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ABSTRACT

Technical papers are presented which review the various research projects,
sponsored by the AEC, related to fallout from weapons tests. Reviews of
specific related programs by representatives from Canada and the United
Kingdom are also included. The scope of the conference includes: (1)
characteristics of fallout, (2) atmosphereic influences on deposition of
local and global fallout, (3) distribution and cycling of redionuclides
in the environment, and (4) fallout nuclides in the food chain and men.
Discussion of each topic by authors and other participants is included.
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FOREWORD

From time to time conferences and symposia are held to review
and discuss topics of major interest to the Commission. This con-
ference on radioactive fallout deals with one of the important areas
of research supported by the Division of Biology and Medicine. It
is hoped that this conference and the report of its proceedings will
be informative and useful to the partiéipants as well as to other
interested groups not in attendance, It is hoped also that these
proceedings together with those of other conferences related to the
Division's program will assist in the overall evaluation of fallout
problems and will point out areas requiring further research,

I wich to express my appreciation to the speakers and to the
other participants for giving of their time in order to make this
conference possible.

Charles L. Dunham, M.D., Director
Division of Biology and Medicine
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INTRODUCTORY REMARKS

Joshua Z, Holland, Chief
Fallout Studies Branch
Division of Biology and Medicine
U.S. Atomic Energy Commission
Washington, D, C.

This conference continues a series of conferences of active workers

in the U.S. AEC fallout research program* and its close associates.

The last one was held at the AEC Health and Safety Laboratory in

New York in September 1960 and was a relatively informal meeting with
no proceedings issued. Earlier conferences were closely associated
with the 1959 Fallout Hearings of the Joint Committee on Atomic Energy;
the pre-and post~-HARDTACK planning of sample collection and analysis,
and, still earlier, the periodic '"Sunshine meetings' called by

Dr. Libby.

When the planning of this conference was begun over 6 months ago we
did not expect that fallout would be a "hot'" subject. It was felt
that this would be a good time to call together the people who had
been working in the different laboratories, to take stock of the
new knowledge and understanding that had been gained and to consider
the specific questions which remain unanswered., We did plan a more
formal and more comprehensive program than usual., Several of the
major projects, particularly those involving nation-wide or global
surveys of radioactivity in soils, diets, and human bone were coming
to an end in the particular form in which they had been carried on
up to that time, and considerable reorientation of the program was
anticipated. The two main purposes of the conference were and still
are to promota tachnical discussion on an unclassified basis among
the scientists working on various parts of the fallout problem,

and to produce in the proceedings an organized compendium of the
new information gained on this subject since the 1959 Fallout
Hearings.

* This program, including current research projects, is described
in detail in U.S. AEC report TID-12616, Atmospheric Radioactivity
and Fallout Research, April 1961. 72 pp. (Available from the
Office of Technical Services, U.S. Dept. of Commerce, Washington 25,

D.C. $0.75).




The subject matter of the conference includes the history of nuclear
weapons debris and its nuclear radiations from the time of detona-
tion to the time when people are exposed to the radiation in any way.
Radiation effects are not included nor are the basic biological
mechanisms of metabolism and transport of radionuclides. Survey
results are not to be presented as such but only in so far as they
are used to support scientific findings.

Much of the work to be reported on has been supported under the
program of the Fallout Studies Branch. Summaries and reviews of
work supported by other Branches of the Division of Biology and
Medicine as well as some work conducted under the auspices of other
AEC divisions are also included for completeness of coverage.
Visitors from the United Kingdom and Canada have also been invited
to present summaries of research results, However, of the United
States agencies conducting studies of fallout, only the program
supported by the AEC is being reviewed in this symposium.

In short, we feel that in addition to the scattered journal articles
and monographs in which the material to be presented at this

symposium would eventually appear, we have an obligation to collect
and make available the fruits of our research program on this important
subject in more concise summary form. We could not think of a better
way to do this than to ask each of the principal research scientists

to summarize his own area of work. Review and discussion would

clearly add to the depth and breadth of treatment and particularly

to the identification of unsolved problems. And so, our present
conference, '
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PHYSICAL, CHEMICAL, AND RADIOLOGICAL CHARACTERISTICS OF FALLOUT

Session Chairman: Harold A. Knapp
Fallout Studies Branch
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NEVADA TEST SITE FALLOUT: SOME CHARACTERISTICS, ITS
APPARENT ENVIRONMENTAL EQUILIBRIUM AND BIOLOGICAL AVATLABILITY

Kermit H. larson, Howard A. Hawthorne, and John H. Olafson
Laboratory of Nuclear Medicine and Radiation Biology
Department of Biophysics and Nuclear Medicine
University of California at Los Angeles
Los Angeles, California

Fallout from the detonation of test devices at the Nevada Test Site is
governed by many complex variables such as: energy yield and type of
device, wind structure, support used for the device, nature of the ground
surface, how much contact the fireball has with the ground surface, and
mass of inert material surrounding the device. Some of our findings
related to the distribution and characteristics of fallout from Nevada
Test Site operations are summarized in the following statements. We will
restrict this summary to fallout from detonations of tower mounted devices
and from balloon mounted or air dropped devices all having less than 75
KT yield.

Some Characteristics of NTS Fallout Patterns

The coordination of aerial radiation survey measurements of fallout
patterns with ground survey meter measurements increased the detail and
accuracy of fallout pattern delineation as well as the distances to which
fallout patterns could be documented from the point of detonation.

By use of aerial radiation survey equipment and techniques as developed
by the U. S. Geological Survey and Davis and Reinhart from the Osk Ridge
National Laboratory, fallout radiation intensities within an area of about
10,000 mi.2 were measured in less than 12 hours by one aircraft. When

these data are properly reduced serial measurements agree within + 10%
of measurements taken 3 ft. above the ground by conventional survey meters.

These studies were supported by Contract AT(Oh-l)GEN-lQ between the
Atomic Energy Commission and the University of California.
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During Operation PLUMBBOB (1957), we routinely measured fallout patterns
to distances of 200 to 300 mi. from Ground Zero; however, one fallout
pattern from a tower-supported detonation was documented as far as 700 mi.
from the Nevad2 Test Site with the radiation levels resdily detectable at
that distance. (1)

The detailed documentation of fallout patterns during Operation PLUMBBOB
(1957) afforded the opportunity to confirm the existence of "hot spots"
in most fallout patterns. "Hot Spots" were first identified in 1948 when
the fallout pattern of the Operation TRINITY detonation in New Mexico had
been outlined in detail.(2)

While the occurrence of "hot spots" has been associated with prominent
terrain features in many cases, sufficient data are not available to
explain their mechanism of formation or to permit their prediction.

Fallout from aerial bursts has not been detectable by conventional ground
survey methods(3) and is difficult to document even with aerial survey
methods within 200 mi. of Ground Zero(l). Two test devices detonated from
balloons at 1500 ft. without the fireball intersecting the ground surface
deposited less than 0.2% of the theoretical fallout radioactivity.* The
area measured is defined in this case by the 0.1 mr/hr radiation intensity
contour (at H+ 12 hrs) between the distance of 1 mi. from Ground Zero and
this distance corresponding to a fallout time of H+4 12 hrs. To illustrate
the effect of intersection of fireball, a balloon-supported detonation in
which the fireball only touched the ground surface deposited 2.12% of the
theoretical fallout within the 1 mr/hr contour to H+ 12 hr., fallout time.
However, fallout originating from test devices mounted on steel towers
whose fireballs in some cases intersected the ground surface to perhaps
l/h of their apparent dlameter, and in other cases only touched, deposited
6.7 to 24.5% of the theoretical fallout radioactivity within the same area
limits. These data are presented in Table 1.

*The theoretical fallout is calculated on the basis of 300 gamma Mc at
H + 1 hr. per KT yield.




