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ABSTRACT

The present thesis aimed to, for the first, deploy dielegrafiling (DEP) to an entire Alpine ice core
drilled to bedrock. DEP allows for a non-destructive measwent of an ice core’s complex relative di-
electric permittivity at kHz frequencies. Based on the tbb&ined dielectric profile of the core, it was
the task to derive a synthetic radargramm by forward mautgHind to compare the later with radar traces
from ground penetrating radar (GPR). Forward modelling éayvolution of the reflectance profile, de-
rived from DEP data, with a synthetic radar wavelet in theetidomain yields a synthetic radargramm,
which in principle should reproduce the coherent featufes ®PR trace recorded adjacent to the bore-
hole. Thereby a physical connection between ice core ptiepeand radar reflectors is established. The
method was applied in full extent to the CDM core from Col duini(CDD), Mont Blanc, and partially
to the KCC core from Colle Gnifetti (CG), Monte Rosa, whiclpplemented the thesis in it's final stage.
The DEP data of the CDM core was afflicted with a comparativetge amount of defects and with
artefacts due to a dysfunction of the DEP setup. An adequueach of data treatment was rigorously
developed and applied. The corrections could be assestieth@icomplementary data of the KCC core.
Analysis of the DEP profiles e.g probably allowed the idetdtiion of a known regime change in Alpine
snow chemistry in the 1950s. Forward modelling reprodundtie firn part several reflectors from GPR
traces adjacent to the borehole predominately caused byittieity changes. As by product the analy-
sis of radargramms from CDD revealed below the firn-ice itemsa reflector-free zone (RFZ), as it is
known from CG, and offered some indications regarding itgior

ZUSAMMENFASSUNG

Ziel dieser Arbeit war es, erstmalig einen vollstandigenzuim Felsbett gebohrten alpinen Eiskern mit-
tels Dielectric Profiling (DEP) zu vermessen. DEP erlaubtadirstérungsfreie Messung der komplexen
relativen dielektrischen Permittivitat eines Eiskernskihiz-Frequenzbereich. Auf Basis der gemesse-
nen dielektrischen Profile sollte durch Vorwéartsmodeliiey eine synthetische Radarspur abgeleitet und
mit Bodenradarmessungen (GPR) verglichen werden. Voswindellierung mittels Faltung eines aus
DEP-Daten gewonnenen Reflektivitatsprofils mit einem sstigbhen Radarpuls im Zeitraum liefert eine
synthetische Radarspur, welche prinzipiell die wesemtlic Eigenschaften einer Bodenradarmessung
am Ort der Bohrung reproduzieren sollte. Eiskerneigerfeamaind Radarreflektoren werden dadurch
physikalisch verknlpft. Die Methode wurde vollumfangliabf den CDM-Kern vom Col du Déme
(CDD), Mont Blanc, und in Teilen auf den in der Endphase hijgiommenen KCC-Kern vom Colle
Gnifetti (CG), Monte Rosa, angewandt. Die DEP-Daten des @fdvhs waren stark mit Artefakten
behaftet, die teilweise von der vergleichsweise groRereRedte des Kerns und teilweise von einer
Fehlfunktion der Messapparatur herriihrten. Umfassende=Kiniren wurden entwickelt und angewandt
und konnten mit den Vergleichsdaten des KCC-Kerns evalwierden. Die Analyse der DEP-Daten er-
laubte unter Anderem die wahrscheinliche Identifikatioresibekannten Regimewechsels in der Alpinen
Eischemie wahrend der 1950er Jahre. Die Vorwartsmodetigefiihrte zu einigen Ubereinstimmenden
Reflektoren im Firnbereich, die Uberwiegend durch Pemitttisschwankungen verursacht werden. Als
Nebenprodukt der Analyse der Bodenradarstudien, wurde @b @terhalb des Firneisiiberganges eine
reflektorfreie Zone (RFZ), wie sie bereits vom CG bekanntssivie Hinweise auf deren Ursprung ge-
funden.
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... man who keep company with glaciers come
to feel tolerably insignificant by and by.

Mark Twain,
A Tramp Abroad, Chap. XL






1 INTRODUCTION

The research on the anthropogenic impact on climate regrécords of natural climate variability in the
preindustrial era. To this end natural climate archives fka sedimenSfoninetal, 2013, tree rings
[Coronaetal, 201Q Hafneretal, 2013 or glaciers Petitetal, 1999 have to be explored, as compre-
hensive instrumental records only date back to the 18thucgffueretal, 2007, Bohmetal,, 201(4.
Amongst these possible sources cold glaciers are uniqubenglo not only comprise a stratigraphical
record of past temperature variability archived in stabéerrespectively oxygen isotopddgnsgaard
1964 Johnseretal, 2001, but also of the atmospheric compositidniifhi etal, 200§ entrapped in
innumerous air bubbles in the ice matrix.

Obtaining stratigraphical climate records relies basiaat the local drilling of ice cores. Corresponding
research on polar ice sheets has successfully establishstibay of climate and atmosphere in polar
regions reaching back as far as 800,000 years before pr@enfPetitetal,, 1999 Liithi etal.,, 2008
Lambertetal, 2008 Dahl-Jensertal., 2013. However, complementary ice core records for regions of
medium latitudes, that are closer to human settlementspeigrnbe gained from a few sufficiently cold
remote and high-elevated alpinglaciers Haeberlj 1976 e.g.], which are not subject to melting and
which’s stratigraphy is not disturbed by melt water pertiola They bear particular difficulties for ice
core studies,caused by complex bedrock topographiesogpatporally variable accumulation patterns
and complex ice flow\Vagenbach1992 Wagenbacletal., 2013. Their ice core records in general are
not yet understood as well as their polar counterparts, itigiyply cover the Holocene and are afflicted
with hard to quantify dating uncertainties, rapidly grog/with depth [e.gWagenbach1997.

Partial remedy may be gained by spatial radar survéiagrro and Eisen2009 BogorodskKi etall,,
1989, which proved to be a powerful complement to polar ice cduglies, and principally allow the
spatial extrapolation of dated ice core propertiddlpr, 1981, Hempeletal., 200Q Eisenetal, 20033
along internal reflecting horizons (IRH), i.e. layers of leeneous density and acidity that are inter-
preted as isochroneRfbinetal, 1969, and thus the synchronization of various ice cores of oaeigt
[Jacobel and Hodgd 995 Siegertetal., 1999.

However, combined investigations by ice core studies an &Rveys require a solid understanding of
the dielectric properties of glacier ice. E.g. ice core prtips are measured in the depth domain while
radar traces are recorded in the time domain, which bothirgked through the electromagnetic wave-
velocity profile. The dielectric properties of an ice coren dwe obtained by dielectric profiling (DEP)
[Moore and Parerl987 Wilhelms 1996 200(Q, i.e. the measurement of capacitance and conductance
with a cylindrical capacitor. Such records in principleoalla conclusion on the main variable contribu-
tions to the glacier ice’s dielectric properties, its impucontent Mooreetal,, 1990 1992 1994 Wolff,
1995 Wolff etal, 19973 and density Moore, 1988 Wilhelms 1996 200Q 2005, and on the other
hand the derivation of a theoretical reflectance profile amthér by forward modelling of a synthetic
radargramm floore, 1988 Blindow, 1994a Hildebrand 1996 Minersetal, 1997 2002 Eisenetall,
2003hc, 2004 20049. The comparison of synthetic and recorded GPR radargrathussin principle
allows a direct connection of ice core properties and rezgbrddar reflectors.

Even though combined investigations based on ice coreestu@PR surveys, DEP and forward mod-
elling have been applied very successfully on polar sitest firomising approaches on alpine sites

1 n this thesisalpinewill refer to mountain glaciers in general, while the capAdpinewill denote such in the European Alps.
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that combined GPR and ice core informations have been coedijiest recently Eisenetal,, 2003a
Bohleber 2011, Konrad 2011, Konradetal, 2013. In this sequencdohleber[201], Konradetal.
[2013 lately were able to establish a method to assess interdatieg coherency and uncertainty in a
multi-core array on the cold Alpireglacier Colle Gnifetti (CG) in the Monte Rosa region, SwidpsA
on basis of ice core data, GPR surveys and a 2.5-dimensiomahibdel. However, the uncertainty of
the datings transferred from ice cores on to IRH still wasdiggmrowing with depth and major limita-
tions arose from the vanishing of the IRH below about halfdtaziers depth, a phenomenon referred
to as reflector-free zone (RFZ|)Eisenetal., 2003a Konrad 2011. A comprehensive investigation of
the connective dielectric profiles of alpine glaciers isang, though a first attempt with focus on the
forward modelling was conducted within the limits of a Baohehesis for the firn core KCO, drilled in
the upper firn layers of CG in 2003¢psen201Q.

In this context it was primary objective of this thesis

e to for the first time measure the dielectric properties of epdalpine ice core from surface till
bedrock by dielectric profiling (DEPMilhelms 1996 2004, and to thoroughly investigate the
record with respect to previous knowledge and existing sets,

e to derive a synthetic radargramms from DEP data by forwardetliog on basis of a simple con-
volution approachEisenetal., 2003, and to establish in how far the features of recorded GPR
radargramms could be reproduced therewith.

The thesis comprises data from the cold Algingaciers Col du Déme (CDD) in the Mont Blanc summit
range, French Alps, and Colle Gnifetti (CG) in the Monte Riaggion, Swiss Alps. Both are very com-
parable in most of their features but differ in their annuettsurface accumulation, CDD is characterized
by an exceptionally high one, CG by an exceptionally low drfeey thus supply complementary records
of different resolution and on different time scales.

The thesis is focused on DEP data of the CDM ice core sincedtewas readily available and uncut
after the drilling in September 2012 on CDD in institutioabperation ot aboratoire de Glaciologie

et Géophysique de’l Environnement (LGGHpstitut fir Umweltphysik of University Heidelberg (IUP)
and Physical Institute of University Berne (PIUBAnd on a grid of GPR profiles covering the drilling
site, recorded by Bohleber [2012, personal communicatioming the same campaign. The DEP data
had to be measured using a DEP measuring bench &lftezl-Wegener-Institut for Polar and Maritime
Research (AWI)Wilhelms 1996 200J. As the CDM core comprised a comparatively high amount
of defects and as the supplied DEP setup did not work fagltlesge effort had to be concentrated on
the development of corrections to remove artefacts of th® Pdw data, thus forcing an emphasis of
the thesis on to the DEP data processing. The GPR profiles|reatig been processed by Bohleber
[2012, personal communication] and remained to be analysddliscussed. The forward modelling was
implemented as convolution of a synthetic radar waveléet tie ice core’s reflectance profile in the time
domain on basis of code lBisenet al.[20034, its results had to be analysed and discussed.

In the final stage of the thesis it was possible to supplenfenttata from CDD by DEP data of the
KCC core, a new core drilled to bedrock in August 2013 on Cstiiutional cooperation dhstitut

fur Umweltphysik of University Heidelberg (IURhysical Institute of University Berne (PIUBAlfred-
Wegener Institut for Polar and Maritime Research (AVDgpartment of Geosciences of Université de
Fribourg, Climate Change Institute of University of MainBEP could be measured this time with fine
core quality and a functioning setup. The DEP data could begssed and contributes to the discussion.

For analysis and discussion the thesis could revert to dathemical concentrations and dating of the
CDK ice core [Preunkert et al., 2012, personal communiogtidrilled at CDD in 2004 adjacent to
the CDM core, glaciological parameters of CDD (ice thiclyesirface velocities, etc.Mincentetal,
200731997 and DEP and density data of the KCO firn codeppsen201d.

2 Note that the reflector-free zone (RFZ) at Colle Gnifetti {@&not identical to the polar echo-free zomrgwset al, 2009.
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. & Mt
Col du l@me‘ ‘

Figure 2.1: Western Alps geodatgC swisstopo.

The present thesis comprises data from the two most inegstichigh-elevated cold Alpine glaciers, Col
du D6me (CDD) on top of the Mont Blanc massif, French Alps,chtis the highest elevation in Europe,
and Colle Gnifetti (CG) in the Monte Rosa massif, the highmetintain range in the Swiss Alps. (cf.
Figure2)

2.1 GLACIOLOGICAL SETTINGS

TOPOGRAPHY

The two glaciers are both convex saddles located in abowgaime altitude in the summit regions of two
massifs surmounting their far surrounding significantlyey are comparable in dimensions, topographic
features and geographic orientation. (cf. FigRr2and Table2.1)

CDD is ranging from Déme du Godter in the CG is ranging from Signalkuppe in the south-
west to Mont Blanc summit in the east. In the east to Zumsteinspitze in the northwest. On its
south it is confined by a steep face. At the facesiortheastern flank it is confined by a 100m deep
beyond Déme du Godter and Mont Blanc sum-ice cliff. In the western hillside beyond Sig-
mit crevasses are lying hillsides. nalkuppe a bergschrund occurs.

FIRN TEMPERATURE

Both glaciers are to the present cold glaciers (cf. Figugeand Table?2.1) and belong to the firn phase
recristallisation-infiltration zongShumskij 1964 resp.percolation zone AMdiller, 1962, meaning that
melting events occur only seldom and afflict only the surfager. They are both frozen to bedrock and
are not subject to basal sliding.
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Col du Dome drilling sites Colle Gnifetti drilling sites Signalkuppe

KCH.®
(oot

KCS

Figure 2.2: Pictures and Maps of Col du Dome (CDD) and Colle Grietti (CG) in the right column.
Top left: CDD taken from D6me du Godter in the west, looking to Mont Blam the east. Drilling
sites are marked as red dot@p right: CG taken from Zumsteinspitze, looking to Signalkuppe. I
sites are marked as white doBottom left: Map of CDD with contour lines in 5m steps. Drilling sites
are marked as black dotBottom right: Map of CG with contour lines in 10m steps. Drilling sites are
marked as black dots. Figures modified frévagenbactet al.[2017

Table 2.1: Properties of the cold Alpine Glaciers Col du Do6me (CDD) amdle€Gnifetti (CG).Sources:
[1]=[Wagenbactetal,, 2013, [2]=[Vincentetal, 20078, [3]=[Vincentetal., 20074, [4]=[Hoelzleetal, 2017],
[5]=[Wagenbach2001], [6]==[Luthi and Funk200Q.

Coldu Déme Colle Gnifetti
(Mont Blanc) (Monte Rosa)

Altitude / m. a.s.l. 4250 [1] 4450 [1]
Glacier Thickness / m 40-140 [1] 60-120 [1]
Firn temperature (in 20m depth) 1a [2] -14C  [4]
Precipitation / m w.e./a 1.7 [1] 1.4 [1]

Net-surface accumulation/ mw.e.J/a 0.2-3.5 [3] 0.1-1 [5]
Surface velocity / m/a 0.5-10 [3] 0.5-2 [6]
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ACCUMULATION

Even though both glaciers are comparable in precipitatemperatures, dimensions, topographic fea-
tures and geographic orientation, they differ significaitlaccumulation (cf. Tabl@.1). CDD is char-
acterized by a very high net-surface accumulation and CG\mrlittle one. Wagenbacletal.[2012
explain that this is caused by the different position of tbeeptial snow sinks. Il.e. the steep face at CDD
is located upwind while the ice cliff at GC is located downd/iof the main drilling sites. As consequence
of the diametrical accumulation patterns the thicknessatial layers at CDD is high, yielding a good
resolution in depth but reaching back only a few hundreds/fRreunkeret al,, 2000, while the annual
layers at CG are thin comprising over the total glacier dsptreral thousand yeaBghleber200g. The
two glaciers thus supply complementary records on diffetiere scales.nnual layers at CG are thin com-
prising over the total glacier depth several thousand yéldre two glaciers thus supply complementary
records on different time scales.

M ASS BALANCE

Both glaciers have remained in steady state for at leasateéntury and were not yet afflicted in their
morphology by climate changes.

CDD The glacier has been subject to to-CG Geodetic measurements since the 1980s
pographic measurements since the late 19thnd comparisons of photographs from 1893
century Mallot, 1913ha, Vincentetal, 1997  to 1994 established the glacier to be close to
200743, thus it was established that it remainedsteady stateljuthi and Funk200( for at least

in steady state since at least 100 years beforthe last century\Vagner 1996. The saddle of
present (BP) and has not yet been affected bZG has not yet been afflicted by climate warm-
climate changeVincentetal,, 20073. ing [Hoelzleetal, 2011].

SUMMARIZED CHARACTERISTICS

COMMON FEATURES DISSIMILAR FEATURES

e altitude, dimension, topographic features net-surface accumulations,

and geographic orientation,

wind exposure,
e temperature and precipitation,

age-depth relations,
e both glaciers are assumed to be in steady

State time scales of contained climate records.

e glacier typerecristallisation-infiltration
zoneq Shumskij 1964.

2.2 PAST RESEARCH

2.2.1 Ice CORE STUDIES

Ice cores have been drilled on both sites since the 1970st dfitlsem were firn cores, the drilled deep
cores are listed in Tab2.2displayed in Figur®.2with a first core. The cores relevant for this thesis are
on CDD the cores CDK (2004) and CDM (2012) and on CG the core® KZD05) and KCC (2013).
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Table 2.2: Deep ice cores drilled at Col du 6me (CDD), Mont Blanc, and€ainifetti (CG), Monte
Rosa. The grey shaded cores are not relevant for the purptiss thesis.
Cores from CoL b0 DoME (CDD) Cl0 cC11 CDG CDF CDK CDM
Year 1994 1994 1999 1999 2004 2012
Total depth / m 126* 139* 38.6 101.5 1231 122.5
Net surface accumulation/ mw.e./a 2.22 244 0.60.2 206t0.2 2.6+0.2 2.6t0.2

Cores from CoLLE GNIFETTI (CG) CC KCS KCH KCI KCO KCC
Year 1982 1995 1995 2005 2005 2013
Total depth /' m 64.1 100.0 60.3* 61.8* 25.8** 71.9
Net surface accumulation/ mw.e./a 0.22 0.51 0.23 0.14 0.14 Kk

*Drilling may not have reached bedrock.
**Firn core, bedrock is supposed to lie below 62m.
***Not yet available as just recently drilled.

DEPOSITION OF AEROSOL -RELATED SPECIES

The records of past impurity depositions on CDD and GC ar&lhigorrelated. Their joint data sets
on short (CDD) and long (CG) time scale supplg@asi-complete reconstruction of past atmospheric
aerosol load and composition over Europe since 1gfibte fromPreunkert and Legran@013. They
reveal a general transition of the Alpine snow chemistrynfr@ slightly alkaline regime to an acid one
over the past 100 year$\lagenbactetal, 1988 Wagenbach and Ggi4989 Wagenbacletal., 2013.

