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Introduction

The foreign material contained in a raindrop or snowflake is a mixture of the sub-
stances responsible for their original nucleation plus those scrubbed from the atmosphers
during their descent to the sarth, Informatien relating to the birth and to the subsequent
environment of a snowflake or raindrops could therefere be obtained, if the composition
and abundance of their trace materisls were known. Also, a knowledge of the composition of
snow and rain would provide the basic information necessary to predict what tracer materi-
als would be most sensitive as atmospheric tracers of ice crystal nucleation (rainout) and
for precipitation scavenging (washout). Analytical methods have been developed and applied
which utilize new ultra-sensitive and selective methods in the determination of several
trace slements and trace radienuclides which are present in rain and snow, This present
work describes the measuremsnt techniques, the observed concentrations, and the srigins ef
several trace materials which have been measured im rain and snow. The possible use of
these natural meterials plus the use of artificial tracers in describing atmospheric
phenomena are censidered,

Nature and Origin of Atmospheric Aerpsols

The natural atmospheric aeraosols range in sizs from slightly less than 0,001
diameter for small ioms (consisting of a cluster of 10 to 30 molecules around an ion) to
about 20 diameter for the giant particles. Between these sxtremes lie the Aitken part-
icles with diameters less than U.1u micron, the large particles with diameters betwsen
80,1 and 1 , and the giant particles with dismeters greater than 1;1 « The large and giant
particles account for the main aerosol mass., Also, since water vapor supersaturations in
the atmosphere are always small, normally only the giant end large nuclei serve as con-
densation nuclei fer rain or snow formation.

Physical constituents of aercsol particles in the atmosphere vary from dry insol-
uble dust particles to clear droplets of salt solution, Identified sources of these aero-
sols include mineral dust from the continents, sea spray from the oceans, man-made parts
icles from combustion and other processes, reactions of atmospheric gases to ferm part-
icles, and injection of esxtraterrestrial dust inte the stratesphere. It has been pointed
out {(Junge 1963) that the rols of soil material in atmospheric aeresols is certainly
underestimated and its role as condensation nuclei in continental cloud formation has
still te be assessed.

The atmosphsric sersscls bescome taggsd with both the natural and srtificial
radionuclides in the atmosphere which can serve as tracers in studying the chemical and
physical behavior of asrosols, The natural cosmic-ray produced radionuclides and the
daughters of radon are natural constituents of the atmosphers which attach themselves to
the assrosols and can thus serve in studying atmospheric asresol processes, Numerous
fission and activation produced radionuclides from nuclear testing are alse attached to
these aerossls and are useful tracers.

The giant and large asrosol pacticles serve as condensation nuclei and thus an
analysis of cloud er rain water could provide information on the composition of these
nuclei, Such an analysis is not valid for thess slements which are in a gassous state
{8.00 507, NH3 and NO2) since they would condense along with water vaper during the con-
densation process in s cloud. A rain or snow sample collected well below the cloud would

1 This papar is bassd on work performed under United States Atomic Enerqgy Commissien
P
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contain material washsd from the air as well as that which participated as condensation
nuclei in the cloud. However, this washout process does not modify the relative composi-
tion of the precipitation residue unlessz ths large and giant particlss below the cloud
are different from theose within the cloud which served as condensation nuclei.

Meagurement Technigues for Trace Elements and Trace Radionuclides

Through the recsnt develepments of multidimensional gamma ray spectrometry
{Perkins, 1965) it is poessible to make direct measurements of numerous trace slements and
trace radionuclides in the residue from a rain or snow semplas, The trace radionuclides are
measured directly while the trace elements are measured following meutron activatien. The
multidimensional gamma ray spectrometers have been described in detail sarlier (Perkins
1965, Perkins and Robertson 1965) and only a brief description of their opsration is
considered hers.