TABIE 1

Per cent deposition of total fallout, Sr89 and Sr7°
within limits of 1 mi. from Ground Zero to H + 12 hr.
fallout time, Cperation PLUMBBOB (1957)

H4 12 hr. Per cent deposited
' Distance  Total
Shot Yield (KT*) (mi.) Fallout  Sr89 sr?°

Tower Mounted Shots

Pizeau | 11.1 160 6.67 0.45 1.59
Galileo 11,4 83 10.h4 0.80 2.82
Boltzmann 11.5 213 2h,.5 1.80 6.33
Shasta 16.5 151 21.7 2.052 7.18
Diablo 17.0 146 16.6 1.22 L,o7
Whitney 18,5 87 16.1 1.61 5465
Smoky hi,0 238 19.6 1.70 5.97

Balloon Mounted Shots

Wilson 10.3 92 0.91 0.0k ———
Newton 12.0 200 0.10  0.004 -
Priscilla 36.6 260 2,12 0.13 ———
Hood 4.3 366 0.17  0.008  ---

¥Reference (4)

Deposition of Radiostrontium in Areas Adjacent to NTS

Table 1 also gives the various estimated percentages of Sr89 and Sr90
deposited within the defined area of fallout for several shots of Operation
PLUMBBOB (1), Approximately 0.13% of the total amount of Sr89 produced by
a balloon-supported detonation whose fireball just intersected the ground
surface was deposited within the fallout time of arrival of.H 4+ 12 hrs.

On the other hand, only 0.004% and 0,008% of the total sr89 produced was
deposited within H + 12 hrs. fallout time by two balloon-supported deto-
nations whose fireballs did not intersect the ground. Tower-supported
detonations deposited from 0.5 to 2% of the Sro9 produced and from 1.6

to T.2% of the total Sr90 produced within H + 12 hrs. fallout time.
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These calculations were based on the results\of analyses of fallout debris
samples for Sr89 and Sr90 and integrated fallout radiation intensities

converted to curies by ratios of pc/ft.2 and mr/hr.

>

The percentage deposition of sr89 in fallout from tower-mounted devices
was less than that of Sr90 out to distances corresponding to H+ 12 hr.
fallout arrival time. This is attributed to relatively low percentages
of 5r89 in larger fallout particle size fractions which generally
represents most of the fallout radiocactivity in areas close to Ground
7ero. This fractionation of Sr89 and sr90 with respect to particle size
may be predicted on the basis of the different half-lives of their noble
gas precursors, Kr89 and Kr9o, respectively, and the rate of particle
formation.

A summary of the number of detonations at NTS from 1951 to 1959, their
yield, and type of support during detonation is given in Table 2,

TABLE 2

Surface and above surface nuclear detonations at NTS

Tower Air Drops and Surface and
Mounted Balloon Mounted Sub-Surface Total
Year DNo. KT Yield* No. KT Yield* No. KT Yield* Detonations
1951 1 <0.1 9 110.2 2 2.4 12
1952 Lk 51.8 b 52,2 O - 8
1953 7 138.7 o 113.1 O - 11
1955 10 158.3 3 7.7 1 1.1 1k
1957 9 1ok 13 199.6 1 0.3 23
1958 5 0,2 11 18.3 L 19.2 20
Total 36 489.5 Lk 501.1. 8  23.0 88

¥Reference (4)

The deposition of fallout from these devices has ranged from elmost
background levels after aerial bursts to 25% of the radiocactivity created
by a tower-supported weapon. Based on approximately lg of sr89 or
sr90/KT, our estimates of the Sr89 and Sr90 deposited from these NTS
detonations between 1 mi. from Ground Zero and H + 12 hrs. are shown

in Tables 3 and 4 respectively.




TABLE 3

Estimated distribution of‘Sr89 from surface
and &bove surface detonations at NIS

Estimated Total Curies of Sro9 Curies of Sr89

Curies of Sr89 Deposited Available for
Produced by H+ 12 hrs. Deposition Elsewhere

Tower

Mounted 13,570,000 271,500 13,298, 000
Balloon and

Air Drops 13,780,000 13,800 13,766,200

Total 27,350,000 285,300(1%) 27,064,200

TABLE 4

Estimated distribution of Sr90 from surface
and above surface detonations at NTS

Estimated Total Curies of SrJ0 Curies of Sr90

Curies of Sr90 Deposited Available for
Produced by H + 12 hrs. Deposition Elsewhere
Tower
Mounted 80,278 6,420 73,856
Balloon and
Air Drops 87,180 1,644 - 80,536
Total 162,458 8,066 154,397

Therefore, one can speculate that if the sr0 which is not deposited by
H + 12 hrs. were uniformly deposited over the United States the average
could be approximately 50 mc/mi.2. In comparison the average Sr90 calcu-
lated from 1959 soil data(5) was 62 me 5r90/mi.2 on the U. S. mainland.
The similarity between these Sr90 values suggests fallout from NTS may be
a substantial contributor to soil Sr90 found at distances beyond 12 hrs.

cloud travel from NTS.




Particle Size Distribution in Fallout Patterns

The size of deposited fallout particles decreased with greater distance
from Ground Zero. Also, the size of fallout particles decreased with
greater lateral distance from the line of maximum radjation intensity
along a fallout pattern or "midline" of fallout(1,3,6). The relative
amount of B radicactivity associated with the particle size fraction less
than Uhy in diameter was increased by reduction in the mass of the device
support and of cab materials; therefore, the amount of radiocactive fallout
deposited at greater distances from Ground Zero increased in this particle
size fraction.

It was found that leaf material from vegetation in the environs of the

Nevada Test Site during Operation TEAPOT (19552 etained predominantly

the less than 4l diameter fallout particles. 73 Therefore, this size
rénge has been emphasized in our more recent studies.

Within the limits of 1 mi. from Ground Zero out to a distance corresponding
to H 4+ 12 hrs. fallout time, radiocactive fallout deposited from test
devices detonated on 500- and T700-ft. towers had approximately 30% of the
radicactivity in the less than Yy diameter particle size range., However,
a test device of nearly comparable yield mounted on a T700-ft. balloon had
70% of its deposited radioactivity in the less than bhp particle size
range.

Within the less than Uhp diameter particle size range samples, there was
from 38 to 50% of the radicactivity associated with particles less than

54 in diameter in fallout from tower-supported detonations; from 51 to 83%
of the radioactivity was associated with the less than 5y diameter particles
from balloon-supported detonations. Significant percentage contributions

of radiocactivity by particles less than 5y in diameter were observed at
virtually al% iampling locations for both tower and balloon-sipported
deton&sions. (1

Other Radiochemical Properties of Fallout Debris

Fallout particles less than 4l ¢ in diameter had greater percentages of
sr89, s5r90, and RulO3, Rul06 at 30 days after detonation than did the
larger sized particles. The percentages of Sr89, sr90 and RulO3 and

Rul®® in fallout debris from balloon-supported detonations were 2 to k&
times higher than in corresponding particle sizes from tower-supported
detonations. The reverse was observed for Zr95. BallO, cellil cellh ang
Y91 varied to a lesser degree between fallout from tower and balloon-
supported detonations. Sr90 averaged 2.7% of the total radiostrontium

at D + 30 days in fallout from detonations supported by towers(13

Solubility of Fallout Debris

Solubility of fission products from fallout debris is one of the most
important properties to consider with respect to the "internal emitter"
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of biological systems. The solubility of fission products from fallout
debris in water and in O.1 N HCl has been used by this laboratory
arbitrarily as indices to biological availability.

The radiocactivity in fallout debris from tower-~supported detonations has
been observed to be from 1 to 2% soluble in water.(8,1) Fallout debris
from balloon-supported detonations was more soluble in both water and
0.1 N HC1 than that produced by other types of detonations.(1l) The
solubility of fallout debris from tower-supported detonations increased
with decreasing particle size; however, in the case of balloon-supported
detonations, the smaller sized particles were somewhat less soluble than
larger particles (Table 5). ‘

TABLE 5

Solubility in water and 0.1 N HC1l of fallout debris
from tower and balloon-supported detonations

Particle Size Solubility (Per cent of B Activity)

Support Range (u ) Water 0.1 N HC1
Tower >kl <1l 5

<hh <2 1k to 36
Balloon - >uil 31 >90

<l 1h >60

Radioactivity Ratios of Csl37 and sr90

The percentages of 8r90 recovered from soil after leaching with 6 N HC1
varied from 13 to 100% among samples taken to 6 in. depth from 7 fields

of alfalfa in the NTS area. Ratios of Csl37 to Sr90 ranged from 1.57 to
11.7 when calculated from these Sr90 determinations and gamma spectrometry
0s137. The range of Sr90 solubilities, and the corresponding range in
radiocactivity ratios, precluded acceptance of acid extraction for assess-
ing the levels of Sr90 in NTS soils. Therefore, in the following dis-
cussion of Sr90 in soils all the values were determined by the NapCOs
fusion method of analysis.