(cf. Figure2.3

1000
a)

- Col du Dome

800 ~
- - - - Colle Gnifetti

600

400

$0,% [ngg™]

200 ST

Figure 2.3: Long term trend of depo-
sition of main contributors to acidity, 0

sulphate and nitrate, at Col du Déme 1990 1980 1970 1960 1950 1940 1930 1920 1910
(CDD) and Colle Gnifetti (CG). Dis-

tinctly visual is a transition in ice chem- e

istry from a slightly alkaline regime be- w00
fore 1950 to an acid regime afterwards E < B o |
Figure fromWagenbaclet al.[2013.
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AGE-DEPTH RELATIONS

Alpine ice core dating usually is conducted by counting afizal cycles in aerosol depositidAreunkeret al.,
2000 and the identification of absolute time markers like the388ium peak, Saharan dust depositions
in 1977, 1947 and 1901 and the eruption of the volcano Katmdi9il2. The age-depth relations of
drilling sites on both CDD and CG are displayed in FigRré Apparently they become non-linear after
about half the total depth, thus displaying strong layenrifiig and illustrating the difficulty of simple
dating approaches by layer counting.

—— CC_Schéfer
' 0,07 —— KCS_Armbruster
C D K —— KCH_Armbruster
b —— KCI_this work

o
N
1

depth_rel [m.w.e]
2
—
|

missing
years

—

100r \ | "

120O 20

Depth /m

o
=)
1

40 60 80 100 1.0% 100 200 300 400 500
Years BP years BP

Figure 2.4: Age-depth profiles at Col du D6me and Colle Gnifdt. On the left: Age-depth profile of
the CDK core. Data from Preunkert et al. [personal commuigich On the right: Age-depth profiles
from the cores CC, KCS, KCH and KCI. Figure frddohleber{200§.

MISSING YEARS

The layer counting while the dating of the CDK core revealgadjain the time scale, i.e. 'missing years’
between 1955 and 1970 (cf. Figu2el), that’s origin has not yet been understood but is assumsthyo
in connection with the crevasse upstream CDD on the flank ofi®8u Godter\Valdner 2011].

ANOMALOUS LEAD CONCENTRATIONS AT CDD

A further peculiarity of CDD was detected in the analysishaf tores C10 and C1Vincentetal, 1997,
CDK [Waldner 2017 and CDM [Zipf, 2013 for the lead radio isotop&'°Pb . All core’s?%Pb-activity-
depth profiles display below a depth of ca. 85m a distingtikhpeak, the so-called®Pb anomaly, that
can not be accounted for with any deposition event at theaserénd is assumed to stay in connection
with the crevasse upstream CDD tafricentetal., 1997, Waldner 2011, Zipf, 2013.

2.2.2 (ROUND PENETRATING RADAR SURVEYS

Past GPR surveys have been conducted on both glaciers tonitetdce thickness and basal properties
and to investigate the internal structure.
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CDD Investigations have been conducted for: CG Investigations have been conducted for:

e ice thickness and bedrock topography e ice thickness and bedrock topography

[Vincentetal, 1997 Bohlert 2005, [Wagner 1996 Luthi and Funk2000,
e internal structure [Bohleber, 2012, per- e extrapolation and comparison of ice core
sonal communication]. properties Eisenet al,, 2003a Bohleber
2011 Konrad 2011, Konradetal,
The recent survey on CDD by Bohlber [2012, 2013,
personal communication] will enter into this
thesis. e suitable drilling sitesBohlert 2005.

REFLECTOR-FREE ZONE AT COLLE GNIFETTI

At CG Eisenetal.[20033 observe that internal reflecting horizons (IRH) in radargms are no longer
distinguishable below the firn-ice transition in a depth lodat 30 to 50 meters, a phenomenon they de-
scribe as reflector-free zone (RFZ). This is probably nosediby mere attenuation as polar experiences
with GPR at 250MHz show, that the tracing of IRH in severalmQfepth is possible and that reflectors
generally do not vanish until a few hundred meters above #aedek, a phenomenon at polar sites re-
ferred to as echo-free zonBiewsetal, 2009. The authors argue that the RFZ at CG might possibly
originate from the combined vanishing of larger gradierathlin density or acidity below this depth.
They point out that this naturally is expected for densisypalow the firn-ice transition only ice exists
and density variabilities thus are limited, but that oneldatill expect strong variabilities in acidity, e.g.
from volcano peaks. They however find that the firn-ice tt@msfor CG lies in a depth corresponding ca.
to the year 1950 when the ice chemistry changed from a sjighikhline regime before to a acidic regime
after (cf. Figure2.3). The authors indicate that a combination of these two &ffieight be responsible for
the occurrence of the RFZ. After proving the existence oentibns from changes in crystal-orientation
fabric (COF) Eisenetal., 2007 Eisen [2012, personal communication] further indicat@agibility that
coherent reflections from below the firn-ice transition arertain, and thus masked, by strong incoherent
backscatter from abrupt changes in crystal orientationgés.

2.2.3 HLow MODELLING

At CDD a 2D flow simulation approach with the finite-elementhael has been conducted Yincentet al.
[1997, Gagliardini and Meyssonnigdi997. On CG flow modelling approaches have been conducted
in 2D by Haeberlietal. [1988, applying a flow law for firn using the finite-element methad3D by
Wagner[1994, Luthi and Funk[200qQ and recently based on the approachviricentetal. [1997 in
2.5D byKonrad[201]] (cf. AppendixC).



3 PHYSICAL BASICS AND GLACIOLOGICAL METHODS

3.1 ELECTRODYNAMICS OF ICE

Ice responds to external electric fields frequency-depariglepolarisation and conduction but does not
display magnetic response.

POLARISATION Two mechanisms contribute to polarisation, atomic poddias (i.e. the induction of
dipole moments in the atoms through the electric field, oftepicted as the relative shifting of
the molecular electron cloud against the lattice of atori®es) and dipolar polarisation (i.e. the
orientation of the permanent dipole moments of the wateemaeés in the electric field).

The relaxation time for atomic polarisation lies in the aresd way above radar or dielectric profil-
ing (DEP) frequencies. Hence atomic polarisation can bieoggy in regard to radar measurements
or dielectric profiling (DEP). The relaxation time for dipolpolarisation, however, lies in thes-
range yielding a relaxation frequency in the kHz-range eidkver boundary of the radar and DEP
spectrum. Dipolar polarisation consequently afflicts ramt@DEP application in ice.

CoNDuUcCTION The conduction depends on the diffusion of ionic defects (iOH™ or H3O" ions
embedded into the crystal lattice instead of Z20Hnolecule) and Bjerrum defects (i.e. bonds with
two electrons instead of one, so-called D-defects, or withoy electron, so-called L-defects) [e.g.
Bogorodski et al., 1985 Petrenko and Whitwortt1999.

A theoretical derivation of the frequency-dependent digie properties of mono-crystalline ice has
been established in formal correspondence to the modBebiye[1929 by Jaccard’s theory of con-
duction [Granicheretal,, 1957, Jaccard 1959 1965 1967 outlined e.g. inBogorodski etal. [1985,
Petrenko and WhitwortfL999.

3.1.1 FRELD EQUATIONS

Electrodynamics in homogeneous snow, firn or ice are deteby the Maxwell Equationd/faxwell,
1887 in matter with simple linear constitutive relations. Caowetion can be assumed to be ohmic
[Petrenko and Whitworthil999. The corresponding equations can be found in any textbaoklas-
sical electrodynamics, e.g. dacksorj1999.

MAXWELL EQUATIONS CONSTITUTIVE RELATIONS OHM’S LAwW

OxE=-2B [OD=p
D=go€’'E B = Lou'H j =0E
OxH=j+%D 0OB=0
€' is the real relative permittivitygo = 8.85418781710 1?AsV—m~! [Gerthsen and Mesched201Q
the vacuum permittivityu’ the real relative permeabilityio = 1.256637061410 5VsA—tm~! the vac-
uum permeability Gerthsen and Mesched201Q, p the density of free electric charggghe density of
free electrical currents aral the electrical conductivity. Dashésmphasize dimensions to be real.
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ANISOTROPY Glacier ice hitherto has been found in only one of fourteessgimde solid phases of
water, i.e. as hexagonal crystal with uniaxial symmetrygdiently referred to as,I The properties
of mono-crystalline ice are anisotropic and depend on tlentation against its c-axis. Snow and firn
however are poly-crystalline with randomly orientatedigsaand are macroscopic isotropic. Hence, for
mono-crystalline ice the real relative permittivigy, the real relative permeabilify’ and the electrical
conductivityo are tensors of 2nd order. For poly-crystalline snow and fiowever, they are reduced to
scalarse, ¢’ ando.

COMPLEX RELATIVE PERMITTIVITY  Itis usual to define a complex relative permittivéyor time-
harmonic alternating electrical field¥ w,t) = Eo(w)é“*. This allows a formal simplification of Am-
pere’s law.

. .o .
e=¢-ig'=¢'-i— with e =— (3.1)
wWE&y wE&y

17} 17} )
= OxH=j+ —.D=0E(wt)+ &€ (w) = E(w,t) =iwe | € (w)—i— | E(w,t
<H =i+ 5D = OE(0.0) + 28/ (6) 3 Eloot) —ieo (/(0) i o ) (@)
The real parg’ corresponds to the real relative permittivity while the gimary parte” represents losses
from ohmic conduction and dielectric polarisation, whidnde quantified by a loss tangent daa
|e"]/|€'] = €”/€'. Note that in general further attenuation losses have toobsidered by a further

i i i i /! i H —_ o/ (el U .Y (O U
imaginary contributiorg|,, yieldinge = &' —i(&" + &j5g) = & — (555 +Eloss)-

3.1.2 WAVE PROPAGATION

PHASE VELOCITY Regarding the wave speed of electromagnetic radiatioris ic@mmonly assumed
to be a low-loss material, in which wave propagation takeselloss-less in charge- and current-free
spacep =~ 0, ~ 0, thus yielding harmonic wave equations with wave spedte assumption is justified
sincee” << &' (cf. Section3.1.3 in the MHz to GHz range holds.

G
c= NG (3.2)

For the vacuum light velocity holds) = 2.9979245810°ms ! [Gerthsen and Mesched201(.

REFLECTION COEFFICIENT In case of the reflection coefficieR at boundaries between adjacent
layers, reflections may also stem from changes in the imagipart. Thus, the full complex permit-
tivity is considered.R depends via the complex refraction indicag = /€12 on the complex relative
permittivitiese; » of the two layers.

R _ Va-ve (3.3)
n+n  Jea+./e

3.1.3 DELECTRIC PROPERTIES

The dielectric properties of pure ice depend on the
e frequency of the applied electric field,
o dielectric anisotropy,
e temperature.

As natural cold snow, firn and glacier ice are two-componeixtures of ice and air, their complex
relative permittivityer depends in mixed contributions on those of their constitsias on their volume
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fractions. Furthermore real samples can contain varyingeotrations of impurities. Their dielectric
properties depend additionally on

e density,

e contained impurities.

An overview over empirical values for the real relative patirity and electrical conductivity of polar
snow, firn and ice is given in TabR1

Table 3.1: Empirical valuesfor the high-frequent real relative dielectric permittjwe., and the high-
frequent electric conductivitge,.

Material &l O Conditions Source
/ uS/cm
Polar Ice 3.15 0.090 f>10kHz, T=-15@,= 917kg/n?  [Wolff, 1995
3.12 0.002  f>10kHz, T=-50Qp = 917kg/n?  [Wolff, 1995
3.12-3.19 — f>1MHz, T=-20C,0 = 917kg/n¥  [Fujitaetal, 200q
3.18 — f>10MHz, T=-20Cp = 917kg/n?  [Bohleberetal, 2012
Polar Firn 1.67 0.022  f>10kHz, T=-15@,= 350kg/n¥  [Wolff, 1995
Alpine Firn 1.8 0.002  f=250kHz, T=-19Q = 450kg/n?  [Jepsen201Q
2.8 0.005  f=250kHz, T=-19Qy = 800kg/n? [Jepsen201(

FREQUENCY DEPENDENCE For the frequency-dependent dielectric properties of ickls corre-
sponding to theoryGréanicheret al,, 1957, Jaccard1959 1965 1967 and empirical results (cf. Figures
3.1and3.2) at the

Low-FREQUENT LIMIT Dipolar polarisation dominates, the permanent dipole nmamef the water
molecules are all orientated, and the static real relaternfitivity amounts at its maximum to
€L~ 100 [Fujitaetal, 200g. DC conduction prevails.

RELAXATION FREQUENCY The permanent dipole moments can no longer follow the asicith of the
field, &’ drops rapidly in the kHz range around the relaxation freqyeip [Bohleberetal, 2012
Fujitaetal, 2000. The imaginary part” displays a minimum and the loss tangentiaeaches a
maximum [Fujitaetal., 2004.

HIGH-FREQUENT LIMIT The real part converges agaigt= 3.184-0.01 in the MHz- to GHz-range
[Bohleberetal, 2013. Loss rapidly decreases hence in the MHz- to GHz-rangaahge of DEP
and radar frequencies, ice is a low-loss medium withc< &’. AC conduction prevails.

DEPENDENCE ON DENSITY — MIXING FORMULAE  Neglecting complex mixing, i.e. the weak con-
tribution of the constituents imaginary parts to the reddtree permittivity of the composite, one can
use a relation supplied dyothetal.[1990, which describes the real relative permittiviey of a more-
component mixture in dependence of the relative perntigtiwiof its constituents; and their volume
fractionsy; = Vi/V withV = 3; V.

g€=Yve? ae[-11 (3.4)
.Z .
In glaciology widely used is a two-component version of fhisnula witha = 1/3, the so-called mixing

formula of Looyenga[1969, which Glen and Parefil975 applied for cold snow, firn and glacier ice as
composites of ice and air,

g — (v| <§@—\3/§) +\3/§)3 (3.5)
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with the indices F for the composite snow, firn or glacier idey pure ice and A for air. A handy semi-
empirical fit for the real relative permittivitgr of firn in dependence of its densipe has been derived
from (3.4) with o = 1/2 by Kovacsetal.[199].

!/ m3 2
g- = ( 14 0.00084% - 9 (3.6)

Considering complex mixingVilhelms [2005 derived a theory of density-conductivity mixed permit-
tivity (DECOMP) by complex continuation of the mixing fordauof Looyenga[1964, the assumptions
&a = 1 and negligence of the air content’s contribution to theiwa fractionvapa ~ 0.

3
& = (‘;F (¥&-1) +1) (3.7)
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Figure 3.1: Frequency dependency of the real relative pernttivity & On the left: Depicted are
the perpendicular and parallel part in regard to the icesxis-of the real relative permittivitg’ and

the corresponding loss tangentsdai®n the right: Depicted are measured values and curves (Debye
model) of the real relative permittivity’. Note the range of values at radio frequencies. The leftrEigu
is taken fromFujitaet al.[2004, the right fromBohleberetal.[2013.

T —&- Johari & Charette (1975) and Johari (1976)
< Westphal (unpublished)
— This study, parallel to the c-axis
-t This icular 1o the c-axis
— Compilation for pure ice by Matsuoka et al. (1996)
(using microwave data and LF data)
o Field radar data at Dome Fuji Drilling site

Figure 3.2: Frequency dependency of the
imaginary €” part of the complex relative
permittivity. The Figure is taken from
Fujitaetal.[2000.
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3.2 INTRODUCTION OF THE APPLIED METHODS

3.2.1 GROUND PENETRATING RADAR

The use of radar systems in glaciology dates back to firahateof Waite to measure the ice thickness
with radar bursts in 195Aaite and Schmidt1963. It was inspired by the virtual realisation of ice
as an low loss medium for radar waves (cf. Secoh.3 by pilots crossing it with aeroplanes using
early radar altimeters in the 1930s. Since radar has becastendard tool and is operated spaceborn,
airborn or on the ground on polar as on alpine sites to measgréehe ice thickness [e.Bdhlert 2005,
investigate the internal stratigraphy of glaciers [@ghleber 2011, determine surface accumulations
[e.g. Steinhageetal, 2013, etc. Within the subject it is referred to as ground-pestéig radar (GPR),
ice (penetrating) radar, or particularly for airborne sys$ as radio-echo sounding (RES).

RADAR SYSTEMS

Radar systems generally comprise transmitter (TX), recdiRX), control unit and recording system.
Electromagnetic waves or wave pulses are generated aneeiojt TX and after travelling along various
paths to and fro reflectors recorded by RX as functions of #eetalled two-way traveltime (TWT)(cf.
Figure3.3).

The data of this thesis was collected using a common bistapialse radar systems operated in common

offset (CO) mode, for which with TX and RX are mounted with thd@istance on a mobile platform that
is moved along a profile while recording.

REsoLuTION Navarro and Eisef2009 report for the vertical resolutioAzg pra theoretically value

of about one quartek /4 wavelength and unto one half wavelengt/i2 in praxis. For the horizontal
resolutionAxgpg they report a generally depth dependence but for properdyateéd areas of a radar-
gramm constant values @f/2 for distances of less thah/4 between adjacent radar traces. Yet in case
of an impulse radar not the wavelength of the carrier wavdéhmitength of the pulse is decisive.

RADAR REFLECTORS AND INTERNAL REFLECTING HORIZONS

Radar reflectors arise from gradients of the dielectric erigs along the wave path. In glacier ice such
are caused according to the strength of their contribution b

e changes in densityParen 1975 Clough 1977,
e changes in acidityHammer 1980 Moore, 1989,

e changes in crystal-orientation fabrics (COE)denet al., 2007, Matsuokaet al., 2003 Fujitaetal,
1993
Furthermore reflectors occur at transitions between @y viater and bedrock.

Spatially extensive internal reflectors, i.e. coherengtayf dielectric contrast, are referred to as internal
reflecting horizons (IRH), and are interpreted as isoctsdRebinetal., 1969.

ALLOCATION  Simple mono- or bistatic GPR systems are not able to septm@teontributions to a
recorded trace spatially. Each radar trace contains a mnerdional data record that is usually interpreted
as back scatter from vertically aligned reflectors below®RR’s coordinate at the glacier surface, even

3i.e. the traveltime between emission of the wave by TX and itending by RX, where "two-way" figuratively describes the
situation of closely arranged RX and TX were the wave traixgise on the same path (once to and once fro) between RX/TX
and reflector.
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Figure 3.3: On the left: Principle bistatic ground penetrating radar (GPR) setup comprising a
transmitter (TX) and a receiver (RX). Electromagnetic vsawe wave pulses are generated and emitted
by TX and after travelling along various paths to and fro fles recorded by RX as functions of their so-
called two-way traveltime (TWT). As prominent peaks appeaisfnall TWT the direct air wave and the
horizontal ground wave, who are usually eliminated fromdhat by static correction at the beginning of
the GPR processingn the right: Conversion of TWT to depth exemplified for a coplanar composition
of surface and internal reflecting horizon (IRH) with homiogeus layer with phase velocity= const

in between. For the path length holds- tryw - c and in case ofl << L for the deptte = trwt-¢/2.