The typical spectrometry system consists of a 4096 channel analyzer used in a 64 x
64 channel grouping arrangement in conjunction with two anticoincidence shielded NaI(T1)
detectors of equal size (Ses Figure 1). One of the detectors (which is 4 inches thick by
6 inches in diameter) has a 4 inch light pipe of pure sodium iodide which serves to
shisld the detector from gamma radiation originating in its phototube, The anticoincidencs
annulus in this case is a 11% inch diamster by 12 inch long NaI(T1) crystal with a 6% inch
diameter center hole to accommodate the principal detectors. The sample to be msasured is
sandwiched betwsen tha two 6 inch diameter detectors, The signals from the two detectors
ere fed to the two ssparate snalog to digital converters of the analyzer for snergy and
coincidence analysis and from there to the memory storags unit. When a single photon inter-
acts with one of the detectors, the event is storsd on the corresponding X or the Y axis
of the memory. When two photons are emitted simultanecusly, each interacting with a sep-
arate detector, the svent is stored in an snergy-snergy plans at a point uniqusly charac-
teristic of the two snergies. The spectrum of Cob0 (Figurs 2) illustrates the manner of
storage. The normal spectrum of Cob0 as seen by one of the detsctors is shown fer compar-
ison. With a detsction system of this type the unique decay charactsristic of many radioc-
nuclides are readily resolvable thus permitting a far greater sensitivity for detection
and direct measuremsnt of meny minor radicactive constituents., In addition the background
interfersnce for many radionuclide measurements is several orders of magnituds lower.

The trace elemsnts in precipitation result in part from continental dust and sea
spray. Following nsutron activation of seil or sea water ssveral trace slements can be
measured by direct counting of the daughtsr radionuclide mixture en the multidimensional
gamma-ray spectrometsrs. Figure 3 presents a gamma~ray spectrum of soil showing the energy
regions in which 7 trace elements are measured. These slements can be measured at lsvels
of less than 10-% grams per sample and are essily measured in the residue from rain or
snow., Figure 4 presents a spectrum of neutron activated sea water showing the ensrgy
regions in which 10 trace slements are simultanecusly measured from their deughter radio-
nuclide coencsnirations,

Natural atmosphsric asroscls become tagged with radionuclides which have resulted
from nuclear weapons testing and thas measurement of the radicnuclides on both the airberne
serosols and on those deposited in precipitation provides information on precipitation
processes. In Figure 5 the energy arsas ussd in our msasurements of 13 radionuclides on
the airborne asrasols are indicated (Perkins and Robertseon 1965).

Trace Elements in Precipitation

The condensation nuclei responsible for the precipitation process plus those wash-
ed from air below the cloud are present in precipitation reaching the earth, If ons
assumes that the composition of the condensation nuclei in the cloud is the same as that
of the asrosol washed from the air below the cloud then an analysis of the residue in rein
or snow represents that of the condensation nuclei. Table I presents the measurement of
7 trace slements in fresh snow and compares them with the trace element cemposition af the
sarth®s crust and of sea water,

The snow sample valuss ara the average of a fsw samples collected in the Cascade

Mountains near White Pass, It is interesting that while the trace slesments in the snow are
of comparsble concentrations to those in sea water that the major element, sedium, is
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40,000 times higher in sea water than snow. A mors meaningful comparison of the relative
caoncentrations of the trace elsments in snow, the earth's crust and sea water can he mads
by nermalizing all trace slement values te a sodium valus of 10,000 units for the three
materials. (See Table II). It is evident that the elemental composition of smow is com=
parable to the earth’s crust and not to that of sea spray. To arrive at the observed com-
position for the snow residue from & mixture of sarth's crust and sea salt would require
that the mixture have a vsery small or no ssa salt component. Silver has heen used as a
cloud seeding agent and subsequently measured in the resulting precipitation, Studies
(Schaefer and Fuquay 1965) in the Agl seeding of supersaturated supsrcooled air in the
01d Faithful region of Yellowstone Park rasulted in sasily measurable concentrations of
silver in the precipitation which was produced.

