
s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
4
8
3
5
0
/
1
5
4
6
0
8
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
1
1
.
4
.
2
0
2
4

•'OURNAL OF GEOPHYSICAL RESEAItCH VOL. 75, NO. 15, MAY 20, 1970 

Argon 37, Argon 39, and Krypton 81 in the Atmosphere 
and Tracer Studies Based on These Isotopes 

H. H. LOOSLI, • H. OESCHGER, AND •'. WIEST 

Physikalisches Institut, University o• Bern, Bern, Switzerland 

Results of monthly measurements of the tropospheric 8•Ar activity during 1969, as well 
as measurements of the atmospheric activities of the recently detected isotopes •Ar and 
aKr, are presented. Applications of these isotopes for tracer studies in the atmosphere and 
in water reservoirs, for the determination of production rates, and œor studying the constancy 
of the cosmic radiation flux are discussed. 

1V•EASURING TECHNIQUE 

The measuring technique for •Ar, 89Ar, and 
8•I{r has been described by Loosli and his co- 
workers [Loosli ½t •., 1967; Loosli and O½•ch- 
gcr, 1968; Loo•l•, 1968]. All three isotopes were 
measured in a proportional counter constructed 
from a plexiglass tube of 5-mm wall thickness 
and 1-liter volume and surrounded by 2 cm of 
radioactively pure lead. This counter and inner 
lead shield were situated in an anticoincidence 

ring counter, also made of plexiglass, which was 
•11ed with CH, at a pressure of 1 arm. One filling 
gave satisfactory counting conditions for severa! 
months. The outer shielding consisted of 10 cm 
of lead; most of the measurements were 
made in an underground laboratory below 
15 meters of rock and soil. 

For •he argon measurements 2% of inactive 
methane was added to the argon and the counter 
was filled to a pressure of 5.2 arm. For the 
•Kr measurements an admixture of 15% 
methane gave the best results and satisfactory 
counting conditions were obtained at pressures 
up to 3 arm. 

The isotopes •Ar and *•Kr decay by K capture 
and subsequent emission of X rays of 2.8 and 
13.5 kev, respectively, and •gAr decays by fi* 
emission with • maximum energy of 570 key. 
External energy calibration above 5 kev was 
possible by irradiation with X rays and low- 
energy 7 rays through the perspex wall, which 

• Now at Department of Chemistry, University 
of California at San Diego, La Jolla, California 
92037. 

Copyright (•) 1970 by the American Geophysical Union. 

also permitted stability checks of counting con- 
ditions during the measurements. Internal cali- 
bration for •Ar in the 3-key range was provided 
by an artificial •Ar sample, and for •Ar by 
comparing its spectrum with that of •Kr which 
had been added to an argon sample. 

BACKGROUND 

A•go• $7. (35.1 days half-life.) The 
ground in the peak energy range was about 0.08 
cpm; the modern net counting rate varied 
between 0.01 and 0.08 cpm. A lower background 
for X-ray detection could be achieved by using 
a multiwire grid technique like that recently 
developed [Wahlen and Oeschger, 1968; 
Wahlen, 1969]. 

Argon 39. (269 years half-life.) A back- 
ground gas for •Ar was obtained from argon 
extracted from well gas whose origin is mainly 
through •øK decay. The •Ar content of this well 
gas argon indicated a contamination with atmos- 
pheric argon of less than 1%. The lowest back- 
ground (E -- 2 key) obtained was 1.6 cpm 
compared with a modern net counting rate of 
approximately 0.4 cpm. 

Krypton 81. (2.1 X 10 • years half-life.) 
Detection of •Kr in atmospheric samples is 
now impossible because of contamination by 
bomb-produced *•Kr. Several measurements 
were made on a prebomb krypton sample that 
had a •Kr activity of less than 0.5 dpm/1 Kr, 
resulting in a peak at 13.5 kev, due to X rays 
from 8•Kr decay. Since no krypton inactive in 
•Kr was available for a background measure- 
ment, the net •Kr activity was based on a 
background counting rate in the peak range of 
0.23 cpm, interpolated linearly between the 
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counting rates above and below the 13.5-kev 
peak. The net 8•I(r counting rate was then 0.08 
cpm. Various tests were made to see if the ob- 
served peak might perhaps have other causes 
than the decay of 8•Kr, but all these tests, 
mainly attempts to excite the peak with exter- 
nal X rays and • rays, gave negative results 
[Loosli .and Oeschger, 1969]. 