Both Figures are fronKonrad[2011]].

though it inevitably contains back scatter from reflectoos all directions in space. Thus a radar trace
might display for a certain TWT a so-called allocated reflediwat was not located vertically beneath
the GPR but might lie anywhere else on a sphere with the same TWWFIgure3.4 one might study this
phenomenon for an allocated point reflector and for an akathedrock reflectd.

MIGRATION For simple plain geometries with coplanar surface, intelagering and bedrock the
problem of allocation is reduced to two dimensions and tlakgable. Considering a singular strong
reflector of an planar IRH, it would appear in the radargransrdiatinguishable downward-open hyper-
bolae (cf. Figured.4) as it would not only appear in the trace vertically tangaapit but also allocated in
the neighbour traces. After two-way-traveltime-depthvassion the allocated reflectors can be shifted
back into the plane of the IRH by simple trigonometric redati. This is called two-dimensional migra-
tion and regularly applied in GPR processing.

In complex geometries however the three-dimensional rigraf allocated reflectors back to their ac-
tual position is with two-dimensional radar data impossiliThus leaving large unquantifiable uncertain-
ties.

A more comprehensive introduction on radar techniques aptications in glaciology can be found in
Navarro and Eisef2009, Bogorodski etal.[1985.

3.2.2 CONVERSION OF TwWO-WAY TRAVELTIME TO DEPTH

As GPR records reflectors against two-way traveltimes (TWi&)resulting radargramms do not imme-
diately reveal information like the ice thickness, wherefa conversion of TWT to depth is necessary.
This however requires the knowledge of the wave spesldng the wave path (cf. Equatio8.p)).

4But it holds in general for all kinds of reflectors, as any kofdeflector can be separated into point reflectors.
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Figure 3.4: On the left: Allocation of a point reflector. A point reflector in deptle that is verti-
cally below positionxg is located correctly in a radar trace recorded from the GPpositionxg, yet
the GPR at positiors records it too and allocates it to a point vertically belsyin the depth of

| =+/Z2+ (X5 —X%0)? > z. Due to the phenomenon of allocation the point reflector é®mded in the
radargramm as hyperbolae. For distinguished point refledistinguished hyperbolae are visible.

On the right: Allocation of a bedrock reflectors. Allocation naturally applies for bedrock reflectors
too. As they usually are distinguished in comparison torthigirounding, bedrock becomes blurred.
The Figures are frorkonrad[2011].

A local velocity profile can be derived e.g. from GPR studiezdmmon midpoint (CMP)mode as
TWT-dependent(trwT) or from dielectric profiling (DEP) of an ice core adjacent toadar profile as
depth-dependenz).

If the velocity profile is not known, the assumption of a simpbplanar composition of surface and
IRH with an homogeneous layer with= const in between (like depicted in Figu@3) yields a simple
analytic relation between TWirw T, wave-path length. antennae distanaktand depttz which can be
further simplified for large path lengths and small antergiaancesl << L

1 d L t -C
L=trwt-c and Z:é\/Lz—d2 <§L§: TW2T

However as the velocity depends via permittivity on densitigich increases with depth, the above as-
sumption bears a large error and can only give an estimate.

If c(2) respectivelyc(trwT) along the wave path is known one can derive more precisedinplintinuous
or discrete conversion formulae, e.g.

trwT(2) = 2/020(222:) —2. Iz ZZE;—)Z‘ (3.8)

Note that the above conversion holds only for radar tracesedb the position of the local velocity profile.
Yet, if bedrock is recorded continuously, it can be extraped along the radargramms by scaling it to
the ice thickness. This involves the assumption that theitledepth profile for relative depths to ice
thickness was preserved along the radargramm.

5 Common Midpoint (CMP): Radar traces are recorded for step-wisarged distances between TX and RX maintaining a
common midpoint.
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3.2.3 DELECTRIC PROFILING

Dielectric profiling (DEP) is a non-invasive method for theasurement of the dielectric properties of
ice cores. It measures capacitance and conductance batwered electrodes shifted along the core with
alternating currents in the kHz-range. The method was fegeldped byMoore and Parefil987, who
searched for a more reliable way to measure acidity and edézanic peaks in polar ice core records
then provided by the previous electrical conductivity noetfECM) Hammer 1980.6 Moore [1993
enhanced the method in its resolutiwvilhelms[ 1994, Wilhelmset al.[199§ introduced a new guarded-
electrode geometry enhancing the precision of the measnsmandVilhelms[200Q conducted the last
instrumental refinements further improving the methodécggion.

APPLICATIONS

DEP is widely used in glaciology both in the field and in thedediory, e.g. for the
e dating of ice cores by volcanic records [eGple-Daiet al, 2013 Moore and Parerl987
e determination of past accumulation rates [¢lgfstedeet al, 2004 Oerteretal., 2000
e investigating the conduction mechanisms in ice [Stjlmanetal., 2013

e improvement of the understanding of ground penetratingré@PR) reflectors [e.drewsetal,
2012 Eisenetal.,, 2003hc]

DEP BENCH OF THE AWI

The DEP bench of the Alfred-Wegener Institute for Polar anariNine Research (AWI)Wilhelms
200Q Wilhelmsetal, 1998 Wilhelms, 199q (cf. Figure3.5) used in this study comprises a static long
lower frame holding the ice cores and acting in measuremestsigh electrode and a movable short
upper frame carrying the measuring low electrode, whiclmbedded into a guard electrode on the same
potential. The guard electrode’s task consists in shiglthie low electrode from boundary effects of the
electromagnetic field. While measurements the upper framshifted stepwise by a step motor along
the lower frame. The bench is controlled by a LCR-Meter maaguwia the electrodes capacitance and
conductance while supplying the alternating current feralectrodes and triggering the motor controller
thus controlling the motor. The measured data is exporteeahtime to a common PC.

UNCERTAINTIES

Principle uncertainties of the measurements derive fromsifstem’s precision, i.e. mainly the LCR-
meter’s specification and calibration, and from air gaps/beh the electrodes and the ice core or air gaps
to to ice core defects. For the derived dielectric propeitiélhelms[2004 reports maximum relative
errors of 3.5% for permittivity and 7.5% for conductivityh& depth resolution of the AWI-DEP bench
lies without precise specification in the mm-scale and iemeined by the length of the low electrode,
which is 20mm Wilhelms 2004.

DIELECTRIC |ICE CORE PROPERTIES FROM DEP MEASUREMENTS

DEP measurements of polar firn established the measuredsiioms capacitance and conductance to de-
pend in mixed contributions, besides on the dielectric prigs of its constituents pure ice and air, on the
firn’s content of impurities, i.e. concentrations of acialt s&nd ammoniaNlooreetal., 199Q 1992 1994

8ECM measured DC conductivity between two scratching eldesanoved along the polished surface of an ice core yielding
results highly sensitive to the contact pressure of thereldes.
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Figure 3.5: Dielectric profiling (DEP) bench of the Alfred-Wegener Institute (AWI), designed by Wil-
helmsWilhelms[2004, Wilhelmsetal.[1998, WilheIms[1996. The DEP bench essentially is a cylin-
drical capacitor measuring capacitaiiand conductancé for alternating currents in the kHz-range. It
comprises a static long lower frame holding the ice coresamtithg in measurements as high electrode
and a movable short upper frame carrying the measuring leatrelde, which is embedded into a guard
electrode on the same potential. The guard electrode’'sctassists in shielding the low electrode from
boundary effects of the electromagnetic field. While measerds the upper frame is shifted stepwise by
a step motor along the lower frame. The bench is controlleal b§ R-Meter measuring via the electrodes
C andG while supplying the alternating current for the electroded triggering the motor controller thus
controlling the motor. The measured data is exported intie@ to a common PC.

Wolff, 1995 Wolff etal, 19974’ and its densityNoore, 1988 Wilhelms 1996 Wilhelmsetal, 1998
Wilhelms 2004. Thereby the density enters mainly into the real part aeditipurities’ concentrations
mainly into the imaginary part.

DEP measurements of capacitaiand conductanc® of a core allow in principle to derive
o the real relative permittivitg’ and electric conductivity,
e the content of acid, ammonia and salt,
o the densityp.

DERIVATION OF REAL RELATIVE PERMITTIVITY AND ELECTRICAL  CONDUCTIVITY  The di-
electric properties of a core are derived from the measumnesneith the equations3(9) and @.10 [cf.

"ECM on the other hand responds only to acidijopreet al, 1992 1994 Wolff, 1995.
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Wilhelms 1994.
C
g=_ 3.9
o (3.9)
&-G
= 3.10
Cs (3.10)
C = capacitance of the core Co = empty capacitance
G = conductance of the core & = vacuum permittivity

DEPENDENCE OF CONDUCTIVITY ON CHEMICAL CONCENTRATIONS Wolff [1995, Wolff etal.
[19974 derived from the GRIP ice core at -15C an empirical calibrabf the conductivity measured
with DEP, depending on the intrinsic conductivity of pure &nd concentrations of acid, ammonia and
salt,

0 =9+ 4H"]+ 1[NH/] + 0.55[CI ] (3.11)

whereo is in uS/m and the chemical concentrations areumol/l. Used on polar ice cores [e.g. cf.
Stillmanetal, 2013 the calibration has not been confirmed for Alpine core’s.

DERIVATION OF DENSITY (cf. Section3.1.3 For known properties of pure ice and air DEP allows
with high precision the determination of the measured sodensity. Neglecting complex mixing the
dependence of the real relative permittivity of the firn andensity can be described by the Looyenga
mixing model Looyenga 1965 (cf. Equation 8.5) with a relative error of 10%Wilhelms 2005 or
semi-empirically with an larger error by the formula frdfovacsetal. [1995 (cf. Equation 8.6)).A
precise dependence within a relative error of Mllfelms 2005 can be described by the theory of
density-conductivity mixed permittivity (DECOMP) &f/ilhelms[2009 (cf. Equation 8.7)).

3.2.4 FORWARD M ODELLING

The principal aim of forward modelling is to establish a phgsconnection between dielectric ice core
profiles, e.g. from dielectric profiling, and radar reflestar local traces, thus enabling the transfer of
ice core properties and datings onto internal reflectingzbas (IRH) and the spatially extrapolation
of ice core properties along radar profiles. Past approashesmple comparisons and investigations
for correlations of ice core records with radar traces [EBgdmandsenl975 Hammer 198Q Blindow,
1994h Hempeletal., 200( or first attempts of numerical forward modelling [eMoore, 1988 Blindow,
19943 Hildebrand 1996 Minersetal, 1997, were restrained by the limited resolution and precisibn o
the dielectric profiling data. In recent years, however, ithprovement of dielectric profiling (DEP)
[Wilhelms 1996 2000 enhanced the derivation of synthetic radargramms by nigadefiorward mod-
elling approachesMinersetal, 2002 Eisenetal,, 2003hc, 2004 2004 and helped the method to be-
come established at polar sites.

APPLICATIONS
Forward modelling has recently been applied on polar sites

e to investigate the causes of radar reflect&isg¢net al., 2003¢b, Minersetal,, 2003,

e to reduce dating uncertainties, when transferring ice pooperties and datings onto internal re-
flecting horizons of adjacent radar profiléSgenet al., 2006 2004.
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FORWARD MODELLING BY CONVOLUTION

Forward modelling is based on an ice core’s reflectance prgfin the time domain, which can be
calculated from DEP data in the depth domain by Equat®8) @nd has to be converted subsequently
into two-way-traveltime by Equatior3(8). The convolution approaclk[senet al., 20034 gains synthetic
radargramms by simple one-sided convolution Brbnstein 2000 p. 750] of a synthetic wavelet with

the ice core’s reflectance profile in the time domain.

(WxR)(t) = /0 Wit —t)R(t)d’ (3.12)

The approach requires a manageable amount of computinghirh@eglects wave phenomena like
multiple reflections, interferences, etc. The more sofaited numerical finite-difference time-domain
(FDTD) model Eisenetal, 2003¢ accounts for the later physical effects, too, but requérssibstantial
amount of computing time.



4 GROUND PENETRATING RADAR

The ground penetrating radar (GPR) surveys at Col du DémédjGInd the subsequent processing of
the radargramms have been conducted by Bohleber [2012yn@rsommunication]. However, as the
radargramms from GPR form the touchstone of this thesisigdod modelling approach, the outstanding
analysis and discussion of the radargramms had to be catlant are presented in the following.

4.1 DATA ACQUISITION

SETUP (cf. Section3.2.]) GPR on CDD was conducted in common offset (CO) mode with regépa

shielded transmitter (TX) and receiver (RX) antennae mediin static distance of 36cm on a sleigh
using a RAMAC GPR of Mala Geoscience, Sweden, triggered bgdometer at 0.5m intervals and
supplemented by separately collected GPS data [Preurtkart 2012, personal communication].

MEASUREMENTS Radargramms were recorded with frequency 250MHz alongrakflagged paths
(cf. Figure4.l). Every stored trace was stacked from 8 radar shots. For gaathreflections were
recorded over time windows of Qus to 0.us with about 2500 to 2800 samples per shot. However, the
time windows for recording, needed to reach bedrock, wedeuastimated.

4.2 DATA PROCESSING

STANDARD PROCESSING Radargramms were processed [Bohleber, 2012, personal goicetion]
with the software FOCUS by Paradigm Ltd. corresponding tesccdption inBohleber{2011], following
a standard procedure for seismic data processiignmaz [2001], Navarro and Eisef2009.

STATIC CORRECTION The time axes of the radar traces were shifted as to alignttbaegssurface
reflectors to zero timeryw 1 = Ons. The data from the surface wave above was cut.

FILTER A frequency-bandpass filter was used to cut high and paatiulow frequent noise besides
the GPR'’s operating frequency from the recorded traces.

GAIN To compensate the attenuation of amplitudedue to spherical divergence a geometrical gain
correction yieldinQAcorr (trw) O A(trwT) - thyy T Was applied with best results for= 1.2.

MIGRATION For identified allocation hyperbolae (cf. Secti82.]) a automated migration, i.e. a
vertical shifting back into the plane of the IRH, was conedict

CONVERSION OF TWO-WAY-TRAVELTIME TO DEPTH The conversion of depth to two-way trav-
eltime (TWT) was conducted for the radar traces adjacentéoQbM core’s borehole, i.e. the first
shots of 121601, 121604 and 121609, as discrete implen@ntat Equation 8.8) (cf. Section3.2.9.

It was based on a wave-speed profilg) derived from the core’s dielectric profiling (DEP) data. An
extrapolation along the radargramms was not tried as thesglyndo not reach bedrock.

8 Exact values for each radargramm can be found in TAllén AppendixA.1.
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Figure 4.1: Map of the cold Alpine glacier Col di Dome (CDD).Depicted are seven radar profiles
121601 to 121609 recorded with frequency 250MHz [Bohleb@t,2, unpublished], the locations of the
ice cores CDM, CDK, CDG and CDF (dark green) and a crevasséenvasss uphill the glacier (dark
blue, dashed). Furthermore points of intersection are eshfted). Each profile is plotted in a different
colour (cf. legend), its recording direction is marked byaarow of the same colour. If in a section
of a profile the internal reflecting horizons (IRH) Kcf. Section4.3.]) is traceable, the profile in this
section is drawn continuously, else its drawn as a dottexl IPoints of intersection are denoted by an
'P’ plus the end-numbers of the crossing profiles in risindeore.g. 'P69’ for the intersection of profile
121606 and 121609. Intervals of 100 on the coordinate axeesmond to 100m in reality. The map in
the background stems modified frovincentetal.[20073
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Figure 4.2: Radargramm 121601.The radargramm was recorded in direction of the x axis. ltssm®

is mapped in Figure.l Highlighted in the radargramm are in downwards order thoeaa internal
reflecting horizons (IRH) Hto Hg (light green), the reflector-free zone (RFZ)(red)and ttseiased course

of bedrock (brown). Marked at the top are the positions of @M core’s borehole (dark green) and
the crevasse (dark blue) and at the bottom the points ofsetépns with other radargramms (red). For
selected two-way traveltimes (TWT) the corresponding laiegdths and ages before September 2012 at
the position of the CDM core are added at the left.

4.3 RESULTS AND DISCUSSION OF THE GROUND PENETRATING
RADAR SURVEYS

All the radargramms resulting from the above processingla@ayed in AppendiA.3 (for a map cf.
Figure4.l). There further analysis has been conducted using the aatRCHOS by Paradigm Ltd.

4.3.1 ANALYSIS OF THE RADARGRAMMS

The radargramms bear several noteworthy features all daeitgpresent in 121601 (cf. Figu?2). An
overview is listed subsequently.

e Bedrock is visible as strong and broad reflector in parts ddgramm 121601, 121604, 121605
and 1216009. It is not visible adjacent to the borehole CDM.

e The crevasse westwards uphill the CDM borehole is notiegalvhdargramms 121601 and 121607.

e Below depths corresponding to TWT of @& to 0.7us IRH are no longer distinguishable in the
radargramms and reflections hardly occur anymore, a seecadfflector-free zone (RFZ) exists.
This holds for all radargramms but 121605 were bedrock fieglative small depths.
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e IRH can are well traceable over the hole length of 1216036081and 121609 but for the other
profiles only in an area of 100 to 150 meters around the boegebl Figurest.2and4.1).

BEDROCK

Bedrock in radargramms is usually blurred over an uncejgtairea of up to 60ns due to the allocation
(cf. Section3.2.7) of the strong bedrock reflectdtsin the present radargramms bedrock (where it was
recorded) was picked from the broad band of its blurred reftelay increasing the threshold for the
depicted amplitudes until only the maximum amplitudes e These were interpreted as bedrock.

INFLUENCE OF THE CREVASSE

When approaching the crevasse the IRH in the radargrammthbdegline and get completely deranged
and indefinable in the close vicinity of the crevasse. Withaggr depths they are disturbed in greater
distances to the crevasse (e.g. cf. radargramm 121601umed). This is caused by the allocation (cf.
Section3.2.7) of the strong reflectors from the ice-air transition at tradlsvof the crevasse. Assuming a
vertical air gap running from surface to bedrock of the gtaadne would expect to see in the radargramm
a hyperbolic diffraction area distributed symmetricallard the crevasse.