An interest in rapid survey procedures for Sr90 1ed to limited investiga-
tion of Csl37/Sr90 ratios for predicting Sr90 levels. The ratios found
in soils near NTS averaged 1.55 4+ 0.79 in 1957 and 1.33 + 0.13 in the
McCook, Nebrasksa, area in 1960. (Table 6). -
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TABLE 6

08137/Sr90 ratios in soils samples
from the NIS and McCook, Nebraska, Areas

NTS Location 05137/Sr90* McCook .Jocation Csl37lgr9o*
(Alfalfa Fields) Oct. 1957 (Pence Lines) Sept. 1960
Alamo, Nev. 2.68 Haigler, Nev. 2.18
Beaver, Utah 2.45 Sharon Spgs, 1.24
Kan.

Caliente, Nev. 1.69 Atwood, Kan. 1.2k
Mesquite, Nev. 1.55 Oakley, Kan., 1.16

(10 mi. N)
Cedar City, Utah 0.92 Oskley, Kan. 1.13

(2.9 mi. N)
Iund, Nev. 0.91 Smoky Hill 1.07
St. George, Utah 0.66
NTS mean (1957) 1.55 McCook mean (1960 1.34

+ 0. 79%* +0.13%%

% 5r90 determined after fusion of the soil in NapCO3.
** Standard deviation

The variation among the individual Csl37/Sr9O ratios of the NTS soils
shows the predictions of soil Sr90, from soil Cs137, can differ by a
factor of 2 from what is present. The precision in predicting Sr90
appears to increase with distance from detonation sites. This 1s shown
by the much smaller standard deviation of the ratios for the midwestern
soils and by that reported by Gustafson for a much larger geographical
area beyond 300 mi. from NTS.(9)

Our empirical Cs137/gr90 activity Tatios in soil from the NT% are3 differ
appreciably from point to point and;from,the.theoretical'1.8 9,10) 1n
general, the ratio decreased as the deposited fallout increased(Table 7).




TABIE 7

5790 in soil and associated Csl37/Sr9O ratios
near NTS in October, 1957

Location 0s137/5r90
(Soil 0-6 in. Soil sr90 Activity
deep) : mc/mi.2 Ratio
" Alamo, Nev 30.8 2.68%
Beaver, Utah 28.8 2.k5
Caliente, Nev. 22.9 1.69
Mesquite, Nev. 39.1 1.55
Cedar City, Utah 62.k4 0.92
Lund, Nev. 6l | 0.91
St. George, Utah 111 0.66
Tempiute, Utah 21.8%* 0.31

* 0s137 geterminations made at Argonne National Laboratory by
Dr. P. F. Gustafson
*% Virgin soil 0-2 in. deep

The heaviest depositicns of local fallout in NTS areas came from devices
detonated on towers. The radiocactivity ratios of particles from one such

device are shown in Table 8.

TABLE 8

0s137/5r90 ratios of Smoky fallout particles

Hour of Fallout Arrival

Particle

Diameters (u ) H+ 1,15 H+ 45 H+5.,6 H+6.5
0 - Lk 0.77 0.47 0.36 0.35

Ly - 88 0.37 0.36 0.k2 0.30

1k9 - 250 0.20 . fem- o0.27




These ratios are 10 to 40% of the theoretical ratios and show that the
particles are csl37-deficient relative to Sr90, Analyses of local soil
samples and NTS produced fallout particles indicate deﬁendence upon
theoretical nuclide ratios for predicting Sr90 from Csl37 contents may

be misleading in the case of "close=-in" fallout from individual detonations.

Milk samples were collected at various times in 1957 for 5190 ang 03137
determinations., The ranches or farms sampled were located between Milford,
Utah and Bishop, Calif. The average Cs137/8r90 ratio for milk produced

in late April (pre-PLUMBBOB) was 5.40 #* 1.6k compared to 6.15 * 2,77 in
October, after the test series.

Milk was collected 8 to 57 days after deposition of fallout onto farms in
fallout patterns with > 2 mr/hr. at H + 12 hrs. during Operation PLUMBBOB.
The best fitting relationship between Sr90 and Csl37 in 16 samples was an
exponential curve derived by least squares:

ppe 0s137/1 = 12,4 ( ppc Sr90/1)°'h6

The activity ratios found in milk weye lower than those reported for the
continental U. S. in 1958 samples.(9 The mean ratio for 15 samples
collected near NTS in August 1959 was 5.14 4 2.29. The coefficients of
variation for these groups of milk samples Tanged from 30% to 45%. This
is higher than the 22% reported by Gustafson. The large variation found
in activity ratios of milk samples was sustained nearly a year after
direct contamination of feeds by "local" fallout ceased.

Apparent Environmental Equilibrium

In 1958 and 1959, jack rabbits were collected from Yucca Flat itself to
a distance of over 40O mi. While most of these areas were contaminated
during the Operation PLUMBBOB, most (if not é.f’l) were contaminated to
varying degrees during previous test series.

The SrI0 soil levels in 1958 and the Sr90 rabbit bone levels in 1958 and
1959 for the various sampling sites are listed in Table 9. '
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TABLE 9

1958 5r90 s0il 1evels and 1958-1959 Jjack rabbit bone
levels at various sampling sites in Nevada and Utah

1958 Soil Bone

Approx. mi. sr90 (uuc Sr90/g ca)*

from NTS Sampling Area mc/mi. 1958 1959
0 Smoky Tower 9014 50,4 43,2
20 Area I, Nev. 513 19.0 6l bt
s Moapa, Nev. 16 15.8 18.0
76 Delamar, Nev. 23 14.6 17.1
80' Warm Springs, Nev. 93 26.8 30.0
82 Glen Rox, Nev. 1k 21.8 19.6
96 Overton, Nev. | 21 15.5 13.9
132 Belmont, Nev. 32 23.8 28.0
135 St. George, Utah L6 19.6 25.3
136 Enterprise, Utah 41 13.7 19.3
232 Clear Lake,Utah 26 11.1 18.5
235 Antimony, %Eah 29 16.2 17.3

2ko Antimony-Otter

Cr., Utah hhv 15.0 5.4
270 Fremont, Utsh 26 17.h4 ik,2
272 Reno-Sparks, Nev. 16 27.3 19.0
300 Fountain Green, Utah 38 13.3 22.4
356 Columbia, Utah 67 20.6 20.7
Y32 Vernal, Utah 14 11.9 12.9

*"Strontium Units"

1k




The date suggest two observations: first, the highest bone levels are
frequently associated with the higher soil Sr90 1levels but the relation-
ship between bone and soil sr90 jevels is not linear. Second, the bone
levels remained essentially unchanged over the 1958-1959 period with the
increases matched by the decreases.

The persistence of sr90 in the soil environment was examined by detailed
studies conducted in the PVI area, 99 mi. from Ground Zero, and in a
second area, PVII, 136 mi. from Ground Zero, both in the Smoky fallout
pattern. The results are summarized in Table 10, and indicate that
within the limits of sampling accuracy, the sr90  surface soil levels
were unchanged over the l2-month period.

TABLE 10

Effect of time on Sr90 surface soil (0-1") levels

Distance Soil sr¥0 level of Samples Collected at
Area from NTS D 4+ 3 days D 4+ 12 months

mc/mi.2 at time of analysis (1959)

PVl 99 mi. 127 + 15 109 + 31

PVII 136 mi. 95 + 15 11k 4 19

Samples of the soil profile were collected in the PVI area 3 days, 12
months, and 24 months after the Smoky shot.  The analysis of these
samples (Table 11) indicates that the Sr90 is primarily restricted to
the surface inch with relatively small amounts.in- the second inch,
which is in agreement with similar studies of gross B radiocactivity
and Pu movements over. considerably longer periods of time in New
Mexico soils contaminated by the Operation TRINITY shot of l9h5.( )
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TABLE 11

Effect of time on distribution of Sr9o
in soil profile, Area PVI

Soil Sr9o Level of Samples Collected at

D+3days D@12 mo. D+ 24 mo.
Depth mc/mi.2 at time of analysis (1959)
Stake 1 0-1 104 89.5 128
1-2 19.2 13.7 9.20
2-3 Bkg Bkg -
3=k Bkg Bkg -
Stake 13 0 -1 112 154 106
1 -2 22.9 9.76 1k,2
2=3 15.9 Bkg —
3-4 2.79 Bke -
Stake 16 0 - 1 130 169 178
i1-2 19.5 29.8 3.07
2 -3 Bkg 5.58 _—
3~k Bkg Bkg -

These studies, as well as the relatively unchanging srI0 levels over
the 1956 to 1960 period in Area I, supports the concept of a persistent
5r90 soil contamination.