Irace Radiecnuclides from Nuclear Weapons in Precipitation

The tracers introduced into the atmosphers by nuclear testing can be extremely
useful in studying precipitation mechanisms. Most of the airborne radioactivity from
atmospheric tests is inm the stratosphere., This drops into or mixes with tropospheric air
and is eventually deposited, mainly by precipitation, on the earth's surface, Figure 6
shows the relative concentrations of 12 radionuclides in the stratosphere (65,000 ft)
versus that in the troposphere during early 1965 (Perkins, Thomas and Nieslsen 1964), The
stratospheric concentrations of these radionuclides exceeds the ground level concentra-
tions by 800 to mere tham 10,000 times. The concentrations of radionuclides in the tropo-
spherse depend on the past histery of the air mass but often show major increeses with alti-
tude as shown in Figure 7., The major mode of deposition of this activity is by precipita-
tion; however, in aresas of low annual precipitations dry dspesition becomes important.
Figure 8 compares the dry and wet depssition at Richland, Washington for the thres summer
months of 1964 (Parkins, Thomas, Nielsen 1964). During this period only about 1 inch of
rain fell and less than half of the total fallout deposition was carried by the rain
(See Figure 8),

The efficiency with which rain and snow remove merosol particles is only now
bsing investigated; howevsr, the nuclear-weapons-produced radienuclides attached to the
aerosol particles provide useful tracers im studying this process. Table I1II compares the
concentrations of several nuclear-weapons-produced radienuclides in rein and snow during e
psricd when the air_concentrations of ths radionuclides at ground lsvel were comparable,
The radicnuclide Be7 is mot a nuclear~weapons=produced radionuclide but is produced cone
tinuously by cosmic-ray interaction in ths atmesphere, and is given further consideration
later in this paper. From thess limited observations it would appear that smow is signif-
icantly more efficiemt in remeving the natural atmespheric aeroscls than is rain,

Irace Radionuclides frem Cosmic Rays in Precipitation

Radionuclides are produced continuously in the atmosphesre by cosmic-ray inter-
actions with the atmosphere. Ths production rates of these radisnuclides very appreciably
with both altitude and latitude but are relatively constant with time, The cosmic-ray
produced radionuclides which have been abserved to date are summarized in Table 1V, Ths
half=lives of these radionuclides range from minutes to millions of years., Their produc-
tion rates at a given altitude increase repidly with altitude and ars several hundrsd

.timss greater (per unit weight of air) near the top of the atmosphere then at sea level,
These radionuclides sre potentially excellent tracers of atmespheric precipitation pro-
cossss and their use is limited only by their low concentrations which make their msasure-
ment very difflcult. Table V presents measurements of ths short lived radisnuclides 138
(37 min.) €139 (55 min.) and 538 (2.9 hrs.) in rain water (Perkins, st al 1965) during
1964, These values are the first and only reported measurements of €138 and $38 and show
the variation in concentration for the various rain samples, Thess varistions asust be
related to and could ssrve as tracers of such parameters as the rainout and washout
efficiency, the altitude at which condensation occurred, raindrop size, and the rainfall
rate. Table VI presents mezsurements of the concentrations in rain of the two cosmic-ray
produced radionuclides Na* (15.1 hr.) and Na22 (2.6 yr.) (Perkins 1964), These measure-
ments wers made by dirsct counting of the residue frem large velumes of rain water and
again show variations which are indicative of the mechanism invelved in preclgitatian. The
simulta eous measursment in rain samples of the shart lived radionuclides c138 139, g38
and Na®® would be espacially helpful since their half-lives are of the right ordar for
studying rates and mechanisms of precipitation processes.
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Summary

Numerous trace elements and trace radionuclides ars present in the atmosphere
which can be used as tracers in studying atmospheric precipitatien processes. Multi-
dimensional gamma ray spectrometry provides the required sensitivity and selectivity for
measuring many of the tracers by direct counting techniques, Trace slement measurements of
the residues from snow samples indicate that these rasidues and presumably the condensation
nuclsi are from the earth®s crust rather than from sea spray. Comparisens of the concen~
trations of airborne radisonuclides carried down by rain with theose in snow indicate that
snow is more efficient in the removal of airborne aerosols. The low concentrations of the
trace elements Sc, Ag, Co and Sb in snow residues show that these elements would be very
sensitive tracers of atmospheric precipitation processes,
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TABLE I

COMPARISON OF THE OBSERVED TRACE ELEMENT CONCENTRATIOGNS
IN SNOW WITH THOSE IN THE EARTH!S CRUST AND SEA WATER

(concentration, ppm)

Element Snow* Earth's Crust Sea Water
Na 0.29 28,300 10,600
Cu 0.011 70 0,005
n 0,004 132 8.0
Co 0.00004 23 0.0005
Sc 0,00001 5 0.00004
Sb 0,.0001 1 0.0005
Ag ~ 0,00002 0.1 0.0003