The observed effect corresponds to descriptions of theeinflel of crevasses in GPR radargramms from
polar sites [e.g. given byvilliams etal, 2012 Leveretal, 2013 Arcone and Delaney®00Q BogorodskKi et al,,
1985. However, the declining of the IRH when approaching thevasse deviates from the general
descriptions of diffraction patterns in radargramms atbarevasses. It suggests that the local net-
accumulation at the position of the crevasse reaches aieagimum, i.e. that the crevasse is a local
source for snow accumulation. This, too, is suggested, veloemparing traced IRH from GPR radar-
gramms to modelled isochrones from the application of the fltodel SYNDICATE Konrad 2011,
Konradetal, 2013 to profile 121601 (cf. FigureC.2, AppendixC). A plausible explanation therefor
was, that the open crevasse acts as a sink for wind driven snowwind erosion at the surfacé.

REFLECTOR-FREE ZONE

The vanishing of distinguishable IRH in the radargrammsfi@ol di Dome (CDD) below depths cor-
responding to TWT of 0.fs to 0.7us (e.g. cf. radargramm 121601 in Figu4e?) corresponds to
the so-called reflector-free zone (RFZ) observed for Colteéfeédti (CG) below the firn-ice transition
[Eisenetal, 2003a Konradetal,, 2013 Konrad 2011, Bohleber 2017(cf. Section2.2.9. Yet the de-
scription reflector-free does not really fit for CDD as siragukeflectors still occur but are not assignable
to distinguished layers, i.e. IRH. The RFZ at CDD begins Wwelloe depth of the firn-ice transition as
a comparison of radargramm 121601 (cf. Figdrd to the density-depth profile of the CDM core (cf.
Figure6.2, Section6.2) after conversion of two-way traveltime to depth estal@shAfter assigning ages
to depths by using the age-depth profile of the CDK tb(ef. Figure2.4, Section2.2.1) the depth of the
firn-ice transition was found to lie only in the later half bEt1990s.

This result suggests that one of the three currently digclisgpothetical contributions to the origin of the
RFZ (cf. Sectior2.2.2 can probably be ruled out, i.e. the supposed buffering ahpgthe regime tran-

9 Bedrock reflectors are usually strong due to high dielecwittrast. Bogorodski etal, 1985 p. 217] gives for frozen bedrock
dependent on its nature (soil, granite, etc.) values in thizdvange for real relative dielectric permittivity betwekand 10 and
for dielectric conductivity of 10*uS/cm to 18uS/cm, while for glacier ice in the MHz-range values of permityi typically
lie around 3.18 and for conductivity in the order of ZQuS/cm to 1uS/cm (cf. Table3.1, Section3.1.3.

1%personal experiences with the digging of snow pits on highiated glaciers and their rapid subsequent burying by wiift d
may anybody make this explanation comprehensible.

11Tl the going to press of this thesis no dating of the CDM caias available. So the age-depth profile of the CDK core drille
earlier at the same location had to be used.
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sition of Alpine snow chemistry from slightly alkaline toid in the 1950s\Wagenbacletal., 2012(cf.
Figure2.3, Section2.2.1) on reflectors from conductivity variability below depthsresponding to the
1950s Eisenetal., 20033.

TRACEABILITY OF THE INTERNAL REFLECTING HORIZONS

The picking and tracing of IRH throughout a study site alldtes lateral extrapolation of ice core prop-
erties and can enable the direct comparison of data frorardiit ice cores. For the radargramms from
CDD picking and tracing of IRH is only possible in the firn regidown to the depth of the RFZ. There
an exemplarily bundle of horizons;Ho Hg has been picked and could be traced continuously throughout
a large area (cf. Figuré¢.2and the Figures in AppendiX.2). The traceable area is represented in Figure
4.1 There the paths of the radargramms are plotted within théragously traceable area as continuous
lines and beyond the traceable area as dashed lines.

To evaluate the coherence of the IRH two closed circles weaenmed? (cf. Figure4.1) following a
procedure established IBohleber{2017, Konrad[2011].

SMALL CIRCLE  P13— P34— P149— P13
(points of intersectionnp =3, path length:=~80m)

LARGE CIRCLE  P37— P34— P149— P69— P67— P37
(points of intersectionnp =5, path length~360m)

In both circles the TWT was entrained for each horizonstéiHg from point of intersection to point
of intersection till the starting point was reached agdieyé resulting in offsets of several nanoseconds
respectively horizons rising with depth and number of seetions (cf. TableA.2 andA.3 in Appendix
A.2). E.g. for the second horizad, with TWT in the order of (168:20)ns the offsets amount to 15ns
on the small course and 3ns on the large one. The resultisgteftorrespond well with comparable
ones found byBohleber[2011, p. 155] on closed courses between boreholes on Colle Bri5).
Bohleber[201] as well found IRH only in the firn region and traced them onseld circles down to
TWT of 130ns to 440ns for the deepest horizon. He found aftesipg three points of intersection and
after~750m offsets of 12ns and 37ns for the deepest horizons. Jdkis as measure one can conclude
that the traceability at CDD corresponds approximatelyhe one at CG.

4.3.2 INCERTAINTIES
UNCERTAINTIES OF IRH
Systematic uncertainties and errors of the reflectors aktdihtRadargramms arise from

LIMITED RESOLUTION The limits of resolution corresponding to the summarizeecsjrations by
Navarro and Eisefi2009 (cf. Section3.2.1) cause uncertainties in depth respectively in TWT
for every feature depicted in the radargramms. Assumingahreslar wavelet of 5 half cycles
of frequencyf = 250MHz, than follows for the present radargramms a verticalertainty of
AtYS ~ 4ns and a horizontal uncertainty M0 ~ 4ns.

ALLOCATION The uncertainty from allocation (cf. Secti@m®.]) is growing with depth but cannot be
quantified further.

12Each of them starts at a point of intersection between two aemadargramms, denoted e.g. as P13 for the intersection of
121601 and 121603, runs along parts of several radargrammsnatothes at several point of intersection until it ends ie th
starting point.
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UNCERTAINTIES IN PICKING IRH

When picking and tracing IRH uncertainties arise from the

e resolution of the GPR,

e risk of picking the false phase thus changing to a higherwetdorizon.

The uncertainty from limited resolution has been discussélde preceding subsection and is taken over
asAtﬁ,)\,T =4ns. The uncertainty from the risk of picking the false phagtéin a radargr::xmnmﬁ,)\,T
can only be estimated, the uncertainty from the risk of pigkihe false phase at a point of intersection
when switching from one radargramm to the othb%av)vT however can be quantified. It corresponds to
the average distance between two horizons in a certain @epie point of intersection and can for the
present case be estimated as As(ff,)\,T =4ns. For the total uncertainty of an IRH in TWStrwt(np)

afternp profile switches at points of intersection follows with Gsias error propagation:

Atrw(np) = \/ (At%/)w) + (Atﬁn) e (AI%T) = \/ (e +1) - (0.4n9? + (Aﬁn)
Comparing expected uncertainties calculated with the aelifyuation forAtﬁ,)\,T = 0 with the unto 5
times larger real offsets appearing in the closed circlesTablesA.2 andA.3) it becomes obvious that
the contribution from the risk of picking the false phasehivita radargramrthtﬁ,)\,T must be large.
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5.1 DATA ACQUISITION

Dielectric Profiling (DEP) on the CDM ice core from Col du Démas conducted in November 2012 by
Bohleber and Hackel.

5.1.1 S&TUP
The dielectric profiling (DEP) of the CDM ice core was conauttising

o four of five frames of a 3-inch DEP measuring benchAtffed-Wegener Institute for Polar and
Maritime Research (AW Bremerhaven, designed Byilhelms[1996 2004,

e controlled by a HP 4285A Precision LCR Meter with measuremamge from 75 kHz to 30 MHz,
e a Pl Physik Instrumente C-500 Stepping Motor Controller and

e a new LabView controlling software-release of Frenzel [unpublished] on a common PC.

The setup is displayed in FiguBeb, Section3.2.3

5.1.2 MEASUREMENTS

Measurements of the 159 core pieces were carried out in 1@%atifrequencies of 250 kHz, 500 kHz and

1 MHz at constantly-11°C. Furthermore 7 runs of empty measurements were condumecdat every
beginning, half and end of each measurement day. The datsupptemented with visually cognoscible
defects and stratigraphic properties (cf. Tablé) registered against depth and digitalized in a separate
logging file. Overall 17% of the ice core were logged as défect

Empty measurements with the ice-core-free bench were dorexord possible shifts of the measured
values due to changes of the experimental setup. They detdthe so-called empty capacitar@s
and empty conductand®, for each step along the bench, for which in theory unaninyosisbuld hold

Co = 0.0622pF andGy = 0S [Wilhelms, 1996. In practice however measured empty values depend
sensitively on the real setup and its environment, for exarmp the self-capacitances of cable guiding or
on temperature dependencies of the capacitances and ¢tandeg of the setup’s components, to name
the two major variables whilst the measuring.

The logging file was established, first to be used for the rsacgorrection of defective ice core parts
whilst the further processing of the DEP data and secongip$sibly support the interpretation of results.

5.1.3 PROBLEMS DURING M EASUREMENTS

FAILED OPEN CALIBRATION  Prior to the measurements a so-called open calibrationeof @R-
Meter, i.e. a field-free measurement with a plane metal shewteen high and low electrode on the
potential of low, should have taken place to eliminate affsm the measured data resulting from other
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capacitors joined up in the circuit than the bench’s cyiicalrone. The calibration was aborted by the
LCR Meter for each attempt and indeed could not have beemgahed with the given LCR meter as
confirmed by Wilhelms in a later telephone communicationngaguently the raw data for capacitance
and conductance was afflicted with an offset and was locatéle negative range with capacitances
C < —0.01 pF and conductancés < —0.01 uS. This had to be corrected subsequently whilst data
processing. (cf. Sectidh.2.3

DEFECTIVE SOFTWARE The LabView software, which controlled the setup, read tleasared data
and wrote it into files, seemed to perform without seriougtsioonings until a data review at the end of
the first measuring day revealed a major error. Even thouglsdiftware displayed the measured data
internally correctly, it did not write it correspondingliitd files, but inscribed only three decimal places
per value, i.e. for values in the pF apdb range '0.000'. However it was possible to work around
the software’s saving routine by extracting the data ouhefdoftware’s block diagram in the LabView
development environment. Thus the re-measurement of Btalfiy’s core pieces 1 till 63 was possible.

Yet another problem had arisen as those pieces .

had already been cut into archive pieces and CrOSS SeCtlonS Of

2.6 cm high lamella¥® (cf. Figure5.1), so re-

measurements could only be conducted with the jntact cores archive pieces
archive pieces instead. Thus capacitar@€gand

conductance§,, of effectively a series connection ‘Im

of the archive pieces and an 2.6 cm wide air gap

from the missing lamellae had to be measured. As

the real relative dielectric permittivity respectively

the electric conductivity of airga ~ 1, 0a ~ 0) lie

below the corresponding values of ice (cf. Table

3.1), the measurements @f; and G, are lying

lower than the corresponding and G of intact

cores. This is plainly observable in the raw dafaigure 5.1: Cross sections of intact cores and
of the collectively measured core pieces 134 addchive pieces

135 displayed in Figur&.5, of which 134 due to its large diameter had to be measuredchs/arpiece
whilst 135 could be measured as intact core. For the subsdygumecessary correction of the so gath-
ered data (cf. SectioB.2.]) comparative measurements of complete and intact corepiaad there
corresponding archive pieces after cutting were condudtedfor 64/65, 72, 80/81 and 88/89.

5.2 DATA PROCESSING

The processing of the DEP data comprised several stagdsimya@orrections and calculations until it
resulted in depth profiles of permittivity and conductivifjhe separate stages are outlined in Figuge
and discussed at length subsequently. Most of them werdat@uprocedures generally applied in DEP
data processing [Wilhelms, 2013, personal communicatidmlst others had to be developed specially
for the correction of the systematic errors that occurredsiviiata acquisition. They all had to be imple-
mented individually for this processing job using MATLAB MathWorks Inc., as no documentation on
the processing and no automated solutions were available.

13The lamellae were cut for ion-chromatographic studies
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Figure 5.2: Processing of the DEP data and forward modellindpy convolution displaying the several

stages between the input, the DEP raw data consisting otitapee and conductance data, the output
of the DEP processing, the permittivity- and conductivdgpth profiles, and finally the output of the
forward modelling, the synthetic radargramms. Inevitablerocessing and more or less standard are the
blue shaded stages in the left column. The red shaded phogesteps in the right column, had to be

developed to deal specially with the problems that occunraitst the data acquisition.

5.2.1 CORRECTION OF ARCHIVE PIECES

As already discussed in Sectibri.3 the values of capacitanC and conductanc@}, of the core pieces,

that were effectively measured as archive pieces in sesi@sactions with 2.6 cm wide air gaps from the
missing lamellae, lay to low and had to be corrected. A forapglroach for the necessary correction was

derived from the theory of the series connection of capesdad can be found at length in Sect®n of

the appendix. It yields the non-linear relatio®s9q) and B.10) between the effectively measured values

C, andGj, and the wanted values for intact core pieCesndG:

(5.1)

G= , (5.2)

1
= —Nn
GA

with k, I, m,n = const

The non-linearity of the relations is a consequence of thEhddependency of the ice cores dielectric

properties and the consequential depth dependency of thevampieces’ capacitanc€s and conduc-
tancesG whilst the properties of the air gap remain unchanged througdepth.
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To determine the set of constaktd, mandn several approaches were possible and tried:

1sT APPROACH: An empirical approach on basis of the comparative measurenoé the intact core
pieces and archive pieces 64/65, 72, 80/81 and 88/89,

2ND APPROACH: A simplified reduction of this approach only gainitkkgand m by neglecting the
contributions of the air gaps and

3RD APPROACH: An inverse normative determination of the the set of coristasing literature values
of the real relative dielectric permittivities and electdonductivities of snow and ice plus the
demand for steady curves of the measured parameters’ te¢rile transition between the core
pieces measured as archive pieces and measured as inEptex®s.

1sT APPROACH This approach was based on the re-formulatiorbaf)(and 6.2) into the line equa-
tions C%* =k+I-C ande%* = m+ n- G, these recommending, thiatespectivelyn could be gained as
slopes andk respectivelym as intercepts with the ordinate, if the data of the compagatieasurements
for the capacitance was plott%% versusC and respectively corresponding for the conductance. This
was conducted on the the trends of the respective data smtshyveigenvalue decomposition, to avoid
that high frequent noise interferes with the expected fimekation. The resulting graphs are displayed
exemplarily in Figures.3and completely in Figur8.1 in AppendixB.2, the extracted values &f I, m
andn in Table5.1 Apparently the expected linear relations can not be astadal on the current data,
there are neither unambiguous slopes nor unambiguousabedittercepts. This presumably is caused by
the factor that the data basis of the four comparative measemts has been collected bellow the firn-ice
transition where the trends of the dielectric propertieghefcore are no longer subject to major changes
and the non-linear relations are replaced by linear oncekihg comparative data from the firn region of
the core thus this approach was dismissed.

0,96

Figure 5.3:  1st Approach of
archive piece correction De-
picted is exemplarily for core
piece 64/65 the resulting graph
(black) from plottingc%* versusC
and a linear fit (red) to it. The ex-
pected linear relation can not be
established, there is neither an un-
ambiguous slopé& nor an unam-
biguous ordinate interceft
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2ND APPROACH Still trying to gather a correction out of the comparativeasierements the second
approach neglected the non-linearity caused by the air gdmssumed thal, ~ Ca respectivelyG, ~
Ga holds. Than follows corresponding to the formulBs1@) and B.14) from AppendixB.1:

C C
— ~ — =k =const
Ch Ca
G G
~ — = m= const

Gi  Ga
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This reduced the problem to the determination of constarrection factorsk and m, which can in-
artificially be solved by division of the comparative measuents’ data of the intact cores through the
appendant one of the archive pieces. Therefor the data veaaged for each of the four segments
64/65, 72, 80/81 and 88/89 after cutting the defective dathexends and beginnings of single core
pieces. Finally the correction factors were gained as tleea@e of the particular four. The results are
displayed in Tabl&.1 The quality of this approach was tested primarily on bakik@four comparative
measurements by comparison of the data of the intact cocepiwith the factor corrected data of the
archive pieces (cf. Figurb.4 and FigureB.2 in AppendixB.2). The corrected archive pieces’ data
corresponds well within one standard derivation with theads the intact cores. A more qualitative
secondary validation was given by the observation, thatitttentinuous steps between the core intervals
measured as archive pieces and those measured as intapiemmgs were reduced to insignificance by
the applied correction (cf. Figu5and FigureB.3in AppendixB.2). This was important as artificial
discontinuities in the signal subsequently would have destitong reflectors and artefacts in the synthetic
radargramm. The major shortcoming of this approach is, tthategligence of the non-linearity led
to a too high trend of the corrected data in lower depths arambayéntle incline of the depth profiles
(cf. Section5.3.3and Figure5.8). However, as the macroscopic trend of the data is not aabént
the structure of the synthetic radargramms and only infheterror in the conversion between depth
and traveltime, the results of the factor correction gaibgdhis approach could be used for the further
processing.

Figure 5.4: 2nd Approach of -0,050+

archive piece correction. De- 1

picted is exemplarily for core s -0,0551 /\
piece 64/65 the comparison of the g

capacitance of the factor-corrected 2 ] \f
archive piece (black) with the ca- = -0,060 -
pacitance of the appendant intact §

core piece (red). Both correspond(‘_)“ 0.065. |
well within one standard deviation ’ |
(grey shaded uncertainty range). 1 : \
52,5 53,0 53,5 54,0

Depth/ m

cita

3RD APPROACH The final third approach was implemented retroactivelyra$sessing the permittivity-
depth profiles in SectioB.3.3 when it became plain that the thitherto applied correstied to curves
too high and to gentle in slope (cf. Figuge8). Then the idea evolved to scale the data in order that
it fitted with literature values for the boundaries of snovitat top and glacier ice at the bottom. This
was conducted by a backwards calculation (cf. Appemiiy of the parameterk, |, mandn and sub-
sequently the application of the formulag) and 6.2). Therefor literature values froBohleberet al.
[2012 and Jepserj201Q were used (cf. Tabl®.2). The results are listed in Tabe1l The resulting
depth profiles of conductance and capacitance are dispiaygdure5.8and met with some fine tuning
on the set of parameters the requirement that no large disaities should remain at the transitions be-
tween core intervals measured as archive pieces and sucuradas intact cores. The approach led to
the demanded trends of the dielectric properties, but ckasarge surge of the relative amplitude of the
signals variability in the core’s interval measured as @echieces. The amplitudes abruptly diminish at
the transition between the two measurement regimes — adlyian artefact of the approach. In the later
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Figure 5.5: 2nd Approach of
-0,055 archive piece correction. De-
picted is the capacitance of the
core pieces 134/135 before (black)
and after factor-correction (red)
Both pieces were measured in one
run with 134 due to a too large di-
ameter measured as archive piece
and 135 as intact core piece. The
discontinuity at the transition be-
tween the core pieces after cor-
0,070 . . . rection is reduced to insignificance
103,0 103,5 104,0 104,5 compared to the natural variability

Depth/ m of the data.