Biological Availability of Fallout Sr9o

Studies involving kangaroo rats and jack rabbits as native biological
indicators were conducted in NTS fallout areas durlng Operation UPSHOT/
KNOTHOLE 13 1953(12), oOperation TEAPOT in 1955(7), and Operation PLJMBBOB
in 1957.(

Differences in the half-lives of the precursors suggest that the distri-
bution of SrP9 should not be necessarlly indicative of the distribution
of 8r90. The proportion of Sr 9/Sr9o in the bone ash of Jack rabbits
along the midline of a TEAPOT fallout pattern was found highly variable
at different distances from Ground Zero. (13

Subsequent studies were specifically related to the distribution of Sr90
in the environment and its accumulation by small native animals. Because
of the chronic nature of Sr90 contamination, the time sequence of

16




accumulation has been emphasized.

A study area, Area I, was established in 1952 approximately 13 mi. north
of NTS following the fallout from Operation JANGLE in November 1951.

As indicated in Table 12, soil sr90 levels in this area were increased
by approximately an order of magnitude with this event.

TABLE 12

Soil and jack rabbit bone Sr90 levels in
Area I, 13 mi. from NTS

Contamination Date of Soil sr90 Bone Sr90
Event Collection (me/mi.2) (up c/g Ca)
RANGER _ .
Jany/Feb.1951 Sept. 1951 23% -
BUSTER/JANGLE Nov. 1951 200%* -
Oct./Nov. 1951 Oct. 1952 ——— 33 +13
UPSHOT /KNOTHOLE July 1953 438+ 56 ——
Mar./June 1953 Apr. 195k - 26.3+ 12.5
TEAPOT Apr. 1955 -——- 9.4
Feb./May 1955 Oct. 1955 11.8+ 6.3
Oct. 1956 570 105 11.0+ 0.85
PLUMBBOB June 1957 _— oh, 1+ 6.9
May/Oct. 1957 Aug. 1957 ——- 25.74 12.4
Aug. 1958 560+ T3 19.0% 1.3
HARDTACK II
Sept./Oct. 1958 . . ,
KIWI A Aug. 1959 386+ 87 6k.hy 33.8
July 1, 1959 . May 1960 56k 4 95 22.84 12.7
%¥ 0.9 mi. northwest of area (lh)

*% Estimated On_basis of contaminated soil flats located pre-shot.

The biological availability of this fallout to plants in glasshouse
studies was considerably greater than that observed for tower-shot fallout
of which su?éequent fallouts consisted--at least until Operation PLUMBBOB
in 1957.(15 This material plus an increment of fallout from Operation
TUMBLER /SNAPPER resulted in a value of 33pp ¢ Sr90/g Ca in the bone of
rabbits collected in the fall of 1952, the highest value observed until

1959.
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No apparent increase in sr90 of bone was recorded following Operation
UPSHOT/KNOTHOLE in the spring of 1953 nor following an spparent 30%
increase in soil 590 during TEAPOT in 1955. An approximate doubling
of the previous year's bone level was detected during the PLUMBBOB in
1957, although soil levels apparently were not increased. An increase
was also observed immediately following the first nuclear propulsion
experiment (Project ROVER, Kiwi A) in 1959.

During Operation FLUMBBOB in 1957, Area PVI, was established 99 mi. from
Ground Zero on the midline of the Smoky shot fallout pattern. The Smoky
shot increased the Sr90 contamination level of Area PVI by an estimated
65% to approximately 100 mc/mi.2. Kangaroo rats and jack rabbits were
collected 3, 5, 9, 13 and 20 days after fallout to determine the early
rates of fission product accumulation; - as shown in Table 13, kangaroo
rats and jack rabbits showed an early response to the additional sr90
increment, at least as early as the fifth day. A rapid equilibrium was
also demonstrated between the animals and the environment since maxima
were generally reached well before the 20-day sampling period was
completed. Similar rapid response and equilibration with the environment
were observed with reﬁgect to the shorter-lived bone-seeking fission
products Sr89 and Bal*0 in rabbit bone after Smoky and other detonations
during PLUMBBOB. (1 .

TABLE 13

Sr90 levels of kangaroo rat and jack rabbit
bone in Area PVI, 99 mi. from Ground Zero

Date of Mg c Sr90/g Ca in Bone

Collection Kangaroo Rat Jack Rabbit

Oct. 12/55 -—- 20.6

Aug. 31, 1957 Contaminating Event: Smoky Shot

Sept. 3/57 5.3k 20.7% 9.93

Sept. 5/57 6.62 22.7

Sept. 9/57 643 26,82 13.6

Sept. 13/57 9.64 25.0+ 6.98

Sept. 20/57 8.69 ————

July 3/58 8.33 -—--

July 7/58 : 8.48 . 19.44  5.27

Aug. 12/59 --- 33.4% 12.7

May 1960 -—- 19.3+ 7.0k

May 1961 -—- 10.0% 6.32
18




Subsequent sampling of kangaroo rats showed that the maximum levels of
Sr90 bone contamination reached during the 20-day initial sampling
period tended to be maintained one year later. Jack rabbit bone levels
reflected an increase in 1959, a return to the 1958 level in 1960, and
an abrupt drop in 1961.

The relatively poor correlation between soil and bone Sr9o levels, suggests
that some fraction of the Sr90 fallout, rather than the total, is of
primary- significance with respect to biological uptake. For example,

when 1958 soil samples collected along the Smoky midline were leached

with 6 N HCLl, the correlation between the sr90 soil levels so obtained

and the corresponding bone levels was much improved (Table 1k4)., It is

TABLE 14

Comparison of bone sr0 levels to soil 5r90
levels determined by fusion and 6 N HCL
extraction (1958 sample collection)

Jack Rabbit Total HCl Percent
, bone Soil Soluble Soluble
Location Mi. from NTS (pc Sr90/gca) srd0x sr90%x  grd0

me /mi.2

Smoky Area <1 50.4 901k 980 10.9
Nye 1, Nev. 12 23.2 - 933 58 6.2
Glen Rox, Nev. 80 21.5 , 1h2 18 13.0
Enterprise, Utah 140 o 1358_' } ", L 27 ‘, 66.7
Peanguitch, Utah {_éo5’ 12 32 16 503

Columbia, Utsh = 350 20,9 ~ 67 48 718

*  Determined by NapCO3 fﬁéion‘méfhod of analysis.
** Determinéd by extracting with 6'N HCL.

noteworthy that the Sr90 whach is soluble in HCl represents sn increasing
percentage of the total‘Sr? -as distahce from Ground Zero is increased.
which, of course, agrees well with the increasing percentage contribution
of small fallout particles at greater distances from Ground Zern. Equally
important is the fact that during PLUMBBOB fallout materials less than
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bhp in diameter were identified in respectable quantities at virtually
all sampling locations Yi hin every fallout pattern, and as close as

5 mi., from Ground Zero. 1) 1In addition to enhanced solubility properties
over larger materials, such particles are somewhat enriched in sr90
content due to a rare gas precursor which limits the incorporation of
this particular nuclide chain at the earlier time of formation of larger
particles., Consequently, it seems feasible to consider the more soluble
and ubiquitous small fallout particles as the major source of sr90 to the
native animals in the fallout pattern.

Despite what appears to be s rather constant Sr90 soil environment,

sharp drops in the jack rabbit bone levels of sr90 were observed in

Area I in 1955 and in Area PVI in 1961. If the bone levels of jack
rabbits collected in the latter area in 1958 and 1961 are plotted as a
function of pody weight, which may be used as a rough indication of
animal age, the values are distributed as illustrated in Fig. 1. In
1958, one year after the Smoky shot contemination, 41 of 43 animals had
sr90 vone levels in excess of 10 pp c/g Ca regardless of weight (or age).
In contrast, in 1961, 39 of 53 animals had bone levels less than

10up c Sr9o/g Ca. The higher levels were restricted to the heavier, or

older animals.

The fact that older animals of the 1961 population included individuals
having both low and high sr90 levels, coupled with an e¢stimated average
life span of 3.2 yrs. for jack rabbits in this area(163 strongly implies
that the higher levels of Sr90 are associated with animals which were
living early in the sequence of contamination--that is, the 1957 PLUMBBOB
fallout--rather than with animals which were born later and merely lived
in a contaminated environment.

