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Abstract

The aim of this study was to determine relations between the impurity content and the
microstructural features of natural ice using Raman spectrosttoglyould be investigated
whether certain chemical species can be related to microstructural features, such as grain
boundaries. The method of Raman spectroscopy enables to measure the particles in situ
without melting the ice samples. Fourteen bags ofNEEM ice core (North Greenland
Eemian Ice Drilling), drilled from different depths, were chosen.

As a first step, data from fabric analysis (mean grain size and eigenvalue 3) were plotted
together with data for the major ions obtained from continuous dlealysis and correlation
coefficients between those parameters were calculated. The statistically significant
correlations between the chemical and physical parameters remained sporadic. For a case
study, two sections from Holocene ice from a depth of 73% to 740,30m were chosen.

After mapping the microstructure of the sections, particles were labelled and counted (from a
layer with a focal depth of approximately 50M). Using Raman spectroscopy the particles
were measured {gitu and the chemical spies of most of the compounds could be identified.

The major components were sulfate, silica particles,, T#9me organic species and black
carbon, which mostly appeared as a mixed signal. No carbonates were found and no Raman
spectra could be obtainedoim grain boundaries or triple junctions. The particles often
appeared to be in clusters or conglomerates. The location of the particles in relation to grain
boundaries was difficult to assess due to relaxation of the ice.



1. Introduction

Pdar ice sheetzan be regarded asajor climate archives. The air thist trapped in the
bubbles as well athe ratio of oxygerisotopes andhe impurity contentan give information

about climate related processes and the compositidhegbalecatmosphee and help to
reconstruct climate changésg.FARIA ET AL. 2010;JOHNSON ET AL 1997)

The NEEM ice core (North Greenland Eemian Ice Drilling) was drilled in order to obtain ice
layers from the last interglacial, the Eewhich is considered to be anang toa likely

future climate, where a warming of about @ 4°C per century is expected (NEEM
COMMUNITY MEMBERS 2013; IPCC 2013)The Eem endedpproximatelyl15ky ago and

mean annualemperatures in Greenland were abbis°C to 5°C higher in thisperiod than

today (NEEM coMMUNITY MEMBERS 2013; TURNEY & JONES 2010). In previous ice cores
drilled in Greenland the Eemidayers were already molten or tisbeddue to the ice flow

near the bedrock and its related deformation proceSEeSN] COMMUNITY MEMBERS2013.

Due to gravity, the ice gletsare continuouslgpreadingand a thinning of the layers in the
deep ice leads to difficulties in dating those cores. Therefore, flow models have to be applied
for datingandfor theseinformation about ice dymaics are essentiallhe flow lawthat was
developed byGLEN (1955)is a model based on continuum mechanics goebs not include
internal deformation mechanisms and their influences on the rheological properties. Since ice
is not a homogeneous material taltows variations (e.g. in grain sizes or density) with
increasing depth as well as different viscosities in warm and cold stages, an improvement of
the flow law is essential. It is observed that glacial ice shows a high impurity content and
features smalgrains(e.g. PATERSON 1991) As the impurity content is the major difference
between glacial and interglacial jémpurities are considered to influence the grain sizes and
slowing down grain boundary movement due to a pinning effectey ET AL. 1986) In

order to further determine the role of impurities and their influence on the microstructure of
ice, this work aims at analyzing the undissolved impurities (black dots) in samples of the
NEEM ice core using Raman spectroscopy as a major methedkey giestions of this study

are:



- Are there correlations between tingpurity contentand physical parameters?

- How are the impurities distributed within tpelycrystaP

- What kind of impurities can be found (material, chemical species)?

- According totheir location within the ice and their composition, are there any connections to

microstructural features (e.g. grain boundaries)?

To answer these question fourteen bags of the NEEM ice core were examined according to
their microstructural features anchpurity content. Data of the mean grain size and the
eigenvalue 3 were obtained from the Fabric Analyzer, a polarized microscope to determine
crystal orientations and from the RunningMdnogramme, a software written ByEICHLER

(2013) in addition to &nd images that give an idea of thexis orientations. Furthermore,

data from the continuous flow analysis (CFA) were used showing the variations of the major
ions such as calcium, sodium, ammonium and nitrate as well as conductivity and dust content
for the length of one bag. The data were plotted in order to visually determine possible
correlations between the physical and chemical parameters. To identify layers of high
impurity content, linescan images were included in thesplafter calculating coelation
coefficients, two sections of one bag were chosen to perform a case study. For each section
several microstructure mapping images were tak#ich thenwere used to get an overview

of thelocation and shape @rain boundaries and the locationtbé black dotsDue to the

large number of black dots the study had to be focused on characteristic areas ithevhich

black dots were then measured and identified with Raman spectroscopy.

2. Motivation

The correlationbetween impurities in ice and itaicrostructurehas been described before

(e.g. PATERSON 1991; FARIA ET AL. 2014a, b. However, the process leading to this
correlation are not well understood. Thus, it is necessary to analyze this relation in more detail
with the now available data antethods.

This work is a continuation of my Bachelor thes{s&1T7z 2013) where sporadic correlations
between the physical and the chemical parameters, especially between the mean grain size
and the content of sodium ions, were found in four bags of EeMNice core containing ice

from a cold stage. It was concluded that more and stronger correlations might be concealed by
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irregularities in the depth scale, which resultaislight mismatch of the data sets. For the
continuation, the methods of microsttuiee mapping and Raman spectroscopy were included

to get a more detailed picture about the distribution and chemical species of the impurities.
Raman spectroscopy is a ndestructive methgdvhich requires just little sample preparation
(e.g.SMITH & DENT 2005).In contrast, th&CFA systenrequires melting of the sample, thus,
impurities, which initially occurred as solid particles in the ioeght dissolve during the
measuring process (e BOTHLISBERGER ET AL 2000; KAUFMANN ET AL. 2008. Furthermore,
irregularities in the depth scale as well as in the resolution of the CFA can occur, whereas
with a Raman system the particles can be analyzsdurne.g. SMITH & DENT 2005. With

the coupling of several datasets and methods this worktaimgprove the kowledge about

how impurities are distributed in the ice and gain more information about their chemical
composition related to their location. Since some impurities are considered to have softening
or hardening effects on the crystal structiesy(JONES& GLEN 1968; PATERSON 199]) that
significantly can in influence the deformatidhe results of this studgontribute to a better

parameterization ate flow.

3. Fundamentals

3.1 Structure of ice |h

Presently, 12 crystalline structures of ice arevkmohowever,under natural conditions only

ice Ih is stableand thus relevant for this thesis. The crystal lathcee shows a hexagonal
structure where the oxygen atoms are connected to the hydrogen atoms via strong covalent
bonds. Weaker hydrogen s connecting the molecules result in a relatively low melting
temperature $CHULSON & DUVAL 2009, p7). Every oxygen atom is surrounded by another
four oxygen atoms in a tetrahedral arrangement. The molecules are concentsatied of
parallel planesthe secalled basal planegHosss 1974, p20). Within these planes the
molecules are arranged in the closest possible pa€KH@RSTEINSSONL996). The normal to

the basal planes is referred to aaxes which is the main symmetry axis of the ice crystal

(PETRENKO& WHITWORTH 1999 p.16).
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Bonds between the planes are much weaker than bond within one itaoke (1998, p27)

and the open crystallographic structure is reflected in the low density of ice compared to
liquid water HoBBs 1974, p20).

The mainfeatures of the crystal structure are described by the BEavekrice rules which
statethat two hydrogen atoms have to be attached to one oxygen atom via covalent bonds.
Additionally, one hydrogen atom cannibave more than one hydrogen boiisee fig 1).
Deviationfrom those rules leads to defects in the crystal strucREERRENKO & WHITWORTH

1999, p16).

Fig. 1: The structure of ice IICUFFEY & PATERSON2010)

3.2Densification from snow to ice

The densificatiorof snowwhich results into consolidateck, is driven by tle thermodynamic

principle statingthat every system tries to minimize its free enekggshly fallen sow has a
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density of approximatel{t00 to 20Ckg/m3 BLACKFORD 2007) and is mainly referred to as

the material that did not undergo changes sinee@léiposition(CUFFEY & PATERSON 2010,

p.20). The free energy of snow can be reduced by mechanical destruction of the snow
crystals. The fresh snowflakes with their complex shapes are transformed to rounded particles
and tend to be redistributed in a way that reduces the total surex®fathe crystalsThe
displacement of individual particles relative to their neighboalso called settlings the

most important process in this initial state of transformatioorFfkey & PATERSON 2010,

p.20). Under natural conditions the closest pagkcan be reached with a corresponding
porosity of 40% implying that for further densification other processes must be involved
(PATERSON 1994, p17; HOOKE 1998, pl13).

The settling is followed by the process of sintering: due to sublimation and, toestanel
molecular diffusion material is transferred to points of contact between particles to form
bonds (Anecksod) resulting in a greater stabi
the necks is controlled by the water vapor supply from theosnding pore spaces
(BLACKFORD 2007;CUFFEY & PATERSON 2010, p21).

Whenthe densification procesgaclesthe firn stateno moreloose particlesxist, though

grain boundaries are still visibl8W(ACKFORD 2007). Firn has a density of about 3&fims3
(HookE 1998, pl13). In firn, the pores are still connectedhich allows an exchange of air
through thn channelsWith increasing densifythe sublimation rate decreases and the firn
becomes less porous. The contact areas between the grains increasiefombation and
recrystallizationoccurs(Currey & PATERSON 2010, p21; BLACKFORD 2007). Furthermore,
molecular diffusion alters shape and size of the crystals to reduce, stnesendividual
crystals deform by displacement along internal glide plaReseRsoON 1994; ALLEY 1987,
CUFFEY & PATERSON201Q p21).

With ongoing densification pores close off and their shape changes from cylindrical to
spherical. In this phase, around %0of the air already escaped through #mow layer
surface, the remainingir is now trapped in bubbleBPATERSON 1994, pl18). After the close

of f the materi al G wahrch hasea densitly ef 83@And HAOKE 199& i c e
p.14; BLACKFORD 2007). In the Greenland ice sheet the pore etdStakes place at a depth

of 50 to 120m, where the ice ibetween severdiundred to severalthousand of years old
(HORHOLD ET AL 2012). The zone where bubbles start to form is calledadhe of firnice-
transition (BLUNIER & SCHWANDER 2000). Deeper in the ice sheet (from 90A&O0mM) the
bubbles decrease in sizie to the increasing pressusmd are finally integrated in the
crystals as clathrate hydrat€xFFey & PATERSON2010).
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3.3 Properties of ice

Mechanical properties

Monocrystalline ice is highly anisotropic: whetress is applied on a crystahe resulting
deformation strongly depends on the direction of the stress relative to -déixés c
(THORSTEINSSON1996). A shear stress parallel to the basal planes causes shear deformation,
because the basal planes slip pamt another due to the weak bonding between them. This
process is called easy glide (glide of the basal planes) and has profound consequences for the
creep behaviour of polycrystalline ic&0HULSON & DuvAL 2009; CUFFEY & PATERSON
2010:32). In contrast tdat, a crystal is hard against a stress applied parallebxssqhard

glide) (THORSTEINSSONL996)(see fig. 2)Hard glide is realized by dislocation glide along the
prismatic and pyramidal crystallographic planes or by dislocation climb normal to basal

planes CUFFEY & PATERSON 2010, p32).
A

~

T

<}

1
|
|
I
1
|
[
!
!
I

"hard glide” “easy glide”

Fig. 2 Hard and easy glide of an ice monocrystBHGRSTEINSSONL995)

Dislocations are linear defects in the crystal lattighich allows a slip on basal planes and

permit planes of atoms to move past each other much more rapidly than in a perfect crystal
thus influencing defornmteon processes significantiW(eERTMAN 1964; CUFFEY & PATERSON
2010:32)(see fig. 3) They aredescribed by th& u r g e r 6,swhicl gives iaformation

about magnitude and direction tfe distortion a dislocation causes in the crystal lattice
(THORSTEINSSON 1996). It can be distinguished between edge and screw dislacaioadge

dislocation is defined by having an additional plane of atoms in a part of the crystal. The
plane is located perpendicular to the direction of basal,@itug moves horizontigl (parallel

to the basal plane) through the lattideo$sen 2011, p210). TheBur ger 6 9s Vect o
perpendicular to the edge dislocation. Screw dislocations are parallel to the vector and can

cross slip to another atomic plane. This dislocation occurslglat@althe direction of basal
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glide, whereas the glide plane is perpendicular to thectime of the glide FOSSEN2011,
p.210).

Fig. 3 (a) a crystal without dislocations, (b) edge dislocation, (c) screw dislocafioag 1995)

In natural crystals mostly mixed dislocation are to be found which hold features of both edge
and screw dislod¢mns.

In contrast to linear dislocationpoint defects are characterized by excess protons occurring
near the moleculesThey onlyplay a ninor role during deformation(SCHULSON & DuUVAL

20009, p9).

Fig. (4) shows the creep curve for a single crystal

it is a graph of strain rate against time (or strain)

radian

30k ' that is obtained when a constant stress is applied

to a sample QUFFEY & PATERSON 2010, p52).

The creep curve for a single crystal shows an

20r increasing strain rate in the beginning that reaches

a stedy value after the crystal is deforméy

z / :
: / I' 20%. The initial increase is due to a fast
e F,ff I, multiplication of dislocations. ~ When the
J;' : dislocation density reaches a value that is in
ol .,f'r*i . “ balance with the applied stress, a stationary strain
5$|ME o min rate is established HORSTENSSON 1996).

Fig. 4 A creep curve for a single crystal
(THORSTEINSSONL996)



Since natural ice is polycrystalline, figh) provides a creep curve for the stages of creep of a
polycrystal. At the beginning of deformation ice is isotropic, becausees are oriented
randomly and thus do not favour basal glidecka & JuN 2000). At high pressures flow
properties are mainly determined by intracrystalline dislocation glde@AL & MONTAGNAT
2000).

Log strain rate

tertiary
sEcondary

Log strain

Fig. 5 A creep curve for polycrystalline ic€(YFFEY & PATERSON2010)

After an initial state of (elasti@gyeformation (not shown in the curve) where molecalemnge

the position inthe lattice the process of primary creep follows. It results in a deformation of
those grains that show the favoured orientation for basal ghdeegson 1994). Some
dislocations start to form and the creep rate decreases continuously since gradtifengtt
orientations impede each other. In the phase of secondary creep the creep rate reaches a
minimum and remains constanthich might be due to a temporary balance between the
softer and harder parts of the ice bo@W@RSTEINSSON1996). It is follaved by a stage of
accelerated (tertiary) creemvhere ice is anisotrap and the creep rate increases again
eventually reaching a steady value if the applied stress contidamsa(& JuN 2000). As
recrystallization take place, new grains favourably orted for basal glide start to form
(THORSTEINSSON1996). The term recrystallization refersany reorientation of the lattice

that is caused by grain boundary migration or the formation of naiw goundariesHARIA

ET AL. 2014). During recrystallizatio, atoms escape from the crystal lattice on one side of
the grain boundary and reattach to the lattice on the other side in order to minimize the free
energy. By this process a grain boundary is able to move through th€ueeey &
PATERSONZ2010, p.36.

A recrystallization mechanisnthat is active without any external stressegeferred to as
normal grain growth: it is driven by the differences in free energy due to the curvature of
grain boundaries between the graidsLEY ET AL. 1986). The curvane causes a surface
tension leading to differences in pressuviéh higher pressure on the concave sigbich is
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the side of the smaller grain. To balance the differemcdecules tend to move from the side

of the higher pressure to the side of the loaee so that the grain boundary migrates to the
centre of the smaller grain. When the grain becomes smaller the process speeds up until the
smaller grain ixonsumedy thelargerone ALLEY 1992). This almost linear increase occurs

in stagnant ice as weas in the upper 400 to 700 of an ice sheet where no mechanisms to
form new grains are activ8 JORSTEINS®N 1996; CUFFEY & PATERSON2010, p36).

With increasing depth anithus increasing stres/namic recrystallization occurs. This term
summarizes therocesses of polygonization (or rotation recrystallizatinLEy 1992)),
migration recrystallization and grain nucleation.

Since different parts of the grain can experience various stresses, grains are forced to bend or
even twist which leads to an aligent of dislocations in configurations of lower energy (a
planar wall) forming a subgrain boundary (or leangle boundary) and later subdivides the
grain OUVAL & CASTELNAU 1995; CUFFEY & PATERSON 2010,p.42; THORSTEINSSON1996);
PATERSON 1991). Subgrainboundaries can develop to grain boundaries (higle
boundaries) which show a misorientation to the neighbouring grain of about 3 to 5
(WEIKUSAT ET AL. 2010; WEIKUSAT ET AL. 2011). This process dhe splitting ofgrains by
forming new boundaries to dace stress is referred to as polygonization and is observed in
polar ice undergoing pure she@AETELNAU ET AL. 1996). In this regime, grain growth is still
active but is counteracted by the subdivision process so that grain size remains nearly constant
(THORSTEINSSON 1996). KIPFSTUHL ET AL (2009) could provide evidence for dynamic
recrystallization occurring in all depth of an ice sheet, although it is not the dominant process
in the upper part.