-0,060 ~

-0,065

Capacitance / pF

forward modelling (cf. ChapteB) this behaviour led to relative large reflection coefficgeint the upper
part of the core measured as archive pieces in contrastaiiveelveak ones in the lower part. In combi-
nation with the attenuation of the reflected radar amplisudih depth this led to an artefact reduction
of the reflectors relative amplitudes below core piece 6% dpproach therefore was not used for further
processing.

Table 5.1: Resulting set of parameters k, |, m and n for the arhive piece correctionretrieved from
three different approaches.

k | (-1019) m n (-10°)
1st approach
Core Pieces 64/65 .000+0.011  1132+0.203 (Q780+0.014 5482+1.130
Core Piece 72 B30+0.044 6358+0.745 Q809+0.025 6811+2.017

Core Pieces 80/81 .114+0.011 2599+0.192 1023+0.003 —4.820+0.275
Core Pieces 88/89 .241+0.035 —1.239+0.607 Q773+£0.005 170560+ 4.682
2nd approach 0.9544+0.016 — 0859+ 0.028 —

3rd approach 0.236 -0.134 Q397 45791

RESUME ON THE THREE APPROACHES Weighing the pros and cons the actual archive piece cor-
rection was implemented as factor correction correspanttirthe second approach. Thereby a linear
operation was applied, which did not cause unaccountethatse However the shortcoming of the re-
sulting data that it overrated the data in the upper core saghmad to be kept in mind for the conversion
of depth to two-way traveltime in Sectidhl

5.2.2 TREATMENT OF EMPTY MEASUREMENTS: CALCULATION OF A MEAN
EMPTY SIGNAL

The empty measurements were needed for the calculationeafiidhectric values of the real relative
permittivity &’ and the electric conductivitg corresponding to Equation8.9) and @.10, furthermore
they could be used for the correction of the failed open catlibn.

As can be seen in Figue6the seven empty measurements corresponded very well vathather and
could be represented by their average, thereby avoiditigrimar deviations between the different empty
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signals lead to artefact discontinuities at the trans#tibatween core intervals with different assigned
empty signals.

Furthermore the separate empty measurements possessarhetetistic course and did not display a
constant capacitance for the different positions of thesuegag low electrode along the empty capac-
itor's axis. Reason therefor was the inevitable movemenhefcable guidance whilst measuring and
consequent modulation of the cables self-capacitance.astwot ex ante obvious how they had to be
considered for the forthcoming calculations.Anticipgtiater results (cf. Section ) it became evident that
they had to be considered by their mean values as otherwefacrperiodicities would have emerged as
one can see in Figu®7.

5.2.3 OFFSET CORRECTION FOR THE REPLACEMENT OF THE FAILED OPEN
CALIBRATION

As outlined before in Sectiob.1.3the failure of the open calibration of the setup caused aebtin the
data. This had to be determined from literature data andaeted from the measured capacitance and
conductance before the calculations of the real relativenjivity and the electric conductivity could be
implemented. Two approaches using different literatuta deere possible.

1sT APPROACH using theoretical values for the empty capacitor of the DEifch

2ND APPROACH using literature values of the dielectric properties otggdaice

1sT APPROACH Initially the offset was determined as difference betwdenrhean values of the av-
erage empty signals measured from theoretical values éosdtup’s empty capacitanﬁét and empty
conductanceﬁ;gt by Wilhelms[199q (cf. Table5.2). The corresponding calculations can be found in
AppendixB.2, the resulting offsets are listed in Talle3. If one assumed that the offset corrected relative
dielectric permittivity and electric conductivity of theD®/ ice core in the ice region should correspond
well with known literature values (cf. Tablé&s2 or the more comprehensive Tal#iel) of these dimen-
sions, the results of this approach deviated significantisnfthe expectation, e.g. for the permittivity in
the basal region the expected value of ca. 3.19 is surpagded{0.8 (cf. Figures.8).

2ND APPROACH Due to the deviation of the first approach’s results from tkygeetation, a second
approach on basis of literature values of the relative digtepermittivity and electric conductivity of
glacier ice was strained. Now the offsets were determinebdamkwards calculation, so that the subse-
quent calculation of the dielectric properties lead torthsiymptotic convergence with depth against the
initial literature values. Literature values for the dighéc properties of glacier ice have been supplied
over the last decades by several studies [e.gBdlyleberetal,, 2012 Fujitaetal, 2000 Wolff, 1995
Matsuokaet al., 1996 Johari and Charettd975 Joharj 1979 (cf. Table3.1). The here used values are
listed in Table5.2, the calculations may be found in Append and the resulting offsets are listed in
Table5.3 This approach seemed to lead to the best results and fomthercorresponded to the well
established method usually applied by Wilhelms [2013greascommunication].

RESUME ON THE TWO APPROACHES The offset correction was conducted on basis of the second
approach, thereby again implementing a linear operatibiciwdid not cause unaccounted artefacts. The
resulting data thus converged asymptotically with deptiregj the expectated values of glacier ice.
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Figure 5.6: Empty measurements: The figures display the seven separate empty measurements of
capacitance and conductance collected at the beginnitfgarithend of each measuring day (shades of
blue and grey), their average (green) and thereof an eigendacomposition (coloured in red), a linear

fit (orange dotted) and the mean value (orange). Apparehdyempty signal does not shift and the
separate empty measurements correspond all very well with ether and can be represented by their
average. Furthermore it is plain that the seven empty meamnts posses characteristic courses and
do not display constant values along the length of the emggbacitor. Reason therefor is the inevitable

movement of the cable guidance whilst measuring and theecuent modulation of the cables self-
capacitance.
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Table 5.2: Theoretical values for the empty capacitor of thédEP bench and the dielectric properties
of glacier ice applied in the two approaches for the offset correction lier teplacement of the failed

open calibration. The applied values for dielectric prapsrofglacier ice were selected from the various
literature values in Tabld.1

1ST APPROACH:
Theoretical values for the empty capacitor of the DEP bench:

Empty capacitance: Cg‘ = 0.0622pF Wilhelms 1994
Empty conductance: G'(;t =0nS Wilhelms, 1994

2ND APPROACH:
Literature values for the dielectric properties of glacier ice: (Selection from Tabl8.1)

High-frequent real relative dielectric permittivity: £,°¢ = 3.18 [Bohleberetal, 2012
High-frequent electric conductivity: 0!°€ = 0.05uS/cm  Pepsen201q
Table 5.3: Derived offsetsfrom the two differ- AC AG

ent approaches for the offset correction for the 1571 ApprOACH

0.284%pF —2.7873uS
replacement of the failed calibration

2ND APPROACH 0.2983%F —2.0368uS

5.2.4 CALCULATION OF RELATIVE DIELECTRIC  PERMITTIVITY AND
ELECTRIC CONDUCTIVITY

The calculation of the depth profiles of the real relativaedigic permittivity €’(z) and the electric con-
ductivity o(z) out of the measured data was based on the relaB®@®nd3.10(cf. Section3.2.3:

g_C
Cov
&-G

0O=—",

Co

with vacuum permittivitygy = 8.85418781710 *?AsV~'m~! [Gerthsen and Mesched201(

Obviously for each depth the appendant capacitan€e= C(z) and conductanc& = G(z) had to be
applied in this computations. Correspondingly one had freekthat the same held for the empty mea-
surements capacitan@g since the modulation of the cable’s self-capacitance wttiks measuring had
to be expected to have a similar effect in the actual measmtnof the core pieces as it had had in the

empty measurements. This and several other approachdsefentpty signals possible contribution to
the calculations were tested and are listed below.

1sT APPROACH: Cy = Cy(z) = exact course of the average empty signal
2ND APPROACH: Cp = Cgend(z) = eigenvalue decomposition of the average empty signal
3RD APPROACH: Cg = C(I)inear trendz) = linear trend of the average empty signal

4TH APPROACH: Cp = [dZCy(Z)/ [ dZ = mean value of the average empty signal

The results of the four approaches are plotted in Figuve The first three apparently led to periodic
artefacts. The first one furthermore induced strong noisthemresulting data of’ and o as here the
high-frequent noise of the empty signal entered into theutations. Evidently the only approach, which
supplied steady and artefact-free results acceptableifdrer use, was the fourth one.
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Figure 5.7: Results of four different approaches to includethe empty measurements oty into

the calculation of the real relative permittivity &' and the electric conductivity o: The first three
approaches apparently lead to periodic artefacts. Theofirstfurthermore induces strong noise on the
resulting data o’ ando as here the high-frequent noise of the empty signal enterghie calculations.
The only approach, which supplies steady and artefactré®dts acceptable for further use, is the fourth
one.
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Table 5.4: Logged defects and stratigraphic propertie®f the CDM ice core with appendant acronyms

Defects Stratigraphy
BR = Breaks IL = Separate ice layers
DF = Breaks with missing volume ILS = Series of ice layers
FR = Fracturedice core volume | ILense = Ice lenses
SL = Slices CL = Large clear ice layers
DF(SL) = Missing slices DL = Brownish dust layers
DF(CC) <= Defectsfrom core catchers| DarkL = Otherwise dark ice layers
DF(miss) = Missing ice core intervals | Silt = Silt

5.2.5 CONNECTION OF PARTIAL FILES AND LOGGING FILE

The single data files of the separate measurements and tieddie were know concatenated to one
data file containing both data and logging information of ¢benplete ice core. Overlaps of the logged
depth of the adjacent measurements’ data files were cut alfsay the end of the files.

5.2.6 CORRECTION OF LOGGED DEFECTS

A specially critical stage of the data processing consigtetthe correction of the data of defective or
missing ice core volume, because for such the permittivity @nductivity may collapse abruptly creat-
ing artefact gradients (cf. Figute9) and thus in the later forward modelling artefact reflectérsariety

of such defects was observed and logged whilst DEP (cf. TadJe

Due to the individuality of the different defects and thehigaccuracy of about 1-2 cm of their logged
depths a semi-automatic correction routine was implendetitat allowed to decide for every logged
defect to correct or not to correct and accordingly the mbaefnition of borders for cutting and correc-
tion. The corrections between these borders were condhygtiéaear interpolation and logged in separate
columns of the data file. Other more sophisticated intetfpslanodi were dismissed as they led to mo-
mentous minima or maxima and unjustifiable oscillating esrMnput and results of these corrections are
illustrated in Figureb.9. The high and sharp peaks of the input data originate fronbtbaks between
the separate ice core pieces.

In summa 17% of the ice core volume was defective, correctiahad to be conducted on 24%!

5.2.7 SYMMARIZED EFFECTS OF THE CORRECTIONS AND CALCULATIONS OF
THE PROCESSING

Both the factor correction of the archive pieces and thealglapplied offset correction were finally im-
plemented as linear operations on the raw data, i.e. as thegroach for the archive piece correction
(AC2) and the 2nd approach for the offset correction (OC2)e Tactor correction (AC2) particularly
ascertaining, that no discontinuities between the corensats measured as archive pieces and those
measured as intact core pieces should remain. Furtherimematculations of permittivity and conduc-
tivity were implemented as linear operations as the emptgsme&ments only entered as scalar values
into them. In so far artefacts on small scales, such as gegs#iodical artefacts from the contribution
of the empty measurements, can be excluded. However on t¢halgicale the implemented archive
piece correction (AC2) neglects the non-linearity causgthk air gap and probably leads to artificially
high permittivities respectively low conductivities inwer depths. As can be seen in Figir8 this

is also suggested by the course of another profile calcufabed density data [Preunkert et al., 2012,
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Figure 5.8: Comparison of permittivity-depth profiles from DEP corresponding to different ap-
proaches for correction and a density-based profile calcuted by Kovacs'’s formula: The profiles
from DEP result from the linear 2nd (AC2) and non-linear 3pgr@ach (AC3) for the archive piece cor-
rection and the 1st (OC1) and 2nd approach (OC2) for thetaftgeection. Note that on (AC3) no defect
corrections have been conducted as the approach was disinisnce the data still displays the large
sharp peaks from the interceptions of the different measent runs. The density-based profile (blue)
is calculated with Looyenga’s Formula (Equatidgj, Section3.1.3, the further profile (light-blue) is
a hybrid with density trend and DEP variability. For the hat analysis and forward modelling profile
(OC2 AC2) is used as it contains the exact variability of tHeFDdata. For the conversion of depth to
two-way traveltime the hybrid profile from densitybasedhttend DEP variability (light blue) is used as
it contains the correct trend. Bedrock lies at 121m.

personal communication] using Looyenga’s Model (cf. Equma(3.5), Section3.1.3. The also depicted
but dismissed profile resulting from the 3rd approach foraitedive piece correction (OC2 AC3), which
considered the non-linearity but induced artificial nomgggests a true course somewhere between the
DEP based profile (OC2 AC2) and the density based profile. figedourse of the trend in fact should
lie within an relative uncertainty range of 3.5% around tkegity-based profileWilhelms 200J. Ad-
ditionally the implemented offset correction could onlyifsthe data sets into the right region of some
expectancy values of the ice’s dielectric properties afriguency 250 kHz determined rather arbitrarily
by frequency scaling?

Thus the two data sets certainly are not able to give an exeasure of the ice core’s true dielectric
properties at the frequency 250 kHz. But for the intereshisf thesis the results should be sufficient, as
the further forward modelling predominantly depends onwvéugability of the permittivity and conduc-
tivity profiles whilst possible deviations of the trend orlguse minor errors in the conversion of depth to
two-way traveltime. The further analysis of the permitinvénd conductivity profiles as outlined above
also depends mainly on the variability of the signal. Yetgber quality of the ice core, comprising 17%

14The problem of the frequency scaling will be discussed latein Chaptes.
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of defective ice core volume that had to be corrected in the pnocessing stage again involving 24%
of the core, presented a significant challenge for the istarkthis thesis, as every missing interval of
information about the variability of the data hampered timéhier forward modelling.

For the conversion of depth to two-way traveltime a furthesfite is created by adding the detrended
(cf. AppendixD.1) permittivity variability to the trend of the density-baksprofile (cf. Figures.8). The
resulting profile should reduce errors in depth-to-two-irayeltime conversion but does not qualify for
further analysis or forward modelling, as detrending alsveguses artefacts on the signal variability.

FURTHER USED PROFILES

e For the further analysis and forward modelling the profianirthe 2nd approach of archive piece
correction (AC2) and 2nd approach of offset correction (Pi€2ised, as it contains the exact and
artefact-free variability of the DEP data.

e For the conversion of depth to two-way traveltime the hylmidfile from densitybased trend and
DEP variability is used as it contains the correct trend.

5.3 RESULTS AND DISCUSSION OF THE DIELECTRIC PROFILING :
PERMITTIVITY - AND CONDUCTIVITY -DEPTH PROFILES

The above DEP processing resulted in depth profiles of tHeretsive dielectric permittivity and the
electric conductivity depicted in Figuge9.

5.3.1 ANALYSIS OF THE PERMITTIVITY AND CONDUCTIVITY PROFILES
Visual examining of the permittivity- and conductivity4uté profiles (cf. Figuré.9) yields that

e the trends are strictly monotonic and converge with depgmasotic against constant thresholds,
¢ the variabilities are strong in lower depths and diminishtowously with depth,

e large sharp peaks are not cogniscible,

e the trends of permittivity and conductivity seem to be autirelated on global scale,

e in lower depths exist on smaller scale singular correlatakp,

e below 90m decrease permittivity and conductivity corredat

e aseasonal signal becomes not obvious.

CORRELATIONS OF DEP DATA WITH DENSITY AND CHEMICAL CONCENTRATIONS

Past studies on polar sites established for DEP data

e an empirical relation (cf. Equatior3(11), Section3.2.3 between conductivity and impurity depo-
sitions Wolff etal,, 1997ab, 1995 Mooreetal, 1994 1992 1990,

e a dependence (cf. Equatior&5) to (3.7), Section3.1.3 of particularly real relative permittivity
and in minor degree conductivity on densityilhelms, 2005 200Q 1994 (cf. Section3.2.3,
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Figure 5.9: Permittivity- and conductivity-depth profiles of the CDM ice corebefore (red) and after
(green) the correction of defects by linear interpolatidhe high and sharp peaks of the uncorrected data
originate from the breaks between the separate ice coregiHwe shading in the background displays
the local kind of defect, that had to be corrected: DF = dafeand partially missing ice core volume
(grey); DF(SL) = defects from slices (green); DF(miss) =simg ice core parts (yellow); BR = breaks
(blue). Bedrock lies at 121m.
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e a density-conductivity mixed permittivity (DECOM®)[Wilhelms, 2009 (cf. Equation 8.7), Sec-
tion 3.2.3.

However, due to the problems that occurred whilst measunenef. Sectiorb.1.3 and the consequent
deviation of the measured data from the true course, the urevalues were not expected to agree
with complementary data calculated from density or chehtioacentration on basis of Equatior&11)

or (3.5 to (3.7). E.g. examine the deviation between density- and DEPebpsanittivity of the CDM
core in Figure5.8. Non the less it was of interest, whether correlations betwthe permittivity and
conductivity-depth profiles of the CDM core and with dataehdity and chemical concentrations existed,
that could qualitatively confirm the relations listed above

Density data from the CDM core in half-meter resolution wagdied by Preunkert et. al [2012, personal
communication] and, as till the moment of going to press Wik thesis chemical concentrations of the
CDM core were not available, ion-chromatographic derivegurity concentrations of the CDK core by
Preunkert and Legrarfi@013.

The subsequent correlations are calculated using a déisonptementation of the classical Pearson Cor-
relation Coefficient [cfMudelsee201Q. They are partially calculated as (here) so-called alisator-
relations on the complete data sets from surface to bednogkpartially as so-called depth-dependent
correlations in windows shifted along the depth axis in dipti@nt steps (cf. Append?.2).