There are & number of possible explanations for a lower sr90 bone level
of animals born subsequent to contaminating events. For example, plant
foliasge serving as food has a higher contamination level immediately
after fallout. It was shown during TEAPOT in 1955 that vegetation tends
to be a selective fallout collector for fallout particles which range
predominantly ,fyxom < 1 to lh'; in diameter in the great number of samples
investigated.(l During PLUMBBOB it was additionally shown by comparing
the decay rate of fallout in the environment to the p radiocactivity level
of serially-sampled plant leaves, that the entrapped particles were
persistent for the sampling period extending from 3 to 20 days after
fallout. However, the contamination of new growth appears to be due to

a very few particles of redistributed fallout. Gross B analysis and
autoradiograms of PVI plant material collected in 1961 did not reveal
the presence of particulate contamination. It should also be noted that
native vegetation in Nevada has not been shown to accumulate fallout-
derived fission products via the root. system; autoradiograms of plant
materials collected during or lmmediately after test series have invari-
ably revealed point-source contamination indicative of particulates
rather than the diffuse distribution pattern indicative of metabolized
radionuclides.
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Several observations among the data presented lend support. to the con-
cept of an available component to native animals of the total sr90 con-
taminating the respective areas shortly after fallout. In Area I
(Table 12) the June 1957 increase of sr90 in bone was approximately
twice the 1956 level and had occurred within a few days after the first
detonation of PLUMBBOB. The July 1959 increase of SrI90 levels in bone
in the same area immediately followed the Kiwl A experiment adjacent
Jackass Flats, where similar abrupt increases occurred. In Area PVI
(Table 13) the maxima in bone levels reached rapidly during the 20-day
serial sampling period likewise suggest a readily available component.

.Under such circumstances, inhalation as a mechanism might be suspect;

however, inhalation was shown to be relatively unimportant as a method

of particulate contamination by restrained domestic rabbits during

TEAPOT in 1955.(17)

The relative importance of the various pathways by which fallout derived
Sr90 may enter the animal is not readily apparent. It is apparent,
however, from the occurrence of reductions in the sr90 bone levels of
the Jack rabbit population several years after contaminating events that
the biological availability of Sr90 is much greater at some early time
after fallout; it is also quite likely that mechanisms for the reduction
of potentially available Sr90 exist in the environment, regardless: of
apparently persistent Sr90 soil levels.

i
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FRACTIONATION IN SURFACE BURSTS

Edward C. Freiling
U. S. Naval Radiclogical Defense Laboratory
San Francisco, California

Abstract

A description is presented of a combination of A. D. Anderson's Dynamic
Fallout Model (NRDL-D Model) with C. F. Miller's thermodynamic model of
fractionation which will be used to account for fractionation in fallout
predictions. Weaknesses of the method are pointed out. Data reguired
for testing the model (both from laboratory experiments and nuclear
detonations), and for achieving more meaningful documentation of future
nuclear bursts, are discussed.

~S

Introduction

At NRDL*we are carrying out a project supported by the Atomic Energy
Commission under the general supervision of the Fallout Studies Branch
of the Division of Biology and Medicine entitled: "The Formation,
Distribution and Characteristics of Nuclear Debris.” The objective of
this project is to develop a generalized fallout model capable of guan-
titatively predicting the formation and composition of nuclear bomb debris
and its partition between stratospheric, tropospheric and local fallout.
We are carrying outbt,this project in two concurrent phases. The first
phase is designed to produce short-range results and the second phase

is oriented towards long-term progress. The present paper is concerned
with the short-range phase and the following paper (Page L7 ) on air-

* U. 5. Naval Radiological Defense Laboratory, San Francisco, California,
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burst fractionation is concerned with the long-range phase. We are
fortunate in having the opportunity to describe this work at such an
early stage of development and the concomitant advantage of conferees!
comments, which we earnestly solicit.

In the present paper I will describe our efforts to establish a computer
program to calculate fallout patterns which account for the phenomena of
fractionation. Fractionation is defined as any process which causes the
radionuclide composition of a sample of nuclear debris to be unrepresen-
tative of the debris taken as a whole, and the subject has been treated
in detail elsewhere.(l) The manner of accounting for fractionation
consists esssntially of a union of the NRDL dynamic fallout model of
Anderson(e'5 with the thermodynamic model of fractionation devised by
Miller.*

. This paper is divided into five parts. Part 1 describes the fractionation
model, Part 2 describes the fallout model, Part 3 describes the adaptation
of the fractionation model to the fallout model, Part 4 discusses means

of testing the results, and Part 5 describes data relating to this part
of the program which should be obtained in the event that future land
surface bursts occur.

It is intended to devise the computer program in a compartmented fashion
in order that the various parts can be revised as new developments in
theory and experimental data become available. Revision is a continuing
process and the description given here may well be partially obsolete by
the time of publication.

Part I. The Miller Thermodynamic Model of Fractionation

The Miller thermodynamic model of fractionation can be outlined briefly
as follows: First, there is described an idealized carrier material
with thermodynamic and chemical properties similar to the soil which is
to be drawn into the fireball, but idealized to the point where there

is no chemical interaction between the carrier material and any of the
radioactive products of the detonation. Secondly, the energy of the
nuclear detonation is accounted for in as reasonable a manner as possible
and the fraction of that energy which goes into vaporizing and melting -
the idealized carrier material is calculated. When the vaporized soil
condenses, it and the melted soil are considered as one single phase in
equilibrium with a vapor phase., The vapor phase consists of air and
uncondensed radionuclides. ~Its volume is taken as the maximum volume

of the fireball and its temperature as that of the idealized carrier
material at its melting point. The time at which this temperature is

¥ Additional work on this model, described in USNRDL-TR-L425, is being
carried out by C. F. Miller. ' .
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reached is calculated from scaling laws, and the elemental distribution
of the mass chains of the fission fragments and.the other product
nuclides at this time is determined from known and estimated fission
yield and decay relationships. The distribution of each product element
between the liquid and vapor phases is then calculated according to
Raoult's Lawe. The idealized carrier than solidifies, freezing in the
trapped radionuclides. This point marks the end of the first period of
condensation. The second period of condensation treats the deposition
of those product nuclides still in the ¥apor phase upon the frozen soil
particles. Some suggestions were offered by Miller as to how such a -
deposition might be accounted for, but the actual calculations were
never carried out. According to this model the fractionation is now
seen to result from two sources. The first source is the separation

of particles from the cloud before the second stage of condensation has
occurred. These particles will contain normal quantities of refractory
elements but will be depleted in volatile elements. With regard to
those particles which remain in the cloud during the second stage of
condensation, another type of fractionation occurs. Here those product
elements which dissolved in the particles up to the ftime of solidification
will have been distributed throughout the particles in proportion to the
particle volume, whereas those elements which condensed after solidifi-
cation will have distributed themselves among the particles in accordance
with the available surface. In the remainder of this section the afore-
mentioned processes will be described in greater detail and the defects
of the model will be discussed in a later section. -It should be stated
that Miller was well aware of the inadequacies of. this approach but for
lack of time and suitable experimental data was unable to carry his
calculations to a higher degree of refinement.

The properties chosen for the idealized carrier material are as close
as practical to those of anorthoclase (N&gO.AlgO3.6SiOg). It is non-
reactive towards the fission product elements and their oxides and
dissolves the elements. as stable oxides. Its melting point is 1400°¢
at which temperature its vapor pressure is negligible. The molecular
weight is 524 and the entropy of fusion is 29dcal;/mole degrees. The
heat of fusion is 48,000 cal./mole, the dissociation- energy is 3,370,000
cal./mole and the heat capacity is. such.that' 200,000 cal./mole.are
required to raise the temperature of thelsoil .from 298°K- to-its melting
point. L L R o .

The discussion of the partition:of:burst energy which follews is based
upon the considerations outlined. by Miller.-: It differs, however,-to
the extent,tO‘mhich.newuthermodynamic data-and.scaling relationships.
have been incorporated into- the: treatment since: the initial appearance
of his work:: The calculsticng can be outlined:.as follows”: -First.the
manner in which the energy of' the burst has been distributed at the
time of the final temperature maximum is calculated. The energy is
considered to be distributed between nuclear radiation, thermal
radiation, blast and shock, and the internal energy of the fireball.
The distribution is shown schematically in Fig. 1.
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FIGURE 1. ESTIMATED ENERGY PARTITION AT THE TIME OF SECOND MAXIMUM
IN MILLER'S MODEL.

