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Abstract:

Synchrotron based micro X-ray fluoresceng®ERF) equipment has been used to
analyse impurities in polar ice. A customised sample holder hamsdeeloped
and the uXRF equipment has been adapted with a thermal control $gsterp
samples unaltered during analyses. Atrtificial ice samples @ fieom ultra pure
water were analysed to enable the detection of contamination oriregpta
artifacts. Analyses of polar ice from Antarctica, - Domend &ostok — confirm
this uXRF technique is non-destructive and sensitive. Experimemisbea
reproduced to confirm or refine results by focusing on interesting spots as
crystal boundaries or specific inclusions. Integration times aralutes can be
adjusted to optimise sensitivity. Investigation of unstable pastiid possible due
to the short analysis time. In addition to identification of elemigniisipurities -
XRF determines their speciations. The accuracy and reliabflitgsults confirm

the potential of this technique for research in glaciology.



1 INTRODUCTION
Studying impurities in ice is essential for current research oiaitey. Issues that
have to be addressed for analysis of ice cores come from tiktyfraf the ice

material, its evolving structure, and the low concentrations of impurities.

Analysis of melted samples by ion chromatography gives the gaveianic
concentrations of soluble (mineral and organic) species, even wt lwer
concentrations. Such information is used for studying past atmospheric
composition, for example. However, due to the possible interaction between
chemical impurities and physical properties it is of primargriggt to know the
micro-structural localization of impurities. Depending on their liaesibn, either
dispersed in the ice matrix or concentrated at grain boundariesrubise of the
sample may evolve from its origina-situ state. For example: reactions between
the soluble sulphuric acid and carbonate particulates may alteretioed of
atmospheric C@ present in air bubbles trapped in the ice (Legrand and

Mayeswski, 1997).

Several analytical methods have already been successfulljopledeto locate
impurities in ice (Baker and others, 2003) or to study their efflegiroperties of

ice (Wolff and Mulvaney, 1988; lliescu and others, 20@&)dic ions at a triple
junction of Antarctic ice have been studied by the Raman scattammgique
(Fukazawa and others, 1998). Trickett and others (2000) studied the affect
H,SO, on mechanical properties of ice by synchrotron X-ray topography. The

major technique implemented to observe impurities is scanningraglect



microscopy (SEM) with energy dispersive X-ray microanal{BiBS). Mulvaney
and others (1988) found sulphuric acid at the grain boundaries in Antaectia i
the last few years, two teams have successfully developetkthisique (Barnes

and other, 2002, 2003; Cullen and Baker, 2002).

Whilst sublimation concentrates impurities and facilitates dietecit may also
introduce artifacts: for example filaments observed in the grain boundapear

ice are due to the sublimation of the surrounding ice (Baker and Cullen, 2003).
Developing a new experimental method that enables mapping and arwdlysis

impurities in a non-destructive way is seen as valuable for research wlagsci

To this end we looked at the X-ray microscopy analysis techniquéogedeat the

ID21 beamline at the European Synchrotron Radiation Facility (ESRF)
Grenoble, France (Susini and others, 2002). This technique enables the
investigation of hydrated frozen samples without any pre-treatfhatibws study

of thick samples, and in the high energy range produced by this technique,
fluorescence vyield is high enough to be mapped with significant coatndsto
identify low Z elements. With these capabilities the uXRhnéue appears a
suitable basis from which a new experimental method could be buitigpping

and analyzing impurities in a non invasive way. In this paper \pertrehe
technical and methodological adaptations implemented, the validatioheof t

technique, and the first results obtained.



2 EXPERIMENTAL PROCEDURE

2.1 Equipment

An analysis chamber (internal part shown on Fig. 1a) is closeditpytaloor, as a
high vacuum (~ 10 mbar) is necessary to lower the detection limit and to have

access to low Z elements.

To preserve the ice sample from any transformation or sublimétiotust be
maintained at low temperature (~ 120 K during analysis). The coelistem
consists of a special 3 litre Dewar (Fig. 1a (a)), autoniptiided with liquid
nitrogen (LN) and hermetically fixed to the roof of the chamber by a DN100
flange. The base of the Dewar is made of a thick copper cyliifdgr 1a (b))
coupled to a magnetized copper plate by a flexible copper tress (Fij.akal Fig.

