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TABLE 1. Deposition of Cosmic-Ray-Produced
Be7 at Rijswijk, Z.H.

Sampling Period
Ber,

108 atoms/mr
Rainfall,

' C rn roouction. Deposition of cosmic-ray-pro-
duced Be'has been studied extensively in tropi-
cal regions, but until recently only few data
have been published for higher latitudes [.LaJ
und, Peters, 1962 (review); Rama, 1g601 . Dur-
ing the suspension of testing of nuclear weapons
(November 1958 to August 1961) several in-
vestigators measured Be' deposition at temper-
ate latitudes. The rezults of this work are
becoming available now lWalton and, Fried,,
1962; Peirson, 1963; Schumanru qnd Stoeppler,
19631. In this paper some data obtained at
Rijswijk, Z.H. (52'3'N, 4o20'E), are presented
and discussed in connection with results of
others.

Eaperimental procedure. Rain water and
dry fallout were collected in duplicate during
monthly periods on two stainless steel trays
having a zurface area of 1.5 m' and a height of

C ft .*:i;',1;?, T,ii,ill iltr',ilf :*.?J;
over shorter time intervals. Inactive Be carrier

' was added to the trays before exposure. Samples
were evaporated to a small volume after addi-
tion of nitric acid. Dust was removed by filtra-

i tion and Be was precipitated as Be(OH), in
the presence of ethylenediaminetetra-acetate.
The Be was purified radiochemically using the
procedure of. Buchonan [1958]. Purity of sev-
eral Be preparations was established by repurifi-
cation procedures and measurement of radio-
active halflife.

Radioactivity was measured with a thallium-
activated NaI well-type crystal (Ilarshaw, type
F) shielded with 10 cm of lead and a single-
channel pulse analyzer under admittance of the
full photopeak (0.478 Mev). The counter was
calibrated with a standard solution of Be" (esti-
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Abstract. The observed annual deposition of cosmic-ray-produced Be? in the Netherlands
exceeds the amount expected from tropospheric production. The difference aglees with an
estimated contribution of natural Be? originating from the stratosphere.
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* Values in parentheses represent the amount of
artificial Be? deposited.

mated accuracy 2 per cent) obtained from
Nuclear Science and Engineering Corporation,
Pittsburgh, Pennsylvania. The resulting effici-
ency was in good agreement with calibration
measurements of. Nablo and Martin [1961] for
this type of oystal.

Deposition of Sr* was determined using
the procedure of Osmond e, al. [1961]. The

5283



a

a

a

5284

tr0

BLEICERODT AND vAN ABKOUDE

30

I't 0 JFMAMJJASONO J F MAM J J A

TABLE 2. Annual Deposition of Cosmic-Ray-
Produced Be7

Measured,

Nov. 1960 to Nov. 1961 10.6 X lOt atomg/mt
Sept. 1961 to Sept. 1962 10.3

Cabulatail
Using average monthly

mean tropopause heights
(1953 to 1959)

Residence time : 30 days 5.7 X 10e atoms/m2
Residence time : 40 days 5.2
Using monthly mean

tropopause heights
(Nov. 1960 to Nov. 1961)

Residence time : 30 daye 5.4
Using average global

tropospheric productiou
Residence time : 30 days 6.1

lA j z enb er g - S elo u e anil Laurit s en, 19591, and the
number of 7's per disintegration was assumed

to be 0.103 lTaylor and Merritt, L962f .

The results for the period September 1961 to
September 1962 have been corrected for the
contribution of artificial Be' from the Soviet
nuclear test explosions during September and

October 1961, assuming a, ratio of 0.038 for
disintegration rates of artificial Beo and Sro on

