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An ice-core of 4 m length was drilled at the Jungfraujoch. It was divided into 18 
sections and analyzed for solid and dissolved material by neutron activation analysis using 
nondestructive counting as well as chemical group separations. The solid material was 
identified as stone dust. Part of the dissolved material seems to originate from dissolved 
limestone, whereas many elements can not be accounted for by this hypothesis and must 
be due to atmospheric fallout. 

Introduction 

Studies of the composition of aerosols and of atmospheric precipitations have 

proved a valuable tool to determine the purity of our atmosphere, and these stu- 

dies are rapidly increasing in number. However, nearly all of these investigations 

bear only on the present day situation. In order to find any long term changes, 

it would be highly desirable to compare the present composition with values of 

the past, Unfortunately reliable analytical data exist only for the last decade or 

so. However it was postulated that a record of past atmospheric precipitations 

going back many hundreds of years is kept in ice and is therefore available for 

analysis with present day methods. Thus MUROZUMI et alJ analyzed ice samples 

almost 3000 years old from the Antarctic continent and from Greenland and found 

a sharp rise in the content of Pb after 1940. Generally analysis of ice samples from 

Antarctica was much stimulated by the international expeditions to this continent. 

Contrary to north and south polar ice sheets, the glaciers of the temperate zone 

have not been extensively surveyed as to the purity of the ice. This may be due 

partly to the fact that the situation in temperate zone glaciers is complicated by 

possible melting processes in summer and by the proximity of dust emitting bare 

rock formations. It was the aim of the present work to furnish analytical data for 
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a temperate zone glacier which would determine whether information similar to 

that in polar ice sheets is also contained in such glaciers. The analyses covered a 
wide range of elements including heavy metals and those likely to be of marine 

and of dust origin. All analyses were done by neutron activation. 

Experimental 
Collection of  samples 

Samples were taken in April 1974 at the Jungfraujoch (Switzerland) at an alti- 
tude of 3470 m with a teflon coated SIPRE core auger. The ice core has a length 

of 4 m and a diameter of 7.5 cm. It was packed into a polyethylene hose and 

kept frozen at - 1 8  ~ until the time of analysis. A length of 4 m would corres- 

pond to an undisturbed accumulation of 3 years. However subsequent analysis for 

SH revealed that the ice was probably older than 30 years and that there was se- 

vere intrusion of recent water by melting processes. 2 

Preparation of  samples 

The method chosen for the preparation of the samples were influenced by se- 

veral considerations: 
(1) It is known that ice from glaciers contains inclusions of solid particles. Al- 

though some workers do not take care to remove solid material from ice 1,3 or 
from river water, 4 we thought this indispensable. Since we wanted to determine 
short lived activities such as 2 a A1 ' s 2V, 4 9Ca and a SC1, this separation had to be 

made prior to the irradiation. This in turn meant that irradiation of the entire ice 

core, although desirable from the point of view of blanks, was not feasible. 

(2) The concentration of the elements in the alpine ice were not known even 

as to their order of magnitude. They were estimated to be between the concentra- 
tion of polar ice (Na 20 ppb, total solids 0.1 mg/kg) 1 and of English rain (Na 

1340 ppb, total solids >>4 mg/kg), s It was anticipated that Na would be one of 

the most abundant elements and that most other elements would be in the sub- 

ppb region. This in turn implies points 3 to 5. 
(3) The blank problem will be severe. 

(4) In order to achieve the necessary sensitivity, sample size must be several 
100 g of ice. 

(5) The anticipated dominance of 24Na over other medium lived activities ne- 

cessitates some chemical separations after the irradiation. 

Taking these points into consideration, the following working scheme for the 
preparation of the samples for irradiation was adhered to: 
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(1) Core sections of 10-20  cm length with a weight of 400 to 800 g were 

melted in an all quartz apparatus. The first 50 ml were discarded in an effort to 

remove any surface contamination of the ice that might have come from the dril- 
ling operation. 

(2) The remainder of  the water was filtered in the same all quartz apparatus 

through an 8 ju and a 0.1 /1 membran filter (Sartorius SM 11 301 and SM 11 309, 

diameter 25 mm) in order to remove any solid material. 

(3) To the filtered water 200 mg of very pure NH4NOa was added and the 

water was shell frozen in a 4 1 round bottom pyrex flask. The NH4NO3 was added 
to make possible the subsequent handling of the very small amounts (~1 mg) of 
the freeze-dried material. 