1c), the sample cell being fixed to this plate by magnets. Thistainas the ice
sample temperature near the same low temperature as the bbttterDewar. A
thermocouple is fixed on the copper plate to measure the temperatimg dur
experiments (Fig. 1a (d)). The upper part of Figure 1b shows the froddw (a)

of the cell in which the sample is set up. The window is a traespditm of
Ultralen€’. Ultralené€ was selected for its good X-ray transmission, its strength
and purity. The film is pressed between the lid and the sampl@~aplllc) with a
Viton O-ring to ensure air-tightness. The sample cell is thigrnsalated from its
support by Peékpieces (Fig. 1b (c)). The sample cell and its support are made of
aluminium. Magnets (Fig. 1b (e)) fix the support on a steel platehwholds the
whole sample set device. A piezometer based scanner (Fig.)lmdqegs the

support of the sample cell by steps along x and y. Steps are adjustabtding to



the lateral resolution desirefio obtain a scan rapidly , the total mass of the sample
cell device associated with the piezometer has to be lowerl@tag. Hence the

choice of aluminium for the sample cell device.

2.2 Sample selection

i) Artificial samples

In order to estimate the contamination introduced by the sample pgiepanad to
evaluate the background signal of the measurement procedure, ol@lartié

sample (S1) was prepared from ultra-pure water.

i) Natural samples

Samples should be selected that provide the opportunity to evaluasehheue
regarding in particular, localization of impurities, analysisaofi¢ aggregates and
speciation of elements. Two technical constraints must be dellt(iyithe W XRF
detection limit of the instrument, expected to be of about 1 ppm, reqaingules
with a significant amount of impurities. (i) the small size tbé sample cell
(diameter only 11mm) required ice with small crystals in otdevbserve several
grain boundaries. Accordingly, EPICA DC samples, from the lastiajla
maximum, at 566 m depth, were selected. In addition samples of acicefeom

lake Vostok at about 3750 m depth were selected to analyze aggregates.



2.3 Sample preparation

Samples were prepared at LGGE, Grenoble, France in a cold rd2bg8 &. To
prevent contamination, every tool was new and washed with methancbriese
were cut into samples of 7 cm length. Each sample was machireedyiinder
with the same diameter as the sample cell. The surfacecbf @dinder was
adjusted with a microtome to exactly fit in the cell and to behflwith the cell
surface on which the Ultralefiéilm was spread. Once the sample cell was sealed
with screws (Fig.1b,(d)), it was put into a polycarbonate box to avoid
contamination of the Ultralefidilm. Samples were then transferred to the ESRF at
a temperature of 235 K and cooled to.ljtst before introduction into the analysis

chamber.

2.4 Sample set up in the analysis chamber

It is critical that water vapour be prevented from entering the chamber asuhds

turn into hoar on the cell window. For this reason, the chamber was putainder
vacuum (~18G mbar). The Dewar was then filled with LNDnce the temperature

of the copper plate lowered to 113 K, the analysis chamber was browghtoba
atmospheric pressure with dry.NDutside the chamber, at the level of the top of
the door, a laminar flow of dry Nwas blown downwards to keep humidity low in
the chamber at the door aperture. The door was opened, the sample boxdremove
from the LN, introduced into the chamber and opened. The sample cell and its
support (Fig. 1b) were placed in the X-ray beam and fixed by magnet4 §Kig)).

The copper plate and its tress were put in contact with the sagipbnd the door

was closed. The vacuum was re-pumped and the temperature bedadematsta3



K after 1.5 h. The time duration for which the door was left open was less than one
minute. The maximum temperature observed for the sample cell dting was
203 K. There was no hoar in the chamber except for some traces ooppie c

tress.

2.5 Analysis

Initially, the surface of the polar ice sample was observeth @it optical
microscope in order to check the absence of hoar on the Ulffdiengeto verify

that the ice was intact, and to identify grain boundaries. Oncairalgoundary or

an interesting spot was selected, the ice sample was examingdthes X-ray
microscopy beamline ID21 (Susini and others, 2002). The X-ray beam was focused
down to a microprobe of 0.5 x 0.5 um2 by means of a Fresnel zone plate (Di
Fabrizio and others, 1999). Two Si <111> crystals provided a monochromatic
beam QE/E = 10%. The fluorescence signal was analyzed using a high energy
resolution Germanium solid state detector. The incident beam emasgfixed at
either 4500 eV to ensure a good fluorescence vyield for elementsigaingm
calcium to sulfur. For sulfur speciation, the excitation beam wasl tainenergy of

2482 eV. For both configurations, 4500 eV and 2482 eV, the probed depth (z axis)
is 50 and 25 um respectively. The lateral resolution, defined by ebmmegric
projection of the focused beam onto the sample (x and y axes), wasdataffte

size of the image and ranged from 3 x 34m0.5 x 0.5urh The integration time,
tuned from 100 ms/pixel and 5s /pixel, was determined by both concentration of

the emitting elements and signal-to-noise ratio of the fluorescence signal.