The regime of migration recrystallization is observedca showing a critical temperature
above-10°C causing grain boundaries to move easilW\AL & CASTELNAU 1995). The
process is defined as the nucleation and growth of entirely new grains by rapid migration of
grain boundarieSTHORSTEINSSON1996; THORSTENSSON ET AL 1995). Deformation of a

grain causes new dislocations to develop that interfere with the crystal, lditisencreasing

the stored energy. A different lattice strain energy between two neighbouring grains leads to a
transfer of molecules fro the higher energy grain to the lower energy, evidchresulsin a
migrating grain boundary angrowth of the less strained grain at the expense of the high
energy one. It can be distinguished from normal grain growth by the different driving force
which is here the strain energgther than the curvature of the boundar@uErey &
PATERSON201Q p42).
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In areas of high lattice distortion new grains can form wittxes orientations favourable for

basal glide and thus free of lattice strain energy. Tscess is referred to as grain
nucleation. Older neighbouring graingh high strain energy can be consumed by those new
grains by migration recrystallization. In ice sheets these processes are active in the deeper
layers where high stresses and inged temperatures occur. Generally, the size of the grains
depends on the rates of nucleation and boundary migration: the more rapid the nucleation
relative to the migration recrystallization, the smaller the awegagin CUFFEY & PATERSON

2010, p42).

Polygonization usually has little effect on theaxis orientation fabrig¢the change is in the

order of the minimum angle difference defining a grain boundamyfontrast to migration
recrystallization and nucleation that alter it significan@yKrFeEY & PATERSON2010, p42).

The statistically preferred orientation of the crystal lattices of a population of grains is
referred to eaxis fabric orsimply fabric FARIA ET AL. 20140; PATERSON1994).

These fabrics can be plotted in a Schmidt diagianpolycrystalline ice, the -axis of each

crystal points in a direction of a unit vector  gaiation oniy VT_" Recrystallization

c. The ensemble of those vectors is plotted plus retier

as dots in a Schmidt diagram which

Unconfined
vartical
compression

represents the surface on a hemisphere on
an equalarea projection. The -axis is

imagined topass through the centre of the

Pure
sphere and intersecting with the surface of shear
the lower hemisphere. Every dot marks this

intersection of the axiwith the sphereAs

Wertical +
transverse

a consequence of strain, certain fabrics ok

develop that provide information about the

deformaton history and rheological

Simple
shear

properties of the ice sheefl(l EY 1988;
CUFFEY & PATERSONZ2010, p33).
In the upper layers of an ice sheetxis

Inz

orientations generally show a random Combined

COmprassion
and shear

OIO—6N0;

distribution. With increasing depth and
under higher stressem) orientatbn pattern

of the caxes developsALLEY 1988). Fig.
PSAl )- Fig Fig. 6 C-axis fabrics produsd in simple stress systems by
(6) shows the patterns arising fromrotation and rotation accompanied by recrystallization

(CUFFEY & PATERSON 2010)



different types ofdeformation. A single maximum develogsvertical compressioifpure

shear, e.g. in an ice dome) or simple shear ocusthe eaxes rotate towds the axis of
compressionTTHORSTEINSSONL996;ALLEY 1992.

A single maximum is common in the middle of an ice sheet and is expected to develop mainly
from rotation recrystallization and polygaation (CUFFEY & PATERSON2010, p46). Fabrics

with multiple maxima can often be observed in temperate gladfens.ON ET AL. 1976). If
extensional forces occur and the ice enters the regime of migration recrystallization, a girdle
fabric will develop, where -axes rotate away from the direction of extension &mdl to
distribute evenly in a plane perpendicular to that directidORSTEINSSON1996). Samples

from ice cores drilled at ice divides, where the ice flows in two different directions, show a
girdle fabric. Depending on stresses applied to the ice alsdrpatterns are possible.

For a better description of the fabrics, a second order orientation tensor is used. As with the

Schmidt diagram, the-axis is imagined to pass through the centre of a sphere diagram and

every point of intersection with the $ace is considered to have a massl. If the sphere

rotatesaroundthe centre of an arbitrary axis, kinetic energy referred to as moment of inertia

will be required to start the rotation. The moment of inertia is defindd=as*a2, whereas m

is the mass fothe particle anda the distance perpendicular to the sof rotation

(WALLBRECHER 1986, p157).

Finding therotation axis resulting in theninimum and maximum moment of inertia, one

receives two directions which can define the position of thres inthe spheralready well

(WALLBRECHER 1986, p159). The eigenvector anda? are related to these directions with

the third eigenvectos3 perpendicular to them. The corresponding eigenvalues are the norms

of the eigenvectors, whereas for the normalized orientation tensor counts:
@ & @

(THORSTEINSSONL996;EISEN 2007).

The directions of the eigenvectors form a Cartesian coordinate system. The axis with the

maximum moment of inertia is related to the lowest eigenvBll@nd the axis with the

minimum moment of inertia corresponds to the highest eigen&3(&/ALLBRECHER 1986).

The three eigenvectors span the surface of an ellipsoid, the distribution ofaites ¢s

reflected in the ratios of the eigenval{&srmA 2011).
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Optical properties

To measure -axis orientations in polycrystalline ice, it is necessarjotus on the optical
properties of ice. Since ice crystals show a hexagonal struaterbelongs to the optical
anisotropic minerals which typically feature a weak birefringence: when light enters an
anisotropic mineral, the ray is separated into twosvarsal waves that travel perpendicular
to each other angropagate with differenvelocities. The two waves are referred to as
Aordinaryo and A MKLLER & ATH 1993 p6Y)0Sineeahe eefractiye
indexin the direction othe extraordiary wave is larger the refractive indexthe direction

of the ordinary one, the material is said to have a positive birefringélAEERENKO &
WHITWORTH 1999, p219). In the direction parallel to theaxis just one wave is propagating
whereas in all offte other directions two waves with different refractive indices occur. Thus,
ice is considered to be optically uniaxifLLER & RAITH 1993). Perpendicular to the ¢
axis, the largest birefringence is obserieeTRENKO& WHITWORTH 1999).

The measuring of-axis orientations idescribed in detail in chapter 5.1.

3.4 Impurities

3.4.1 Sources, transport and deposition

Impurities in ice can provide essential information about the climatic conditions in their
source areas as well as about former atmospharculation patterns RutH 2002).
Additionally, the analysis of those particles can help to understand the physical properties of
ice DELLA LUNGA ET AL. 2014;REMPEL ET AL. 2001;REMPEL ET AL. 2002).

Mostly they are referred to as aerosols which arellestgparticles being suspended in the
atmosphereRuTH 2002) whereas a differentiation between soluble and insoluble components
can be made. Soluble particles are of marine, terrestrial or biogenic origin (&.d<"Na

NH") (LEGRAND & DELMAS 1988) whik insoluble compounds mostly originate from
terrestri al sour ces (BenadlLuech T ALt ZDT4REMPER HT AL O a s
2001;REMPEL ET AL 2002)

Due to chemical and physical weathering processes in arid and semiarid aregsaifiee

and lose material is provided which will be eroded if appropriate wind speeds occur and
transported to the atmosphere via convective d&lstH 2002; FISCHER ET AL 2007).
Particles with a diameter less than & do not reach the atmosphere but can bedroNer

the ground (surface creep or reptation) whereas particles with a diameter from 0.0%no 0.5
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can be shortly lifted up and thus, resulting in a transfer of kinetic energy to jolted
neighbouring particles when they reach the ground again (sajtagierfig. § (RuTH 2002;
FISCHER ET AL 2007). Generally, 50 to 8% of the particles are moved by saltatiGtu{H

2002). 1% of the particles can remain in suspension in the atmosphere due to their very small
diameter of less than 0.08m (RutH 2002,WEIRBACH 2017) (see fig. 7)

Wind
- Suspension
Saltation : . - _;
o Impact o ‘oY T e

Fig. 7: Transport mechanisms of dust particlBstH 2002 (fromHuA 1999))

Aerosols can stay in the stratosphere (more thakrilth height) up to one year while they
remain in the upper troposphere (3 tokb® high) not longer than a month and in the lower
troposphere (up to Bm in height)just some days to few weekKBARRIE 1985). A long range
transport is only possible in th@anetary layewhere the material can be transported to via
high wind speeds in convective cells. On the northern hemisphere zonal transport is realized
in the areaof the westerly winds (Jetstream), meridional transport occurs due to the low
pressure areas (cyclones) developing along the polar fRwmtH(2002). During the last
glacial the polar front was shifted southwards leading to a higher gradient in temperature
between the arctic and the tropics thus resulting in a higher activity of cyclones that were
reaching towards the equa{®uTH 2002,FISCHER ET AL 2007).

Regarding the deposition, one can distinguish between wet and dry deposition. Wet
deposition is riated to precipitation and thus directly proportional to snow accumulation
(FIsCHER ET AL 2007). Aerosols can act as cloud condensation nuclei (CCN) and rain out
with the precipitation. 806 of the precipitation condensate through aerosBMRNES &

WoLFF 2004) although the majority of the particles is attached to the snowflakes without
acting as a condensation nucleisCHER ET AL 2007). Particles can also be washed out with

the falling precipitation in case they remain in suspension below the cRuus 2002).
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Dry deposition is independent from precipitati®mscHER ET AL 2007 and occurs mostly at

low accumulation rates and in spring when a lot of particles accumulate in the atmosphere
(HUTTERLI ET AL. 2006). During dry deposition the sedimerdgatof big aerosols (>10m) is

of importance and particles can reach the snow surface via simple attachment or impaction
(BARRIE 1985).

Generally, changes in the concentration of impurities in ice do not directly correspond to
changes in the concentration the atmosphere which is due to the length and kind of
transport as well as due to post depositional procebseRER ET AL 1993). Deposition of
gaseous species (e.g,®3) is reversible whereas aerosols (e.g?"CBH,") are irreversibly
attached to e snow surface and thus are stationary in the ice. After the deposition,
macroscale processes can alter the composition at the surface: high wind speeds can lead to a
drift of material at the surface so that dunes can develop which might destroy thé annua

layering(DiBB ET AL. 1992, FUHRER ET AL 1993.
3.4.2Impurities in the Greenland ice sheet

This chapter deals with the impurities to be foundthie Greenland icexplaining their
seasonal variability anpossiblesources. The main focis on thosespecieqe.g. Ca", Na)

that were included in the calculation of the correlation coefficient and could be identified with
Raman spectroscopy in the progress of this thesechapter6).

The snow falling over Greenland generally contains low amountsmfrities, since most of
them have been removed already by precipitation during their transport freevaperation
sources to the ArctidELLA LUNGA ET AL. 2014).

The transport of dust is influenced by the southward shift of the polar front durthgtagkes
which leads to increased atmospheric circulation intensisasell as byhe monsoon cycles

in its source areafR(TH 2002;BISCAYE ET AL. 1997). Furthermore, a decreased atmospheric
moisture level causes fewer washouts of particles duringtthasport to GreenlandF¢HRER

ET AL. 199, YUNG ET AL. 1996). The midAsian deserts, especially the Taklamakan desert in
West China, could be identified as the main source of dust in the Greenland icéBsireet (
ET AL. 2003).

In Greenland, e insolublecomponents of dust are composed of crustal minerals, mainly
containing alumino silicate$PALAIS ET AL. 1990). In samples from the GRIP (Greenland Ice
Core Project) ice core.AJ ET AL. (1997) found a high amount of quartz particles during cold

stages ircontrast to clay minerals and mica occurring more during warm periods. The content

21



of insoluble calcium particles (mainly apatite and plagioclase) remained very low. Calcium
carbonates and gypsum represent the biggest share of the soluble fisewrgiter 3.4.7)

(LAJ ET AL. 1997) so that calcium (€3 can be used as a proxy for dshce both
components show the same seasondRyTH ET AL. 2003). Calcium concentrations in
Greenland reach a maximum in spring, since most of the snow cover in tbe aoeas is
already molten but there is still not enough vegetation regrown to prevent efosStHER &
WAGENBACH 1996). Generally, dust concentrations in glacial times are about 10 to 100 times
higher than in the Holocen&1EFFENSEN1997).

Furthermorecomponents of sea salt are transported to the ice sheet. Oceans cover &bout 71
of the earthés surface so that sea spray aer
atmosphere LEWIS & SCHWARTZ 2004; AULT ET AL. 2013). SSA particles are nméy
composed of sodium (Njg chloride (Cl), and to some extend also magnesium ‘(Mand
calcium (C&) (FISCHERET AL. 2007). At high wind speeds small air bubbles burst at the
ocean surface producing small droplets that can be transported to the bdaydaryia
convective cellsKISCHER ET AL 2007;0OHNO ET AL. 2005). Since the atmospheric turbulences
(storm activity) increases in winter, the amount of sea salt shows a maximum in winter to
early spring KURAMOTO ET AL. 2011).

Another important fractiorof the impuritiesin the iceare nitrogen compounds whereas
especially nitrate (N@) and ammonium (N}) are of interest for this thesis.

The seasonatycle for nitrogen compounds are weaker than for example dust bulbifl

and NOs3™ can be said to va their maxima in spring to suUmmeXkNDERSEN ET AL 2006).

Both compounds can be connected to processes of bacterial decomposition which occur
mainly during warmer periods of the ye®tURAMOTO ET AL. 2011). Recent firn samples also
show increasing conctations of nitrateOg) in winter to early spring which are thought to

be caused by anthropogenic emissidasdqHER ET AL 1998;KURAMOTO ET AL. 2011).

LEGRAND ET AL. (1992) alsaexplains thaammoniumis a proxy for forest fires. Samples from
Summitice core, Greenland, show high ammonium peaks which must be caused by a high
intensity source that emits ammonium on a time scale of days to a month. They came to the
conclusion that only forest fires have enough energy to extend in the upper tropodprere w

a transport over large distances is possible. Still the amount of ammonium derived from
wildfires might be less than% (SEILER & CRUTZEN 1980). SINCEDANSGAARD ET AL. (1993)

point out that the circulation pattern in the northern hemisphere dichanged significantly

during the last 10,000 years, the Siberian boreal forests can be determined as a source for
wildfire emissions FUHRER ET AL 1996,STOHL 2006).
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Boreal fires occur during summertime when high temperatures combined with reduced
preciptation and high fuel availability due to increased plant productivity allows combustion
(ZENNARO ET AL. 2014; PYNE 2001). Plumes from those fires can circle the entire northern
hemisphere and are an important source of air @wituhroughout the ArctidAvVOUE ET AL.

2000; DAMOAH ET AL. 2004). Besides ammonium, the black carbon (BC) contributes to a
large extend to wildfire emission. It is emitted during incomplete combustion of fossil and
biofuels in fires from both natural and human sourdésQONNELL ET AL. 2007) and has a
short atmospheric lifetime of 62 days PARK ET AL. 2005). BC is not a single chemical
compound and lacks wallefined characteristic8ASIELLO 2004; ZENNARO ET AL 2014).

The um-sized BC particles may also accumulate and coat otiprrities(SCHWARTZ ET AL.

2008.
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Fig. 8 Volcanic regions contributing tephra deposits to the Gesehicecore records (Iceland, 2Jan
Mayen, 3North America, 4Alaska) ABBOTT & DAVIES 2012)

For examplesulphur compounds might be a species occurring together with BC. During
meltwater analysis mostly sulfate ($Q concentrations are detected, since sulfate is a
dominant contaminant of prgitation. It can originate from human activity, biological decay
or volcanic emissionsDELMAS & BOUTRON 1977). During glacial times,uphur is mostly
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not of biogenic origin but can primarily derive from volcanic tepHraJ(ET AL. 1997).
Tephra is a déective term for all volcanic ejecta and unconsolidated deposits arising from
pyroclastic currents and fallout depositsofve 2011). The ash components can be ejected
high into the atmosphere and distributed over a wide geographical area due to thgantera

of magma and water which increases the explosivity of basaltic erufdeméig. 8YABBOTT

& DAVIES 2012; OLADOTTIR ET AL. 2008). An increased concentration of sulfate can be
measured up to two years after an eruptiBisqHER 2001). Still, dating remains difficult

since the patrticles originating from volcanic eruptions arte transported and it can take years
until they are deposited at the pol€seenland deep ice cores preserve a tephra record for the
past 123,000 years including 45 differentocaslic eventsABBOTT & DAVIES 2012) and most

of them are determined to be of Icelandic origlnADOTTIR ET AL. 2008).

3.4.3 Location of impurities

As described in the previous chapter, the majart of theremainng impurities in the
Greenlandice sheé¢ are insoluble microparticles of terrestrial origin, sea salbsads and
acids. Their locatiorand distributionwithin the ice polycrystadepend on the mode of
incorporation into the snowflakes or ice crystals and on subsequent prottessescur
during recrystallization\(VOLFF ET AL. 1988).