CORRELATIONS WITH CHEMICAL CONCENTRATIONS The calculation of correlations of the CDM
core’s DEP data with impurity concentrations of the CDK cor@lved the rescaling of the CDK'’s
depth axis using its age-depth profile (cf. SectB.]) by about 33.5m, the depth equivalent of
eight years. Thus the common data only covered the deptivahteetween 33.5m and 119m with
a large uncertainty about its certain offset. The probighilf finding any correlations consequently
was a remote one and no correlations could be found, neitheéhe complete common length
of the data sets, nor depth-dependent (e.g. cf. the depthrdent correlations with ammonium
and calcium in AppendiB.3). All calculated correlation coefficients were scatteremliad zero.
However, a change of variability of the ion-chromatograptata below the rescaled depth of 90m
was observable and is further investigated subsequenttysrsection.

CORRELATION WITH DENSITY The expected dependency of the real relative dielectrimpévity
on density is confirmed by a relative high Pearson’s coigiatoefficient of 0.81.

CORRELATION OF PERMITTIVITY AND CONDUCTIVITY Calculations over the complete core length
yield a visible anti-correlation of -0.61. The depth depamidcorrelations on scales from 30m to
90m in Figure5.10however reveal a shifting from an anti-correlation in lowepths to a strong
correlation of 0.6 to 0.8 in higher depths below 90m, therlategniscible on all scales from 1m
to 90m. This confirms the visual observation at the beginwiintpis section. Note that the anti-
correlation in lower depths, which is distinctly visibletime trends of the data, might partially be
an artefact of the measurement of the core pieces 1 to 63 lhisepieces (cf. Sectiob.1.3, for
which’s non-linearity the applied correction did not acob(cf. Sectiorb.2.1). Compare therefor
in Figure5.13the DEP profiles of the cores KCO and KCC from Colle Gnifett)Cwhich'’s
trends do not display a visible anti-correlation.

The above investigation in correlations could only confila expected density dependency of permit-
tivity unambiguously. It was hampered in the other two cdseshortcomings of the data. However,
the shift in the depth-dependent correlation of permtifignd conductivity on intermediate scales from

15 Density-conductivity mixed permittivity (DECOMP) describa formal relation of the firn’s permittivity and conductivityie
to the complex mixing of its constituents’ (ice and air) dig¢tecproperties depending on their volume fractions and thes
firn's density.
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Figure 5.10: Depth-dependent correlations between real tative permittivity and conductivity of

the CDM core, calculated in windows of various size shifted lang the depth axis in equidistant
steps. A point in the correlation-depth diagram in a distinct deptiepresents the absolute correlation
calculated on data in the depth intervaHAzyingow/2, Z+ AZwindow/2] (cf. AppendixD.2). Apparently
their prevails a general anti-correlation on large scateintermediate scales a shift from strongly anti-
correlated in smaller depths to strongly correlated indadgpths, i.e. below 90m, while on small scales
no unambiguous correlation is observable. Bedrock lie@ ai

strongly anti-correlated to strongly correlated indisagedistinctive change of ice core properties below
a depth of ca. 90m and suggests further investigation therei

SEASONALITY

Both for polar and Alpine sites there have been seasorsilitiéensity and in particle deposition reported.
For Greenland and Antarctita etal.[2007, Zwally and Jurf20023, Gerlandetal.[1999 observed sea-
sonalities in firn densification and thus density a&damotoetal. [201], Rasmussegtal. [200§ for
aerosol and particle depositions. For Alpine sites, e.gCia di Dome (CDD)Preunkert and Legrand
[2013, Legrandetal. [2013 reported an annual signal in deposition of e.g. ammoniurs. thfe real
relative permittivity in DEP measurements of glacier iceesodepends mainly on density and the elec-
tric conductivity mainly on impurity concentrations (cfe&ion3.2.3, e.g. of ammonium, it could be
expected that a seasonal signal might be contained in thaitgieity- and conductivity-depth profiles of
the CDM core.

Ice core records however are defying time series as timeases not linear with depth, hence the fre-
guencies of possibly existent seasonal signals shiftcoatisly with depth. As an initial visual analysis
and a simple Fourier analysis could not uncover any seasgretontinuous-wavelet transformatfén

16 The applied continuous wavelet transformation "expands serees into time frequency space and can therefore find iechli
intermittent periodicities.’ Grinstedet al., 2004
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[Grinstedet al., 2004 was applied on the detrend€dpermittivity and conductivity profiles (cf. Figure
5.13). Ityielded that

e the contributions of all periods to the signals amplitudeagally diminish with depth, which is
no surprise, as the compression of firn to ice reduces dewaitgitions with depth and nearly
annihilates them below the firn-ice transition,

e particularly significant contributions to the signals aimyale of medium period diminish with depth
and predominantley vanish below 90 meters confirming theraemt of above,

e an unambiguous seasonality could not be disclosed.
Possible explanations for the absence of a seasonal sigtlaé®EP data are
e the huge ratio of defective data,

o the especially large effect of firn densification on possiiglasonal signals due to the small number
of annual cycles contained in the firn Section of the coreseduwy the very high annual net
accumulation at CDD; note that the upper 60 meters of the @algecontain the snow deposition
of 17 years (cf. Figuré.2),

e disturbances of the glaciers stratigraphy caused by amssewon the flow line above the drilling
site of the CDM ice core (cf. Sectiorzs2.1and4.3.7).

CHANGE IN THE VARIABILITY OF THE DATA

Previous analysis indicated that below a depth of about 9meschange takes place with the variabil-
ity of the DEP data as well as of the ion-chromatographic .ddtaerefore some further investigation
on the variability was conducted, comparing the variapitf permittivity and conductivity, derived
by detrending using an eigenvalue decomposition (cf. Eidud), and the concentrations of the ion-
chromatographic data on the scales of there standard wegat

Apparently the variability of all profiles diminishes sijnantly below 90m. This is most distinctly
visible in the variance of the permittivity and the concatitns of SQ and NG. While 1o-events here
are rather the usual in depths above 90m there remain onlin3ke 30m-interval below (cf. Figures
5.12andB.6).

TRANSITION OF ALPINE |ICE CHEMISTRY FROM ALKALINE TO ACID REGIME

The change of ice core properties below ca. 90m, indicatetthdyabove investigations, could possibly
stay in relation with a regime change in Alpine ice chemi$toyn slightly alkaline to acid in the 1950s
[Wagenbactetal., 1988 Wagenbach and Gegi4989 Wagenbactetal, 2013 (cf. Figure 2.3 Section
2.2.1), as the time span from 1950 to 1960 corresponds in the CDNiireto a depth of 101m to 92H.
This assumption particularly is confirmed by the fact thahange in variability was not only observable
in the DEP signals of the CDM core but in impurity concentmas of the CDK core, too (cf. Figure
5.12.

"Detrending was conducted by an eigenvalue decompositio tisé software AutoSignal, (cf. Figuie1).
18The age-depth conversion was conducted on basis of the CBs@me-depth profile (cf. Figuiz4).
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Figure 5.11: Continuous wavelet transformation [Grinsted etal., 2004 of the permittivity- (top)

and conductivity-depth profile (bottom). The figures display the contribution of oscillations of a-cer
tain period (y axis) to the permittivity- res. conductivitiepth profiles in a certain depth (x axis). The
amplitude of the contribution of a certain period in a certdépth is represented by colours corresponding
to the colour bar at the right. l.e. high contributions aretigld in dark red while small ones are plot-
ted in dark blue. Significant contributions (delimited fraheir surrounding by more then one standard
deviation) are emphasized by black borders. Bedrock lié2 am.

SUMMARY OF THE ANALYSIS

¢ No correlation between the DEP data of the CDM core and clemancentrations of the CDK
core could be established, thus not excluding possiblelations to chemical concentration data
of the CDM core, which is at present not available.

e Permittivity and conductivity are anti-correlated on gdbscale, but show on intermediate scale
below a depth of ca. 90m a strong correlation.

e The expected correlation between permittivity and dergity be confirmed.
e No seasonality can be detected on the DEP data.

e A significant diminishing of the variability of the DEP dathtbe CDM core and chemical concen-
trations of the CDK core below ca. 90m is observable.

e A change of the ice properties below ca. 90m is suggestett!could be caused by the regime
change in Alpine ice chemistry from slightly alkaline to&an the 1950s (which correspond to a
depth of 92m to 101m).
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Figure 5.12: Variabilities of the detrended permittivity and conductivity profiles (cf. Figure D.1)
and the impurity concentrations of SOy, NO3, Ca and NHy (blue). Further depicted are the signals
mean values (red line) and standard deviations (green)linéste the reduction of signal variabilities
below ca. 90m. Bedrock lies at 121m.
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5.3.2 COMPARISON WITH FURTHER DEP RECORDS

Subsequently the DEP profiles of the CDM ice core from Col dmB§CDD) are compared to data sets
of the firn core KCO and the deep ice core KCC from Colle Griif@). Recall that CDD and CG
are characterised by complementary net-surface accuongand thus time scales of their ice cores (cf.
Section2.1).

The DEP profiles of the KCO core only cover the firn region of G@ were derived within a Bachelor
thesis byJepseri201d. The profiles of KCC where derived at the end of this theskheylwere collected
with a comparable setup, only deviating from the above (efcti®n5.1.1) by the use of the originally
belonging HP 4284A Precision LCR Meter and the precedingvegltlestablished software. Their pro-
cessing followed the same path as the on of the CDM core (gfirEb.2, Section5.2). As the core was
of very good quality and as the setup worked faultless thig it did not need any archive piece or offset
corrections and defect corrections, too, only afflicted Z%e core.

The real relative permittivity and conductivity depth plesi of the three cores are compared on relative
depth scales (relative to bedrock) in Fig&ré3

e The profiles from CG are apparently in very good agreemeffitfootpermittivity and conductivity,
while the profiles of the CDM core from CDD deviate. Also in goamgreement to the permittivity
profiles of CG, however, is the density-based permittivityfile calculated by Looyenga’s Formula
(cf. Equation 8.5), Section3.1.3. This confirms, that the true courses of the CDM core’s pesfil
should have followed the same trend as the ones from the oreGG.

e The variability of the profiles from CG is by more then one arbdigther as the one of the CDM
core’s profiles. Particularly the conductivity profilesfindCG display large and distinctive peaks as
they are known from polar sites [e Bisenet al,, 2003hc] but miss in the CDM core’s conductivity
profile.

e Both the profiles from CG and CDD display different condutyivegimes. As discussed be-
fore (cf. Section5.3.]) for the CDM core from CDD this is possibly caused by the regim
transition in Alpine chemistry in the 19508Vhgenbactetal, 1988 Wagenbach and Gei$989
Wagenbacletal,, 2017 (cf. Figure2.3, Section2.2.1). Even though no dating for the cores KCC
and KCO was available, a rough estimate on basis of a neaesidalculation of 0.2-0.4 m w.e./a
for CG (cf. Section2.1), density profiles of the cores and the assumption of onlyicadrflow
suggests that the observable change might lie in the saneetintow.

5.3.3 WUNCERTAINTIES
UNCERTAINTIES OF THE PERMITTIVITY - AND CONDUCTIVITY -DEPTH PROFILES

ERROR OF DEPTH As discussed iWwilhelms[1996 p.114] the error of depth origins mainly from the
uncertainty in the reconstruction of the ice core from safady drilled core segments while logging. As
in case of the CDM ice core, it consists of the uncertaintyhareconnection of adjacent core segments
and of the length of completely destroyed core segments;hwdiinounts tad\z, = Az~ 1cm per core
segmenn for all n. With Gaussian Error Propagation consequently holds feetinorAzy in the depth

zy of a core segmeriti:

pd

N
Azy = (Az))2=+/NAz — with  zy = > 2 (5.3)
n=1 n=1

Thus for core segments of comparable lengths the relatipthderror diminishes with depth, i.e. he
amounts for the CDM core near the surface in the deptls 3.3m of core segment 5 tézzé ~ 0.68%
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Figure 5.13: Comparison of permittivity- (top) and conductivity-depth profiles (bottom) of the
Alpine ice cores CDM from Col du D6me and KCO and KCC from Colle Gnifetti on relative depth
scale (relative to bedrock).On the x axis 0 denotes the glacier surface and 1 the bedrock.
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respectively in the deptiys ~ 52m to% ~ 0.14% and at bedrock in depthse~ 121m toAzzl—fg9 ~0.10%
corresponding to an absolute depth errofApfsg ~ 12.6cm.

UNCERTAINTIES OF PERMITTIVITY AND CONDUCTIVITY  The total uncertainties of permittivity
and conductivity of the CDM core can be divided into

e errors generally arising from the method DEP,

e uncertainties due to the specific problems with the CDM sobEP

The general errors from DEP originate for empty measuresremd ideal cores from\Wilhelms, 1996
2004

e uncertainties of the used LCR Meter as dominating contiobutb the total error,
e uncertainties of the environmental temperature, and

e errors of the electrode diameter and electrode distandeeddEP bench as minor contributions.

For measurements using a calibrated LCR Meter HP 4284A ircéipacitance rang€ = 0.06pF to
0.19pF and for temperatures in the rang@ ef 243K to 263K with an uncertainty &T = 1K Wilhelms
[2004 specifies maximum relative errors of 3.5% for permittivatyd 7.5% for conductivity. The mea-
surements of the CDM core after offset correction lay in thens capacitance range, they used an
improved LCR Meter HP 4285A with comparable smaller undetiss and were conducted &t =
(262+ 1)K. So transferring the errors by onto the measurements ok core this would mean
that the absolute error of permittivity in the ice range foe profiles (OC2 AC2) and (OC2 AC3) with

& . =3.2 would amount td\e’ =0.11 and for profile (OC1 AC2) witle,_,,, =3.7 toAg’ =0.13 (cf.
Figureb.8).

The uncertainties due to the specific problems with this's@&P demonstrate themselves in the devia-
tions between the different profiles of about four to fife tiiee above errors. Obviously they constitute
the dominating contributions to the total uncertainties.discussed before there order cannot be quanti-
fied precisely but, following the statement\Wilhelms[1996 p.104ff.] that the true course of the DEP
data should lie within an relative uncertainty range of 5%uad data calculated from density with the
Looyenga Model, the estimated relative uncertainty rethagg relative deviation from this expectation
of the trend of the profile (OC2 AC2) chosen for the furthergeissing ranges from 30% in lower depths
to 5% below the firn-ice transition, whereas the uncertaaitthe variability should correspond to the
value given by Wilhelms. As discussed above this shouldmietfiere with the interest of this thesis.



6 COMPARISON OF REAL RADARGRAMMS FROM
GROUND PENETRATING RADAR SURVEYS WITH
SYNTHETIC RADARGRAMMS OUT OF
DIELECTRIC -PROFILING -BASED FORWARD
MODELLING BY CONVOLUTION

6.1 FORWARD MODELLING BY CONVOLUTION

The subsequent forward modelling approach started on tmeittigity- and conductivity-depth profiles
of the preceding DEP processing (cf. Fig&® Chapters). The approach comprised several stages
(cf. Figureb.2) before the final convolution resulted in a synthetic radargm. It followed a procedure
discussed irEisenet al.[2003h 2006 and was based on MATLAB code lBisenetal.[2003H, which
had to be supplemented by a down-sampling and filtering neodul

PIT CORRECTION AND EXTENSION INTO BEDROCK The missing DEP data of the 1.8m deep
drilling pit was set to the mean value of the adjacent datdéndepth interval from 1.8m to 5m, thus
shifting the strong surface reflector back towards surfakraducing uncertainties in the conversion
of depth to two-way traveltime. An extension of the dielaxctce core properties with higher bedrock
permittivities and conductivities was not conducted, as®&PR radargramms adjacent to the borehole
did not reach bedrock either.

DOWN SAMPLING AND FILTERING To align GPR and DEP data in resolution and increment, the
DEP data was smoothed with a Gaussian running mean filterO8ttm window (corresponding to the
time resolution of ca. 4ns of the GPR (cf. Sect#3.2) and subsequently down sampled by linear
interpolation from 0.005m to 0.15m (corresponding to therément of the GPR traces of ca. 1.7ns).
Forgoing this would have lead to a too high deposition of gnef the synthetic wavelet in each depth
interval, as the synthetic wavelet would have seen more IRihér resolution than the GPR wavelet and
consequently would have been reflected more often.

CALCULATION OF COMPLEX RELATIVE PERMITTIVITY AND REFLECTIVITY A complex relative
dielectric permittivitye(z) and therewith a complex reflectance-depth prdRie) were calculated by
Equations 8.1) and @.3) from the profiles of the real relative dielectric permiityvand the electric
conductivity resulting from the DEP processing (cf. profilaxC2 AC2) in Figures.8and Figure.9).

FREQUENCY SCALING The dispersion of the dielectric properties of firn and icé ttabe considered
as GPR was conducted with frequency= 250MHz and DEP withv = 250kHz. Therefor, following
Wilhelms[2009, Eisenet al.[200§ andJepsen201(, it was assumed, that in the kHz to MHz range the
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real real parg’ of the complex relative permittivitg (cf. Equation 8.1), Section3.1.1) was frequency-
independent and the imaginary paft= ﬁ‘eo linearly dependent on frequenas(Vv) was consequently
scaled tce(V') by:

’ .a 1 1

(31) = ANe=¢(V)—¢€(v)= —|£—0 <2nv’ - 2nv)
In case of the complex relative dielectric permittivity diet CDM core this yields a correction in the
order of A¢” = 0.02. However as discussed, e.g.Bohleberetal. [2013 and Fujitaetal. [2000, the
assumption of a frequency-independent real padoes not meet the real observations. Corresponding
to Figure 3.1 a further uncertainty of\e’ = 4-0.05 for the real part of the complex relative dielectric
permittivity of the CDM core remains as no formal correctfon £ has been derived yet. The above
linear correction of the imaginary pat however meets the empirical observations (cf. Figgp

CONVERSION OF DEPTH TO TWO-WAY-TRAVELTIME  The conversion of depth to two-way travel-
times (TWT) (cf. Sectior3.2.2 was conducted on basis of the hybrid profile from densityebarend and
DEP-based variability (cf. the light blue profile in FiguBe8, Sections.2.7) by a discrete implementation
of the Equations3.2) and (3.8).

CHoICE OF WAVELET As the real wavelet of the used GPR system has not been recadsyn-
thetic wavelet, generated by convolution of a Gaussianviail a sinus function and consisting of three
250MHz cycles (cf. Figur®.1), was chosen as input signal for the further convolutionusTiollowing
the considerations disenetal.[2006 andJepserj2010.