November 1, 1961 lBlei,chrodt ond uan Abkoude,
19631. The corrections have been included in
Table 1. During May and June 1962 the contri-
bution of Sfn from atmospheric tests by the
United States, started on April 25, was negligible,
as shown from the relative concentration of short-

il:l Ji*:'.:: Ji,ffi:t xfff;'Ji;,l: ffi 'tof the Soviet Union in August was appreciable.
Elowever, unless the ratio of Be'to Sr* is con-

siderably higher in debris from nuclear explo-
sions in 1962 (tbis ratio does not change much
with time because the halfJives of Be" and
Sr* are approximately equal), the error in the
concentrations of natural Be" made by assuming

all the Sfl to originate from the Soviet 1961

detonations is small, because corrections for
artificial Be' do not exceed 5 per cent during
these months. Both the concentrations of total
Bd (pcA - deposition of Be' in pc,/m" per

mm of rain) and of natural Ben in rain are
plotted in Figure 1, together with the concen-

tration of Sr" from nuclear explosions. The
sharp increase of Sr" after September 1961 was

due to the resumption of nuclear testing.
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Fig. 1. Concentration of Be" and Sr* in rain
wa.ter at Rijswijk. Total Be' is represented by
solid circles, natural Be" by open circles.

amount of rainfall was measured with a rain
gage. Samples of stratospheric radioactivity
were taken by aircraft using glass fiber filters.
Be' and Sr"o were exbracted from the filters with
nitric acid in the presence of inactive Be and Sr

carriers. Radiochemical purification of the nu-
clides was analogous to the above-mentioned
procedures.

Results. In Table 1 average values of dupli-
cate measurements are given for the period

November 1960 to September 1962. Duplicates
usually differed less than 15 per cent. In cal-
culating the amount of Be' at the middle of the
sa,mpling period a half-life of 53.4 days was used
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Discusston. The concentration of natural Be

in rain shows a seasonal variation that is in
phase with that of the Sr* concentration (Fig-
ure 1). This was also observed by Peirson

[1963] and Schumann and Stoeppler [1963].
Since the amount of Be' per kilogram of air is
higher in the stratosphere than in the tropo-
sphere a spring maximum in the concentration
of Be'in rain suggests an increased exchange
of air between these two parts of the atmosphere
in spring. However, the influence of difierences
in rainfall characteristics between various sea-

sons cannot be excluded lCruikshank et al.,
L956; Hui,nden et al, t96ll.

Table 2 shows the deposition of natural Beo

during the years November 1960 through Oc-
tober 1961 and September 1961 through Au-
ret 1962 as computed from Table 1. During
!...ond period 15 per cent of the total Be'
deposition was due to nuclear tests. Table 2

also contains values for the annual deposition
of Be'which is produced in the troposphere by
cosmic rays, calculated in the following ways:

1. From Lal and Peters' [1962] production
rates of Be" in the troposphere at a geomagnetic
latitude of 50' (the geomagnetic latitude of
Rijswijk, 2.H., is about 53') and the average
values of the monthly mean tropopause heights
for the years 1953 to 1959 at De Bilt (52o6'N,
5"11'E), depositions were calculated for a mean
residence time (of Be' atoms in the tropo-
sphere) of 30 days, a value observed by Stewart
et al. Ll955l at temperate latitudes for nuclear
weapons debris, and for a residence time of 40

days, which was found for eosmic-ray-produced
nuclides in tropical regions llal ond Peters,

9o'

1962]. Mean residence time r, mean life of a
Bo' atom I- (). = disintegration constant),
tropospheric production P (atoms/m'sec), and
deposition D (atoms/m' sec) of Be" are cor-
related by P - D (1 +I ?).

2. From Lal and Peters' production rates in
the troposphere at a geomagnetic latitude of 50"
and the monthly mean tropopause heights at
De Bilt during the period November 1960

through October 1961, the deposition was calcu-
lated for a mean tropospheric residence time
of 30 days.

3. From LaJ and Peters' average global pro-
duction rates in the troposphere, the deposition
was calculated for a mean tropospheric resi-
dence time of 30 days.

The measured deposition of Beo is found to
exceed by a factor of about 2 the expected
fallout of Be" that is produced in the tropo-
sphere. ft cannot be concluded, however, that
half of the Bet reaching the earth's surface is
of stratospheric origin. Besides uncertainties in
the production rate of Be" in the atmosphere,
the estimated deposition depends on the mean
tropospheric residence time used for the calcu-
lation. Moreover, the yearly deposition at a
given location will be approximately propor-
tional to the amount of annual precipitation.
Mdller [1951] estimated the total amount of
precipitation per year in the latitude belt 50o

to 55"N to be 715 mm. During the years No-
vember 1960 to November 1961 and September
1961 to September 1962 rainfall at Rijswijk
exceeded this value by 30 and 23 per cent,
respectively. Deposition of tropospheric Be'
might, therefore, b€ approximately 25 per cent