Generally, it is assumed thatry few impurities dissolve in ice, as evemost of the
impurities that are easily dissolved in water are rejected as the water freezes. A few acids,
ammonia and some alkalis anditigerivates might be exceptionBeTRENKO & WHITWORTh

1994). Since the atomic radii of fluorine and nitrogen are similar to the atomic radius of
oxygen, it is assumed thétioride (F), hydrogene fluorideHF), chloride CI) andammonia
(NH;" and NH,) are able to replace water molecules and thus go into the |@#omss 1974,

p. 112) Additionally, experiments with doped ideave shown that hydrogene chlorideCiH

and hydrogene bromide (HBmight be substitutionally incorpoed into the crystalHoBes
1974,p.112; BARNES & WOLFF 2004). Once the impurities are incorporated they drastically
change the protonic carrier concentration and cause defects in the streftRENKO &
WHITWORTH 1994).

For some small molecules (e.g. HCI or parthEBy) it canbe also possible to be situated in
the free spacesetween the moleculex the lattice since the ice crystal features a relatively
open stucture PATERSON1994, p88).
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Still, most of the impurities are considered to be too large to go into the |&RtReKL ET AL
2001).Insoluble particles (dustan be located in the bulk of the grain as well as in ripple
junctions or grain boundaries, where thprgfer to bdocated, sincehey will produce strain

in the lattice due to their different structuld@LFF ET AL. 1988). In comparison to lattice, the

grain boundary is an amorphous or disordered area so that lower strain energy is achieved
when the impurity is forced into the grain boundakyLEY ET AL. 1986,0HNO ET AL. 2005).

In temperate ice grain bouades can include a liquid phasBLACKFORD 2007). This
continuous network of microscopic channels remains liquid at subzero temperatures so that it
can act as an alternative route for diffusive transgReMPEL ET AL 2001). This process is

very effective in small grained ice since there are more potential pathWayA(ET AL.

2010).

Using Raman spectroscopyyKAZAWA ET AL . (1998) could identify sulfate and nitrate ions

in the liquid phase of grain boundaries and triple junctions in AntarcticTiogy did not
observeRaman peaks associated with molecular ions in grain interiors, indicaanthe

grains are impurity freeFUKAZAWA ET AL. 1998, BARLETTA ET AL. 2012). Additionally,

BAKER & CULLEN (2000, 2001 2003) found impurities concentrated inafilents with a
diameter of about fim in grain boundaries. Although they concluded these filaments to be
artefacts produced by sample sublimation, they demonstrate the presence of impurities that
are segregated along grain boundari®esL(A LUNGA ET AL. 2014). The substances they
identified comprisedsulphur, chlorié, magnesium and sodiymvhich are typicalfor
atmospherically derivedmpurities BAKER & CULLEN 2000; BAKER & CULLEN 2001,
BARNES 2002).

However BAKER & CULLEN (2000, 2001) state, that the roajy of the particles are not
trapped in grain boundaries or triple junctions. Microparticles at-n@nmicrometer scale

that are not partitioned to the grain boundaries but remain in the bulk of the ice crystal are
referred t o(seesha@rlb.b. Saolitkstae diffusian through single ice grains is
extremely slow so that impurities considered to be frozen in pRmePEL ET AL 2001).

Generally, there is a wide range of locations for impuritrtege their distribution processes,

to a lage extentremain unclear. Their influences on tite microstructurewith respect to

their location are discussed in the following chapter.
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3.4.4 Influences on the physical properties

In general, it is assumelat impurities and dust change the treacal propertiesf ice. The
origin of this assumption is thate deposited during glacgkhows smaller crystals, a
stronger fabricand at the same tintegher concentrations of soluble and insoluble impurities
than ice from HolocenePATERSON 1991). Experiments on doped ice have shown that
impurities have an influence dhe ductility of ice and thus might change the processes of
densification and creefne example is given bMORHOLD ET AL (2012) who found a
positive correlation betweehe C&" concentration signal and density@reenland ice cores
suggesting that high impurity concentrations lead to a softeafnthe firn and thus
acceleratediensification.They state, thaimpurities can affect densification and control the
variability of density. They might change the character of firn layering from deposition
dominated density layering the upper firn to impuritydominated density layering in deeper
firn. Furthermore HORHOLD ET AL (2012) could determine that seasonal cycles in density
which follows seasonal cycles of €a

Particlesthat gather at grain boundaries can interact with them e.g. slow down their migration.
When thevelocity of the moving grain boundary (of grain growth) is not high enough to
separate from extrinsic materi@npurities), the velocity of the grain boundaryinfluenced

by the extrinsic material. This leads to a pinning effect: the grain boundary is pinned by the
particle and thus moves aslowervelocity. It resides in a lowelocity regime ALLEY ET AL.

1986). Basically, temperature and strain rate (dislocation density) influence the migration
velocity. If the velocity of the migrating grain boundary is high enqughill separate from
extrinsic material so that an unpinning effect occurs and the graimdaoy changes to the
high-velocity regime. Generally it migrates faster when it is separated from the impurities
(ALLEY ET AL. 1986; THORSTEINSSONL996). Still,ALLEY & W00DS(1996) andALLEY ET AL.
(1986) state that impurity concentrations even in ice iag are too low to impede grain
boundary migration and grain growttnly concentrations as they occur in layelsse to the
bedrockand layersontainingvolcanic ash might be sufficidgthigh.

Generally it is assumed that nanto micro-sized partites caninteract with grain boundaries
asmaterial from the crystal lattice has to diffuse arotiredparticleand the larger the particle

on the boundary the more material has to be moved. Furthermore, temperature determines the
velocity of the migratingboundary, sincehigher temperatures result in an accelerated
diffusion (FARIA ET AL. 2010). Also other properties of the boundary might be of importance
(DASH ET AL. 1995). Based on obseations using optical microsco§ARIA ET AL. (2010)
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state that theres no interaction between grain boundaries and irmhgsdown to a depth of
about 200 m. Samples from the Antarctic EPICA DML core show that below this depth,
grain boundariesontain a higlconcentratiorof impurities. They even seem to harvest those
inclusions which might be due to changes in the internal structure of the grain bouftdaries
grain boundar i énsesporsetoanecrdase tinitempeyature.
Furthermoreimpurities can act as obstacles for dislocatiomiSich can be pinnedral thus
kept in place by two particlesHOOKE 1998). When particles block the movement of
dislocations they can increase dislocation density as well as the stored energy and the
recrystallization rateRATERSON 1991). Experiments on doped ice have shovat #iready
small amount ohydrogene fluorideHF) can soften the crystal due to an increased number of
point defects JONES& GLEN 1968).

4. Samples and drilling site

. ) The drilling location for the NEEMce core is
%’dei ‘{:%C.i”‘“‘fj AL &M?‘_ﬁ? ¢her  situated in the northwestern part Gfeenland
Pt =] t.&, ol ) /.:‘:' P Svalbard ) . ) .
%“ﬁﬁ%pf% -~ NSE (77,45°N; 50,06°W). The ice at the drill site is
S M . o
sowf é’*? NEEM & . around 2542n thick and the Eemian ice can be
b O
q\ NGRIP Ne found at depths between 2286 and 2345n
3 % T2°N
727N 3 . |72
W é ?% sw  (NEEM CoMMUNITY MEMBERS 2013) The
5 5, GisP2 wGRIP™S
b 5% . E};ﬂ annual layers at that depth should be around
Y Créte i
% L s 7mm thick RASMUSSEN ET AL 2013.
srwl” - (Greenland ¢ 5 hew  The location(see fig. 9)was investigated with
64N € - = e 9- 9
# pyEsd Iceland radar techniques and had to fulfill certain
ki e . .
3 ;:?f criteria:firstly, the ice should be thick enough to
kL guarantee that the ice is old enoughinclude
Fig. 9 Location map for Greenland iamre .
drill sites (ABBOTT & DAVIES 2012) the Eemian layerSecondly the bedrockshould

be fla so that the layering is not disturbed by an
irregular ice flow due to unevenness at the groumird] the site should be located on an ice
divide which is the line that separated the -#lasting part from the westiowing part and the
area where usugllthe oldest layers can be found. Finally, the precipitation should be
moderately high, because a large annual snowctalsedast thiming of the lower, older

layers (http://neem.dk/about_nee)n/ The present day annual snow accumulation at NEEM
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site is 0,22m ice equivalent, whicls similar to those of the GRIP and GISP ice cores. The
sample used for the sa study in this thesis (bag B4originates from a depth of about
740m, where the annual layers have a thickness between 12 ard. 16is icedeposited

duringthe Holocengas it is ca. 4000 years olRASMUSSEN ET AL 2013).

5. Methods

5.1 Microstructure measurements

The thin sections used to determin@xis orientations were measured in the field directly

after drilling in order to mimize relaxation effects. At first, the core is cut into
approximately 5 m | ong pi eces, the so called fAbagsc
further analysis. Fathe preparation ahin sections one bag is separated into 6 sections, each

of them abou6 cm long and €m wide while 2 to 3cm of loss can occur @uocutting. The

sample is glued with water to the object plate and microtomed down to approximately 300 to
250pm in thicknesgsee fig. 10) Giving the sample some time to sublimate will méke

grain boundaries more visible and thus easier to distingkieRSTUHL ET AL 2006).

Fig. 10 A microtome used for the preparation of Fig..11 The Fabric AnalyzerTAMMEN 2012)
thin sectionsKLEITZ 2013)
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The prepared thin section can be measured with the Fabric Analyzer to deteraxiise c
orientations in the samplgee fig. 11) With a Fabric Anajlzer caxis orientation of optical

uniaxial minerals, such as ice, quartz or calcite can be measured, although the device is
limited to minerals with a hexagonal or trigonal crystal structure and cannot determine the
complete crystallographic orientatiPETERNELL ET AL 2010)

The main parts of the device are a light source, a microscope stage, two polar&érs, a
retarder plate (another special polarizer), an objective lens and a CCD camera. The light
source is provided by one LED mounted perpen
that are oriented ca T2Xrom the vertical and arranged at 4&® oneanother in order to focus

a conical light beam on the sample. Crossed polarizers can be rotated synchronously around
the stationary microscope stage with the thin section between 0 &nid 86eps of 125°.

The camera captures images for each LED abpittures with the crossed polarizers, for the
retarder plate and for the polarized light between 0 anda®6 taken\WILSON ET AL. 2007,
PETERNELL ET AL 2009, TAMMEN 2012). For every picture, the layer in which thexts is

located and the angle ektinction of @ery caxis can be determined.

Trend

Fig. 12 After data processing a trend image can be obtained (right), where the red areas sh
axis parallel to the longitudinal axis of the ice core (Trend, I8%IKUSAT & KIPFSTUHL 2010;
MONTAGNAT ET AL. 2014
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By Using Fourier Transformation, the angle of extinction can be calculated by fitting the light
amplitude values for each step of the polarizers to a sinusoid EVERNELL ET AL 2009).

By combining all 9 layers (golane$, an intersection line can be obtained which is related to
the caxis orientation. Using the angle§ the azimuth, whichdefinesthe deviation from the
longitudinal axis of the ice core @@ z i . *Panétle colatitude (the deviation from the
normal to the longitudinal axis of the coreD@ o | a t i °)y thedeaxi Drientation can be
determined for every pix¢see fig. 12JPETERNELL ET AL. 2009, TAMMEN 2012).

5.2 Chemical parametes

For measuring concentrations of major ions and dust particles in ice cores, systems for
continuous flow analysis (CFA) became a standard method in ice core analysis due to the fast
and efficient decontamination of the samples and the high temporakdatation that can be
obtained over the full length of an ice cok(UFMANN ET AL. 2008;BIGLER ET AL. 2007).

The samples from the NEEM ice core used for this work were directly measured in the field.
In the following, the main setup for a CFA systemdastationary lab is described.

Sample preparation and melting is performed in a cold laboratory at approxiridtdty-

20°C. A longitudinal subsection is cut from an ice

core (an ice core fAstie
section of about 3.Bm*3.5cm and measures
around 10@&m in length CoLE-DAI ET AL. 2006)

and breaks in the core should be documented
seriously. All working surfaces have to be
decontaminated (e.g. with Isopropanol) to guarantee - =
good working conditions for low Ieveb

measurementsAs the breaks and also the ends of 1‘/"1 &

the stick are sources of contamination, it |
necessary to take off some millimeters at the ed
of the core RUTH ET AL. 2003). The preparedisk
is fixed in an opeended aluminum tray and
mounted over a melt head 8wt it can melt at one Fig. 12 A firn core before the melting
end ROTHLISBERGER ET AL 2000; KAUFMANN ET  Process starts (CFA system of the Alfre
Wegeneiinstitute for Polar and Marine

AL. 2008). For firn cores the melt head is usuallyresearch)KLEITz 2013)

made from aluminum, for ice cores it is coated with
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gold. The melt head consists of two concentric parts: &rd,Square inner zone ide a

4,0 cm square melt area. Since the cross section of the sample is slightly larger than the inner
zone, the potentially contaminated melt water from the outer zone can be channeled
separately to the waste stream thus providing decontamina@iore-DAl ET AL. 2006;
MCCONNELL ET AL. 2002). Only the stream of the inner part which was never in contact with
ambient air is drained off for further sample analyBiss(ER ET AL. 2007). Fig (13) shows

the melt head for firn of the CFA system owned by theefVegenetinstitut for Polar and

Marine Research, Bremerhaven. The analysis of firn samples is slightly difficult since the
capillary forces in the porous firn result in meltwater which is soaked up into layers above the
melt head. Thus, a finmelt headconsists of a flat surface with many radial narrow slits that
cause a capillary force downward into the melter, which is higher than the one of the porous
firn (ROTHLISBERGER ET AL 2000). The melt head is usually kept at a temperature of about
20°C to mantain a caistant melt rate of typically 3cm/min. A weight lying upon the ice
sample applies additional pressure on the ice to keep a constant melt speed also towards the
end of the measurement, where the net weight of the stack gets Kom@mANN ET AL.

2008). A peristaltic pump ensures the flow in the sample stream and the meltwater is
channeled via plastic tubes to the warm laboratory that is located in the adjacent room
operating under normal room temperatue®LEe-DAI ET AL. 2006). The meltwateraturally
contains air bubbles coming from the enclosed air in the ice, which accounts for
approximately 106 of the volume so that the water first passes a debubbler preventing any
air bubbles entering the following systeKWUFMANN ET AL. 2008;RUTH ET AL. 2003. After

that, an automated set of valves determines whether meltwater from the sample or standard
calibration solutions are measured and divides the sample stream to the different plastic tubes
leading to the measuring devices and to the wastésbim fig. 14 ROTHLISBERGER ET AL

2000). The measuring device can include a conductivity meter, a pH meter and several
components to measure the major ions such &5 Na', NH,*, NOs, SQ? or H,O? (COLE-

DAIET AL. 2006). Table ) summarizes the measug principles for the major ions.
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Tab. 1: The chemical species and the main principles of their measuring method

Chemical species Method Reference
c2t - measuring the intensity of | SIGG ET AL. 1994;RUTH ET
fluorescent complexes AL. 2007
Na" - Absorption ROTHLISBERGER ET AL 2000

. - measuring the intensity of
NH,4 SIGG ET AL. 1994
fluorescent complexes

NOs - Absorption ROTHLISBERGER ET AL 2000

MADSEN & MURPHY 1981;

. . BIGLER ET AL. 2002;BIGLER
SO, - optical
ET AL. 2007 BURAKHAM ET

AL. 2004

- measuring the intensity of
H,0, SIGG ET AL. 1994
fluorescent complexes

Dust (insoluble particles) | - optical KAUFMANN ET AL. 2008

After the measurements, uncontaminated sample water is collected in vials by an autosampler
for subsequent discrete analydi¥dLFF ET AL. 2006; KAUFMANN ET AL. 2008).

With a CFA systen(see fig. #) a recorded resolution of aboutnim should be achieved

while the effective resolution is between 10 andr2B (ANDERSEN ET AL 2006; RASMUSSEN

ET AL. 2006). The depth resolution is defined as the core depth interval represented by a single
analytical masurement and is mainly influenced by the turbulent mixing that takes place in
the long tubes of the system and the geometry of the melting d&&@e &1 AL. 1994;
RASMUSSEN ET AL 2005 CoLE-DAI ET AL. 2006).
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Fig. 14 Schematic dnaing of a CFA systemWEIRBACH, personal communication 2015)

5.3 Linescan images

To identify layers of high impurity concentrations (cloudy bands), linescan images can be an
appropriate method. Cloudy bands develop when seasonal events lead to an increased

transport and deposition of impurities onto the ice shi8ld=NsSsSON ET AL 2005; DELLA

LUNGAET AL. 2014).
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For sample preparation, the ice core slabs have to be carefully microtomed on both sides. The
measuring principle is comparable to dark field microscopy.riai@ setup the shown in fig.