(4) Two samples at a time were freeze-dried over a period of 36 hrs to a con- 
stant pressure of 7 .  10 - 6  bar. 

(5) The flasks were removed to an airtight glove box and the solid contents trans- 

ferred to especially clean polyethylene irradiation containers and then weighed. 

Special experiments with radioactive and with activable tracers were done to 

check if this procedure allows the complete recovery of material originally dissolved 

in the water. The following ions (in amounts between 0.1 and 10/~g) were found 
to give recoveries between 0.95 and 1 from 500 ml of water: A1, K, Ca, Sc, Mn, 
Co, Zn, Cd, Sb, Eu. This is in good agreement with other investigations. 6 The 

two elements which showed low recoveries (0.5 + 0.1) were C1 and Br. This fact 
must be due to the slight acidity of  our samples (which had a pH of 5.5 in cor- 
respondence to the pH of the ice samples), since the recovery of Br from neutral 
solutions is reported to be 1 and the recovery of I from solutions of pit 1.5 to be 
(0.7 + 0 , 2 ) .  6 

Activation, chemical separation and measurement 

The freeze-dried residue was irradiated in the SAPHIR reactor for 5, 12 and 
510 minutes, corresponding to integrated neutron doses of 2 .101  s, 3" 1016 and 

2" 1017 n �9 cm -2 �9 sec -1 . The first two irradiation~ were made with a pneumatic 

transfer system that had a transport time of 6 sec .  7 Activity measurements were 

done by Ge(Li) 3'-ray spectroscopy without chemical separations after the first 

two irradiations and with chemical separations after the third irradiation; in the 

latter case a well-type Ge(Li)-detector was used for enhanced efficiency. 

All spectra were stored on magnetic tape and analyzed on a CDC 6600/6700- 
computer. The program 8'9 locates statistically significant peaks, fits a modified 

Gaussian function to the peaks and calculates the mass of the target elements by 

comparison to a standard. The standards were made of NH4NO3 to which the 

elements of  interest were added, and thus were identical to the samples as far as 
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Irradia- 
tion 
time 

5 m  

12m 

510 m 

Decay 

1.5m 

4 .5m 

50 m 

6 h 

14 h 

45 h 

16 h 

60 h 

70 h 

Table 1 
Irradiation and measuring conditions 

Measuring 

4 

10 

10 

10 

3 

2 .5m 

m 

m 

m 

m 

h 

2 8 A 1  

s2  v 

4 9 C a  

5 8 C 1  

S6Mn 

~ 6 m l n  

2 4 N a  

42 K 

82Br 

6 4 C'I. 1 

6 SZn 

Nuclide Half-life 

2.25 m 
3.71 m 

8.76 m 

37 m 
155 m 

54 m 

15.0 h 
12.4 h 
35.3 h 

12.8 h 

245 d 
14 h 
67 h 
54 h 

26 h 
67 h 

45 d 
53 y 

84 d 
40 h 

9 h 
47 h 

69mzn 
99  mMo 

11 sCd 

h 76As 
1 2 2 8 b  

h S9Fe 
6OCo 

h 46Sc 
1 4 O L a  

s 2 mEu 

1 S ' S m  

3,-line 
used, 
keV 

1779 
1434 

3084 

1642 
847 

1097 

1368 
1525 

554 

511 

1115 
439 
140 
336 

559 
564 

1099 
1332 

889 
487 

122 
103 

Determination 
limit,/~g 

3" 10-2 
1 �9 1 0  -3 = O 

2 
e~ 

3 �9 10 -1 
1 " 10 -s 

1 " 10-* 
L) 

4" 10 -2 o 
Z 

2 
4" 10-2 

1 �9 1 0  -3 

2" 10 -~ 
4" 10- '  
1 �9 10-3 -~ 

3 1 0 ,  

1 �9 1 0  -4 ~ 

5- lO-S ~ >, 

2" 10 -1 q3 .~ 

1 . 10-4 ~, 

4" 10 -5 m 
4.  10-s 

4" 10 -s 

2 . 1 0  -5 

ma t r ix  and geomet ry  are concerned.  The data  pe r t inen t  to  act ivat ion and measure- 

m e n t  are given in Table 1; de tec t ion  l imits given are those calculated for  an ice 

sample o f  mean compos i t ion .  