RESULTS 

Argon $7. The 87Ar measurements are' sum- 
marized in Table 1. The first sample is from 
Oakland, California, and was measured by 
Schell [1968]; the other samples were collected 
and measured in Bern, Switzerland, having been 
separated from air under controlled conditions 
by the Carba AG, Bern. All samples were col- 
lected near the ground. For interlaboratory 
comparison, the same artificial argon sample 
was measured by Schell and by our group, and 
agreement within a few per cent was obtained. 

Argon $9. The 39Ar activity was measured 
in seven atmospheric argon samples extracted 
in 1940 and between 1959 and 1967 [Loosli and 
Oeschger, 1968; Loosli, 1968]. The results 
showed that the contribution from nuclear ex- 

plosions has been less than 0.005 dpm/1 Ar. The 
activity obtained from a first set of measure- 
ments was 0.121 ñ 0.005 dpm/1 Ar, whereas a 
repetition of these measurements performed 
some months later gave 0.084 ñ 0.004 dpm/1 
Ar. The discrepancy may have been due to 
contamination of the background well gas argon 
between the two sets of measurements. In the 

discussion below we use a value of 0.10 (ñ20%) 
dpm/1 Ar. 

Krypton 81. About five measurements, made 
in various counters and shields (both in the 

cellar of a three story building and in an under- 
ground laboratory), gave consistent results with 
an average value of 0.10 (ñ10%) dpm/1 Kr, 
based on the background counting rate described 
earlier [Loosli and Oeschger, 1969]. 

PRODVCT•O• RATrS 

The three nuclides 87At, mar, and •Kr (mass 
numbers A•) are produced primarily by (n, •) 
reactions in the 1/v energy region on their 
isotopes of the same element with mass number 
A, -- 1, and by n, p, and a reactions on their 
isotopes with mass number greater than A•. The 
production rate by the (n, •) process (impor- 
tant only for •Kr, where there is a large uncer- 
tainty in the cross section) was estimated by 
comparison with the •C production rate for 
which we assumed that 2.0 ñ 0.4 neutrons/cm'/ 
sec are captured by •N. For the reactions on 
isotopes of higher mass number, we calculated 
production rates by using the semiempirical 
cross section formula of Rudstam [1966]. This 
formula was combined with an atmospheric par- 
ticle flux calculated by means of a model 
of secondary particle generation in the atmos- 
phere, which is an extension to higher altitudes 
of the model of Pal and Peters [1964] for the 
sea level nucleon flux. 

Estimates of the global average production 
rates by,these two processes are given below 
for the total atmosphere for 89Ar and •Kr; and, 
for 3•Ar (due to ils short half-life), for the 
troposphere, which is defined here as that part 
of the atmosphere below the 200-g/cm • altitude. 

Argon 37. For periods of mean solar activity 
the average tropospheric production rate of 
•Ar was calculated as 7.0 X 10 -3 dpm/1 Ar: 
6.5 X 10 -8 dpm/1 Ar by reactions on •øAr and 

TABLE 1. S•Ar Measurements on Tropospheric Samples 

Date Activity, dpm/1 Ar Location 

December 12, 1967 
February 1, 1969 
March 12, 1969 
May 20, 1969 
June 23, 1969 
July 22, 1969 
October 14, 1969 
November 24, 1969 
December 15, 1969 

16 

023 (4-15%) 
014 (4-10%) 
007 (4-20%) 
0028 (-• 3o %) 
oo3• (+3o%) 
0056 (4-30 %) 
089 (4- 5%) 
035 (4-9%) 

Oakland, California* 
Bern, Switzerland 
Bern, Switzerland 
Bern, Switzerland 
Bern, Switzerland 
Bern, Switzerland 
Bern, Switzerland 
Bern, Switzerland 
Bern, Switzerland 

* Measured by Schell [1968]. 
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0.5 X 10-' dpm/1 Ar by the 86Ar (n, 7) reac- 
tion. The corresponding stratospheric value is 
6 X 10 -•' dpm/1 Ar. The uncertainty in these 
values is at least a factor of 2. The tropospheric 
value for periods of high solar activity (time 
of collection of Bern samples) and the estimate 
given by Lal and Peters [1967] are 5.5 X 10 -3 
and 3.0 X 10 -8 dpm/1 Ar, respectively. 

Argon 39. Only reactions on •øAr are of 
importance, and the average atmospheric pro- 
duction rate was calculated from our model as 

0.10 dpm/1 Ar. Lal and Peters [1967] give the 
value 0.042 dmp/1 Ar. 