(15): above and below the ice core section two trollenes located holding an indirect light
source ad a camera, which can measligat intensities in &it resolution. The trolleys move
synchronously along treamplewhile the camera records the light that is scattered in the ice.
The images hag a resoluton of 118pixel/cm, bright layers of intense cloudy bands and
volcanic ash can be identified due to the light scattering of the part®lesi{SON ET AL

2005). Since pure ice does not contain high amounts of impurities, it will appear dark in the
images(SVENSSON ET AL 2005;DELLA LUNGA ET AL. 2014).

For this work,not all sampleshave been scannetlie to the fact that the ice originates from
the brittle zonde.g.NEFF2014) whichmakessample preparatiodifficult.

‘w Camera }—b
Ice core >+<Focus
- “/ I, ) C — ,",:', :'ﬁ/'/) _::?j;f f,;»\:j;j::b \7 \ - L_’

Light source Lens Mirror Dark field

Fig. 15 Schematic drawing demonstrating the principle of a linescan instruB&EN$SON ET AL 2005)

5.4 Microstructure mapping

For further investigations two sections from one bag are chosen as a casesswudligpter

6.3 and 6.4 for which the method of microstructure mapping was used as described by
KIPFSTUHL ET AL (2006). For the chosen samples a full overview of all microgtra
features is necessary to identify the black dots to be measured with Raman spectroscopy as
well as to get a first impression about their distribution.

The samples are usually vertical sections with the long axis parallel to the vertical axis of the
ice core, and are approximately 90 todd® long, 40 to 56nm wide and 4 to fm thick

(see chapter 7.djg. 39). They are prepared according to the standard procedure for the
production of thin sections for fabric analysis: for this work, an approximategm wide

and 90mm long area in the middle of the convex side of the sample was microtomed, then the
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sample was frozen with the microtomed side on a glass plate to prepare the surface on the
other side. After that procedure the sample sublimated fart@n® hour so that the scratches
produced by the microtome blade disappear and the subgrain and grain boundaries become
more visible.

The system used at the Alfridlegenetrinstitute consists of an optical microscope (Leica
DMLM), a CCD camera, a frame aber and an xgtage. The images are taken in
transmission and acquired inegrvalue with a resolution of dyte or 256 grey values, since

black and white cameras show a better contrast so that microstructural features can be
distinguished more easily. fier adjusting the sample position and brightness, consecutive
images are taken everyn2m in the xdirection, whereas the standard size chosen for a single
image is 2.5 by 1.6hm (KIPFSTUHL ET AL 2006).

For the sample area described here, the scan taak an hour and acquired a series of about

386 images, which were later aligned using software developeddmHIER (AWI) to get a

full picture of the microstructure.
5.5 Raman spectroscopy

For this work, Raman spectroscopy was used to identify eterral the black dots are made

of since this method is nesfestructive and requires minimal sample preparation. Raman
spectroscopy belongs to the group of vibrational spectroscopies and utilizes the Raman effect
which is defined as the inelastic scattgrof light photons of molecules or molecular groups
(e.g.SMITH & DENT 2005).

A molecule with no active Raman modes absorbs a photon and returns back to the same basis
vibrational state as before the excitation, emitting a photon with the same frequehey as
excitation source. This type of interaction is referred to as elastRagleigh scattering

(SMITH & DENT 2005). About 99.99% of all incident photons underdoayleigh scattering

and thus are useless for molecular characterization, whereas onerin & photons
produces a Raman sign&l/€IKUSAT ET AL. 2012;SMITH & DENT 2005).

The laser beam induces an electric dipole moment to the sample which deforms molecules
resulting in a vibration of the molecules with a characteristic frequency. If a mwlbas
vibrational Raman modes, its polarizability is changed by the induced vibration and a photon
can transfer a part of its energy to the vibration so that the frequency of the scattered photon is

shifted downwar ds . Stokeb i ecraslf amelécele is arehdytinoan a s
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excited vibrational state, the excessive energy can be transferred to the photon, resulting in a
hi gher f r equ e rnaotyStoked h $ s a iSwTe & BehNTR@0d). 0

The positions of the Raman bands dinecfive the energy of the detected vibrations, which
can be influenced by environmental conditions, neighbouring atoms or theatgetorder

of the crystal structureEIKUSAT ET AL. 2012;SMITH & DENT 2005).

A Raman spectrum is unique for each chenugoahposition and can range from single bands

to very complex multband spectra thus providing qualitative and quantitative information
about the analyzed material. The spectrum is a plot of the intensity of the shifted light versus
frequency and generallthe Raman spectra are plotted with respect to the laser frequency so
tha the Rayleigh band is set atB™ The Raman band positions give the energy levels of the
different functional group vibration&¢ITH & DENT 2005).

The basic components of a Ramsystem gee fig. 16)nclude an excitation source (usually a
laser), a sample illumination system, light collecting optics, a filter for rejecting the Rayleigh

scattered light, a spectrometer and a detector (a photodiode array, CCD or PMT).

For this waok the Raman measurements were
performed on a WITec Alpha 300R microscopy
system equippk with a frequencydoubled
Nd: YAG | a s em), af SJHBES3W
Raman Spectrometer, with a Pekhomoled
DV401A-BV CCD detector and a 50x LWD
objective, operated in a cold laboratory X °C

at the AWI WEIKUSAT ET AL. 2015; HUEN ET
AL. 2014). After themicrostructure mapping the
samples could directly be used for the Ra
measurements. Some additional microtomi
was performed in case the surfa

contamination challenged the identification 8

. . . Fig. 16 The Raman microscope in the cold
the grain boundaries. The black dots in th%boratory of the AlfredVegenerinstitute

sample were locatl due ® microstructure maps

using the 10x LWD objective, then switched to the 50x LWD objective for further focusing
and for obtaining the Raman spectrum. The challenge is then to remove background noise or
fluorescene which is explained in chapter 227.
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5.6 Correlations

To reveal possible links between the data obtained from the continuous flow analysis and the
fabric analysis correlations were calculated, though it has to be noted that high correlation
coefficients are not a sufficient conditiorr f@ causal relation between two components. If the
correlation coefficient implies a correlation between component x and component vy, it cannot
be defined whether x influences y or vice versa, or whether they influence each other
mutually. Furthermore, theorrelation can occur randomly or even a third variable might
interact with the two parameters, thus making it difficult to determine a certain relationship
without further information $cHONWIESE2006). Nevertheless, correlation coefficients can be
usedas a tool to complement the results obtained from other methods.
For normally distributed dat® e a r s 0 n 6-Moment aplelatiotcan be calculated with
the formula:

S B o dow o

B o of B v w

with of -B @ andw -B « being the arithmetic means of the data andhe

population BURT & BARBER 1996, p386).

Since a linear correlation is assumed, the range of the correlation coefficient is bdhardn

1, whereas a correlation coefficient of 1 implies that the values of both variables increase or
decrease synchronously. A negative valuelafhows, thathe values of one variable increase
while the values of the other variable decrease. A correlation coefficient of O implies no
correlations between the variables.

A calculated correlation requires a test for statistical significance where two hypatreesis
proposed: the null hypothesis Btates, that the feature to be tested (the correlation between
two parameters) occurred randomly, while with the alternative hypothesiseHopposite

case is assumed. For this work the alternative hypothesis staeghé parameters are
correlated and thus the correlation coefficient isSCHONWIESE 2006). Furthermore, a
confidence level has to be determined which shows the probability for the test decision for the

related hypothesisSCHONWIESE2006). For this wde a 95% confidence interval was chosen.
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With the formula

4%

N Va]

the pvalue can be calculated on the basis of the correlation coefficaerd the population
(BURT & BARBER 1996, p391). The p value gives the strength for thelence for the null
hypothesis: a falue >0.05 with a confidence level of 9% leads to a rejection of the null
hypothesis and thus it can be stated that the correlation is significant and does not occur
randomly SCHONWIESE2006).

The ShapireWilk Testshows Gee appendix 10)2that the data used for this thesis are not
normally distributed, soth& e a r s o n 6-SBlomeEnt amelatiotcould not be applied and
the correlation ofS p e a r ma nwassuse® instead. This correlation method can be used
when theobtained data are not normally distributed or show ordinal sc&@sO(WIESE
2006). With difference td® e ar s o n 6 -#Moment oodealationthe values are ranked,
which might result in a loss if information.

Spear mais éakulafd as

i B O
P % o

wheren is the population and the differencesfahe ranks BURT & BARBER 1996, p395).

The pvalue is calculated as

RoiE p

wheren is the population ands the correlationcoefficient BURT & BARBER 1996, p.396).

With this formulathe pvalue can only be calculated asymptotically since bindings can occur
due to the ranking of the values. Bindings are referred to as same values in the correlated data
sets so that they cannot be assigned an explicit ranks, Tthe arithmetic mean of the
differences of the rks are used to calculate thevgue, although less than 26 should

show bindings otherwise an extended formula has to be applied & BARBER 1996). For

this work, the given formula could be used.
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Since there is no significant correlation between NEEMA data and fabric data in many
cases a cross correlation was calculated in additiof poe a r ma nThe dat® bao be
regarded as time series, because snow accumulates in layers on the surfame chihet so

that the depth can be related to time. When calculation a cross correlation, the data sets (or
time series) are shifted against each other in steps of one data point (one value) in order to
determine whether stronger correlations occur wipbstponement.

The cross correlation is calculated with the formula

where n is the population,a; and b the correlated variables andthe shift in time
(postponerant) SCHONWIESE2006, p231).

The correlation plots were generated using the free software R. It was not possible to calculate
a cross correlation witB p e ar ma sodtlaatP R A b s 0 n 6-BlomEnt acodelatotwas

used which is of course not correctibmight still give an impression on how a shift in time
influence the correlation coefficient. Theaxis shows the shift in time while the correlation
coefficient is shown on the-gxis. The blue dashed line marks theZ®8onfidence level.

5.7 Data pracessing

5.7.1 CAxes and RunningMedtrogramme

To determine @xes orientations and perform statistical analyses on theotiéained by the

Fabric Analyzr, two programmes are applied: with the cAxes programme a segmentation of
the grains can be achievadhich makes it possible to calculate grain statistics for each thin
section. Usinghe data from the Fabric Analgg, the azimuth and colatitude are transformed

into Cartesian coordinates and with some additional adjustments of the parameters, a vector
image can be generated from the coordinates for x,y dadER 2013).

The data output from the cAxes programme is then used as an input to thegMean
programme (written byl. EICHLER 2013 using C++). This programme aims to improve the
grain statigts in terms of crystal orientations and resolution of the grain sizes using a running
mean. For this work, all six thin sections from one bag, related to numbers from 101 to 601

were aligned TAMMEN 2012). In the following some parameters have to be efihke (if
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desired) the removal of the edges of the sample given in pixels. Additionally, the area to be
averaged (frame height) should be determined, as well as the step width. The smaller the step
width, and frame height, the higher will be the resolubf the outcoming data. According to

the CFA data, which theoretically have a depth resolution of lthenframe height was

chosen 50@ixel (I 1 cm) and the step width Jfixel (I 1 mm). The edges were not removed.

After starting theprogramme t he data are saved in a Arunni

data for the mean grain size and eigenvalue 3 are taken to generate the plots for each bag.

5.7.2 Raman software

After the Raman spectra were obtained, it was necessary to extract the band parameters from
the spectrum in order to allow a more reliable identification of the material. Therefore, the
WITec software also used to operate the Ramamoscope was applied. As a first step, the
O-peaks of the spectra were mathematically fitted to a Gawsntz function in order to
maintain the correct positions of the peaks since the instrument is not calibrated prior to each
measuring session. Fuettmore, a background correction was performed to improve the
quality of the spectra and the ice spectrum, which always occurs in combination with the

spectra of the extrinsic material, had to be subtracted.

T
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Fig. 17 Example of an identification of a Raman spectrum using the CrystalSleuth softwar
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The identification of the speaet is based on the data obtained from the RRUFF database for
Raman spectra,-say diffraction and chemical data for minerals (http://rruff.info/) and the
related software CrystalSleuth. The software reads the spectra and after some additional
background coection, the minerals and mineral compositions matching the given spectrum
are suggestefsee fig. 17) Although not completely reliable, the software can be used to

identify the major Raman bands of a spectrum.

5.7.3 Structure of the plots

For the folowing analysis, the open source software andbpg r ammi ng | anguage
To generate graphics with R both datasets lawmntain the same amount of data. In the

data obtained from the RunningMean analysis 10 values were mis$itoh might be du¢o

the cutoff occurring when the core is separated into six seclibescutoff is compensated by
includungNaN6s (not a number) into the file with
the transition from one thin section to the next one is egpéttie cutoff is not documented

during sample preparatianfter that, both datasets could be plotted and summarized into

one graphic.

The information of the bag number and the depth are included in every plot, whereas the

depth can be calculated frofmetbag number with the formula:

6 pzmvuv ®

, WhereasB, is the bag numbeyg; is the piece number which is related to the data from the
thin section for the RunningMean programme (601) andD the @lculated depth.

The structure for the plots described in the following is equal &h bag (see appendix

10.3) the lower xaxis shows the absolute depth),( whereas the upper-axis gives the
relative position in th&5cm long bagThe yaxes on botlsides of the plot are adapted to the
values of the data for the ions, the mean grain size and the eigenvalue 3, respectively. In order

to compare the data and estimate their statistical relevance it is necessary to give the mean
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grain size in mm2 and thusecalculate it from the value given in pigefrom the
RunningMean programme. For every value in the frame the mean grain size shpxéd
be multiplied with 0,0004 to obtain the value mm2 The upper graphs show the plotted
values for ammonium (NH) with a light green colour with the axis on the left side and
nitrate (NQ) on the right axisn black Beneath, thelectricconductivity is plotted in dark
green. In the middle, the turquoise line shows the content of calciuff) (@ih the
correspading axis on the left side and the content of sodiun?)(Méth a purple line. The
eigenvalue 3 is plotted undernieawith a single curve in orangé&inally, the dust content
(number of particles/ml; blue line) is plotted together with the mean grainnsinen? (red
line). For every plot the trend imagebtained from the Fabric Analge are aligned for one
bag ( 6 thin sections/images) and included in the graphit® linescan images are not

availablefor all samples.

6. Results

6.1 Reliminary results:

Bag number: Bag 1346 , depth top: 739.75m , depth bottom: 740.3m

bag depth (cm)

— ™
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Fig. 18 The preliminary result for bag 1346 with dashed blue lines marking the edges of the thin sect
42



After initially plotting the data, everal negative peaks of the mean grain size and the
eigenvalue 3vere identifiedhatappeamwith a distance of @m at the same positions in every

plot. These peaks are considered to be artefacts originating from the fgranmsg fromthe

water which was used to fix the thin section on the glass plate.1&#owsthe mean grain

size and the eigenvalue 3 plotted for HERy16 as an example (the red arrows mark the
artefacts). The negative peakad to be eliminated manually in order to prevent major
mistakes in the correlation statistics, as tbeyld not be remowkautomatically despitsome
adjustment®f the cAxes programme. To visualize the artefacts (or spikes) a plot of the total
area was generated: For each frame of the RunningMean data, the mean grain size was
multiplied with the number of grains (per framefich should result in the analyzed overall
frame size in pixel. With the total area it can be rated whether the xAxes programme is able to
identify all grains to fill the frame. In case the difference between the area of the frame and
the area of the gias is too big, the results of the running mean should be rejected since the

software did not identify atjrains

Bag 1346

1600000

1200000

TotalArea

800000

I I I I I I
0 100 200 300 400 500

400000

Index

Fig. 19 Plot of the total area (mean grain size (pixel)*number of grains) for bag 13¢

Fig. (19) shows the plot of the total area exemplary for b846 The total area plot was
generated for the data of the mean graze sind eigenvalue 3 for every bag so that a limit for

the grains to be reliably identified could be determined. Below that limit, the spikes were
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removed maual | y and s ub $he ilimituasectosen yndepeadsindysfor the
mean grain size and ftihhe eigenvalue for every bag according to the range of the values and
the results from the trend images. In the following the amount of the data that could be used
for furtheranalysisis given in percent for every bag.

The plots described here and theléabwith the correlation coefficients (cc), are to be found

in the appendiXsee appendix 10.3gxcept for bag 1346 which was chosen for a case study
and is theefore included in this chaptésee chapter 6)2/ery high or strongly increasing
values for he CFAparametersccuring at the edges of the bag or at breakes notincluded

in the interpretation athey might be due to contamination during the measuring process.
Gaps in the data can be related to the previously dedardmovedspikes, to breakin the

core or even air bubbles that got accidentally into the CFA system. In the followimgaihe
results for every bag are described, whereas for the significant correlation coefficients

(obtained by p e a r ma)modiraled Railues are given.