Ice adjacent to the samples was analyzed by ion chromatography in ordeth® get
average concentrations of the main ionic species of the meke{Table 1)

(Saigne and others, 1987). The concentrations ranged from 0.13 to 938 ppb.

3 RESULTS AND DISCUSSION

3.1 Technique validation

i) Blank of the experimental procedure and background estimation

To estimate the contamination introduced by the sample preparation st the
influence of the Ultralerfefilm, two XRF spectra (Fig. 2) were drawn under the
same experimental conditions as for the polar ice samples: oneausamgple cell

filled with air and the other using an artificial sample (S1lhiclw was also
analyzed by ion chromatography (see Table 1). To take account of the variations of
the incoming intensity (lo) during experiments, all the figuresemtesl in this
paper show the relative intensity, i.e. the ratio (I/lo) of thdtechsignal () to the
incoming intensity. The results for both the air-filled cell and(®dble 2) are
similar for the chloride peak. Because Cl was not detected lghimmatography

of S1, the Ultralerfefilm, which is very close to the sample surface is mostylik

the source of the Cl peak.

Regarding elements other than Cl (Table 2), the Al peak wag fow81 than for
the cell filled with air. This may be due to the partial absorptf the cell signal

by the S1 sample. It was decided that the uXRF signal for erertdén S1 would



be taken as the background signal. To consider an element as presaat ice,
the uXRF signal should be more than two times higher than the elsragmal in

S1.

i) Sample conservation during the experiment.

The major risk of transformation of samples is sublimation. Subbmaan be due
to a lack of closure of the sample cell in the vacuum chambmgrd=2 shows the
UXRF spectrum for the sample cell filled with air: thera isigh peak for argon.
Although present as traces in air, Ar has been detected dueatorit& number
(18) which explains its good fluorescence response. This Ar peak cstiffienair-

tightness of the sample cell.

To check both the stability of the sample and the reproducibility of the technique, a
inclusion containing Si in the Vostok sample -depth 3572m- (V2) has been
examined three times at intervals of 2 h 30 minutes. The pXRE&peonly Si

Ka line relative intensity - and shape of the Si peaks alongrtss section of the
inclusion are shown on Figures 3a and\&tilst the shape of the inclusion is kept
unchanged (Fig.3b), a slight decrease of I/lo is observed (Fig Bia)siliggests a
slow evolution of the sample. The decrease is limited at about 28%madre than

7 hours. This confirms the experiment is non destructive and can be reproduced.
Several experiments were carried out on the same part of asionmcicontaining

Cl in the Vostok sample- depth 3572m- (V1). From optical microscopy, this

inclusion appears like a spherical grain (2um). Table 3 showsahbtiitg of I/lo



for Cl in this inclusion after use of different integration timekis stability means
that integration times can be increased -at least up to Septove the sensitivity
of the technique without causing elemental repartition. Between seah,
examinations by optical microscopy were made showing that the oclugs
unchanged and that the surface of the sample was not altered aglitti®n from

the microscope.

3.2 First results

Results from DC1 -566m depth

The observation of sample DC1 by optical microscopy shows an homogeneous
surface apart from the grain boundary. The total area mapped by wX&R6f 200

x 188 um with a pixel size of 2.6 (x) x 2.6 (y) |fman integration time of 3.3 s,

and an exciting energy of 4500 eV. Note that the signal include infiomfabm a
thickness of about 50 um below each piXdle K map (Fig. 4a) shows a strong
concentration of K along the grain boundary. This result is observed under the non-
destructive conditions of the technique. This can be explained by the ctimaept

K, which in most cases is in an easily soluble form, should be preiy found

along the grain boundaries or associated with insoluble particles. €éments

such as Si, Al, S and, Ca were also detected. However insteadngf as K,

highly concentrated in a continuous area, they are either concermnhtagh a few
points or distributed in a rather homogeneous way throughout the mappedtlsarea.

a result their maps show either a few dark points or a gesywithout contrast.