In theory best resolutions of the subsurface could Applied Wavelet Ricker Wavelet
be gained by a wavelet consisting of one sharp  ,i0* 10°

pulse that approximates &function as close as o, »

possible, e.g. a Ricker wavelet (cf. FiguBel). E . EO‘S

Convolution of ad-function with the reflectance- . oy

TWT profile would praCtica"y lead to a radar- _lNormaIizeOd Amplituée _lel'grmaliozed AOr"r?pIitudle
gramm completely equal to the reflectance-TWT. _ ) ) _
profile. However a true wavelet will inevitably':Igure 6.1: Depicted on the left is the applied

have a temporal extension with time-dependent‘(y/avelet_ conS|st.|ng of three cycles of 250MHz and
varying amplitudes, yielding for each reflector an the right a Ricker wavelet of the same frequency.

bandwidth of contributions of different phase and ampktsdperposed in the radargramm. Thus a com-
promise has to be made to get a good resolution without nigdethe in reality occurring physical
superposition effects.

ConvoLuTION  Finally the forward modelling was conducted by convolutafrthe synthetic radar
waveletw (cf. Figure6.1) with the reflectance profilR in the time domain using a discrete implementa-
tion of the one-sided convolutio®(12. (cf. Section3.2.4

6.2 RESULTS AND DISCUSSION OF THE FORWARD M ODELLING

After the forward modelling of a synthetic radargramm frorB®data it remained to establish in how
far the result reproduces the features of real GPR tracesded adjacent to the borehole and i.e. if the
assignment of appendant reflectors in both radargramms essite.
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Figure 6.2: Displayed are from left to right the depth profiles of the CDbfe from Col du Déme
of density, real relative permittivity, electrical condivity, synthetic radargramm, power envelopes of
synthetic vs. GPR radargramm and GPR radargramm. Speeialsei, B, ... H referred to in the text
are highlighted by grey bars. On the left ordinate given esdkpth, bedrock lies at 121m, on the right
ordinate given is the age before present (2012) derived thenage-depth profile of the CDK core.

Therefor the synthetic radargramm was compared with a sihttle five closest traces to the borehole
from radargramm 121601 (cf. Figuee1).1® For better comparison both the real and the synthetic
radargramm were normalized over their common length. Toentlagir common features visually more
distinctive, they were compared directly by their squamaglitudes, which are proportional to energy and
thus called power envelopes. Furthermore, as the typisalugion for deposition events due to the very
high net-accumulation at CDD should lie in the range of 1@ 10 meters, to suppress high frequent
noise they were again compared after filtering with a Gansgianing mean with 0.4m-window. In
Figure6.2the synthetic and real radargramms as well as their powal@wes are compared unfiltered
together with the DEP and density profiles of the CDM core. iguFe 6.3 the Gauss-filtered power
envelopes of real and synthetic radargramm are depicted by Gauss-filtered power envelopes of the
single GPR traces, and the results of several sensitivitfies in the forward modelling discussed in
Section6.2.1

6.2.1 COMPARISON OF REAL AND SYNTHETIC RADARGRAMMS

A visual comparison of the real and synthetic radargrammislyithat

e the 1.8m-drilling pit afflicts at least the upper 5m of thethygtic radargramm as the strong surface
reflection still is shifted down to 1.8m and thus allows no pamson with the real GPR trace in

19The five closest shots correspond very well beneath each atitewith their stacked mean, which might be seen in Figure
6.3 This corresponds with the result of Sectis3.1, that the internal reflecting horizons (IRH) recorded by GRRDD are
coherently traceable over a range of about 100 meters arberizbtehole of the core CDM.
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Defect corrected data

Single GPR traces (the 5 closest traces to the CDM core’s borehole)
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Figure 6.3: Top: Power envelopes of real radar traces from GPR (blue) adjac¢he CDM borehole,
synthetic radargramms from two different DEP profiles (redyl sensitivity studies on the origin of
the synthetic reflectors (green). The radargramms areefilteith a Gaussian-running-mean with 0.4m
window. Defect corrected data is highlighted in gr&ottom: Depth-dependent correlations between
the stacked GPR radargramms and the synthetic radargrasnmTIEP. A point in the correlation-depth
diagram in a distinct depthrepresents the absolute correlation calculated on dateseidépth interval
[2— AZyindow/2, Z+ AZwindow/ 2] (cf. AppendixD.2) Top and Bottom: Further depicted in both figures
are the depths of special events A, B, ... H referred to ingke Bedrock would lie in a depth of 121m.
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this interval,
e no visible accordances are observable in the upper 10 meters

e several common events seem to exist in the depth intervaidest 10 and 40 meters consisting in
series of peaks visible in both radargramms only varyingnplgude and shifted slightly in phase,
they are denoted as A, B, C, ... G and marked in the Figbi2and6.3, e.g. the most prominent
common event F is the strongest reflector of the GPR radargram

e in the same interval nevertheless lie two prominent owtigr the GPR radargramm a peak at ca.
14m and in the synthetic radargramm one at ca. 23m

e below 40 meters no further agreement can be observed, besidessibly common event H in
about 73 to 75 meters depth.

The common events A, B, C, E and G thereby where found to agedleinvphase while varying in
amplitude, while D, F and H agreed in amplitude while varyimghase by 0.3m to 1m increasing with
depth.

CORRELATION BETWEEN REAL AND SYNTHETIC RADARGRAMM

Calculations of absolute and depth-dependent correlficin AppendixD.2) between real and synthetic
radargramms on the common depth interval between 0 and 7&sn&ere not expected to reveal ad-
ditional informations as they suffered from the same pnobées before the ones of the DEP data with
chemical concentrations (cf. Sectibr8.]). l.e. the exact depth-dependent phase shift betweenntiee ti
rows was not known and could not be corrected, thus coroelattould not be calculated between data
points, who were in reality in the exact same depth, but omlysiach in a assumably common depth
interval.

e No absolute correlation could be detected between the tenefil radargramms (resulting in a Pear-
son Correlation Coefficient of -0.043) or the Gauss-filtayads (resulting in a Pearson Correlation
Coefficient of -0.061).

e Depth-dependent correlations on the Gauss-filtered reafargs (cf. Figures.3) deliver on small
scales (i.e. in a shifting 1m-windows) no unambiguous datiens or anti-correlations at the spots
of the visually selected events.

e Depth-dependent correlations on intermediate scales e shifting 5m-windows) reveal by
> 0.5 correlated areas around the events B, D and F and on larglesgce. in a shifting 30m-
windows) a slight general correlation of about 0.3-0.4 fatacbetween 25m and 65m.

ORIGIN OF APPENDANT REFLECTORS

To estimate the dominant contributions to the peaks A tilkwh further sensitivity studies were con-
ducted on the forward modelling by convolution, each witle af the two input profiles of the real
relative dielectric permittivity and the electric conduity substituted by constant depth profiles of its
mean value. The resulting synthetic radargramms are @ebintFigure6.3. Comparing them to the
non-manipulated synthetic radargramm, one finds

o for all peaks contributions from permittivity and for ngaalll peaks comparable contributions from
conductivity,

e for D and H solely contributions from permittivity.
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Further inquiries as to the origin of the reflectors from dignshemical impurities or crystal fabric ori-
entations might have been interesting, but could not bewded as no data at all or no data in sufficient
resolution was available for the CDM core.

6.2.2 UNCERTAINTIES

Errors and uncertainties in the comparison of real and gfigthadargramms are generally originating
from two sources

o deficiencies of the input DEP and GPR data and

e shortcomings of the forward modelling approach by convoiut

UNCERTAINTIES ARISING FROM DEFICIENCIES OF THE DATA

A major cause for errors in the forward modelling and thussyrethetic radargramm is missing or de-
fective DEP data. The reconstruction of such inevitablydpiees artefacts, mostly suppressing real vari-
ations in permittivity or conductivity and thus neglectiimgreality existent reflectors. This problem is
amplified by the fact that breaks and defects while the dglbf the ice core regularly occur at positions
with changing ice properties and particularly brittlenegisich would appear as strong reflectors in a real
GPR radargramm, e.g. ice layers, dust layers, etc. For thd Cie the uncertainties arising from this
were huge, as the core was of very poor quéitfE.g. the missing counterpart of the outlier in the GPR
radargramm in a depth of ca. 14m in the synthetic radargranghtrbe explained by a series of two
close defects of width of 9cm and 14cm falling together with maximum of this peak. Further errors
in the forward modelling may arise from noise in the DEP d&a. from aslope layers in the ice core,
originating from sastrugt preserved in the glacier or from the steep flow of Alpine ges;i that would
cause spreading losses in a real GPR radargramm but cdattike horizontal layers to the synthetic
one.

A further major source for errors in GPR radargramms on Adpjfaciers stems from reflector allocation
(cf. Section3.2.]) due to the small-scaled complex topography of the gladiexdrock and thus its
internal reflecting horizons (IRH). The correction of susmot possible by simple migration approaches
frequently used for the correction of scattering in horiatlg plane-layered polar glaciers but would
require extensive three-dimensional GPR data and comjgexitams. Both do not exist for the CDM
core.

SHORTCOMINGS OF THE FORWARD MODELLING APPROACH BY CONVOLUTION

The greatest weakness of the forward modelling approacloiwodution lies in the negligence of multi-
ple reflections and due interferences. Thus in the synthedigrgramm might appear peaks that are much
smaller or not present at all in the real GPR radargramm,tkegoutlier in the synthetic radargramm in
the approximate depth of ca. 23m might possibly be causedhiieFurthermore the approach does not
consider reflection and absorption losses, i.e. the attemuaf the synthetic wavelets amplitude due to
reflection and absorption with depth, with the consequemaereflectors and noise in the synthetic radar-
gramm do not diminish with depth as they do in the GPR radargraNeither are the natural dispersion
of the wavelet and phase shifts of the complex reflectionfimefit at IRH considered.

2ORecall that 17% of the CDM core’s volume was missing or defectind had to be corrected involving 24% of it (cf. Section
5.3.3

2l'sastrugi are jagged erosional features (often cut intevstanes) caused by strong prevailing winds that occur aftewall’
[McHenry, 201Q p.733]
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ERROR OF THE TWO-WAY-TRAVELTIME -DEPTH CONVERSION

Finally due to the inability to calibrate the two-way-trétime-depth conversion with absolute depth-time
markers, e.g. from surface and bedrock, there remains artaimty about the depth-dependent phase
shift between the synthetic radargramm of the CDM core aerd@GRR radargramm. Gaussian error
propagation for the conversion of depth to two-way trawedtiwith a conservatively estimated relative
uncertainty for permittivity ofAs—‘?/ = 5% and an error for depth &z = 1cm per core segment (cf. Sec-
tion 5.3.3 yields a relative error of two-way traveltime Afry1(0.15m) /trwT(0.15m) = 15% directly
beyond the surface, falling rapidly to 3% below a depth of 4m aonverging against 2.5% in great
depths.

dtrwi(z otrw(z 2 1Nz, -7
diru(z) = S0 pg D e = 2 /o nk Y e e 6y
with otrwT(2) (3£8) i (3£2) 3 )
0z c(2) Co
and otrwT(2) (358) i/z dz _ EN(Z) Zii1—7
oe' CoJo \JE'(Z) ©Coiq ¢ (z)



7 SUMMARY AND CONCLUSION

The main objectives of the thesis, to for the first time measucomplete Alpine ice core with dielectric
profiling (DEP), to derive synthetic radargramms and to caraphe later with radar traces from ground
penetrating radar (GPR), could be accomplished. The CDMace from Col du Déme (CDD) could be
measured and, in spite of the challenging core quality aeaitefacts from the deficient setup, analysed
in full extent, furthermore a partial program leaving thelgsis and the comparison with GPR traces
could be conducted for the KCC ice core from Colle Gnifett3)Cwhich came along in the final stage
of the thesis.

The analysis of the DEP profiles of the CDM core

e could observe known dependencies between the real past &ifitts complex relative permittivity
and density and, not quite unambiguously, between its mdlimaginary part. However, exact
relations could not be confirmed due to the problematic datat®on, i.e. the comparatively high
defect ratio of the core. The known dependency of the imagipart on impurity concentrations
in the ice, could not be confirmed due to missing complemgriata.

e could probably detect the transition of Alpine snow cheryiftom slightly alkaline to acid in the
1950s [e.gWagenbaclet al,, 2013, which displays itself e.g. by a significant diminishinglugth
the profiles variability before 1950 and a correlated desaeéa both signals trend.

e could not identify absolute time markers from depositiohSahara dust or Volcano eruptions.

e could not reveal any seasonalities as might have been edea. from annual cycles in firn
densification [e.gLi etal, 2007, Zwally and Jun2002 Gerlandetal., 1999 or impurity deposi-
tion [e.g.Preunkert and Legran@013 Legrandetal., 2013. This might be caused by either the
large defect ratio of the core, the strong impact of firn diezetion on the very few (due to a large
net-surface accumulation) annual cycles in the firn part@D®@r disturbances from a crevasse
upstream the flow line of the drilling site.

The DEP profiles of the KCC core allowed a assessment of the tarrections that had to be applied in
the DEP processing of the CDM core.

The synthetic radargramm from forward modelling by contiolu on basis of the CDM core’s DEP
profiles

e was able to reproduce several reflectors from GPR tracesatjt the borehole. Common series
of peaks only varying in amplitude and shifted slightly iragk could be detected particularly in the
depth interval between 10m and 40m (the firn part of the gipeied were predominantly caused
by permittivity changes. Below that depth interval (in thEZ no distinguished correlation be-
tween GPR and synthetic radargramm could be detected, érgeadisturbances from the surface
reflector limited the comparison.

The found agreements have to be regarded with caution dueettatge defect ratio of the core. On
the other hand the exceptionally high net-surface accuimunlat CDD and the correspondingly high
layer thickness should reduce the effect of defects on che.s&esides this, the result stays in general
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agreement to the first results from the application of fodyaondelling by convolution at a polar site, for
which Eisenet al. [2003H reports a generalligood agreement in numerous incidefisth radar traces
recorded adjacent to the borehadelabling the identification of distinct reflectionahd to the conclusion
from the first Alpine application on the firn core KCO from Gonifetti (CG) within the Bachelor thesis
of Jepserj201Q, which reports local agreements between real and syntrediargramms whereat only
differences in amplitude and phase shifts exist, while émyew segments no agreement could be found.

As by products of the thesis, some results from the analyfsiseoradargramms from CDD could be
obtained.

e A reflector-free zone (RF25, as it is known from CGEisenet al, 20034, occurs at CDD below
the firn-ice transition. The complementary age-depth irieit CDD probably allows to rule out
one of the for CG discussed hypothetical contributionsédRRZ [Eisenetal, 20033, i.e. the sup-
posed buffering impact of the regime transition in Alpin@snchemistry [e.gWagenbactetal,,
2013.

e CDD is in respect to the picking and the traceability of inareflecting horizons (IRH) compa-
rable to CG. On CDD, too, IRH can be picked only in the firn pad\wee the RFZ and are there
well traceable over nearly the complete study site, theostkme towards Déme du Godter and the
crevasse close beyond its top excluded. The errors of tfau® comparable to the ones reported
for CG [Bohleber2011]. Ice core records of the CDM core and the adjacent cores C10, CDK
therefore are representative for the whole study site andbeaxtrapolated along IRH.

The above results lead to the conclusion that in future DERIshbe applied to all Alpine ice cores. It
is a non-invasive method that can be applied with little eefédter the drilling and before the sawing of
the core, it can yield a variety of quickly accessfBlaformations, e.g. on density or on absolute time
markers like possibly the regime change in Alpine chemistithe 1950s. Furthermore the interpretation
of radar records from Alpine sites requires information be glaciers dielectric properties, viz. DEP.
Here too, forward modelling could supply the physical cartive between GPR and DEP data, as it did
on polar sites.

However, to reach an unambiguous verdict further invegtiga should be conducted. E.g.

e The DEP data of the KCC core should be analysed. This mighwad confirm the known relations
from polar sites between the dielectric properties of fird #meir causes density and impurity
deposition for an Alpine ice core. The investigation of seadities might be more successful as
the KCC comprises far more annual cycles in its firn part th@nGDM. And the supplementation
with a dating might reveal whether the already observed gham signal variability, too, lies in
the 1950s, thus displaying the regime shift in snow chemigts the record of the KCC covers a
larger span in time and displays distinctive peaks, it mfgtally allow to identify absolute time
markers e.g. deposition of Sahara dust and from Volcandieng

e The already existing synthetic radargramms on basis of @€'KDEP data should be compared to
GPR traces from CG, which will have to be collected soon. Assynthetic radargramms of KCC
are far less hampered by defects than the one of CDM, theipadson with GPR traces from CG
might yield a more distinctive agreement and allow a unaonig assessment of the method.

e A more sophisticated forward modelling approach on basitheffinite-difference time-domain
(FDTD) algorithm Eisenet al,, 20034, which considers phenomena of wave propagation like mul-
tiple reflections, etc., should be conducted especiallyherpromising DEP data set of the KCC,
and as it is know available in sufficient quality, too, on thE®Ddata set of the CDM. The resulting

22 Note that the Alpine reflector-free zone (RFZ) is not idegitio the echo-free zon®fewset al, 2009 at polar sites.
23presuming of cause that the setup works and the core quatitiffisient.
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synthetic radargramms should be compared with both GPRgi@atd the already existent synthetic
radargramms from convolution.

e To establish whether an analogue interpretation of thewctiuity record from DEP at Alpine cores
to that of polar coresWolff etal, 1997ab, 1995 Mooreetal, 1994 1992 1997 was possible it
would further be of high interest, to measure ECM and chelnsimacentrations on both cores.
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Wer immer strebend sich bemiiht,
Den kénnen wir erlésen.

Who strives always to the utmost,
For him there is salvation.

Johann Wolfgang von Goethe,
Faust: The Second Part of the Tragedy, Act V, Mountain Gorges
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A APPENDIX TO CHAPTER 4

A.1 GPR MEASUREMENT PARAMETERS AT CoL DU DOME

Table A.1: Adjustment of parameters of the ground penetrating radBR)&ystem used for the common
offset measurements at Col d Dome in 2012 [Bohleber, uighed]. As GPR a RAMAC GPR of Mala
Geoscience, Sweden, triggered by an odometer of unknovenstypplied by AWI was used.