6.2 Results of all 12 bag plotgsee appendix 10&nd 10.4

Bag 1346

For bag 1346739,75m to 740,3m depth)94,81% of the data for the mean grain size and
92,58% of the data for the eigenvalue 3 could be used. Thigsbaigken in the middle so

that no inescan image and no CFA data cobklobtained(see fig. 20) The thin section
1346 201 and 1346 501 were chosen for a case study since they show important features to
be interesting for further examination with Raman spectroscopy: one criterion wagtthe h
ammonium peak of 270thg/g at 739,88n. Since ammonium is considered to be one ef th
compounds that might be incorporated into the ice crystal laittie®uld beof great interest

if it is found as one of the black dots. Furthermore, the chosénrssbow high dust peaks

that can be related to the maxima of sodium and calcium at 739,84d 740,1m,
respectively. The first two dust peaks in section 201 in the range from #83@®939,94n

go together with rather small grain sizes, whereagp#ai from aproximately 740,1%n to
740,20 m seems to correlate with larger grains. In ¢hse studysee chapter 6.3 and pthe

aim is to find possible differences in the composition of the black dots by using Raman
spectroscopyThe caxesdo not showa preferred orientation.

The mean grain size shows some weak correlations with several comfseadsb. 2)a
significant positive correlation with dust (cc=0,13), with conductivity (cc=0,10) and with
nitrate (cc=0,11) as well as a weak negative catig with ammonium (cc9,10).
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The eigenvalue 3 correlates negatively with sodisdnl@), with calcium {0,18) and with

ammonium {0,19)(see appendix 10.4)

Bag number: Bag 1346 , depth top: 739.75m , depth bottom: 740.3m
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Fig. 20 Bag plot of bag 1346. The red rectangles mark section 201 and 501.

Generally, almost no correlations can be found between dust and the mean grénesize.
somefracturesin the cores, the interpretation of the ion redsrdifficult since information is
missing to complete the picture. Still it can be stated, that the nitrate signal often goes together
with the sodium record while the calcium sigmalmostly related to dust. The calculated
correlations do neither constantly show a relation between specific compounds nor can be
related to certain peaks in the data for the compounds. They rather occur randomly throughout
the bags which might be duegsome difficulties with the depth scakeg chapter 7)6
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6.3 Case study bag 346 201

Bag plot

The section 201see fig. 20 from bag 1346 originates from a depth between 739,84
739,96m. The most characteristic features of this section are mm@oaium peak of
27,18ng/g at 739,84n ard the high peak of dust (11292rticles/ml) at 739,9t. Calcium
shows a maximum of 15,3¥y/g at 739,9In accompanied by a maximum peak in the sodium
ion concentration of 18,118y/g at 739,90n. The conductivityemains rather stable atound
1.1uS/cm. The mean grain size varies between @88 and 8,74nmz2. The eigenvalue 3
fluctuatesbetween 0,54 and 0,72 showing that dnsribution ofc-axis orientations in depth

is notcompletely random.

Correlations

Weakpositive correlations could be found between the mean grain size and sodium (cc=0,29)
as well as between the mean grain size and calcium (cc=0,26). The eigenvalue 3 negatively
correlates with sodium (cc=0,21) and calcium (ce,23) and positively corrates with

ammonium (cc=0,24(see tab. 2)

Tab. 2: The correlation coefficients for bag 1346_20ke blue colour marks the sigriéint
correlations (significance level 95%)

dust conductivity | sodium | calcium | ammonium | nitrate
me el 0,002 0,097 0286 | 0261 | -0079 | 0,15
eigenvalue 3| -0,188 -0,148 -0,206 -0,228 0,237 0,577

The cross correlations show that wittag of 17mm the correlation between the eigenvalue 3

and sodium gets strongeshowing a correlation coefficient of approximatel.70. The
coefficient for the eigenvalue 3 and calcium as well as dust rises @pfowith the same

lag. With small lagof 6 to 7mm weaker positive correlations between the mean grain size
and ammonium (cc=0,4) and between the mean grain size and nitrate (cc=0,45) can be found.
These results imply slight irregularities in the depth scatech need further investigation
addressed later in the discussion sec{see appendix 10.5)
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Fig. 21 Microstructure map of sectior
201 with marked grain boundarie
(blues) and labelled black dot
(magenta)

Microstructure mapping

Threemicrostructure mapwereprepared foboth sections

, from the bag: one obtained from the surface in order to get

a complete picture of the grain and subgrain botesia

& and twowith a focal depttof about500 to 100Qum below
8 the surfaceto excludeimpurities thatmight berelated to

surface contaminatio(see appendix 10.7The black dots
were marked with tools from the ImageJ software.. Fig
(21) shows the microstcture map of the surface of
section 201where the grain boundaries are marked with
blue lines and the black dots counted from an inner layer
with a focal depth of about 5@0n below the sample
surface are highlighted in magentaheT surface picture
was included in order to get a better overviewf the
distribution of the black dots in relation to the grain
boundaries thus revealing visible connections to the
microstructure. Figd2) shows examples dfie appearance
of theblack dots counted he(markedwith red circles)
Generally, the microstructure mapping revelatbat bag

1346 contains bubbleich ice where bubbles are

| elongated parallel to the basal planeslust as the

microbubbles this might be a relaxation effect, since the
core was drilledalready between2007 and 2011. Two
dark bands of high bubble concentration can be seen in the

picture,one on each side of the break.
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After labelling the black dotsa total number of about 150@ould be found in
onefocal plane

This is an approximated numbeince some particles weecenglomeratednaking it difficult

to distinguish between single black dots. Furthermore, deatarescould not beexplicitly
identified as black dots just by visible inspectiamdcould havealso be&n microbubbles or
other artefacts. Thodeatureswere still included in the labelling in order to characterize them
in more detail using Raman spectroscofye distribution of the labelled particles shaws
bandsof high impurity caocentration, whicldo not match with the dark bands of the bubbles.
The peak correspond to thdoublepeak in dust concentration that can be seen IICg-
data,indicating that for this section there idaage shift of almost Zm in the depth scale
beaween CFA and fabric measurement$e distance of the bands in the rogiructure
mapping image matchdble distance of the peaks in the plot. Furthermore, the ammonium
peak might not necessarily becéded in the chosen area but coaldo be shifted anthus
included in section 10IThe shift in depth scale is in agreement wiltke results fronthe
cross correlationssincethree out of fourcoefficiens got stronger with a certain lag the
same directionOutside of the bands (especially in the midaihel in the area of the upper
bubble layer) the concentration of black dots is far loMerrelation betweethe position of
the particlesandthe grain boundaries could be foyrmit the upper dust peak (or band of
black dots)oincideswith small grainsizes gee fig. 20.

@

o
- 50 um

Fig. 22 Examples of black dots as they were labelled in the miciistieimap
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Raman spectroscopy

For section 201, 151 particles were measured with Raman spectrobcomnly for 64
particles a spectrum could be obtained. The areas tovestigatedwith the Raman were
choseron the basis afhe microstructure mapping image with the labelled dots. At &rsas

with high concentrations were chosen, followed by areas with a lower concentratio26)Fig (
shows the microstructure mapping image with the measured areas being marked with a red
rectangle and a number according to their order. The rectangles are larger than the area that
was actually measuretbr better visibility in thefigure. Generally, more particlethan
labelledwere measured due to the fact tbhinging the focus ahe Ramarmicroscope
revealed some more black dotsthe vertical dimension, whictvere then included in the
measurements.

In this section a lot of particles wecenglomeratedfig. 23 left) or even appeared form

chains (fig. 23 right), whereas not evg partide belonging to such @&onglomeration
necessarily showed the same spectrum. Smnglomerationseparated after being hit by the

laser whichthenallowed a measurement of the single compounds, others did not.

20 pm

Fig. 23 Examples of black dots forming conglomerates (left) or chains (right) (observed with the R
microscope)

The resultsare summarized in gie chart for each areavhich showsthe amount and
compositions of chemical species that could be identified with the RRuFF database. The
numbers above and below each pie chart (x/y) show the total amount of particles measured (x)
and the amourgpectrahatcould be obtaingdespectivelyy). Four versions of the pie charts

were generated in order to get a better understanding of the distribution of the chemical
speciesDue to the uneven distribution of the black dots, a differemtuanof particles wa
measured for each areghich complicated thetatistical comparisoAs some particles were

conglomeratedther Raman spectrum was oft@malysedas a mixed signawhich was at
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first still consideredas one particle. As a second step the signals egneted as originating

from two differentparticles(more could not be distinguished in the Raman spect(see)fig.

24), which also changsthe total amount of particles showing a spectrum.tkemlots with

the separated signal a slightly differéegendhad to be employefsee fig. 25) Furthermore,

it was distinguished between pie charts including only the particles that actually showed a

spet¢rum and all measured particles (see tab. 3).
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Fig. 24 Schematic drawing showing how mixed and separated signal were generated

Tab. 3:Assigning the Raman spectra into fauoups

Mixed signal

10.8)

(see fig. 25 and appdix M

Separated signal
(see fig. 25 and
appendix 10.8)

Including all
measured particles

showing a spectrum
Fig(a)

Including all measured

particles

Fig(b)

Including all measured
particles showing a

spectrum
Fig(c)

Including all measured

particles

Fig(d)
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Since black carbon is always one compound of the mixed sighalcolour codes emphasize

that by giving all black carbon related compositionsli# colour with varying brighiness

Pure sulfate compounds are coloured in different shades of dedilma particlesn green
colours. The trace compounds like titan oxides are coloured purple and metal hydroxides
brownish. The light grey colour was chosen for the particles that did not show a spectrum, the

dark grey colour belongs to the particles s@pectra could not be identified without doubt.

Since in small pie charts the colours might be difficult to distinguish the colour code is

complemented by a combination of letters and numbers to guarantee a clear identification

mixed separated

Sulfate (Al Sulfate) Sulphate/Phosphate S1
Na Sulfate Sulfate (Al Sulfate) .82
Ca Sulfate Na Sulfate -83
Black Carbon Ca Sulfate S4
BC & Sulfate/Phosphate Gypsum S5
BC & Na Sulfate Black Carbon B
BC & Gypsum Silicate C1
BC & Feldspar Quartz C2
BC & Quartz Feldspar C3
BC & Ca Fe OH Plagioclase C4
Silicate CaFe OH F
Quartz TiO2 (Rutile & Anatase) T1
Plagioclase TiO2 mixed signal T2
TiO2 (Rutile & Anatase) unidentified U
TiO2 mixed signal no spectrum N

unidentified

no spectrum

Fig. 25 Colour code for mixed and separated signals
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Still, the main colours are regarded to be an appropriate method to give an overview of the
composition and dtribution of the chemical species for tastire section. This code was
generated due to the intensity of the Raman spectrum: if the signal ifsheakng only one

or two characteristic peaks) distinction between sulphate and silica partields still be
possible whereas with a stronger sig(ellowing more than two peakd)fferent kinds of
sulphates can be identifie@he number of particles measured in one area varies between 4
particles in area 10 and 11 and 41 in ard@@mples of the Ramanesgra together with the
reference can be found in the appendee(appendix 10\6

/M Area 5: 25/6 Area7:9/8 Area 6: 5/1 Area3:11/4 Area 2:41/20

c2

Area 12:6/2

Area 4: 8/6
B5

Area 10:4/2

C2f S3 ' S2

B2

Fig. 26 Bag 1346_201: microstructure map with the pie charts including the particles with a Raman
spectrum as a mixed signal

Concentrating on fig. 26 (fig. ajhe major compounds measured are sulfates, black carbon
(with the characteristic peaks at around 1350 and t6ifcm (e.g BEYSSAC ET AL 2002)

and to some extend silica particles (e.g. quartz and feldapargll as titan oxide asteace
species. In the band related to the deeper dust peak (around m3%Ryhificantly more
sulfate (possibly aluminum sulfatedccurs (gy. area 2,7 and 8hereas in the upper band
more silica particles can héentified (e.g. area 5, 9 and 12)uartz is the main species from

the group ofilica particles (e.g. area 5 and 7). The sulfates are mainly represersiediloy
sulfate (e.garea 3) and in some parts calcium sulfate (area 10). Black carbon related

compounds are almost equally distributed over éhéire sample. In area 5 and 6 some
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particles could not be identifie@he spectrum is highly complewith Raman bands up to
2900rel*/cm. The particles could be identified as organic compounds, although a closer
identification could not be achievetihe comparison to spectra obtained from pollen does not
show any matching peaks. Area 3 shows another unidentified spectrum whichdemaht

be an anorganic compoundseé appendix. 10.8n area 8 rutile as a titan oxide could be
found which can accompany sulfate in layers of volcanic(A&BOTT & DAVIES 2012).

Figure b(seeappendix10.8 implies that a spectrum could be obtaif@dapproximately one

third of the measured particleshich might be due to the fact that some compounds such as
sea salt cannot be detected with Raman spectroscopy. Additionally, some particles tend to
move away from the laser due to local heating andg thelting @ the microscaleThese
particles cannot be measured even after several corrections of the sample position.
Furthermore, regarding the amount of measured particles, a higher percentage of particles
located in areas with low concentratist®owel a spectrum (e.g. area 7, 10, 12). In area 1 no
spectrum could be obtained whitirst was attributed to lack of experienagth this method

since it was the first area to be measutédwever,an additional checking after all other
spectra were measurstill did not lead to successful results.

Separating the mixed signals as done for fig ¢ arfised appendix 10.8¢ads to different
percentages in the composition of the species: whereas in fig a and b sulfate and black carbon
where the major componerglowing almost equal amounts, it can be seen in fig ¢ and d that
sulfate is the major component and black carbon just shows half of the amount of sulfate.
Every pie chart includebetweenone andtwo thirds of sulfate. The figures also show that
sodium alminum sulfate and gypsum weoaly recorded as a mixed signal (e.g. area 7 and
area 4). The upper dust peak still shows more silica particles compared to the deeper part of
the sample. The amount of black carbsrapproximately the same #s amount of iica
particles. Except for area 10 and, I#hich generally show a lower impurity concentration

black carbon can be found in every measured area.

6.4 Case study bag346_501

Bag plot

The section 501 from bag 1346 origies from a depth between 740/h20 740,21m (see
fig. 20). The main features are a peak in the sodium ion concentration of nifBglat
740,17m and a peak in calcium of 15,64/g at 740,1™. The conductivity remason a
level of approximately 1,uS/cm. The dust record shows a dag is still included for the
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interpretation. The dust valseshow a maximum peak of 852@é&rticles/ml at 740,1ih.

Due to the gap it is difficult to assess the overall dust content but it seems to be lower than in
section 201. The mean grain size vabesveen 3,65 m? and 15,39%m? and the eigenvalue

3 shows fluctuations between 0,50 and 0,72.

Correlations

A strong positive correlation could be found between the mean grain size and sodium with a
correlation coefficient of 0,62. The eigenvalue 3 neg#yicorrelates with sodium (ce3;75)

(see tab. 4)When calculating the cross correlatiamdy a small lag is sufficient to result in a
stronger correlation coefficient. With a lag ofrn the eigenvalue Begativelycorrelates

with calcium and dust bbtwith a correlation coefficient of0,78. Furthermore, stronger
correlation with sodium (cc8,79) at a lag of 2om and with ammonium (ce8,63) at a lag

of 6mm is calculated With a lag of 3nm the mean grain size correlates with calcium
(cc=0,52) and wh dust at a lag of 8&im (cc=0,48)see appendix 10.5)

Tab. 4:The correlation coefficients for bag 1346 _501. Theskrolour marks the significant correlations
(significance level 95%)

dust conductivity sodium calcium ammonium nitrate
me"f‘s?zgra'” 0,558 0,102 0,620 0,562 -0.162 -0,535
eigenvalue 3| -0,570 0,608 -0,725 -0,680 -0,538 0,193

Microstructure mapping

Fig. (27) shows the microstructure map of section %ttdluding marked grain boundaries

blue and the labelled black dots. Basically, this section shows the same relaxation features as
section 201, although the bubbles seem to be a little less elongated. Thes larbbequally
distributed showing only some slightly darker areas but no bands of high concentration. The
impurity concentration is lower compared to section 201; only about 1000 black dots were
labelled hergfocus depth: approximately 5@0n). Theyare clustered in distinct bandsut

show higher concentratiain the middle of the sample as well as in the lowetspdihe

areas with a higher concentration of black dmmcidewith areas of higher bubble density.

The grain sizeshow strong variationwith severallarge grains especially ithe deeper part
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of the section. Still, no connectidretween the black dots and the microstrucisirgpparent
Furthermoresmall bubbles developed on the surface of some grains wiglit be a result
of adewing pocess due to irregularitiés the air condition in the ice laboratory.

RamanSpectroscopy

In section 501 155 particles were measured with Raman
spectroscopyof which96 spectravereobtained(see fig.