Krypton 31. An average atmospheric pro- 
ducti'on rate of 0.02 dpm/1 Kr, resulting from 
reactions on krypton isotopes with A > 81, was 
estimated where about half this value results 

from the model calculations for incident. energy 
above 100 Gev. The production rate by the 
8øKr (n, 7) reaction was calculated as being 
either 0.014 -- 0.003 dpm/1 Kr or 0.11 -- 0.03 
dpm/1 Kr, when the two measured cross section 
values of 12.5b [Reynolds, 1950] and 95b 
[McNamara and Thode, 1950] were used. Thus 
the corresponding two values for the total 
average atmospheric production rate are 0.035 
and 0.13 dpm/q Kr. 

DISCUSSION: CONSTANCY OF COSMIC 

RADIATION 

Argon 39 and krypton 31. The half-lives of 
89Ar and 8•Kr are long as compared with atmos- 
pheric mixing times, so that their activities 
should be homogeneous throughout the atmos- 
phere and in equilibrium with their production 
rates i'f their production rates have been con- 
stant during times of the order of several half- 
lives. On the other hand, past changes in the 
production rate, and therefore changes in cos- 
mic-ray flux in the atmosphere, would be re- 
flected in differences between present activities 
and present production rates. Such differences 
could be much more easily interpreted for the 
isotopes of argon and krypton than for •C, for 
example, since argon and krypton isotopes do 
not mix appreciably with the oceans and other 
natural reservoirs as does •*C. Indeed, less than 
one per cent of the krypton or argon is dis- 
solved in the oceans. The total inventory On the 
earth of the radioactive noble gas isotopes pro- 
duced by cosmic rays i's then simply the product 
of activity and corresponding atmospheric noble 

2897 
ß 

gas content. The inventory can be determined 
much more accurately for the noble isotopes 
than for •*C because most of the carbon is in the 

oceans and the oceanic •*C activity distribution 
i's only quite poorly known. 

If the values for the production rates could 
be improved (better particle flux measure- 
ments, ckoss section measurements, and model 
calculations are necessary) and the •Kr and 
89Ar activities be measured with higher accuracy, 
then the ratio of present inventories, having 
been produced during the last several half-lives, 
and present global producti'on rate could be 
determined with an accuracy of 10 to 20%. 
This would lead to really valuable conclusions 
on the constancy of cosmic radiation during 
the last 500 (3*Ar) years and 500,000 (•Kr) 
years, respectively [Oeschger et al., 1970]. 

At present, however, the production rate esti- 
mates are not good enough and the 8*Ar and 
8•Kr measurements are still too inaccurate. For 

39Ar the good agreement between production 
rate and measured activity (both 0.10 dpm/1 At) 
is actually not sufficient for quantitative conclu- 
sions on cosmic-ray constancy because of the 
uncertainties in both numbers. For •I(r the 

measured value of 0.10 --+ (10%) dpm/1 Kr 
is closer to the production rate based on the 
higher of the two cross section values. Clearly, 
in view of the uncertainty in the cross, section, 
no conclusion on cosmic-ray constancy can yet 
be reached. According to present ideas on the 
variation of cosmic radiation, it is not impossible 
that the production rate over roughly the last 
million years has been a factor of 2 or 3 higher 
than the present production rate, so that the 
lower cross section value cannot be ruled out. 

Thus it is of the greatest importance to obtain 
a better value for the neutron capture cross 
section of •øI(r. It seems feasible to measure it 

directly on krypton samples in which the •øI(r 
is strongly enriched relative to •Kr, rather than 
by the indirect techniques based on irradiation 
of Br targets a.s has been done. 

Argon 37. Because of the relatively short 
half-life of •*Ar, monitoring its distribution in 
the atmosphere as a function of latitude, alti- 
tude, and time can give information about 
atmospheric circulation, as well as direct infor- 
mation about the atmospheric distribution of 
longer-lived isotopes in terms of the constancy 
of cosmic radiation. 
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The realization of this, however, depends on 
determining the source of the observed =Ar 
fluctuations. As seen in Table 1 and Figure 1, 
the 87At concentration of Bern has changed 
radically during 1969, having decreased by a 
factor of about 8 during the first half year and 
then rapidly increased at the end of the year 
The November peak is about a factor of 30 
above the lowest value (June and July). 

Such large fluctuations probably could not 
have been caused either by natural production 
rate variations or by sudden injections of 87Ar 
from the stratosphere. More probable causes 
include artificial production either by recent 
atmospheric bomb testing, or by underground 
nuclear explosions involving the exothermic re- 
action 'øCa(n, a)87Ar and subsequent venting, 
or by specific air cooled reactors. Sampling in 
altitude profiles is now being planned, and 
samples are now being collected close to under- 
ground testing areas and air-cooled reactors to 
resolve this question. No data are yet available. 