In these calculations the energy equivalent of 1 KT of TNT has been taken
as 1012 cal. The dissociation energy of air is 101,830 cal./mole. The
heat capacity and pressure--volume--temperature relationship of gases
have been assumed to be ideal.

Miller next defines "the model surface burst" as one in which one half

of the internal energy in the fireball at the second maximum was-utilized
in dissociating and heating air molecules and the other half for the
vaporization of soil molecules. Applying this principle leads to the
result that, well within the error of estimate, equal number of moles of
air and soil atoms are present in the fireball at the time of second
maximum. Relating these to the total energy available by means of the
perfect gas law and the estimated soil properties leads to 1.6 x 10° moles
per KT of yield for each; or 840 tons of soil per KT of yield.

Hillendahl(6) gives a number of useful scaling relations for surface
bursts. In his nomenclature:
W = total wedpon yield (kilotons)
t = time (seconds§
Po = ambient air density (g/1)
t* 8 t/tfpax = ratio of the time t to that of the final maximum
in observed temperature
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power (kilotons per second) -
nA\II" = (Stefan's constant x total radiating area x fourth power
of power temperature)
T = absolute temperature of the fireball

1 Kiloton = 1012 calories

Radius of uniform brightness

Main radiation front radius

Absorption shell radius

Main shock front radius

Precursor shock front radius

(The radii are shown in Fig. 2 and are further discussed in the follow-
ing paper, page k7 . They are taken in meters).
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The scaling equations are
W = 0.65 Po (2Ry)°/+2

tmin @ 040030 WO+%9

Ry min = Ro min = 33 WO'396 = the values of the radii at the minimum
1n observed temperature

“1.b5e —ge™ 2 T3 1owx
H w 3.75 WOs51 +tx ve e e™93

And from his figures one finds

T = 7000 w-0.07 *=03%

*

while, at t7 -l
Ry = 48 w0+39
R, = 66 W'
R3 =75 w39

Ry = 90 WO-39

From the time of second maximum to the time required to reach 14%00°cC.
the internal energy of the cloud will décrease. Dissociated air and
soil will release energy by coollng and reassociating. The energy
released will be distributed among radlatlon, .expansion, heating
additional air, and heating and melting additional soil. ' The amount
of energy radiated up to any time is obtained by integrating Hillendshl's
power function. The work of expansion is calculated from the change in
volume of the 1.6 x 100 moles per KT of air atoms due to cooling from
6000° to 14000C. The difference between the maximum volume of the fire-
ball calculated from Miller's scaling equation

Rp = 922 x 103 wO.31k
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and the volume of the original air at 1400°C, is used to calculate the
additional amount of heated air. Some 3% of the original device energy
turns out to become available for heating and melting soil. It is
assumed that only half of this residual energy produces molten soil.
The additional soil melted turns out to equal about half of the con-
densed soil. The total amount of molten soil is thus calculated to be
2150 tons for a 1.7 KT shot, in'poor agreement with the 800 tons found
in the Rainier shot (Nevada Test Site, 1957), where no radiation was
lost, although much water was present. (cf. Part IV).

With the foregoing considerations the stage is set for the application
of Raoult's Law by definition of the macroscopic state. This state
consists of the calculated number of moles of molten soil in equilibrium
with a vapor phase. The previous discussion took the temperature down
to 1400°C., but the same principles could be used to reach definitions
of the macroscopic state for intermediate temperatures. At higher
temperatures, however, the vapor pressure and partial dissociation of
the soil will become increasingly important.
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According to Raoult's Law, the vapor pressure of each component of an
ideal solution at thermodynamic equilibrium is equal to the vapor pressure
of the pure substance multiplied by its mole fraction in the solution.
Thus, if there are nj moles of component 1 and np moles of component 2

in a two component solution the mole fraction of component 1 is

- n
Ny i S
ny +n2

Its vapor pressure above the solution is

where I)tJ is the vapor pressure of the pure component. The law is
illustrated graphically in Fig. 3. Here, the dashed lines illustrate
ideal behavior while the solid lines indicate two cases of real behavior
Positive deviations are attributed to mutual repulsion of the components,
and negative deviations are attributed to mutual attraction.

In order to apply this to the system at hand, one further concept must
be mentioned, namely, that of the partial pressure. In an ideal mixture
of gases, the partial pressure of component is given by

p; = nf RT/V

where ni is the number of moles in the vapor phase, R is the gas constant,
T the absolute temperature and V the volume. Eliminating pl and noting
that nlﬁvnl/nez

nf . PV
nj- no, RT

On this basis it therefore .becomes a stralghtforward if complex,
problem to calculate the amount of ‘each radionuclide present, as was
done by Hunter and lelou, and then’ dlstrlbute each one between the
vapor phase and the. condensed phase. The fission product radionuclldeSE
are present in ‘such small concenritrations that interaction between them
can be neglected. The values of pj for some meortant elements are
shown in Flg.;h S R EE :
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Miller refers to the adsorption processes occurring after the particles
s0lidify as the second stage of condensation. He suggests either using
Tangmuir adsorption isotherms or sublimation pressures to estimate the
distributions at this stage, but doesn't apply them in his work. His
results show an "ionization rate" of fractionated fission products
equal to 0.4 that of unfractionated fission products at one hour, while
his observed data show an "ionization rate" of 0.3 that of unfractionated
fission products. From what has been said, it should be clear that

- there is not one fractionated composition, but many. The comparison
stated is that of a single calculated composition with one of many
possible observed compositions. Without radiochemical documentation the
significance of the comparison remains obscure.

Part II. The NRDL Dynamic Model for Fallout from iland
Surface Nuclear Bursts

The NRDL D-Model (Dynamic Model) was developed by Anderson and is
described in detail in several reports.(2'5 This section will be
primarily a summary of Anderson's description. FEnough detail will be
given to allow the reader to understand the application of Miller's
fractionation model to fallout predictions for land surface bursts.

In the cooling fireball the temperature will eventually reach a point
where soil particles entering the fireball are no longer vaporized and
where vaporized soil present in the fireball begins to condense. This
temperature is estimated as the boiling point for an abundant high
boiling constituent of the soil. 1In the case of Nevada Test Site soil
this constituent would be quartz which boils at about 2200°C. In the
case of coral surface bursts this substance would be Ca0 which boils

at about 2800°C. In the D-Model the time at which the fireball tempera-
ture reaches this value is taken as the time of the beginning of fallout.
This time is about 0.6 sec. for a 1 KT burst, 6.4 sec. for a 100 KT
burst, and 6L4.3 sec. for a 10 M burst. The cloud at this time is
-approximated by a cylinder. The total residual activity is assumed to
have a uniform distribution of particle sizes contained in a volume
coincident with this cylinder. The activity-particle size distribution
is divided into 100 classes. These classes range from a L40-60 p diameter
class up to a 8700-10,000 B diameter class. Particles smaller than

4O u are considered beyond the scope of local fallout. It is convenient
therefore to think of the cloud at this time as consisting of 100
identical coincident right circular cylinders each corresponding to one
of the particle size classes. In addition, each cylinder is divided

up into N equisized discs. N may be as small as 7, as in the case of

a 0.0l KT burst or as large as 231, as in the case of a 100 MT burst.
The total number of discs therefore varies from 700 to 23,000, The
situation is illustrated in Fig. 5.
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In contrast to those fallout models which begin when the cloud has
reached its maximum height, the D-Model must account for the upward
motion of the cloud in calculating the vertical velocity of the particles.
Thus, the rate with respect to the ground at which a particle moves
upward or downward is taken as equal to the difference between the
velocity with which it is carried up by the rising cloud and the velocity
due to gravitational fall. Vertical winds are not considered. Wind.
speed and direction during the time of rise and fall determine the
particles horizontal displacement. The trajectory of each disc is now
taken as the trajectory of a particle whose size is the midpoint of the
size class of the disc and whose location is the center of the disc.
Cylinders corresponding to different particle size classes are therefore
seen to diverge gradually from one another. Cylinders representing

large particles will not rise very high and will fall more rapidly.
Cylinders representing small size particles will rise higher and level
off more slowly. The time-altitude history is approximated by a finite
difference equation dividing the time intervals from the start of fallout
to the time the particle reaches the ground into N smaller intervals.