28). Generally, a large amount of particlesere too
small totarget precisely withhe laser and thus could not
be measuredParticles in this samplalso showed fewer
conglomerationsand did not appear in chainBig a

{ shows the microstructure mapth the pie charts for the

mixed Raman spectraif only the particles that actually

/ showed speca. Black carbon and sulfate are still the
' major components and show an equal distribution over
the entire sample. In area 3 and 4 two particles were
‘ found where black carbon could be measured as a single
signal. Especially towards the deeper end of the section
4 sodium sulfate and calcium sulfate could be identified
(e.g. area 4 and area 9). Compared to section 201 this
sample contains less silica particles showing a single
signal, which are mostly plagioclased to some extend
quartz (e.g. area 7 and area 10). In area 3, 8 and 10
guartz was also found in combination with black carbon.
In area 1 anatase, another modification of;leGuld be
found (BERGER ET AL 1993. In area 9a titanoxide as a
mixed signa was found, buttcould not be identified in
detail

bottom I 1cm |

Fig. 27 Microstructure map of section 50
with marked grain boundaries (blues) ai

labelled black dots (magenta) -
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Fig. 28 Bag 1346_B1: microstructure mapitth the pie charts including the particles with a Rami
spectrum as a mixed signal

Fig. (290 shows Raman microscopgmagesof particles that are located on a subgrain
boundary or crack These particlesall showed a unique spectrum that could not be
unambiouslyidentified but is very likelyorganic materialsee fig. 30) The spectrum of

Azospirillum brasilensgsee appendix 10.63an be suggested as a possible match. All

particles showing this spectrum could be related to subgrain boundaries

Fig. 29 Examples of black dots being located on a subgrain boundary/crack (observed with the Ram
microscope)
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unidentified organic spectrum (bacteria?)
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Fig. 30 Raman spectrum obtained from the organic compsineihg located on a subgrain boundary/cra

Ancther special feature of the spectrum is the ice peak at a Raman shift between 3000 and
3600: acording toDURICKoVIC ET AL. (2010 the rounded shape of the peak indicates that it

is not ice but water, so that the bacteria would be inhabiting a liquid vein.

Fig b reveals that for almost two thirds of the measured particles a spectrum could be obtained
which is significantly more that for the other section. This might be due to the fact that
particles showed fewaronglomerationsand also due to more experees with this method

after measuring high numbers of particles. Fig c and d shopi¢heharts with theseparated
signals As in section 20%ulfate and black carbon are the major components and are equally

distributed over thentiresection.

6.5 Comparison of section 201 and 501

Comparing the plots and the correlation coefficients of both sections it can be determined that
the depth scale is not reliable sincéaage shift of approximately Zm occurred in section

201 and the correlationS(p e a r RBBOnNrénmined weak. The cross correlations revealed

this shift although it does not occas a constant offseiver theentirebag. Generally, more

and stronger correlations could be found between the chemical parameters and the eigenvalue

3 and less coefations with the mean grains size. The correlation between the eigenvalue 3
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and sodium occurred in the whole bag as well as in both sectibiese it is strongest in
section 501.

The microstructure mapping images show relaxation feataré®th sectionslthough the
elongation of the bubbles is stronger in section 201. Section 501 contains a greater variety of
grain sizes but fewer bubbles. Section 201 shows a higher concentration of black dots which
are located in clear bands that can be related tqpéaés in the CFA data. Furthermore, the
particles seem to be larger and tend¢aaglomerateComparing the Raman spectra, section

201 and 501 show an equal chemical composition of the black dots.

1346_201: 151/62 1346_501: 155/96

mixed signal
. S
1346 201:173/84 1346 _501: 198/139
T U
B separatd signal
S

Fig. 31 Pie charts summarizing the results of section 201(left) and 501 (right) (mixed and separated

U
T
C
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Fig (31) presents theie charts with the summarized results for each section as mixed and
separated signalsee appendix 10.8he major components are sulfate and black carbon
whereas black carbon almost always occurs as a mixed si@gpbum could just be
identified in @mbination with black carbon. The sulfates often showed no clear signal so that
they could not be identified in more detaWithin the group ofsilica particles, more
plagioclase could be found in section 201 whereas more quartz was identified in S@ttion

The separated signals in both sections show a greater amount of sulfate than of black carbon
and silica particles. In both sections some trace elements like titan oxisesal hydroxides

could be found as well as a small amount of unidentifiedighest In section 501 more
particles showed a spectrum than in section 201 which might be due to more practicing of the
method.Generally, no carbonates where found and measurement along grain boundaries or at

triple junctions also showed no spectra.

7. Discussion

7.1 Influenceof the impurities on the microstructure

The main focus of this worls the identification of the impurities using Raman spectroscopy.
A similar studyby OvABU ET AL. (2015) who analyzed solid particles in the NEEM ice core
using scanning electron microscopenergy dispersive Xay spectroscopy (SEMDS) as
well asRaman spectroscopy. One samiplehis studyfrom the Holocee period originating
from 68915 m depth (~360@rs old) can beomparedvith the analyzed section of ba§46.
For the sample chosen By¥ABU ET AL (2015) 662 particles with a mean diameter of 2486
were measured. 36% of the particles could be identified as CaClL,1% as CaSQ@ 4,0%
as compounds containing calcium and chloride and %48aS0,. 1,7% of the particles
contain sodium plus unknown compounds, %,4ontain sulfur, calcium and sodium and
8,6% contain chloride, calcium and sodium. %7could not be identified. For this work, in
total 306 particles were measured, whereas for 158 partctgsectrum could be obtained
(see chapter 6.3 and §.4&imilar to the results dDyABuU ET AL. (2015), the sections 201 and
501 contain 246 NgSO, and 7% CaSQ. As a major difference, no carbonates were found.
The different results might be due to thgpked measuring techniques, SinMOeABU ET AL.
(2015) used SEMEDS techniqugeboth methods operating of the surface of the sarapie,
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Raman spectroscopy after sublimation of the sample. Furthermore, Raman spectroscopy was
only used to determine the comymals that contain calcium. For this work, the all particles
were measured in situ with Raman spectrosc@pypBu ET AL. (2014, 2015) state, that
during the sublimation process, chemical reactions between acids and salts are unlikely to
happen, since the mber ratios of Ng5O,/CaSQ from the sublimation method to that from
Raman method were checketth data fromSAKURAI ET AL. (2011)and considered to match

well (OvABU ET AL. 2014). Nevertheless, the compared ratios do not include all possible
componentsespecially as the micrBaman method b$AKuRAI ET AL. (201]) is far from

being quantitativeThus, it can still be assumed, that different results are obtained due to the
chosen methods. The identification of the Raman spectra also depends on thauspdcisa

a reference and might be more reliable with more than one matchingaped&ne by
SAKURAI ET AL. (2011) Additionally, comparisons to data generated with other methods, like
CFA, should be taken into accouBspecially the absence of carbonatesur measurements
inside the solid ice compared to the sublimation methoOY»BU ET AL. (2015) may suggest
formation of new compounds during sublimation, as carbonate in Greenlandic ice is known to
be reduced by hsitu production of C@ (TscHumI & STAUFFER 2000). These reactions
strongly depend on the acidity of the environment in the sample, which has to be evaluated

(e.g.ANKLIN ET AL. 1995).

Since a variety of species could be identified, an approach was made tthesfitetuatiors

in plot to ®asonal variationsThe calcium and sodium peaks both sections of bag 1346
indicate that thisce was accumulated during winter to spring season. Still, the different
sources, ways of transport and probably residence times in the atmosphere have to be
considered: dust particles mainly originate from Asian deserts whereas sodium is transported
to Greenland from the surrounding ocearesg.( FISCHER 2001, see chapter 3.4.2.
Furthermore, the break in the b#wat results in missing values and thepthshift of data

makes it difficult to determine seasons. Ammonium as a summer S(@MNDERSEN ET AL

2006) could not be found, neither as a solid particle nor located in grain boundaries or triple

junctions, indicating that it might be incorporated in lt&ce as described in chapter 3.4.4.
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Generally, no Raman spectra could be
obtained in grain boundaries or triple
junctions Also no black dots could be
_ o determined visually to be located in
’O ( those areas. Since the pinning effect is
observed occurring with bulkdd and
; clathrateg(see fig. 32)(AZUMA ET AL.
/ 065 mm 2012, the black dots with an estimated
Fig. 32 Grain boundary pinning at a bubblezZUMA ET AL.
2012 directly. On the other hand, the grain

size of 15um might be too small to

have an impact on the gmaboundaries

boundariesmight be in a high velocity regime, so thdragging with release of impurities

after some time rather than rgahning may occur The impurities often appeared to be in
conglomerates. The black dots that were part of such a conglomerate did not necessarily show
the same spectrum, but could bediferent chemical species. Since tbempounds could
spread after being hit by the laser, it was possible to measure the single compounds.
Especially in section 201 two bands of impurities could be identified, which show a random
composition of chemicatpecies. No connection between the chemical species of the black
dots and their location according to the ice microstructure cobelddetermined. The
observationthat the black dots are rather close to bubbles than to grain boundaries is
discussed irchager 7.5 No carbonates were found. Regarding the organic compounds, two
different species could be distinguished. One organic species was found on subgrain
boundaries (or cracks) and is considered to be bacteria.

In the following the two major species (&ie and black carbomyill be discussed in detalil.

7.2 Sulfates

Most of the black dots that were measured with Raman could be identified as sulfates or
mixtures of sulfates and black carbon. As described in chaptétsulfate can be used as a
proxy for tephra layers and thus for volcanic eruptions (€LAUSEN ET AL. 1997).
According toRASMUSSEN ET AL (2013, five tephra horizons are determined for the NEEM

ice core:at 1648,83n depth, at 1615,4@, 1664,90n, 1677,55n and at 1759,76, which

also match with tephra horizons found in the NGRIP2 ice core. For the dejbidgoi346
(739,75m-740,30m) to exact matches could be found except for one lmydre GRIP ice
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core at 736,681 (age: approximately 3643 yrs old), which is the only one cloge the
chosen bagABBOTT & DAVIES 2012; HAMMER ET AL. 2003). This layer was identified as
originating from Aniakchak, a volcano located on the Aleutian Range of Aldg&o(T &

DAavies 2012). Formerly, this layer was related to the Thera (Santorini) ienugée.qg.
HAMMER ET AL. 1987; ZIELINSKI & GERMANI 1998) but after examining the geochemistry of
the layer the results were reconsidered (€EENAN 2003; PEARCE ET AL 2004). However,

this tephra layer is mainly composed of §i@l,03, TiO,, KO and othe trace element
(HAMMER ET AL. 2003), which do not match with results of this work, since the major
components are sulfate and black carbidme concentration of TiQof the two sections of

bag 1346 is considered to be too low to originate from a voleu@nt (in total 5 particles

that were identified as TiQcould be found).

On the other hand, sulfate canginatefrom sea salt or biological activitg€e chapter 3.4.2
Analyzing samples from Dome Fuji (East Antarctic PlateBnyKA ET AL. (2013) sate, that

in the Holocene more than 90 of the initial sea salt becomes sulfatized during the transport
to Antarctica or in the first year after being precipitated due to the large amount of sulfuric
acid in the Antarctic atmospherez(KA ET AL. 2013,11ZUKA ET AL. 2012 ROTHLISBERGER ET

AL. 2003).As observed byizuka ET AL. (2013), amples from the early Holocene show, that
sodium sulfate (N&50Oy), together with sodium chloride (NaCl) and calcium sulfate (GaRSO
are the main components of soluble s#eefig. 33). kg. (33) also shows the summarized
amount of sulfates obtained by Raman spectroscopy in comparison to the relsziltsacf T

AL. (2013). Although the samples originate from different regions, parallels can be seen
especially in the amoumtf sodium sulfate, so that similar processes occurring in Greenland
can be assumed. Additionally, it has to be kept in mind that sodium chloride does not have
Raman active modes and thus cannot be included in the pie chart of bag 1346. Considering
sulfatization as a posiepositional process alsexplains why sulfate was found almost

equally distributed over both sections of bag 1346.
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2.7 kyr B.2 kyr
(late Holocene) [early Holocena)

4 kyr
(mid Holocene)

Fig. 33 Pie charts showing the results of lizuka et al. (2013) (1 and 2) in comparison to the results
work (3). Pie chart (3) shows the amount of sulfates of both se@@inand 501 as sepaed signal.

Still, a large number of particles identified as sulfates could not be distinguished furteer sin
the Raman spectrum was too weak, so that the amount of sodium sulfate and calcium sulfate
mightbe actually higherOn the other hand, the spectra could blsinterpreted gshosphate
compounds, a chemical species, that, similar to sulfate, canateédgiom multiple sources

such as dust, sea salt, volcanoesl &iogenic particleskg&r 2011). However, without

clearer Raman spectra, tparticlescannot baedentifiedbeyond any doubts.

7.3Black Carbon

The black carbon found in both sections of $henple was almost equally distributed over all
areas that were measured with Raman. Except for two particles, it was always found as a
mixed signal. These mixed signals imply that particles of different chemical species can be
internally mixed, as stated/l ESINS ET AL 2002. However, as black carbon is a product of
incomplete combustion of biofuel, fossil fuel and open biomass burfANpPREAE &
CRUTZEN 1997;MING ET AL. 2008, it is initially emitted without any nenefractory material

and in a hydrophab state WEINGARTNER ET AL 1997,SCHWARZ ET AL. 2008&). After being
exposedto the atmosphere, black carbon transfoimte a hydrophilic state and thus gets
internally mixed (or coated) with other materials such as sulfate or organic carbon compounds
(SCHWARZ ET AL. 2008). The resuliof this workthat black carbon occurs in 94 as a mixed

signalcan confirm these findings.
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JACOBSON (2001) statethat 93% of t odayébés bl ack carbon are
According toLESINS ET AL (2002) blackcarbon coexisting with sulfates occurs when it
originates from fossil fuel burning, whereas it coexists with organic compounds when it is
produced by biomass burning. Since thmgles from bag 346 are approximateB000yeas

old (RASMUSSEN ET AL 2013) wild fires in North America or Siberia are considered to be the
source of black carbofZENNARO ET AL. 2014) which is contradicting to the obtained results

of this work. Black carbon was mostly mixed with sulfates and, to some extent, with silica
particles but never with organic compounds. Generally, only two different organic species
were found(still to be characterized in more detail)

ZENNARO ET AL. (2014 & 2015) use Levoglucosan as a proxy for forest fires additionally to
black carbon since this & monosaccharide released during biomass burning when cellulose
combustion occurs at temperatures >300(GAMBARO ET AL. 2008). The increase of
levoglucosan shown in fig34) marks the beginning of human activities altering fire regimes
with a maximum atapproximately 2,%kyrs ago that is synchronous with extensive
deforestation in Europe. The dashed black line marks the position of bag 1346. Since this is
only the beginning of the human related burning events, more organic compounds might be
expected irthe following upper layers. Additionally, the high peak of the ammonium values
at 739,86m contributes to the theory of burning events. Furthermore, sulfate is one of the
impurities with the highest concentration in ice due to its multiple souseesclapter 3.4.2,

and chemical compounds originating from different sources are presumed to mix in the
atmosphere. Nevertheless, sulfates originating from volcanic eruptions might be related to
black carbon emissions, since those eruptions can cause bweintg & their surrounding
areas.On the other hand, black carbon is considered to be injected into the atmosphere in
convective smoke plumes rdsig there approximately 3 to days FLANNER ET AL. 2007,

PARK ET AL. 2005, It can be questioned that therggdes survive the longange transport

from remote areas of e.g. Siberia to Greenland in less than 3 espscially since
hydrophilic coatings on the particles reduce their lifetime and atmospheric loading, so that
black carbon might not reach the stisphere $TIER ET AL. 2006) However, source areas and
residence time of black carbon should be reconsidered and deserve further research.
Furthermore,KEEGAN ET AL (2014) state that black carbon sediments from Northern
Hemisphere forest fires can béated to melt events occurred in Greenland in 1889 and 2012.
With warm temperatures at the snow surface and without fresh accumulations, snow will age
and thus changés morphology, which reduces the albedo abou¥dl#LANNER & ZENDER

2006). Additionally black carbon can further reduce the albedo by up%® (FLANNER ET
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AL. 2007) and thus contribute to surface warming and accelerate melting processes
(McCONNELL ET AL. 2007;JAacoBSON2001). According t&SCHWARZ ET AL. (2007a) coatings

can even enhancegltight absorption. Since melt layers are characterized as compact,-bubble
free layers (above the clathrate zone), the strong bands of impurities in section 201 containing
black carbon cannot be related to melt events. Furthermore, Raman spectroscopy is a
gualitative method and not appropriate to determine overall concentrations of impurities so
that it is difficult to estimate the influence of black carbon on the melting process.
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Generally, black carbon and also sulfate are lggulsstributed over both sections, so that

they cannot be related to cert@mission eventsThe layers of high impurity content do not

show any chemical species as a dominant compound but are always a mixture of several
different kinds.This indicateghat the layers featuring a high impurity concentration might be
related to precipitation events causing a waishof aerosols from the atmosphetteusthe

bands would reflect the average aerosol content of the atmosphere in the Holocene according

to theprevailing season.

7.4Raman spectroscopy

Generally, Raman spectroscopy can be considered as an appropriate foetoalyzing
impurities in polar icesince it is nordestructive and impurities can be identifieesitu. On

the other hand, the measwgi procedure, including searching the particles, focusing and
shifting into the Raman mode is very tiroensuming so that representative statistics are
difficult to obtain in the time that is set for a master thesis. Automating the proceduict

help sub thatchangingthe optical path from imaging to laser including a short watl ithe

ice laboratory where the Raman is situated is necessary.