This is why, instead of their maps, we show their relative iittepsofiles in three

selected regions of the map identified as Z1, Z2 and Z3 (Fig. 4b).
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The I/lo signal for Si, Al, Ca and K is < 0.04 except from spedpots. For
example, Ca is present in specific spots such as point A and polasd&to the
triple junction (Fig. 4a and 4b), and point C. Except for a very intensg @@obon

Fig. 4a; I/ld116), the signal for S (Fig. 4b; Z2, Z3) is about 4 times higher than the
I/lo signal for the other elements. The origin of S is likelyoe HSO, throughout

the matrix. The intense point may originate from an insoluble pamicCaSQ
Owing to the long integration time of 3.3 s, and in spite of the sensitivity for Si and
Al is lower for Ca, it is noteworthy that Si and Al were dédcat point A, B and

C.

Results from Vostok samples V1 and V2

The V1 sampl€3551m depth) shows very large crystals (Duval and others, 1998;
Jouzel and others, 1999) with some inclusions visible by optical microscubg
large aggregate visible to the naked eye (Fig. 5a). Suchgaegage, not observed

in normal glacier ice, is formed by concentration and compressioarpfsimall
particles locally accumulated during the accretion of ice. The agaund the
aggregate was initially at ~ 300 bar making the aggregateunstable. To make
use of the non-destructive character of the technique, three adgesmntal
maps were drawn. The area of each map was 100 x 1§0nitma pixel size of 1

(X) x 1 (y) unf, an integration time of 0.5 s, resulting in 1.5 h per map. Note that

the signal include information from a thickness of about 50 pm below each pixel.

11



Figures 5b show the Ca map distributed as large particlele&iaf ~ 15 pm with

their shapes and spectra being different inside and outside thgatggfi€ig. 5c).

Inside the aggregate, Ca looks anti-correlated with K (Fig. Ga)predominates
outside the aggregate, probably within one CaQ@@lusion (dashed circle).
Fearing that the aggregate disappeared due to its unstablsst@m®l rapid scans

- less than 1.5 h each — were made to capture the maximum inforngtioas
observed as concentrated at the border and probably associated with Al, although it
must be conceded that the sensitivity for Al was low. Work isghearried out to
confirm and refine these results (submitted for publication by M. dgehs,

2004).

Apart from the one large aggregate some visible inclusiong wbserved by
optical microscopy, and then scanned. The signal intensity (I) fbrelament as
well as its ratio (I/lo) to the intensity measured on thdiegl sample S1 are
reported in Table 4. Results for V1 are not significantly diffetkab for S1. As
ion chromatography of V1 had shown high concentrations of the species of interest
(Table 1), this confirmed that the matrix was pure (de Angelisotimers, 2004)
and suggests that all impurities were strongly concentrateacinsions. S was

mainly in the aggregate V1 while Cl was in the inclusions in the form of NaCl.

It is noteable that by assessing the number of inclusions, their @slanmd the
volume explored in the map, a rough evaluation of NaCl concentration in the
inclusions may be derived from the average concentration measuréoh by

chromatography.

12



The Vostok sample (V2) (3572m depth) was used to test the potentiahblyug

the new technique to obtain speciation by selecting the energy of the incident beam
according to the oxidation number of the target element. Absorption Gy
techniques are based on the measurement of the absorption coeffici@natdn

by tuning the energy of the probing photons through an absorption edge. This
variation is physically related to the excitation cross-seaiidime core electrons

into unoccupied electronic states or into vacuum continua. The spexitales
observed close to the absorption edge — referred to as X-ray Absdiaar Edge
Structure (XANES)- reflect the molecular environment of a&giabsorbing atom

and provide the basic mechanism for imaging with chemical sansiti
(Stohr,1992). Obtaining information on different chemical states witystemss

having the same elemental composition is possible (Cuif and others, 2003).

An observation was made of a spot showing a patrticle including SE Ahd S
(Fig. 6). The size of the image is 50 x| 4®? with a pixel size of 0.5 (x) x 0.5 (y),
and an integration time of 0.5 s. Note that the signal include infaimabm a
thickness of about 25 um below each pixel. The size of the padi@e k 13.5

um?. Figures 6a-c, respectively, show oxidized sulfur using an excitiaggg of
2.482 keV, reduced sulfur using an exciting energy of 2.473 keV, and their
different localizations. By supplying cartographies of elementshieir different
oxidation numbers, the technique yields information that can help to detetine

sources of the impurities.

