator. This separator consists of an stainless steel housing with a me-
andering circuit bordering at one side on a hydrophob, semipermeable membrane. ;The CO
diffuses due to the concentration gradient through the membrane into a clean gas stream. After
thus removing IC, the stream passes a UV-lamp before entering a second gas-liquid separator.
The extracted CQis then quantified by leading the carrier gas stream through a NDIR CO
detector.

The efficiency of the WALTER is about 100 % for simple organic molecules, like oxalate,
phtalate and saccharose. For humic acid the efficiency is only 40 to 50 %. The detection limit
was smaller than 10 ppb and the total time of analysis around 10-15 min.

—IX =
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B.3 Schema of the extraction system

%ﬂﬂ s extraction
\ A

POC
filtration

Figure B.3: lllustration of the complete DOC / POC extraction system.



C Efficiency of POC filtration

Filtration of clean water resulted in an increase of particle concentration for both filter types,
probably due to dust on the filter or in the surrounding air and, in case of the quartz filter, due
to quartz fibers. These background values were subtracted from the granite solution measure-
ment. Surprisingly, for both filter mediums a filtration efficiency of only 80% was found. This
proofs the poor particle extraction efficiency already stated above and gives no advantage for
one medium.

Table C.1: Filtration efficiency for mQ water and a granite solution.

quartz filter silver filter
c [pggt Vml] | v [mmz.ln c [%t Vml] |v [mii;]
mQ before 140+ 80 650 - 100+ 20 650 -
mQ after 1300+ 250 650 325 360+ 100 350 17.5
granite before 42500+ 1800| 650 - 28000+ 1500| 650 -
granite after | 9200+ 650 300 15 5500+ 600 150 7.5
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D Tables of measured sample data
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All meinen friiheren und gegenwaértigen Burokollegen danke ich fur die anregenden und viel-
seitigen, physikalischen und nicht-physikalischen Gespréche, die frohliche Stimmung und die
oft dringend bendétigten Kaffeepausen. Es wird sicher nie wieder etwas vergleichbares geben.

Meinen langjéhrigen IUP Kollegen und Freunden Ronny Friedrich, Sam Hammer, Tobias Nae-
gler, Felix Vogel, Alexandra Herzog, Martin Wieser, Sylvia Lorenz sowie allen “Mensarian-
ern” danke ich fur die vielen professionellen und verriickten Gesprache, das Lachen und den
Spaldin den letzten vier Jahren.

Meinen Studienfreunden Juliet, Christine, Dominikus und Daniela, danke ich fir die wunder-
volle gemeinsame Zeit. Es war wirklich schon dieses Abenteuer Studium mit euch zu teilen.
Wer weiSS wie lange ich ohne euch durchgehalten hatte.

Und nicht zuletzt danke ich meinen Eltern und meiner gesamten Familie, die mich bei all
meinen Entscheidungen stets unterstitzt haben und mir ermdglicht haben diesen Weg zu
gehen.