30'

Lat itude

Fig. 2. Radioactivity ratio (curie/curie) of Be? and SP in the stratosphere at various alti-
tudes and latitudes in the northern hemisphere. Numbers in parentheses represent the number
of measurements. Solid lines indicate a.pproximate tropopause levels.
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and a fission product, e.g. Srm, in the strato-
sphere in the period of the suspension of nu-
clear weapons tests (November 1958 to August
1961) is known, the deposition of stratospheric
Be' c&n be calculated from the fallout of Srm

and the tropospheric residence time for Srs
and Be' atoms. A comprehensive program of
sampling and analysis of stratospheric radio-
activity as a function of latitude, altitude, and
time during the moratorium of nuclear testing
was undertaken in the United States II1.ASL
115 and 117, t96L7. The radioactivity ratio
(curie/curie) of Be' and Sr' in samples co!
lected in the northern hemisphere du.i"s tf
program (only data with a standard erroi
smaller than 20 per cent have been used) is
shown in Figure 2 for the periods May 1960,

November 1960, and May to June 1961. Some

values for the lower stratosphere over the
Netherlands obtained in collaboration with the
Royal Netherlands Air Force and the Royal
Netherlands Meteorological Institute are plot-
ted in Figure 3 and are found to agree well with
those of tr'igure 2.

As can be seen from Figures 2 and 3, the aver-
age Be"/Sr"o ratio in air that entered the tropo-
sphere during the period June 1960 through
May 1961 can be estimated at 15 with an error
of less than 50 per cent. A few much higher
values are found just over the tropopause at
lower latitudes, one in November 1960 (the
average of 12.8 and 80, respectively), two during
May to June 1961 (at 15-km altitude and 12'N

lffi 11'.,ffi":i?# #,' ::;"tr ffif i,)
ratios were probably measured in air that re-
cently left the troposphere, where BelSfl ratios
rvere usually found to be higher. Measurements
made during project Star Dust lFriend and,

FeelE, 19611 in July and August 1961 agree
with a ratio of about 15 at lower altitudes and
latitudes in the stratosphere (22 at 15 km and
about 40oN, 17 at t7 km, 30'N). The high
va,lues have been ignored, an important reason
being that it is generally supposed that influx
of stratospheric radioactive debris into the
troposphere occurs north of 30'.

Using a value of 15 for the ratio in the lower
stratosphere and assuming a mean residence

time in the troposphere of 30 days for both
nuclides, we can calculate the concentration of
stratospheric Be'in rain from the concentration

l96l

Fig. 3. Radioactivity ratio of Be" and Sfl at
13 km over the Netherlands (52' to 53"N) during
November 1960 to August 1961. Only samples
taken at least 1 km above the tropopause have
been included.

higher than the calculated amount during these
periods, i.e., a,bout 7 X 10'atoms/m'year. At
first sight this kind of argument seems to be of
little value since it presupposes absence of lati-
tudinal transport of air masses with different
Be" content. However, as a first approximation,
latitudinal exchange may be assumed not to
influence the result for two reasons. First, the
production of Be'in a column extending from
ground level to tropopause is approximately
independent of latitude lLal and Peters,1962f
and, second, annual rainfall does not vary
widely between latitude belts of 5 degrees from
30"N to 60"N [Moller, 1951]. The average
yearly precipitation in the belt 30" to 60'N
computed from M6ller's data differs less than
l per cent from that in the belt 50" to 55oN;
the average for the northern hemisphere
amounts to 820 mm.

The question remaining is whether Be' origi-
nating from the stratosphere may account for
3 X 10" atoms/m' year, i.e., the difference be-
tween the measured deposition and the above-
mentioned tropospheric fallout. A rough esti-
mate of the contribution of Be' produced in the
stratosphere by cosmic rays to the deposition
of this nuclide on the surface of the earth may
be obtained on the basis of the following con-
siderations.