Furthermore, the CrystalSleuth softwanefers to the spectra library of tithe RRUFF
databasewnhich containssome spectra of minor quality and many components or minerals
that are unlikely to find in glacier ice and thus beyond the scope of his work. Additionally, the
correct identification strongly depends on the curve fitting and background corré&aiman
bands can show a small offset due to the pressure in theysilc Besides, some molecules,
which are essential for interpreting impurities in polar ge,not have Raman active bands
(e.g. NaCl) and thus cannot be measufatbther problem is thatsneparticles tend to move
during measuremenssnce the laser can cause local heating.

Despite these limitation®kaman spectroscopy a useful tool taontribute todata obtained

by CFA and thus get a better overview over the impurities in glacier iceciabpdecause
particles do not get dissolved or mixed during the melting proecessded in the CFA

method
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7.5 Relaxation

After selecting samples by correlation of CFA data and microstructure pargmeters
microstructure mapping images were takenoitler to visuallylocate and count the
impurities. Generally, it is difficult to assess the position of the impurities relative to the grain
boundaries, since relaxation processes altered the ice microstructuré3grighows the
LASM image for section 2D of bag 134@hatwas taken shortly after drillingn-site (left)

and the microstructure mapping image taken for this agkt). The dashed red lines mark

the part of the sample which was used for the microstructure mapping and Raman
spectroscopyLASM (Large Area Scanning Macroscope) is a newly established method of
optical microscopy using directed brigireld illumination so that subgrain and grain
boundary features can be documen®deER ET AL. 2013).According toSHOJI & LANGWAY

(1983), volumerelaxation of preexisting air bubbles in natural glacier ice is a result of basal
and nonbasal slip of ice crystals after cracks are initiated due to the hydrostatic pressure
difference between air bubble and atmospheric pressure. Stresses in ice cauked b
overburderpressure of the covering snow and ice layers tend to become relieved when the
load is removed by drillingGow 1971). The images in fig36) both show section 201 of bag
1346 In the microstructure mapping image of.f(@5) it can be seae that layers of high
bubble concentration developed (marked with red arrows), which do not occur in the LASM
image of fresh ice One reason for this is that LASM is mainly a surface imaging method,
while microstructure mapping using a light microscopeein reflection) images a certain

sample depth due to a rather large depth pf sharpness.
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LASM: bag 1346_201 Microstructure mapbag 1346 201

top

bottom

1lcm

Fig. 35 The LASM image (left) in comparison to the microstructure map (right) of bag 1346_201. Th
lines in he LASM image mark the part from which the microstructure map was obtained.

lcm

1cm

Fig. 36 A LASM image and a microstructure map of bag 1346 201 showing details of microstructur
features
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The images in fig do not show exactly the same sample area, since microtaeriad tie

surface of the sample. Howevdrgtcomparisomgives animpression othe changes in the ice
microstructure as a result of relaxatidi.first glance, he impurities seemed to be closer to
bubbles than to grain boundaries, although these findings have to be reconsidered in terms of
growing bubbles due to relaxation. Still, it can be assumed that relaxation processes might be
influencednot only by pressure differences but alby impurity concentration. Section 201
features higher impurity content as well as a higher concentration aelsubhln section 501.
Except for Iayer@ in section 201 the bubble layers match with the areas of high
concentration of impuritiess€e appendix 10).7Since relaxation is initiated by cracks as a
reault of pressure differences amdpurities can causeefects (e.g. dislocationsee chapter

3.3 in the crystal streture these cracks might develop in areas of high impurity
concentration. The mismatching of Ia)@ might be caused by deformation processes or

is simply a result of different impurity stiributionsthat might be revealed in differefuci

depths of this section as shown in.f{87), since impurity layers (also cloudy bands) can be
tilted. Some bubbles can still be seen at the surface whereas it is necessary to zoom in to the

sample to bserve the impurities.

Ice core before the cutting
(see cutiig plan)
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Fig. 37 Schematic drawing of the location of impurity layer n a sample in relation to different focal def
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Neverthelessthe location of impurities relative to the grain boundaries cannot be determined

exactly by visual inspection of éhmicrostructure mapping images due to those relaxational
features.

7.6 Possible sarces of errors

As a first stegn the flow of this studycorrelation coefficients were calculated between the
chemical parameters and the mean grain size and eigenvalue 3, respésted®yEiTz
2013) Since irregularities in the depth scale of theA@fata can occur, cross correlations
were calculated in order to estiteahe shift. The results (see appendix 18ow that the
shift varies significantly within one bag. Fig88) shows the data for the mean grain size and

dust of section 1346 201 with shift of 17mm (derived fromthe cross correlationsee
appendix 10.p

Bag 1346 _201: depth top: 739,86m, depth botitd®,96m
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Fig. 38 Bag 1346_201: plot of dust and mean grain size with a shift of 17mm
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Tab.5: The correlation coefficients for bag 1346_201 calculated with a shift of 17 values. The blue co

marks the significant correlations (significance level 95%)

dust |conductivity | natrium | calcium | ammonium | nitrate
mean grain siz¢ 0.314 0.107 0.318 0.413 -0.286 0.190
eigenvalue 3 | -0.03 -0.246 0.424 0.43 -0.164 0.365

Visually, no correlations can be found even after shifting the data. Taplsh¢ws the
correlations coefficientsS(p e a r ma)mwiihsa cdRstaoshift for section 201. Compared to
correlations without the shifts¢e appendix 10)4 the parameters showing significant
correlations changedhus,it can be stated that the shift occurs in the values for dust but not
necessarily for the other componerds,the meltwater during the CFA measurements is
separated to dirent tubes leading to the measuring devises €hapter 5)2Since the data

for the melt speed were not available, the irregularities in the depth scale can hardly be
estimated.

Shifts in depth between the different data sets be related to the cungy of the ice coreThe

cutting plan for the NEEM ice corgsee fig. 39 shows that for the data records analyzed in
this studymeasurementsere ondifferent pieces of the core. For the CHAolten ice from

the inner part of an ice cofes t isanalgzd whereas for the physical properties and the
Raman measurements small sections from the edge of the core are used. In terms of
microstructure and impuritietarge differences camccur onsmallest microscale areas.
Furthermore, impurity layers in the reocan be tilted due to deformation, but the cores can

only be analyzeth sections parallgb the longitudinal axis of the core.
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Fig. 39 The cutting plan for the NEEM ice core (NEEMELD SEASON 2010).

Also the cutoff during the preparation of the thin sections is not documented and it can be
ques i oned whether the position of theTheaedded
still might be correlations between the measured parameters, thus it is essentaove

and combine the measuring techniques in order to rédvese relations

8. Summary and outlook

The aim of this workwas to determine the location and chemical species of the impurities by
using optical microscopy and Raman spectroscopy. Therefore, two sectibiesNEEM ice

core from a depth 6f39,75m to 740,30m (bagl346)were chosen, according to their special
features shown the data from the Fabric Analyzer and. GRérostructure mapping images

were taken for both samples and used to label and count the black dots. The black dots could
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then be searched and measureditu with Raman spectroscopy. The two sections show a
similar composition of impuritieswith the main componentseing identified as sulfates,

black carbon, silica particles and other trace species. Sulfate is considered to originate mainly
from sea alt, generated by sulfatization of other inorganic compoyhzska ET AL. 2013)

since the comparison with tephra layers as another possible source does not lead to matching
results (ABBOTT & DAvIES 2012) Black carbon, which is mostly related to wil@sr
occurring in North America or SiberENNARO ET AL 2014) can be identified in mixed
Raman spectra but does not imply the occurrence of burning events, since it is equally
distibuted over both samples breas of high impurity concentration no clieah species

could be identified as the dominant one, so that these layers might be caused byutvash
events and thus representing the average aerosol content of the atmosphangastt@o
previous studies (e.@YABU ET AL. 2015) no carbonates werauind.

One to two thirds of the measured particles did not show a Raman spectrum which can be due
to the fact, that e.g. NaCl does not have Raman active bands but is a major component of the
impurities found in the Greenland ice shefother reason migtite themoving of particles

due to local heating caused by the laser. Generally, no spectra could be obtained from grain
boundaries or triple junctions and no pinning effect was observed.

In order to improve the statistics for the impurities found in theEMEce core, it is
necessaryo analyze more samples from different depths, especially to compare Holocene ice
with samples from glacial periods. Comparisons between different ice cores should also be
taken into account. Therefore, an improvement of thesoming procedure of Raman
spectroscopy is essential, since the searching of particles, focusing and changing to the Raman
mode is very time&onsuming. Autmating the systerso that the focusing and changing to

the Raman mode is done independentiyld save time andwould enable to measuie
statistically signifiant number of particlesurthermore, the same amount of particles should

be measured in every area, so that reliable comparisons can be drawn.

To confirm the finding othe organic compounds, would be necessaity obtain a Raman
spectrum of the drilling liquid used in the NEEM field campatgrexclude contamination
Additionally, Raman spectroscopy should be used to determine whether the impurity content
of an ice sample differs before andeafsublimation. The size of the impurities can be
determined by applying the coulter counter. In general, it is of great importance to combine
the measuring techniques of the physical and chemical parameters so that the same piece of

the ice core is used improve thecomparability on thelepth scale.
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Data of future drilling projects (e.g.-GRIP) will provide further chances to analyze the

location and influence of impurities in ice.
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10. Appendix

10.1 Plot of the total area (all bags)

The graphs show the plot for the total area calculated from the mean grain size (pixel) and the

number of grains. The values below the dashed red line had been removed.
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Bag 1496

Bag 1428
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10.2 Results of the ShapiraWilk -Test

The tables give the-palues for all compounds which should be <0,05 for not normally
distributed data

Bag nr conductivity (p) | sodium (p) | calcium (p)| dust (p)
1227 4,42E19 5,33E28 2,13E20 | 2,76E23
1306 2,59E06 1,01E14 7,48E18 | 1,40E20
1346 7,37E27 2,95E19 9,60E22 | 3,30E22
1375 1,48E06 3,32E09 547E12 | 2,95E18
1426 7,35E06 4,81E20 2,41E20 | 1,54E25
1496 1,08E11 5,96E17 3,35E13 | 1,70E18
1815 7,11E05 8,70E12 6,57E13 | 1,71E14
3356 4,66E06 1,45E10 1,90E07 | 2,02E18
3876 2,23E05 8,94E11 6,18E21 | 4,94E29
3906 3,82E16 5,15E12 1,34E11 | 7,69E07
3956 8,54E08 6,00E10 1,18E09 | 6,29E09
4006 4,81E13 1,50E04 3,95E02 | 4,40E04
4106 5,79E19 2,44E09 3,01E09 | 3,14E14
4196 7,77E08 2,27E05 1,29E03 | 4,66E03

Bag nr | ammonium (p)| nitrate (p) | mean grain size (p) eigenvalue 3 (p)
1227 1,72E35 4,24E25 2,99E12 5,71E02
1306 6,49E21 5,77E15 3,70E16 7,47E06
1346 1,92E31 5,36E07 1,09E19 1,93E07
1375 1,99E25 3,04E06 6,96E07 3,21E03
1426 1,34E25 3,97E21 2,50E24 1,30E05
1496 3,84E31 1,37E04 6,48E12 4,69E05
1815 6,47E17 3,23E05 5,11E10 4,67E05
3356 4,21E18 5,69E11 1,23E04 5,24E16
3876 4,60E28 2,68E12 6,18E04 1,79E12
3906 1,50E26 5,56E10 4,59E08 3,25E14
3956 2,75E22 6,09E20 4,26E05 4,61E10
4006 2,80E23 1,58E09 2,88E04 4,67E16
4106 4,57E15 2,29E09 1,30E13 1,07E20
4196 4,47E25 2,20E11 1,26E16 1,22E13



10.3All bag plots



Bag 1227

This core sectiooomes froma depth between 674381 and 674,8%®n. After plotting the total

area and removing the spikes, 949 3f the values for the mean grain size and 9368f

the values for the eigenvalue 3 could be used. The plot sHmvsnaximum peaks for
ammonium (56,8 ng/g) and nitrate (149,3ty/g) at the end of the bag where a piece of the
core broke off, indicating a possible contamination. The conductivity seems to correlate with
ammonium and nitrate as well as with calcium. 8odiand calcium have their maxima of
75,01ng/g and 19,0 ng/g, respectively, in the shallower part of the bag. The maximum peak
of calcium is related to a peak in dust content. The linescan iowagdiems this connectign
showing a bright pamt the topwhich likely presentsan area of high impurity concentration.
Additionally, the mean grain size is smaller in that area (approx. from®idi8 674,35m)
compared to the rest of the bag. The eigenvalue 3 fluctuates betw@eand,®,75, and,
together wih the trend image, showing that theages do not appear to have a preferred
orientation. Significant negative correlations could be found between the mean grain size and
dust (cc=0,46) as well as between the mean grain size and sodiurf0&8) Calcium

shows a weak negative correlation with the eigenvalue-@, .

Bag number: Bag 1227 , depth top: 674.3m , depth bottom: 674.85m
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Bag 1306

Bag 1306comes froma depth between 717,17 and 718,86 m. 98,70% of the data for the
mean grain size and 99,688 of the data for the eigenvalue 3 could be included. Condiygtivi
ammonium and calcium show a major peak in the middle of the bag at around m17,98
which can be related to a peak in dust content. Sodium reacimesximum value of
16,90 ng/g at 718,03n. Nitrate shows very uniform variations which might be caused by
disturbances during measuring. The eigenvalue fluctuated between 0,50 and 0,80,showing
together with the trend imagthe same picture as in the previous bag. The highest value of
the mean grain size can be found at approx. DI8,1n this bag the lircan image reveals
severalcloudy bands which could not be related to peaks in the dust content. Especially from
717.98m to 718,04n small grain sizes go together with relatively high dust content. Some
weak correlations could be found between the eigleiev3 and dust (ce&,16), conductivity
(cc=0,11), calcium (ccH,13) and nitrate (cc=0,45).

Bag number: Bag 1306 , depth top: 717.75m , depth bottom: 718.3m
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Bag 1375

For bag 1375(755,7m to 756,25m depth)93,32% of the values for the mean grain size and
87,01% of the values for the eigenvalue 3 could beuded.

Bag 1375 shows a high content in ammonium and nitrate in the dempef the bag. Since
ammonium shows severdistinct peaks, the increase is not considered to originate from
contamination. Ammonium reaches its maximum amount of0283y at aound 756,18n.
Visually, sodium seems to show a negative correlation with nitrate. The variations in calcium
go together with the major dust peaks (e.g. at around 7&5®&8756,09m). The dust peaks
cannot be related to cloudy bands to be seen in teeclm image. The-axes still remain
without any preferred orientation. Negative correlations exists between the mean grain size
and calcium with a correlation coefficient €f,44 as well as between the eigenvalue 3 and

ammonium (cc=0,21) and the eigenitee 3 and nitrate (ce9,19).

Bag number: Bag 1375 , depth top: 755.7m , depth bottom: 756.25m
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Bag 1426

This ice core sectiohas been deriveffom a depth between 783,Abt0784,8 m. For the

mean grain size, 93,88 of the data could be used; for the eigenvalue 3 92,98ere
included. CFA data could just be abited down to a depth of 784,66due to dractureof

the coresection In this bag the content of nitrate and ammonium is very high, both showing a
maximum around 822,7% (nitrate 215,2ng/g; ammonium 69(Fng/g) and seem to be
related to the conductiyi graph. Calcium (11(Ing/g) and sodium (23Mng/g) show peaks

in the beginning of the bag at about 78382hat correlate with a maximum in the dust
content. According to the trend image, the part that broke off shows smaller grain sizes and a
slightly increased eigenvalue 3 compared to the rest of the bag. In the linescan image no
cloudy bands could be identified.

The mean grain size negatively correlates with the conductivity@c2), with sodium (cc=

0,21) and with calcium-Q,13). It shows a mitive correlation with ammonium (cc=0,13).
Furthermore, the eigenvalue 3 positively correlates with the conductivity (cc=0,49) and with
nitrate (cc=0,21).

Bag number: Bag 1426 , depth top: 783.75m , depth bottom: 784.3m

bag depth (cm)
o 10 20 30 40 50
5 ] 1 ] ] 1 5
® 90 — NHas(ngig) [ 22 B
by 40 - — NO3- (nglg) [~ 150 g
< 20 H4—— e e 100 o
% o - s i T Ty 2 - - 50 %
5 1.3 - /\
1.1 4~ 8
2 i \/\ ey
° g /
§ 0.7 N
= - s @
g 20 N Sodium (ng'g) [ ;0 =3
g 15 - I\ — Calcium (ng/g) <
= / -6
+ 10 A /"' - - 4 x
3 b e ~N [ &
®  g75 -
2 070 -
2 065
@ 0.60 - =
.g’ 0.55 £
E
= 8000 N\ '."‘. — dust/ml r 2 S
4000 = 1\ | i : 15 @
3 WA | Za Ao mean grain size (mm?) | D e
2 2 4N A SN N TN S MA e > - - - ®
S 2000 (SN ‘A”"_,,-\__ 5758 _-:/.:;\ﬁ__»\__ﬂ BTN A e = B g
2 §
o
E

7838 7838 7840 784.1 7842

absolute depth (m)

IX



Bag 1496

Bag 1496comes froma depth between 822,2% to 822,88 m. 95,73% of the values
calculaed for the mean grain size and 929%8%f the data for the eigenvalue 3 could be used.
The core was broken twice so that no linescan image could be obtained. The conductivity in
this bag is mostly related to the signal of the calcium ions which reachesieum of
9,5ng/g at 822,6 m. Calcium also goes together with the dust signal. Maximum values of
ammonium (25,d ng/g) and nitrate (830/ng/g) can be seen at approximately 822y 5he

x-axes still do not show a preferred orientation and thus thewgilyen3 varies between 0,55

and 0,80. Compared to the rest of the bag, some larger grains developed at the deeper end of
the bag (also with no preferred orientation of ¢keexes).