The first interval is 1 sec. and each interval is 1 sec. longer than

the preceding interval.,

In treating the stem, the D-Model ignores the much higher velocities
present there and treats the motion in the same manner as for the main
part of the cloud.

Fig. 6 shows the cumulative percent of residual activity for particles
of different size as determined from the Operation JANGLE underground
shot, It is seen to be log-normal., TFor most siliceoug soils the sparse
data available indicate that for local fallout the -fraction of radio-
activity in a given size range is roughly independent of yield. However,
the size-radiocactivity distribution for coral is markedly different from
that for siliceous soil.

If one of the discs representing a particular size class lands on the
ground before one hour after burst and covers a point p on a rough plane,
then the deposited dose rate R in r/hr. at 1 hr. and 3 feet above this
location is given by R = 120 FA/NS. Here 120 is a constant that takes
into acoount final surface irregularities and other factors. The con-
tribution of discs arriving after one hour to the calculated one hour
dose rate is accounted for. F is the fraction of total residual radio-
activity associated with the particle size class of the disc. A is the
total residual radiocactivity in curies remaining at one hour after burst,
and is taken as 5 x 10° W curies for a weapon yield which is 100% due

to fission. S is the area in square feet on the ground covered by the
radioactivity contained in the disc. The edge effect is ignored. The
total deposit dose rate at P is the sum of the individual dose rates
contributed by the discs that cover this location. The effects of
induced activities and fractionation are not taken into account by
Anderson. S is assumed to be T r© where r is the radius of the disc.

The method of finding the radius of the disc is based upon the
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following three assumptions.

(l) The fallout is dispersed uniformly throughout the initial
visible cloud at the time of start of fallout,

(2) As the cloud expands, the falilout expands laterally at the
same rate as the cloud, and

(3) The lateral expansion of fallout stops after the cloud has
stopped expanding.

The maximum disc diameter for all yields is taken as that given for 360
SecC.

Because of the early time at which the D-Model begins to consider the
fallout processes it can be readlly seen that it is particularly suitable

- to being modified for the effects of fractionation according to the

methods of Part I above. The details of this modification are described
in the following section.

Part ITI. Modification of the NRDL Dynamic Model for Fractionation

The modification of the NRDL dynamic model for fractionation has been
carried out by Lee, Kiley, and Johnson(T) according to a method outlined
by Miller and is in the process of being programmed for an IBM 704
computer. The modification proceeds as follows. First, it is necessary
to change from the activity-particle size input of Anderson to a mass-
particle size input. To do this we use Miller's cratering equation

M = 5.03 x 109 w0.92 grams

for the mass thrown out, and assume 7.5% of this comes in contact with
radiocactivity. This 7.5% is assumed to have a log-normal mass distri-
bution with 50% of the mass in particles of less than 1004 diameter and
0.4% of the mass in particles larger than 10,000 p . The fraction of a
particle melted will be, for the present, considered independent of
particle size.

‘There is next established a 69th concentric figure, a sphere, which is to

represent the vapor phase of the cloud. At the end of the Anderson's
first time interval (1 sec.) it is determined which discs have left the
cloud. From the yields and half-lives of the primary fission products
the quantities of the various product ruclides present at the midpoint
of the time interval (0.5 secs.) are calculated. The temperature at
this time is also determined. The temperature is used to ,calculate the
vapor pressure of each fission product oxide at a partial pressure of
oxygen of Q.2 atmospheres. This is used in conjunction with calculated
cloud volume and number of moles of vaporized soll material to determine
the distribution of each element between the vapor and condensed states.
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The quantities condensed which leave the cloud can now be congidered to

be initial quantities for a Hunter-Ballou type calculation. The
uncondensed radionuclides are considered to be equally distributed
throughout the fireball. Again, the Hunter-Ballou type calculation is
employed using these uncondensed quantities as starting values in order

to compute the quantities present at the midpoint of the next time
interval. This process of gradual depletion of particles and radio-
nuclides in the cloud is carried out until the temperature falls to 1400°C.

The second phase of condensation now begins. The portions of each radio-
nuclide present in the condensed phase are now considered to be frozen
in. The nuclides in the vapor phase are considered to be either one of
two kinds: volatile or involatile. The choice depends upon whether or
not their concentration in the cloud is greater than the vapor pressure
of the pure substance at the given temperature. At the midpoint of the
next time interval the temperature and vapor pressures are calculated as
before. Those elemental forms which exceed their vapor pressures are
distributed among the particles present according to the surface offered
by the particles. Particles leaving the cloud therefore now scavenge
radioactivity in proportion to their area rather than their volume and
the quantity of each radionuclide remaining behind is equal to that
required to saturate the cloud at the given temperature. The process is
carried out until all discs have left the cloud.

It is now seen that the rate of arrival of any given radionuclide at any
point can be calculated as well as the radionuclide distribution at any
point at any time after burst. This radionuclide distribution can now
be used as the starting point for the calculation of dose rate according
to the decay schemes of the radionuclides involved.

Problems of throwout, stem treatment, and environment induced activities
are still under consideration.

The calculatlons described are very complex and the amount of computer
‘time required to make them has not yet been determined. It is not beyond
the realm of p0551bllity that the time required for a complete calculation
would be proh1b1t1ve were it not for certain. 51mplif1cat10ns that might be
made. First of all, there are those substances which are refractory tc

an equal or greater extent than the vaporized soil. Those mass chains
which consist entlrely of such elements will be completely condensed from
the outset. At the other extreme are mass chains which will be present
.prlmarily as gaseous materlals throughout, the better part .of the conden~
’sation process.; It has been pointed out 1) that the relative abundances
of one. such refractor11y-behav1ng radionuclide and one such volatilely-
behav1ng radlonucllde at any point in the fallout pattern would deter-
mine the relative abundances of the other radlonuclides to an extent

vhich was quite adequate for the purposes of estimating fractionation

and furthermore was grounded more solidly in experimental observation
than is the preceding treatment. In principle, therefore, an ability

to predict the abundance of two such nuclides, coupled with & & knowledge
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of the fractionation systematics obtained through observation, would
yield a method of accounting for fractionation in fallout which is at
once more simple and more reliable than the detailed calculatlonsﬁ
described. We will return to this subject in subsequent sections.

Part IV. Means of Testing the Miller-Anderson Fractionated-Fallout Model

The model which we have described is a complex combination of mechanical,

thermodynamical, physical-chemical and nuclear-physical considerations.

The intricate structure rests shakily on a large number of simplifying
 assumptions and approximations. The questions we now ask are, "How

much closer are we now to reality than we were before in our ability to

predict fallout patterns?"”, '"What can we do to improve this approach to

reality?" and "How much of this do we want to do?" The first two questions

will be discussed in these last two parts of this paper.

One thing we hope to do very soon is to apply the considerations des-
cribed here to the treatment of data from Operation JANGLE shots. When

we do we may achieve better agreement between predicted and observed
values than have been obtained before or we may not. Improved agreement
would naturally be more encouraging. But how could we be sure that this
was not obtained by a fortuitous concellation of errors for the particu-
lar event studied? And how could we be sure that in some subsequent
application these errors would not cancel and we would not be so fortunate?
Observational data in the form of dose patterns and decay curves are

themselves complex results of the radioactive properties of the radionuclides

present in the fallout material. The calculation of these quantities from
the radionuclide composition is a fairly straightforward problem. The
reverse calculation is, however, virtually impossible, for while a certain
radionuclide composition will result in only one dose and one decay curve,
the particular dose or decay curve can be described by a number of radio-
chemical compositions. It is therefore seen that the radiochemical
composition of the fallout at particular points is the basic knowledge
that is wanted. It is this knowledge which we expect our fallout model

to predict and it is observatlon of this comp051tlon which constltutes

_— e ——— ——

“of the predictions. The quality of radiochemical data available for
Operation JANGLE shots is very poor by present day standards and so our
uncertainty will be increased by having to rely upon the less desirable
and more complex type of observation.

Land surface shots in the Eniwetok Proving Grounds are better sources of
material for testing fractionated fallout predictions. Shots Zuni (1956)
and Koa (1958) in particular, were the subjects of considerable useful
documentation. However, the chemical and thermal properties of coral
differ so greatly from those of Nevada Test Site soil and other surfaces
to be expected within the continental limits of the United States that
success in these areas would be no guarantee of success in the latter
cases. Nevertheless, the application of our fallout model to these
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bursts appsars tobe g worthwhlle method of testing and one which we
intend to do.