The chemical  separat ion after  the third i r radiat ion is main ly  based on the  quan- 

t i tat ive and selective ex t rac t ion  o f  groups o f  e lements  wi th  d i f ferent  metal-di thio-  

carbamates  as reagents. 1~ The sample is dissolved in 5N HC104 wi th  the addi- 

t ion o f  50 pg o f  the appropr ia te  carriers and hea ted  unt i l  i t  reached a tempera ture  

o f  200 ~ The solut ion is then  b rought  to pH 1 and subjected to several extrac- 

t ion steps (Table 2). Every  e lement  considered is ex t rac ted  to  be t t e r  t han  98% in 

a single ex t rac t ion  with  the excep t ion  o f  Zn. Zn is dis tr ibuted be tween  f rac t ion 2 
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Extrac- 

t ion 

number 

Table 2 
Sequence of extractions 

Condition of 
aqueous phase 

HC104, pH 1 

HC104, pH 1 

reduced with KI and 
ascorbic acid. 1N in 
HC1 

citrate buffer, pH 5 

pH 2 

Reagent a 

Bi(DDC) 3 

Zn(DDC) 2 

Zn(DDC) 2 

NH4DDC 

HDEHP 

Concentration 

2 �9 10-aM in CHC13 

2 �9 10 -3 M in CHC13 

2 �9 10-3M in CHCI 3 

2- 10-3M in CHC13 

25% in toluene 

Extrac-  

t ion 
t ime 

5 m  

2 m  

2 m  

5 m  

5 m  

Elements observed 
regularly in ice 

samples b 

Cu 

Cd, Mo; Zn (30%) 

As, Sb 

Fe, Co; Zn (70%) 

Sc, La, Sm, Eu 

aDDC: diethyldithioearbamate, HDEHP: bis (2-ethylhexyl) orthophosphorie acid. 
bUnless otherwise noted, extraction for a given element is >98%. 

(ca. 30%) and fraction 4 (ca. 70%); its total recovery however is 0.98-+ 0.01. The 
organic extracts have a volume of 30 ml and are evaporated to 3 ml before count- 
ing. It was ascertained that this evaporation step entails no loss of activity. Four 
samples and two standards can be handled by one man in 5 hrs. 

The chemical separation outlined above, while necessitating some work, had the 
following beneficial effects on the analysis: 

(1) the decontamination from 24Na and 82Br was better than 104, thus elimina- 

ting difficulties with large Compton backgrounds and allowing measurement very 
soon after activation. 

(2) Splitting up the different activities into several groups diminished the pos- 
sibility that one dominant activity will greatly reduce the sensitivity for all other 
activities; noteworthy in this respect is the great amount of 64Cu which is re- 
moved by the first extraction. 

(3) The assignment of  a 3,-line to a specific nuclide can be made without any 
further checks (such as additional lines or decay curves), since most ambiguities 
can be ruled out by considering the chemical properties. 

Blanks and reproducibility 

The blank values for the carrier material NH4NO3, for the filters and for the 
irradiation container are given in Table 3. When comparing these values to the 
values found in ice, which are also given in Table 3, it can be seen that the highest 

blanks are in general contributed by the filters. Separate experiments were there- 
fore done to determine how much is washed out from the filters by filtering 
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500 ml o f  water. It was found that (3.8 + 1.8) #g Na, (2 -+ 0.5) #g Ca and no A1, 

C1 or Mn is washed out. Thus the contribution by the filters to the blank is sub- 
stantial for Na and negligible for Ca, A1, C1 and Mn. All results have been corrected for 

these blank contributions. 

The reproducibility of  the determination were checked by analyzing several ali- 

quots (usually more than 6) of  artificial aqueous solutions that contained the ele- 

ments to be determined in concentrations equal to the mean concentration found 

in the ice samples. These results are also given in Table 3. The observed relative 

standard deviation is in most cases larger than is to be expected from counting 

statistics, from the variation in the recovery of  the freeze-drying process and from 

the recovery o f  the chemical separations. The experimental coefficient o f  variation 

must therefore contain some contribution from blank problems. 

R e s u l t s  

A full discussion of  the results exceeds the scope of  this communication and 

will appear elsewhere. 13 However a few of  the findings will be discussed here. 

Analysis o f  the material on the filters 

All filters have been analyzed non-destructively by neutron activation after fil- 

tration of  the melted ice. The results (filter blanks subtracted) are given in Table 4. 