* Average of a few fresh snow samples from the Cascade Mountains,

TABLE 1II

RELATIVE TRACE ELEMENT CONCENTRATIONS IN
SNOW, THE EARTH®S CRUST, AND SEA WATER

(all values normalized to 10,000 units for Na)

Element Snow* Earth's Crust Sea Water
Na 10,000 10,000 18,800
Cu 380 25 0,005
Zn 140 47 0,01
Co 1.4 8.2 0.0005
Sc 0.3 2.0 0.00004
Sb 3 0.4 0.0005
Ag n Be7 0.04 0.0003

* Average of a few fresh snow samples from the Cascade Mountains,
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Radionuclide

897

Na22

mn54

CQEU

8
YB

Ru106

Sb124

Sb125

cs137

Ca144

RADIONUCL IDE CONCENTRATIONS IN RAIN AND SNOW SAMPLES

TABLE III

COLLECTED NEAR RICHLAND, WASHINGTON®

Snow*

March 1965

150
- 34
17
«55
A .06
100
3.3
46
29

88

* (0.1 inches of snowfall = 3-27=65

*% 0,175 inches of rainfall - 4-19-65

a Measursments by C, W. Thomas, Battelle-Northwsst

Richland, Washington

wblyw

dpm/liter of Water

Rainwe

101

16

41

32

24

210

April 1965

«15

« 34

.05

Snow
Rain

1.5
2.3
11
1.6
1.2
2.4
3.3
1.4

1.2



TABLE Iv

Cosmic Ray Produced Radionuclides

Half-1ifes

Radignuclida Radiation Reference*®

ge'0 2.7x10%y B~ 555 Kev Arnold (1956)

6136 3.1 x 105 y B~ 714 KeV Davis and Schasffer (1955)

C 14 5568 vy B” 156 KeV Libby (1952)

5132 o 500 vy 87100 Kev Lal, Goldberg and Koide (1960)

u 12.3 y B~ 18 Kev Faltings & Harteck (1950)

Nazz 2.6 y B':-Y1.28 Key Marquez, Costa & Almeida (1957)

g > 88 d P" 167 KeV Geel (1956)

837 53 d ?‘;7'480 KeV Arncld & Al Salih (1955)

933 25 d 87 246 KeV Lal, Narasappaya & Zutshi(1957)

p 32 14,3 d B81.724 mey Marquez and Costa (1955)

Naz4 15.1 bhr 9‘}1.33 + 2,76 MmeV Rodel (1963)

S 38 2.9 hr gz-y* 1.6 + 2,16 Perkins, Thomas,Hill,Nielsen(1965)
C139 55  min 8",y 0246 + 1,266 wWinsberg (1956)

Cl38 37  win 9’)7(1.6 + 2,16 Perkins, Thomas, Hill, Nielsen{1965)

# Radiation dus te the 6138 daughter

#* Summarized in a recent review by Perkins and Nielsen 1965
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CONCENTRATIONS OF THE COSMIC RAY PRODUCED RADIONUCLIDES

TABLE V

ClzB, 538 and Cl39 in Rain water®
(dpm litar-1)
Date Volums, liters T?;;}B;E:fl:es Cl38 538 5139
7/29/64 5.10 50 147 + 15 13 + 5 200 + 17
7/30/64 6.64 15 ~ 18 4 4 ~ 10
8/1/64 3.5 50 9+5 b 15 + 3
8/1/64 1.8 10 31 + 12 b 28 + 5
8/12/64 2.2 5 42 + 13 A7 62 + 12
8/18/64 10.0 40 55 + 9 b 53+ 3
2 The plus or minus values are the standard deviatiens for the measurements
Not measured
TABLE VI
Na22 AND Na24 CONCENTRATIONS IN RAIN WATER
(dpm litar-1 )a
Date Sample Volums (liters) naZ4 Na\22
6/15/64 60 0,78 + 0,13 0,36 + 0,03
6/17/64 6.64 2,22 &+ 0.25 0.25 + 0,04
6/18/64 14,32 0.59 + 0,09 0.19 ¢+ 0,02

® The + values are the standard deviation
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