Radioactive fission products from a nuclear
bomb that reach the ground several months
after the explosion originate from the strato-
sphere because debris injected into the tropo-
sphere is removed relatively rapidly by rain. If,
therefore, the ratio of concentrations of Ben



of Sr". Srm data for stations of the worldwide
network of the United Kingdom Atomic Energy
Authority lCrooks et al., 1967; Cambrag et d.,
19621 and of the Health and Safety Laboratory
of the United States Atomic Energy Commis-
sion [II,4S,L-132,1963) have been used to obtain
Figure 4, which shows the average concentration
of stratospheric Be' in rain as a, function of lati-
tude in the northern hemisphere during the

. period July 1960 through June 1961.
North of 30' the concentration of strato-

spheric Be'is found to be, within a factor of
, about 2, 4 X 10u atoms per liter of rain water.
'' a tropical regions it is approximately a factor

tI 5 lower. The order of magnitude of the an-
nual deposition of stratospheric Be'at a given
location can be estimated using Figure 4 a.nd

the yearly amount of precipitation. Because
dry fallout is included in the data plotted in
Figure 4, the actual ayerage concentrat.ion of
stratospheric Be' in rain is lower. Especially
in areas with extromely low rainfall the con-
tribution of dry deposition may be high and
therefore Figure 4 may not be applicable for
such regions. The value of 26 X 10u atoms/l at
27oN, for instance, concerns Dhahran, Saudi

20' 30' 10' 50' 6

Lati tude

8o'

Fig. 4. Annual average of the concentration of
Be? originating from the stratosphere in rain as a
function of latitude in the northern hemisphere,
calculated from Sr* data for the year Juty 1960
through June 1961 of the United States network
(open circles) and the United Kingdom network
(solid circles). The curve is drawn through the
averages of the data of 10" latitude bands (the
value of 26 at 27'N not included).
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Location

Rijswijk, Z.H.
(52o3',N, 4"20',8)

Westwood, N. J.
(40"59',N, 74'2',W)
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TABLE 3. Estimated Deposition of Stratospheric
Be? during the Period June 1960 through May 1961

Rain- Sreo Dep- Strato-
fall, osition, spheric Be7,
mm pc/mz atoms/m2

3.2 10e

5.7 10e

Arabia, where the total amount of precipita-
tion amounted only to 63 mm from July 1960
to July 1961.

In Table 3 is given the estimated deposition
of stratospheric Be" during the period June
1960 to June 1961 for Rijswijk, 2.H., and West-
\ryood, New Jersey, again calculated assuming a
Be'/Sr* ratio of 15 in stratospheric air and a
tropospheric residence time of 30 days. Sr'o
deposition and precipitation data for Westwood
have been taken from a report ol Walton and
Fri,ed 119611.

At Rijswijk the deposition of Be? of strato-
spheric origin is about 3 X 10' atoms/m'year.
It can be concluded, therefore, that the meas-
ured deposition at Rijswijk (10 X 10'atoms/m'
year) agrees with the sum of the expected
tropospheric fallout (7 X 10" atoms/m' year)
and the estimated stratospheric contribution.
At Westwood Walton and Frted [1962] investi-
gated fourteen rains for Be', two in December
1960 and twelve in the first 8 months of 1961,
and found an average concentration of 6.1 X 10"

atoms/I. For the year June 1960 to June 1961
a total deposition of 7.9 X 10' atoms/nf is
therefore expected, which seems to be somewhat
low in view of the estimated stratospheric con-
tribution (Table 3). Walton and Fried pointed
out, however, that their data may be biased be-
cause only rains greater than 7 mm were ana-
lyzed. Moreover, the contribution of dry fallout
is not included in the calculated a.nnual deposi-
tion.

It should be re-emphasized that the results
acquired are only tentative because the calcula-
tions are based on various assumptions con-
cerning atmospheric processes that are still
poorly known. A residence time of 30 days, for
iastance, which was used in the present con-
siderations because it is generally accepted as

the best average vohrc lJunge, 1963, p. 2531,
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may be unsatisfactory for describiug atmos-
pheric phenomena at a given location. More-
over, the mean tropospheric residence time
may vary with season.

The influence of the residence time on the
result of the calculations, which may be easily
appreciated from the above-mentioned relation
between deposition and production, is found to
be rather small. If the tropospheric residence

time were only 10 days, for example, both the
deposition of stratospheric Beo and of Be'pro-
duced in the troposphere would increase by 23

per cent. Ilowever, in view of the roughness of
the calculations, difrerences of this magnitude
do not warrant extensive discussion.
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