It is immediately clear that the filters do contain substantial amounts of  material 

(column b). This was no surprise but deserves stressing in view of  the fact that 

Table 4 
Analysis of the material on the filters 

(a) (b) (c) (d) 

Element 

A1 

V 

Mn 

K 

C1 
Ca 
Na 

/~g on both filters 
(mean of  

13 sections) 

1.6" 101 
2.2" 10 -2 

1.6" 10 -1 

6.2 

4.6 
<5.4 

1.2 

/ag on filters 
~g in filtered water 

10 
3.1 

0.16 
0.12 

0.03 
<0.06 

0.04 

8 # filter 
both filters 

0.9 
0.8 

0.8 
0.8 

0.5 
>0.6 

1.0 
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Table 5 
Mean concentration (~g/kg) in ice and rain 

Element Ice Jungfraujoch Ice Ice Rain England 5 
present work Mont Blanc 3 Greenland 14 

110 3.3 A1 
V 
Ca 

C1 
Mn 

K 

Na 
Br 

Sc 

Fe 

Co 

Cu 

As 
Sb 
Mo 

Cd 

Sm 
La 

Eu 

3.4 -+ 2.6 
(1.4 _+ 0.6). 10-2 

190 -+ 90 
170 -+ 85 

2.0 +- 1.0 
104 -+ 155 

52 -+ 20 

2 +-1 
(5.7 +_ 2.5) �9 10 -4 

1.9 -+ 0.7 
(2.7 -+ 1.0) �9 10 -2 

3.7 -+ 10.7 
(5.7 _+ 4.2) �9 10 -2 

7 

101 
4.8 

4.8 

1.2 

(5.8 -+ 4.1) �9 10-3 

(1.2-+ 1.2)- 10 -2 
(8.6 +- 5.6). 10 -2 

(8.6 -+ 4.9) .$10-* 

(3.6 -+ 1.7). 10 -~ 
(2.5 -+ 1.4)' 10 -4 

1.7 

56 

69 

54 

2.2 

12.9 

<1000 
2400 

2 

1340 

39 

22 
1.6.10 -1 

15 

<0.3 
7.8.10 -2 

<12 

many previous investigators who performed ice, snow or water analyses explicitly 

omitted any filtration or centrifugation step; 1'3'4 it also casts some doubt  on the 

validity of the practice of acidifying samples before filtration. When the amount 

retained on the filters is compared to the amount  in solution (column c), the ele- 

ments are seen to dearly fall into three categories: A1 and V are much more abun- 

dant on the filters than in solution; Mn and K are predominantly in solution, and 

C1, Na and Ca are almost exclusively in solution. 'It is further seen that the majority 

of the solid material is retained on the 8 / am filter (column d). Examination of 

the filters by scanning electron microprobe revealed particles of uniform appearance 

with Ca as the major element and conglomerate particles with lines due to A1 and 

Si. It  is sought that these particles are stone dust blown by wind from limestone 

and from granite rock formations, both of which are present within 500 m from 

the drilling place. This conclusion is supported by the ratios of A1, V, Mn and 

K on the filters, which are roughly the ones expected for a granite. 

412 J. Radioanal. Chem. 38 (1977) 



A. WYTTENBACH et al.: DETERMINATION OF IMPURITIES 

Analysis o f  the filtered melt water 

The mean results of  18 sections from the ice core are given in Table 5 tog- 

ether with typical values of  rain and of  ice from Greenland and from Mont Blanc. 

Pending further statistical evaluation, only the following points  can be noted here: 

- The standard deviation of  the sections relative to their mean in much larger 

than the standard deviation found for artificial solutions of  comparable concentra- 

tions. However many elements are positively intercorrelated, and a similar anomal- 

ous f luctuation is noted for tile ~H-content at the same location. 2 It  is thus thought 

that the section to section variation is real; the reason for this remains open. 

- Most concentrat ion found at Jungfraujoch are intermediate between Green- 

land ice and English rain. 

- Na and C1 seem to be largely o f  marit ime origin. The C1/Na ratio is 3 -+ 1, 

which is somewhat larger than the 1.8 valid for seawater. Values as high as 14 have 

been found in Antarctica. 3 

- Ca seems to derive from soil dust. While the values for CI, Na, K and Mn in 

the ice from Col du Midi in the Mont Blanc 3 roughly coincide with our values 

from Jungfraujoch, we do find 30 times more Ca in the lat ter  place. This could be attri- 

buted to the presence of  l imestone formations within 500 m from the Jungfraujoch, 

while there are no such formations within 10 km from Col du Midi. The fact that  most 

of  the Ca is found in the mel twater  must  be due to its dissolution by  carbonic acid.  

- The Br/C1 ratio is 6 times larger than the value expected from seawater alone. 

Br could possibly be o f  anthropogenetic origin. 
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