In this bag the mean grain size correlates with several compounds: negatélations could

be found with sodium (ce8,47) and calcium (cecf,44), positive correlations occur with

ammonium (cc=0,12) and nitrate (cc=0,16).
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Bag 1815

This core sectiomomes froma depth between 990 to 998,25m. After plotting the total

area, 92,586 of the data for the mean grain size and 9%(66f the data for the eigenvalue
could be used.

Since thdargestpart of the core broke off, no full interpretation can be given. Nevertheless, it
can be determined that all ions and the condiiztpeak together with the eigenvalue 3 and
dust at around 997,84 reaching their maximum values. The mean grain size shows strong
fluctuations and for the remaining part of the bag cannot be related to the dust content.
Compared to the previous bagse data for the eigenvalue 3 show a slight increase which can
also be seen in the colours of the grains in the trend image. The mean grain size shows weak
negative correlations with sodium (¢6s19) and nitrate (cc8,26).

Bag number: Bag 1815 , depth top: 997.7m , depth bottom: 998.25m
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Bag 3356

This bag(845,25m to 1845,80m depth)shows one break on the middle of the core. After
plotting the total area, 88,38 of the data for the mean grain size and 8%26f the data for
the eigenvalue 3 could be included in the plot.

As it can be seen in the plot, the danotivity positively correlates with the record of the
major ions. The average amount of nitrees is 63,5Mg/g, whereas the curve shows a
strong maximum at 1845,36 which is at 101,48g/g and a minimum at 184563
(44,58ng/g). The eigenvalue 3 vies between 0,84 and 0,96 showing that Haxes of the
crystalsshow a strong fabricThe cloudy bands seen in the linescan image can be related to
peaks in the dust content of the sample (e.g. at 184%),4Bhe calculations reveal significant
correlaton coefficients between mean grain size and conductivity-Qct#) and between
mean grain size and sodium (e8:0). The eigenvalue 3 correlates with dust {@ct9) and

ammonium (cc=0,12).

Bag number: Bag 3356 , depth top: 1845.25m , depth bottom: 1845.8m
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Bag 3876

For bag 38762131,25m to 2131,8 m depth) 90,17% of the data for the mean grain size
and 84,60 of the data for the eigenvalue 3 could be included.

The maximum of the ammonium values @r&)/g) can be related to peaks of calcium and
sodium at about 2131,, butare not coincidentvith the major pak in dust. This peak can

be clearlyseen in the linescan imggehichshows severadtrong cloudy bands slightly tilted

due tolarge scaleleformation. The maximum of the dust content at 213 @®rrelates with

the nitrate concentration and with a sgen cloudy band whereas the peak in the other ion
concentrations rather fit to a weaker cloudy band at 213,78 the first (upper) half of the

bag, cloudy bargldo not match the dust peak®mpared to the previous bags, the mean
grain sizes are smatland the eigenvalue 3 is increased. Especially in the section 101 and 601
of the bag some fluctuations of the eigenvalue 3 can be seen, which are reflected in the trend
image by some blue and yellow coloured bands.

The mean grain size shows some weaketations with dust (cc=0,13), with conductivity
(cc=0,40), with calcium (cc=0,12) and with nitrate (cc=0,15).

Bag number: Bag 3876 , depth top: 2131.25m , depth bottom: 2131.8m
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Bag 3906

Bag 3906comes from a depth @&147,75m to 218,30 m, and92,95% of the values for the
mean grain size and 86,08 of the data fothe eigenvalue 3 could be used.

The major peaks of the ions can be found towards the deeper end of thdbagthey can

be related to cloudy bands in the linescan image. Sodhows stronger fluctuations than
calcium and has its maximum peak of Io@/g at 2148,19n. The caxes are strongly
orientated, although the eigenvalue 3 slightly decreases around 2@ wB8re a band of
green coloured grains indicat&iak bandin the trend image. The dust content measured with
the CFA seems to be related ttee cloudy bands at the deeper end of the bag at approx.
2148,21m. No correlations could be found between dust and the mean grain size. Still, the
mean grain size correlates with calcium @;57) and with nitrate (ce8,13). The
eigenvalue 3 correlatesith the conductivity (cc=0,14) and as well weakly with calcium
(cc=0,09).

Bag number: Bag 3906 , depth top: 2147.75m , depth bottom: 2148.3m
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Bag 3956

For thisbag(2175,25m to 2175,8 m depth) 93,50% of the data for the mean grain size and
84,04% of the data for the eigenvalue 3 were included.

High amounts ohitrate and ammonium could be found especially in the middle of the bag,
where both show maximum peaks at 217%bl(ammonium 4508ng/g and nitrate

108,8 ng/qg). In this bag the calcium peaks do not go together with the dust péakdust

content is gearally lower than in the previous bags and no cloudy bands could be identified

in the linescan image. The grain sizes remain small and the eigenvalue 3 varies between 0,86
and 0,96 showing a strong orientation of the grains with exception of some greehlam
coloured bands in the sections 501 and 601 at the end of the bag. Correlations could be found
between the eigenvalue 3 and nitrate (cc=0,12). Furthermore the mean grain size correlates
with dust (cc=0,10), with conductivity (cc=0,16) and with caiti(cc=0,37).

Bag number: Bag 3956 | depth top: 2175.25m , depth bottom: 2175.8m
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Bag 4006
For bag 4006(2202,75m to 2203,8 m depth) 94,62% of the values for the mean grain size
and 84,23% of the data for the eigenvalue 3 could be used.
In this bag nitrate and ammonium show their maxima at around 22@3,2heconductivity
is slightly decreasingwhile the values of the ions do not. It might also be due to some
difficulties during measuring. Sodium strongly fluctuates and shows three major peaks of
approximately 1hg/g between 2202,92 and 2203,051. Calcium eaches its maximum of
28,2ng/g at 2203,2in. Cloudy bands that can be related to the dust content could not be
identified. The grain sizes still remain small, although some individual bigger grains with
different orientations can be identified. The eigdne 3 varies between 0,85 and 0,95. The
mean grain size shows weak correlations with dust (cc=0,10), with conductivity (cc=0,15) and
with sodium (cc=0,15). The eigenvalue 3 correlates with dust {8c¢t) and with
conductivity (cc=0,13).

Bag number: Bag 4006 , depth top: 2202.75m , depth bottom: 2203.3m
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Bag 4106

For this core sectio(2257,75m to 2258,8 m depth) 97,77% of the data for the mean grain

size and 84,4% of the data for the eigenvalue 3 could be included.

Since the conductivity is decreasing again although the values of all other ions are increasing
there mightbeanother factor influencing the curve. The values for the nitrate ions for this bag
show too many gaps to be regarded as reliable data. Ammonium and calcium show a slight
increase, whereas ammonium reaches a maximum peakGofidigh at arand 2258,04m.

Still, the ammonium content in this bag is relatively low. The dust content does not show
major variations and thus cannot be related to any cloudy bands in the linescan image.
According to the trend image some larger grains with differelentations of the -@xes
developed around 225&in which are also reflected by the decreasing curve of the
eigenvalue 3 in this area. Generally, the mean grain size increased again compared to the
previous bags. The dust peak at the deeper end of thatkmgund 2258,281 cannot be
related to peaks of the amount of the major ions.

The mean grain size correlates with conductivity {6¢t2) and with ammonium (cc=0,10),
whereas the eigenvalue 3 correlates with dust-(z62), with conductivity (cc=0,43with

calcium (cc=0,47) and with nitrate (cc8,67).

Bag number: Bag 4106 , depth top: 2257.75m , depth bottom: 2258 .3m
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Bag 4196

This bagcomes froma depth between 2307,2bto 2307,8 m. After plotting the total area,

all data for the mean grain size and 92856f the data for the eigenvalue 3 cob&lused.

The dust content in this bag still remains on a low level compared to the other bags while
strong variations in the mean grain size and in the eigenvalue 3 occur. The eigenvalue
fluctuates between 0,50 and 0,90 showaggina great variety of -@xis orientations. The
mean grain size strongly increased in this depth of the NEEM ice core. The linescan image
reveals no areas of high impurity concentrations. Nitrate and ammonium reach their maxima
in the upper half of the core while calcium and sodipeak in the lower half. The only
correlation to be found was between the eigenvalue 3 and nitrate with a correlation coefficient
of 0,16.

Bag number: Bag 4196 | depth top: 2307.25m , depth bottom: 2307.8m
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104 Correlation coefficients for the chemical and physical parameters

The blue colour marks the statistigadignificant correlations (significance level 95%).

correl ati onvaue(ed.f i ci en

Every table gives the
Adust (p) o).
Bag 1306 dust dust (p) | conductivity| conductivity (p)| sodium | sodium (p)
mean grain siz§ -0,269 1,26E+07 -0,044 0,380 -0,053 0,298
eigenvalue 3 | -0,164 0,002 0,115 0,023 -0,307 0,000
Bag 1306 calcium | calcium (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz§¢ -0,274 3,31E+06 -0,312 3,67E+04 -0,357 | 5,48E+00
eigenvalue 3 | -0,133 0,008 0,351 1,27E+02 0,451 | 1,41E06
Bag 1346 dust dust (p) | conductivity| conductivity (p)| sodium | sodium (p)
mean grain siz¢ 0,137 0,006 0,103 0,036 0,212 1,18E+09
eigenvalue 3 | -0,302 4,45E+05 -0,048 0,351 -0,195 | 1,34E04
Bag 1346 calcium | caldum (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz§ 0,276 6,54E+04 -0,101 0,039 0,118 0,019
eigenvalue 3 | -0,182 3,31E04 -0,190 2,04E04 0,096 0,071
Bag 1375 dust dust (p) | conductivity| conductivity (p)| sodium | sodium (p)
mean grain siz§¢ -0,323 9,44E+04 0,280 1,54E+07 -0,447 | 3,66E04
eigenvalue 3 | 0,078 0,180 -0,088 0,133 -0,042 0,479
Bag 1375 calcium | calcium (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz¢ -0,447 3,63E04 0,343 7,26E+03 0,361 | 5,16E+02
eigenvalue 3 | 0,089 0,130 -0,213 2,30E04 -0,195 0,001
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Bag 1426 dust dust (p) | conductivity| conductivity (p)| sodium | sodium (p)
mean grain siz¢ 0,064 0,281 -0,116 0,048 -0,206 | 4,05E04
eigenvalue 3 | 0,454 1,84E01 0,490 3,13E04 0,090 0,132
Bag 1426 calcium | calcium (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz¢ -0,134 0,023 0,128 0,029 0,045 0,447
eigenvalue 3 | 0,349 2,32E+05 -0,100 0,095 0,209 | 4,44E04
Bag 1496 dust dust (p) | conductivity| conductivity (p)| sodium | sodium (p)
mean grain siz¢ -0,394 6,04E01 -0,406 6,36E02 -0,472 | 1,65E08
eigenvalue 3 | 0,279 3,07E+07 0,361 1,27E+03 0,381 | 2,40E+00
Bag 1496 calcium | calcium (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz¢ -0,435 9,45E06 0,121 0,022 0,164 0,001
eigenvalue3 0,381 4,69E+01 0,026 0,638 -0,053 0,329
Bag 1815 dust dust (p) | conductivity| conductivity (p)| sodium | sodium (p)
mean grain siz§ -0,445 9,61E+03 -0,355 7,42E+07 -0,188 0,010
eigenvalue 3 | 0,440 3,39E+05 0,462 9,66E+03 0,130 0,082
Bag 1815 cakium | calcium (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz¢ -0,424 1,55E+05 -0,387 8,05E+06 -0,255 0,001
eigenvalue 3 | 0,481 8,59E+01 0,551 4,19E01 0,395 | 9,21E+06
Bag 3356 dust dust (p) | conductivity| conductivity (p)| sodium | sodium (p)
mean grain siz¢ -0,025 0,577 -0,168 1,66E04 -0,098 0,033
eigenvalue 3 | -0,103 0,028 0,036 0,450 -0,001 0,985
Bag 3356 calcium | calcium (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz§ -0,041 0,379 -0,290 4,53E+04 -0,056 0,222
eigenvdue 3 | -0,007 0,895 0,122 0,014 0,044 0,358
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Bag 3876 dust dust (p) | conductivity| conductivity (p) | sodium | sodium (p)
mean grain siz¢ 0,126 0,003 -0,399 8,42E08 -0,039 0,370
eigenvalue 3 | 0,353 1,26E+00 -0,293 1,94E+04 0,032 0,501
Bag 3876 | calcium | calcium (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz¢ 0,115 0,008 0,068 0,123 0,148 0,001
eigenvalue 3 | 0,478 5,53E13 0,316 1,39E+03 0,320 | 5,63E+02
Bag 3906 dust dust (p) | conductivity| conductivity (p) | sodium | sodium (p)
mean grainsize| 0,005 0,909 -0,186 1,78E+09 -0,530 | 1,30E25
eigenvalue 3 | 0,232 4,66E+06 0,140 0,003 0,175 | 1,67E04
Bag 3906 calcium | calcium (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz¢ -0,573 2,12E33 -0,306 1,64E+02 -0,127 0,003
eigenvdue 3 0,093 0,047 0,031 0,515 0,219 | 2,11E+08
Bag 3956 dust dust (p) | conductivity| conductivity (p)| sodium | sodium (p)
mean grain siz§ 0,102 0,019 0,161 1,95E04 -0,211 | 1,15E+08
eigenvalue 3 | 0,337 2,34E+01 -0,013 0,788 0,089 0,063
Bag 3956 calcum | calcium (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz§ -0,375 2,49E04 -0,080 0,066 0,075 0,088
eigenvalue 3 | 0,043 0,373 0,016 0,736 0,119 0,014
Bag 4006 dust dust (p) | conductivity| conductivity (p)| sodium | sodium (p)
mean grain siz¢ 0,104 0,017 0,148 0,001 -0,148 0,001
eigenvalue 3 | -0,174 2,10E04 -0,135 0,004 0,268 | 7,79E+05
Bag 4006 calcium | calcium (p) | ammonium | ammonium (p) | nitrate | nitrate (p)
mean grain siz¢ -0,055 0,225 0,037 0,402 0,075 0,093
eigenvalue 3 | -0,037 0,448 0,008 0,869 0,317 | 2,09E+02
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Bag 4106 dust (p) | conductivity| conductivity (p) sodium (p)
mean grain sSize 0,177 -0,123 0,803
eigenvalue 3 2,83E34 0,431 1,64E17
Bag 4106 calcium (p | ammonium | ammonium (p) nitrate (p)
mean grain size 0,658 0,105 3,10E+09
eigenvalue 3 1,23E11 -0,406 7,54E26
Bag 4196 dust (p) | conductivity| conductivity (p) sodium (p)
mean grain sizg 2,33E+09 -0,039 0,239
eigenvalue 3 3,16E+08 0,308 0,413
Bag 4196 calcium (p) | ammonium | ammonium (p) nitrate (p)
mean grain siz¢ 0,074 -0,072 0,086
eigenvalue 3 8,99B-03 -0,024 0,001

XX



10.5Cross correlations for sectios 201 and 501 of bag 1346

Values above the dashed blue line are statistically significant.
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10.6 Examples forthe Ramen spectra

Sulfate (including ice spectrum)

D_ ice

%E / \

F
= 8 | / .
%U_} O o \\

[ [ [ [ [ [ [
a00 1000 1500 2000 2500 3000 3300

Raman shift/cm-1

XXVII



The black graphs show the spectra obtained for this work (with background correction); the
orange graphs show the reference spectra (taken from the RRuFF database).
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For a reference for black carbon see Beyssac ET AL 20(2; HoDkIEwICZ 2010.
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unidentified organic spectrum (bacteria?)
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Raman spectrum &zospirillum brasilens&p7 as a possible identification for the organic
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201 and 1346_501

10.7 Microstructure mapsof bag 1346

Microstructure map of section 201 with marked grain boundaries and labelled black dots
top

(right) and without (left)

bottom
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Microstructure map of sectior0®h with marked grain boundaries and labelled btimts
(right) and without (left)

top
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10.8 Summarized results of the Raman measurements

Colour code for the pie charts:
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