13



Conclusion

UXRF analyses of polar ice samples were carried out afegtations of both
equipment and methodology. Results obtained from Dome C and Vostok samples
are the first results obtained from the technique. The thermabtsgstem keeps

ice samples unchanged during analysis. Integration times can basedrwithout
alteration of samples. Sensitivity can be optimized by increasiagration times

and, for a given beam energy, the set of identified elementgpanded. For a
given time window, optimization results from a trade-off betwegagration time

and resolution. For the selected samples, impurities were noedalt®r the
analyses. As the elements within impurities were kept highhcentrated, they
were detectable, although their average concentrations, measurecelimad m

samples by ion chromatography are far beyond the detection limit of uXRF.

By selecting integration time, resolution and size of the ame@et mapped,
analyses times can be shortened to about 1 h which enables us toizecruti
unstable impurities. Being non-destructive, this uXRF technique niggessible

to reproduce experiments to confirm or refine results.

Beyond the detection of elements within impurities, the technique entige
speciations which may help with finding the origins of impuritiescdnjunction
with the technical adaptations, the use of artificial ice sasnpées included in the
analysis process. By measuring background puXRF signals from attifanples it

was possible to detect artifacts or contamination due to experincemiitions.

14



Combined with the reproducibility of experiments, this brings religbtlh the

results and to the related forthcoming interpretations in glaciology.
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Tables

Table 1: Concentrations (ng™y measured by ion chromatography for each

sample.

ca® K* CI MSA SO~ Si AI* Mg Na° F NO; NH,

S1 0.870.28 - - 0.30 - - 013035 029 - 0.21
DC1 2.34 1.30 15.35 1.22 80.5 2.61 204 0.70 144 -

V1l 949 5.00 938 - 215 - - 021 798 3.131.73 1.71
V2 146 9.00 721 - 441 - - 451623 233 197 045

Notes:no visible aggregate in V1 and V2. -: not detected
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Table 2: uXRF results from test samples (artificial ice (S1)samdple cell filled

with air).

Ca K Cl S Si Al Mg Na F
Energy

369 | 331| 262 231 174 148 125 1p4 0|67
(keV)

lMloS1 | 3.64| 0.36| 10.52 2.08 123 091 0.7 0j]15 282

I/lo 3.20| 0.80| 15.15 159 24p 3.20 - - 2.40
sample

cell filled| 0.88 | 2.22 | 1.44 | 0.78 | 1.95 | 3.52 - - 0.85
with air

Notes The Energy (keV) corresponds to tha Emission line. Relative intensity of
signal (x16), I/lo where | is the signal emitted by the element and Iorit@ming
intensity. In italic bold characters: ratio of the relativeivsity to background (as

measured on S1). Values lower than 2.0 are not considered significaot. -:

detected
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Table 3: Evolution of Cl relative intensity in an aggregate for diffenetetgration

times.

Integration time (s) Relative intensity (x1%)

Scanl 1 234
Scan2 0.1 236
Scan 3 5 242

Notes The relative intensity of Cl in the ice apart from the aggeeiat0.5 x 16.

An estimation of the standard deviation of the relative intensity (23# o 242 x
10°) in this aggregate is 70 x 10°. Between scan 1 and scan 2, an optical
microscopy observation was made over a 30 s period. Between scars@aariil
the same observation was made over 60 s. Both observations showeirtheag

unaltered.
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Table 4: Relative intensities for various elements measured in natural samples.

Ca K Cl S Si Al Mg Na | F

E(keVv) [3.69 3.31 262 231 174 1.481.25 | 1.04| 0.67

I/lo V1inthg4.74 0.37 25.4| 274 1.05| 0.§50.49 | 0.24| 1.7p

ice matrix {1.30| 1.03 | 241 | 135 | 085 |093| 1.81 | 1.60 |0.61

llovl (897 1950 279 757 277| 45/931.0 | 2.32| 5.51

Aggregate
246| 5417 | 265 | 373 225 |504| 115 | 155 |1.95
Dark region

MoVl ([1.63 2.45 299 129 2.46| 0.820.82 | 3.28| 3.28

Inclusion |0.45] 6.81 284 | 6.35 200 |090| 3.04 | 219 |1.16

floV2 472 0.26 11.6| 0.79 157 1.05 - 0.26 | 1.5y
In the ice

130, 0.72 1.10 | 0.39 1.28 |1.15 - 1.73 |0.56
matrix

Notes The Energy (keV) corresponds to the Emission line. Relative intensity of
signal (x 16), I/lo where | is the signal emitted by the element and lo thaming

intensity. In italic bold characters: ratio between the redatitensity and the
background (as measured on artificial sample (Table 2)). Values than 2.0 are

not considered significant. — signifies not detected
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FIGURE CAPTIONS

Figure la: Internal part of the analysis chamber. (a) dewaofiper cylinder; (c)

copper tress, (d) thermocouple, (e) support of piezometer electric scanner.