Radargramm 121601 121603 121604 121605 121606 121607 121609
Frequency / MHz 250 250 250 250 250 250 250
Time Window / ns 738 895 895 895 895 895 928
Samples 2133 2585 2585 2585 2585 2585 2367
Sample Frequency / MHz 2890 2890 2890 2890 2890 2890 2550
Stacks 8 8 8 8 8 8 8
Odometer Distance / m 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Antennae Distance / m 0.36 0.36 0.36 0.36 0.36 0.36 0.36

A.2 TRACING OF INTERNAL REFLECTING HORIZONS

Table A.2: Small circle with 3 points of interception and a length of ca. 80m. In tHedection are for
the point of intersection P149 adjacent to the CDM borehodecorresponding depths and ages to the
two-way traveltimes (TWT) of the traced internal reflectiragions (IRH) H to Hg listed. In the middle
section the TWT of the traced IRH at the points of intersectinithe closed circle are listed. In the right
section the offsets between the starting point P13 and ttiodnt P13 in TWT are given asP13 and in
enumerable IRH in between A$RH.

IRH P149 P13— P34— P149— P13 AP13 AIRH
Age BP/a Depth/m TWT/ns TWT/ns TWT/ns TWT/n§ TWT/ns

H1i 1.6 4.655 58.5 57.8 51.9 59.9 +1.4 0

Ho 35 14.135 165.4 149.8 159.2 183.7| +15.3 +4
Hs 3.9 17.200 203.8 184.0 198.9 218.3| +14.5 +3
Ha 6.2 25.560 298.3 258.1 295.8 330.1] +31.8 +6
Hs 6.8 28.040 3235 281.9 3235 354.3| +26.8 +6
He 9.0 35.619 416.9 3775 413.5 439.1| +22.1 +4
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Table A.3: Large circle with 5 points of interception and a length of ca. 360m In theldte section
the two-way traveltimes (TWT) of the traced internal reflegthorizons (IRH) H to Hg at the points of
intersection on the closed circle are listed. In the riglstisa the offsets between the starting point P13
and the endpoint P13 in TWT are given&i813 and in enumerable IRH in betweendRH.

IRH | P37— P34— P149— P69— P67— P37 AP37 AIRH
TWT/ns TWT/ns TWT/ns TWT/ns TWT/ns TWT/ns TWT/ns

Hi 58.5 57.8 51.9 47.4 53.6 529, -5.6 -1
H> 165.4 149.8 159.2 138.8 160.2 168.5 +3.1 +1
Ha 203.8 184.0 198.9 178.8 194.8 2135 +9.7 +2
Ha 298.3 258.1 295.8 274.0 298.6 319.0 +20.7 +3
D
D

Hs 3235 281.9 3235 303.8 329.7 347.0 +23.5 +5
He 416.9 377.5 413.5 383.8 429.0 456.0 +39.1 +7

A.3 RADARGRAMMS FROM CoL DU DOME

Two-Way Traveltime /s

50 100 | 150 200 250 300
P34 P13 Shot P37

Figure A.1: Radargramm 121603.The radargramm was recorded in direction of the x axis. ltss®
is mapped in Figure.l Highlighted in the radargramm are in downwards order thoied internal
reflecting horizons (IRH) Hto Hg (light green)and the reflector-free zone (RFZ)(red). Mdrkethe
bottom are the points of intersections with other radargnar(red).
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Figure A.2: Radargramm 121604. For description cf. Figurd.2. Additionally highlighted in the
radargramm is the assumed course of bedrock (brown). Furthgked at the top is the positions of the
CDM core’s borehole (dark green). For selected two-wayeltanes (TWT) the corresponding local
depths and ages before September 2012 at the position ofxhedOre are added at the left.
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Figure A.3: Radargramm 121605.For description cf. FigureB.2 andB.3. Further marked at the top
is the positions of the CDG core’s borehole (dark green).
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Figure A.4: Radargramm 121606.For description cf. FigureB.2 andB.3.
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Figure A.5: Radargramm 121607.For description cf. FigureB.2 andB.3. Further marked at the top
is the positions of the Crevasse (dark blue).
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Figure A.6: Radargramm 121609.For description cf. FigureB.2 andB.3. Further marked at the top
is the positions of the CDF core’s borehole (dark green).



B APPENDIX TO CHAPTER 5

B.1 CORRECTION OF ARCHIVE PIECES

CALCULATIONS FOR THE 1ST APPROACH: DERIVATION OF NON -LINEAR
RELATIONS BETWEEN THE MEASURED DIELECTRIC PROPERTIES OF INTACT
CORES AND THE ONES OF THERE APPENDANT ARCHIVE PIECES IN SERIES
CONNECTION WITH THE THE AIR GAP

The DEP of the archive pieces of the core segments 1 till 68%42, 80/81 and 88/89 corresponds in
principal to the measurement of series connections of thadg&nce£, respectively conductanc&x

of the archive pieces and the capacitartggrespective conductanc&sg of the air gap of the missing
lamellae that results in measured values of capacit@jcand conductanc&,. WhereC g andGg
should be constants as all archive pieces posses the sametggo

1 1 1 1 1 1
=~ t= = @ —=_——1 with  m:= — = const B.1
C; CA CLO CA C}R CLO ( )
1 1 1 1 1 1
==t~ = —=—_—-nN with  n:= —— =const B.2
GZ GA GLO GA GZ GLO ( )

On the other hand the measurement of the capacit@remed conductanc& of the intact core pieces
64/65, 72, 80/81 and 88/89 can be disassembled into senegections of the corresponding archive
pieces’ value€ respectivelyGa and the belonging lamellae’ valu€s respectivelyGy :

1
= B.3
ot (B:3)
_t

1
CL
1
— B.4
G (B.4)

Ol Ol

Ga "

Taking into account that the dielectric vacuum values omgehd on the obtained geometry and using
simple material laws:

Ci=¢-Cp with  Cjg = const (B.5)
G =0-Gjp with  Gjg = const (B.6)
fori={,AL}
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one gets the relations:

(53)(§) t ! + 1 — 11 1 const
’ £-C €Cah £€-Cpo Co Cao Cio
— 1—&:8'%:const — &:const
Cno CL AO
C
== k:= — =const (B.7)
Ca
(B.6) 1 1 1 1 1 1
B.4) == — + — = _— —const
(B.4) 0-Go 0-Gag 0-Gpo Go Gao Gro
= ~ G0 _9C0_ onet — So _ const
Gao GL Gao
G
= m:= — = const (B.8)
Ga

Therewith follow non-linear relations f@ (Cx) andG(Gj):

(B.7) k
(Bl = C=+ I (B.9)
Ca
gy B8 S__Mm (B.10)
(B.2) 1
il

with k,1,m,n = const
CALCULATIONS FOR THE 2ND APPROACH: SIMPLIFIED LINEAR RELATIONS

NEGLECTING THE INFLUENCE OF THE AIR GAP

If one neglects the influence of the air gaps on the dieleateasurements of the archive pieces and
assumes that instead @.() and B.2) holds:

Ci~Ca (B.11)
Gi~ Ga (B.12)

the equationsR.7) and B.8) yield simplified linear relations fo€ (C;) andG (Gj):

B.11) B C S k—const (B.13)
C.~ Ca
12) == — ~ — =m=const :
B.12) BY G 5 (B.14)
Gy Ga

CALCULATIONS FOR THE 3RD APPROACH: DERIVATION OF THE SET OF
PARAMETERS k,l,m,n BY BACKWARDS CALCULATION ON BASIS OF
LITERATURE VALUES

In this approach the parameters k, I, m and n are shall beatdkfiom literature values of the permittivity
&l and the conductivityil; of glacier ice ana!l'.  andoll; , of fresh snow. The backwards calculation
already includes the offset correction and starts with tiigagons B.21) and B.22). After inserting of
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(B.9) and B.10) one gets the subsequent systems of equations:

(B.21) €9 k= (C—l* —1)- ((Co+AC)e'™e —AC) (B.15)
A

B2 B o (ch* —1)-((Go+AG)a'™ — AG) (B.16)
A

If capacitance, conductance and true (literature) valfiginittivity and conductivity and therewith by
(B.23) and B.24) the offsets are known for two separate measurements, ¢gesgions of two unknown
((k,l) or (m,n)) can be solved. For the frequent archive @ieorrection one needs the values at the
boundaries, the surface of the glacier and the transitibwe®n the ice core region measured as archive
pieces and the lower one measured as intact cores. The datdrecextracted from the data of the intact
region after its’ offset correction corresponding to thess®l approach.
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FIGURES TO THE 1ST APPROACH
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Figure B.1: 1st Approach for the determination of the parameers k, I, m through slopes and or-
dinate intercepts of line equationson basis of the comparison measurements of intact coreawe
archive pieces of the segments 64/65, 72, 80/81 and 88/89.
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FIGURES TO THE 2ND APPROACH
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Figure B.2: Comparison of the results of the 2nd approach forthe archive piece correction with
appendant measurements of intact core pieces for the segmer64/65, 72, 80/81 and 88/86f the
core, which were measured both as intact core pieces baifittirgcand as archive pieces after cutting.
Apparently the factor correction corresponding to the Juulra@ach results for the corrected archive pieces

in curves (black), that correspond well within one standkdation (grey shaded uncertainty range) with
the course of the intact core pieces data (red).
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Figure B.3: Comparison of the result of the 2nd approach for he archive piece correction with
the uncorrected data for the core pieces 134/135The impact of the archive piece correction gets
qualitatively distinct, when scrutinizing the data of there pieces 134 and 135. Both were measured in
one run with 134 due to a too large diameter for the setup medsis archive piece and 135 as intact core
piece. The data before correction (black) comprises afsignt discontinuity at the transition between

the core pieces, which is reduced to insignificance compartiee natural variability of the data after the
correction (red).
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B.2 OFFSET CORRECTION

The measured values of capacita@cand conductanc® deviate due to the failed open calibration from
the true value€'"™'® andG!'""®of the ice core and have to be corrected by off&&@sandAG:

Cl'"® = C+AC (B.17)
Gl — G+ AG (B.18)

CALCULATIONS FOR THE 1ST APPROACH

In this approach the offsets on the capacitance and conuiectare calculated as differences between
literature values of the empty capacitar@'(}é- and conductancé;'dt- and the experimentally measured
mean values of the average empty sigi@landGg of the setup. It holds:

AC=Cl' —Cy (B.19)

AG=Gl -Gy (B.20)
. _JdZCg(2) _ [dZGgP (2)

with Co= W 0= W

CALCULATIONS FOR THE 2ND APPROACH

In the second approach the offsets of the capacitance amtlicamce shall be derived from literature
values of the permittivitye™; and the conductivitysils; of glacier ice. If the actually measured capac-
itances and conductanc€s Cy, G and Gy are inserted into the simple material lav&a %) and B.6),
one calculates permittivities and conductivitiess which deviate from the true permittivitie™® and
conductivitieso!™® of the material, as the measured capacitances and condestaontain the offsets
and and therefore deviate them self from the true capa@taaied conductanc€andG. It holds:

g _ C™ (BA7) C+AC

= = B.21
Cljue Co+AC ( )

G''®¢ B.18 G+AG
true _ e B.22
TG T GorAG (B.22)

With the measurements and the literature valeld¥ := el and '™ := g one can calculate the
offsets by the relations:

s— Etrue c— 8Iit.
ice
C,_Utrue O'—U-”t'
_ _ ice

(B.22) — AG = -Go (B.24)

— . Gp= ;
true _ lit.
o 1 Oice -1
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Depth—dependent Correlation of Permittivity and Ca Concentration

33 T T T T T T
} -2000 8
3.2 ’ =
©
2 1500 O
S 31F 5
g s
= <1000 z
e <
o)
29 4500 g
Ll W0 1 °
28 L ! MHH s AW Mh J “.4 “ Lu BTN LT, LW e 0
1 T T T
5
E 0A5 h | ‘ ‘
© g L ly
8 I l, lll ' l ” ‘l" ?l" | ‘\ r I' R | ‘ l ‘. ,JW ,‘L b ‘ ’ ‘
c 0 “ [ | \ ( 1’ “ " i ¥ | Hl [
2 ‘ ‘ \m} 'I (
ks ' ‘
‘!l illh i
)
O
-1 | I
100 110
Depth / m
—— Classical correlation calculated in windows Az = 0.5m shifted along the depth axis in steps of 0.1m
— Classical correlation calculated in windows Az = 2m shifted along the depth axis in steps of 0.1m
—— Classical correlation calculated in windows Az = 10m shifted along the depth axis in steps of 0.1m
Dept-dependent Correlation of Conductivity and Ca Concentration
T T T T T T
2405) -2000 8
I o
X | =
fg_ 2.4H —1500 O
z c
'S 2.395( il el
5 1000 =
=) =]
g 2.39(f g
8~ ‘ -500 §
@)
MM N

o

rh"'l‘ "‘“

Correlation Coefficient

il i,{,'r”'ﬂ" ”‘W’l umll. p») ‘ il i ill]‘;igh W
|

70 80 100 110
Depth / m

—— Classical correlation calculated in windows Az = 0.5m shifted along the depth axis in steps of 0.1m

—— Classical correlation calculated in windows Az = 2m shifted along the depth axis in steps of 0.1m

—— Classical correlation calculated in windows Az = 10m shifted along the depth axis in steps of 0.1m

Figure B.4: Depth-dependent correlations between DEP data of the CD#®! with calcium concen-
trations of the CDK core. A point in the correlation-deptlagliam in a distinct depth represents the
absolute correlation calculated on data in the depth iat§zv- Azyindow/ 2, Z+ AZyindow/ 2] (cf. Appendix
D.2). Bedrock lies at 121m.
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Depth—dependent Correlation of Permittivity and NH4 Concentration
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Figure B.5: Depth-dependent correlations between DEP data of the CD#with ammonium concen-
trations of the CDK core. A point in the correlation-deptlagliam in a distinct depthrepresents the
absolute correlation calculated on data in the depth iat¢zv- Azyindow/ 2, Z+ AZpindow/2] (cf. Appendix
D.2). Bedrock lies at 121m.
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Figure B.6: Variabilities of the detrended permittivity an d conductivity profiles (cf. Figure D.1) and
the impurity concentrations (blue). Further depicted are the signals mean values (red line)tandard
deviations (green lines). Note the reduction of signalalalities below ca. 90m. Bedrock lies at 121m.



C APPLICATION OF THE FLow MoDEL SYNDICATE
TO RADAR PROFILE 121601FRoOM CoL Du DOME

SYNDICATE [Konrad 2011, Konradetal, 2013 is a 2.5-dimensional flow model along one flow line
based on COURANVincentetal., 1997.

INPUT OuTPUT

e Geometry of glacier surface and bedrock e Age-depth profile at a point of choice

Net-surface accumulation e Flow lines

Divergence parameter e Isochrones

e Horizontal surface velocity at the starting
(= highest) poini = 0 of the flow line

It has been applied byKpnrad 2011, Konradetal,, 2013 for the vertical and spatial extrapolation of
the coherent dating of ice cores of the Alpine multi-coreaprat Colle Gnifetti (CG). It improved the
coherent dating of the ice cores from 80 years before pré¢Béht2012) without to 120 years BP with
the flow model.

0)

APPLICATION TO RADAR PROFILE 121601 SYNDI- c 2 EFon e
CATE has been applied to profile 121601 from Col du Domeg
(cf. Figure4.1, Chapterd). Input parameters for geogra-
phy , net-surface accumulation (cf. Tatflel) and surface
velocities (i.e. 0.4m w.e./a fox = 0 ) were taken from
Vincentetal. [20074. The density profile was taken from =
the CDM core [Preunkert, 2012, personal communication]. % 35
The divergence parameter was set to 0.1. Flow lines were i
calculated starting from every 0.5m at the surface in a«/eﬁi'gure _C'1: Age—depth _proflle from flow
cal resolution of 0.1m. A dating was calculated for the poimOde,IIIng at the position of CDM and
of the cores CDM and CDK at= 285m. The resulting age- CDK in comparison to the one of CDK.
depth relation is depicted in comparison to the one of DCKedorFigureC.1, model flow lines and
isochrones are depicted in comparison with picked interefécting horizons from 121601 in Figure
C.2 Note that SYNDICATE does not regard the influence of theasse upstream 121601. The model
results therefore are not expected to depict the realitiiénvicinity of the crevasse. However, as SNY-
DICATE is able to reproduce within limits the real situatialong a flow line without crevass&$nrad
2011 Konradetal, 2013, model results may allow to assess the influence of the ssevat CDD.

3
S

Depth below surf
®
3

0 60 80 100
AgeBP/a

Table C.1: Net-surface accumulations along profile 121601 as inputi®flow model SYNDICATE.

Path length along the flow line / m: 0 22 70 1245 141 158 176 1945 2R35 258 285
Net-surface accumulation/ mw.e./a: 0.4 0.6 0.8 1.0 1.3 169 1.2.1 2.3 2.5 2.7 2.9
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Figure C.2: Results from the application of the flow model SYNDICATKonrad 2011, Konradetal,
2013 to the radar profile 121601 (cf. Figu#l, Chapter4) from Col du Déme. Top: Modelled
isochrones (green) in 10 year distances in comparison teginternal reflecting horizons (IRH) (or-
ange) from radargramm 121601. Note the descending courieeafeal IRH in the vicinity of the
crevasse.Bottom: Modelled flow lines (blue) starting every 7.5m at the surfaBeth Figures: The
flow model cannot reproduce the influence of the crevassee thetdeviation between the modelled and
GPR isochrones in the vicinity of the crevasse.



D MISCELLANEOUS

D.1 DETRENDING OF THE PERMITTIVITY - AND
CONDUCTIVITY -DEPTH PROFILES
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Figure D.1: Detrending of permittivity and conductivity. The detrending has been conducted by using
AUTOSIGNAL of SeaSolve Software Inc.
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D.2 CALCULATION OF ABSOLUTE AND DEPTH -DEPENDENT
CORRELATIONS

Correlations in this thesis were calculated using a diedraplementation of the classical Pearson Cor-
relation Coefficient [cfMudelsee2010.

1 & (=% (i —Y) (D.1)

1 Shx - Shy
th JES -2 t=1y% and JES 097 =1
with  six= /=5 (=% X==3x and sy=/>5SM-9° y==5¥
" ni; i; g ni; I izll

They are partially calculated as here so-caliédolute correlationson the complete data sets from sur-
face to bedrock and partially as so-calléepth-dependent correlationsin windows of sizeAzingow
shifted along the depth axis in equidistant steps. In ther ledse a point in the correlation-depth di-
agram in a distinct depth represents the absolute correlation calculated on dataeimépth interval
[2— AZyindow/ 2,2+ DZwindow/ 2] For data sets with different depth increments the datint@rpolated
to identical depth increments thereby increasing the merg before the calculation of correlations was
conducted.
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