Much more •TAr is produced by underground 
nuclear explosions (above reaction) than by 
atmospheric explosions of comparable size 
(•Ar(n, 7)•Ar) in which most reaction products 
go directly into the stratosphere. A possible 
clue to the true source can be seen in the fact 

that both observed high values of the 3•Ar 
activity in February and December 1969 are 
preceded by some underground explosions, 

whereas in the summer only a few tests were 
conducted. The U.S. Atomic Energy Commis- 
sion announced an explosion on December 8, 
1968, in low depth, on December 19, 1968, a 
high-yield explosion, and several tests in October 
1969 (e.g., three tests on October 29, 1969). One 
of these explosions was reported to have re- 
leased a minor amount of radioactivity in the 
atmosphere. 

Our measurements for the months of June,. 
July, and October 1969 are the lowest ones and 
are consistent within the error limits. Their 
average of 0.038 dpm/1 Ar is closer to the aver- 
age global tropospheric production rate given 
by Lal and Peters (3 X 10 -• dpm/1 Ar) than 
ours (5.5 X 10 -8 dpmfl At). 

APPLICATIONS 

In addition to studying constancy of cosmic 
radiation, as discussed above, the potential 
applications of these noble gas isotopes include 
their use as tracers in study of the atmosphere, 
oceans, and ground water and in age determina- 
tion of ice layers. As tracers, the isotopes have 
the common advantage that their abundance 
can be measured relative to their stable isotope 
rather than relative to the carrier from which 

they are extracted (e.g., air, water, ice). Results 
are then much less sensitive to changes in 
meteorological or geochemical conditions than 
is the case with, for example, =Si' or •øPb. 

Fig. 1. 

dpmlit Ar 

0,1 I • , , , • • I i • • • 0,1 
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1969 

Isotope •Ar activity at Bern 47øN, 450 meters altitude; solid line: decay of 
•Ar (35.1 days half-life). 
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Furthermore, it is not necessary to know the 
extraction yield, so that uncertainties due to 
sampling are eliminated. On the other hand, 
the requirement in some cases of very large 
samples presents great difficulties. 

Argon 37. Applications of 87At in atmos- 
pheric circulation problems have been discussed 
by Schell [1970]. In the atmosphere, •Ar exists 
in gaseous form and therefore has certain ad- 
vantages over other cosmic-ray-produced iso- 
topes, such as 'Be and 8•P, which are carried on 
aerosols or in some other way less convenient 
for the study of air movement. 

Argon $9. The activity of mar, unlike that of 
•'C and •H, has not increased because of nuclear 
testing. Whereas •'C and •H may be used to 
study the response of reservoirs to varying 
inputs, mar is useful in reflecting the stationary 
state of such systems. Lal [1963] has pointed 
out that mar, due to its chemical inactivity, is 
a most promising tracer for oceanographic stud- 
ies. The difficulties of the interpretation in terms 
of water age of the measured •'C activity has 
recently become increasingly evident. The iso- 
tope mar can also be useful in studying ground 
water, complementing work using "C and •Si, 
since an exchange through the aquifer surfaces 
can be excluded. 

The gas occluded in the ice down to a depth 
of 500 meters in boreholes at Byrd station, Ant- 
arctica, will be extracted during the next few 
months. Measurements of •9Ar activity are 
planned to obtain age as a function of depth. 
Extraction will be accomplished by a technique 
similar to that developed for •'C from ice 
[Oeschger et al., 1967] and will require a few 
tons of ice. For ocean or ground water dating, 
the argon from about 20 m • of water i's re- 
quired. 

Krypton 81. The dating of ice in coastal 
areas of Antarctica is an important problem 
that could be studied by using 'Kr. To obtain 
50 cm 8 of krypton, however, the present mini- 
mum volume required, 10 • tons of ice would 
be required. The 'Kr in meteoritic Kr samples 
has been measured by a mass spectrometer 
[Eugster et al., 1967], which determined an 
amount equivalent to less than 1 decay per 
year. This was possible because the concentra- 
tions of neighboring isotopes •øI(r and •I(r were 
only 10' times higher than the concentration of 
'Kr, whereas in the atmosphere this factor is 

2899 

•2 x 10 u. Nevertheless, it seems promising to 
investigate the development of a technique 
based on isotopic enrichment and detection by 
mass spectrometry, sensitive enough for age de- 
termination in ice. 

Although the studies proposed in this paper 
are difficult, some perhaps even unrealizable, 
the real scientific progress to be expected should 
give us the necessary motivation to overcome 
these obstacles. 
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