Figure 1b: The sample cell and its support. (a) the front windowhé¥ample

cell support, (c) peek, (d) screw, (e) magnets.

Figure 1c: Details of the sample cell.

Figure 2: uXRF spectra from the sample cell filled withaaid from the artificial
sample (S1). The spectrum from the sample cell filled with air is characidy a

high peak from argon. This result shows the presence of air in the sample cell.

Figure 3a: uXRF spectra (SioKline only) from an inclusion observed on sample
V2 (Vostok at 3572 m) for different radiation exposure times (2h30, 5h00 and

7h30).

Figure 3b: Relative intensity profiles from the Si Kne along the cross section of
an inclusion observed on sample V2 (Vostok at 3572 m) for differentticatdia
exposure times (2h30, 5h00 and 7h30).

The absence of significant variations confirms the preservatitrecfample, even

after a long time exposure.

22



Figure 4a: Map of fluorescence yield of potassium (DC1 sampbel §ize: 2.6 x
2.6 ung, integration time is 3.3s. Z1 scan refers to the A particlepZ2 Z3 to C.

K is found along the grain boundaighyj.

Figures 4b: Relative intensity profiles (Ca, K, S, Si, Al Kne) along the cross
section (Z1, Z2, Z3). Si and Al are highly concentrated on two spesgfits A)
and B). Si and Al could be within clay particles and associated witfALgB). S

is associated with Ca in a highly concentrated sfgpt (

Figure 5a: Aggregate observed on the V1 sample (Vostok at 355hm)ighter
regions (visible at the periphery) may be gas bubbles while theregions look
like the solid part of the aggregate. The region of interesthenpicture was

analyzed by uXRF (see Fig. 5b)

Figure 5b: Map of Ca and K distributed on the aggregate observed on sample V1(
Vostok at 3551 m). 300 x 100 [inpixel size: 1 x 1 pMmintegration time 0.5 s. Ca

is distributed as large particles. Their shapes and compositions are diffisidat i
(circles) and outside (dashed circle) the aggregate. Ca looks anti eatneitit K

(white circles).

Figure 5c¢: uXRF spectra from the upper patrticles inside (circles Fig. 5b) and

outside (dashed circle).
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Figure 6a: Map of S (Oxidized form) on the inclusion observed on saviile
(Vostok at 3572m) using 2.482 keV, 50 x 40 umixel size: 0.5 x 0.5 um

integration time 0.5s.
Figure 6b: Map of S (Reduced form) on the inclusion observed on sample V2
(Vostok at 3572musing 2.473 keV, 50 x 40 fmpixel size: 0.5 x 0.5 pm

integration time 0.5s.

Figure 6c¢: Relative intensity profilésom the oxidized and reduced form of sulfur

along the cross section of the inclusion observed on sample V2 (Vostok at 3572m)
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Fig. 1a: Internal part of the analysis chamber.
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Fig. 1c: Details of the sample cell.
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Fig. 3a: Comparison of uXRF spectra (only $i khe) from an inclusion observed

on the sample V2 (Vostok at 3572 m) for different radiation exposure (2im&3,

5h00 and 7h30).
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Fig. 3b: Relative intensity profiles (Si;dine) along the cross section of an

inclusion observed on sample V2 (Vostok at 3572 m) for 3 different radiation

exposure
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Fig. 4 a: Map of fluorescence yield of potassium (DC1 sample)
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Fig.5a: Aggregate observed on the V1 sample (Vostok at 3551 m).
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Fig. 5b: Map of Ca and K distributed on the aggregate observed on sample V1 (

Vostok at 3551 m).
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Fig. 5¢: uX.R.F. spectra from the upper particles inside (circles Fig. 5b) and

outside (dashed circle).
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Fig. 6a: Map of S (Oxidized form) on the inclusion observed on sample V2 using

2.482 keV.
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Fig. 6b: Map of S (Reduced form) on the inclusion observed on sample V2 (Vostok

at 3572m) using 2.473 keV.
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Fig. 6¢: Relative intensity profiles frothe oxidized and reduced form of sulfur

along the cross section of the inclusion observed on sample V2 (Vostok at 3572m)
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