The assumptions involved in Miller's approach can be thought of as
falling into two groups. First, there are the agsumptions bearing upon
the distribution of radionuclides between vapor and condensed phase in
the first stage of condensation. These are, namely, thermodynamic
equilibrium and spplicability of Raoult's Law. The second group of
assumptions are those which are required to estimate the amount of
molten soil present in the fireball at the time of condensation. In
view of the tenuocus nature of both of these sets of assumptions and
desirability of testing each set independently of the other should be
evident. To test the applicability of Raoultfs Law and thermodynamic
equilibrium independently requires a reliable knowledge of: (l) the
quantity of molten soil; (2) the existence of a single vapor-liquid
phase separation; (3) the time of separation; (4) the temperature at
this time; (4) the volume of the vapor phase at this time; and (6) the
resulting distribution of fractionated nuclides. This combination of
requirements appears to be nearly fulfilled in the case of the Rainier
shot. The Rainier shot occurred at the Nevada Test Site on September 19,
1957 about 800 feet underground with a yield of 1.7 KT. It appears to
have vaporized 1.5 tons of rhyolite and melted another 850 tons. This
molten soil was in . contact with the vapor phase for a period of about

30 seconds to 2 minutes after the time of burst. At this time there
appears to have occurred a sudden drop in pressure due to the venting
of the vapor phase into some external volumes. The temperature at this
time was not uniform throughout the system but there is evidence that
condensation had already occurred in the vapor phase. The temperature
in the vapor whase was therefore less than 2200°C. and the temperature
of the lowest or coolest moliten portion was greater than 1400°C. The
volume of the vapor phase at the time of separation is known from the
measured dimensions of the cavity. Fractionation data of good reliabllity
is available for a significant number of radionuclides at several repre-
sentative locations. It is from these data that the estimate of the time
of separation has been made. This time is long enough so that much of
the uncertainty in independent yields and half-lives of short-lived
fission product will not significantly influence the calculations. The
quantity of moisture present in this burst was much greater than would
be expected in a Nevada surface burst. The effect of this may be
neglected as the first approximation. The most® serious drawback appears
to be the difference in subdivision of the molten material in this case
compared to that in a surface burst. The asqumptlon of thermodynamic
equilibrium includes an -assumption that the radionuclides in the con-
densed phase have had the opportunity of distributing themselves
uniformly throughout the molten volune. The speed at which this is
accomplished depends upon the diffusion coefficient of the substance

in the molten material. The diffusion constants of substances in
silicates can be 10 or 100 times lower than the diffusion constants of
other high temperature materials such as, for example, molten salts.
Glass manufacturers are potential sources of additional information.
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If the material under consideration is in a fine state of subdivision
this will be less important. In the Rainier shot the material was
essentially undivided. In order to have g reasonable hope of success
it therefore would appear that this should be accounted for in the
calculations involved in the model before it is applied to Rainier data.
Needless to say, such a refinement would materially improve the realism
of the approach taken, in the initial model also. Therefore this is
something which appears to be worth doing as part of the model refine-
ment process. :

Two kinds of experimental measurements which we are planning to carry
out in the laboratory will help to alleviate our ignorance in these
matters. First, we will measure the rate at which various fission
products diffuse through molten silicates and determine if the rates are
fast enough to permit equilibrium. Secondly, we will determine the
ideality of behavior of various fission product oxides over molten
Nevada soil. Both these types of experiments will not only yield
evidence of the validity of the assumptions involved but will also
yield information by which the assumptions can be corrected and more
valid treatments incorporated.

Part V. Fallout Data Required for Testing

In this section I want to outline the kinds of observation which would

be more or less ideal for testing the type of model that we have described
and obtaining additional data which we need. These thoughts are put forth
with little regard for the economics involved. In some cases order of
magnitude estimates of the costs can be given. The decision as to whether
a foundation for fractionated fallout models of the firmness to be obtained
by basing it on the data described is worth the price of investigation is
beyond the scope of these studies. '

The main areas of ignorance have been summarized by Knapp.(9) This
summary, which I now quote, forms the basis of this part of my presentation.

"What we need to know, and what we generally do not know to within
a factor of 2 to 3, may be partielly described in the following way.

(1) The distribution of the radioactivity created in nuclear
explosions between stratospheric, tropospheric, and
- local fallout. This distribution depends- strongly on
the location and conditions of burst, and on the yield of
the weapon.

(2). The size distribution, physical and chemical form and

properties of the fallout particles, and the distribution
of rission products and induced activities among them.
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(3) The degree and manner in which radiocactivity from various
types and conditions of bursts is fractionated. Different
relative concentrations of the various nuclides may occur
in stratospheric, tropospheric, and local fallout than in
the total debris, and even within the region of local
fallout the relative concentrations may vary significantly
with distance from the explosion. Radiological fractiona-
tion may also be considered as occurring between particles
of different sizes, different chemical form, and perhaps
in other ways such as degree of solubility. Such factors
need identification, study as to cause, and evaluation as
to relative importance."

I can think of no better means of obtaining the answers for the first
two area? og ignorance than that used in Project 2.8 of Operation
HARDTACK (10} vhich I will not describe.

- The primary objective of this project was to estimate the partition of
5r90 and ¢s137 between local and long-range fallout in nuclear detona-
tions over land and water surfaces. A secondary objective was to
determine the spatial distribution of radioactivity and particles in
the cloud a few minutes after detonation. These objectives were to be
achieved by radiochemical analysis of the following types of samples:

1. Aircraft samples of particles and radioactive gases present in
the upper portion of the clouds.

2. Rocket samples of the particulate matter in the clouds to be
collected along nearly vertical flight paths, at several distances
from the cloud axis. '

3. Fallout samples collected along height lines at an altitude of
1,000 feet by aircrarft.

Portions of particulate samples.were separated dinto coarse and fine
fractions (greater or less than 25u , the selected division between
local and worldwide fallout).with a.Bahco.centrifuge and fall rate
distributions for the two fractions determined.with a micromerograph.
These samples were analyzed separately.

The observatlons were - carrled out -on': hlgh y1eld coral water, and coral
plus wateﬁhsurface Jbursts.: A fractlonatlon correlation .of the Sr89

~data:is shown rin Figure:T, . -infortunately; . Zr7” was not
determlned in these samples and Cel was chosen as the-refractorily-
behaving standard. The similarity to previously correlated data, from
which the correlation- line was.taken, is:obvious. ~In.the land surface
burst, it appears that 5r89 and -sr?°- fractionate from-each other in the
coarse particles, but not in the fine.

Unfortunately, the rocket sampling part of the program failed and the
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project fell short of its goal. However, much valuable information and
experience was obtained, and similar proJjects in the future would be
highly desirable, with even more extensive and intensive documentation,
particularly in the study of small particles.

Regarding the third area of ignorance mentioned by Knapp, what we require
are fallout patterns which are basically different from the ones usually
encountered. The familiar fallout pattern is a series of contours of
dose rates at 1 hour after burst. This apparently represents the infor-
mation most readily interpreted by military and civilian defense planners.
It is far too unrevealing to allow adequate building and testing of a
fractionated fallout model, What we need in any given burst is not one
set of fallout contours, but two. The first set of contours would show
the fraction of some refractorily-behaving radionuclides per unit area.
For example, one might show the fraction of the total amount of Zr95
produced by the device which can be found per square foot at the loca-
tions indicated. The second set of contours might represent the same

t of information for some volatilely-behaving radionuclides such as

sr-? or Cs137, This would provide part of the required information but

it would be more instructive to have for the second set of contours a
chart of the ratio of Zr95 to 5r89. We have called the logarithm of this
ratio the "fractionation index."” Fractionation index contours would
clearly show how the degree of fractionation varied throughout the fallout
pattern.

We would now be in possession of information concerning an extensilve
parameter to indicate the quantity of debris at a given location and an
intensive parameter to indicate the departure from representativity at
any location. We would still need data to be able to fill in the
distribution of the other fission product radionuclides and important
induced activities. If we were trying to predlict the distribution of
each nuclide with our model we would need these data in order to see if
we had predicted the distribution properly. OCn the other hand, if we
were only using our model to predict the 7r9> contours and the frac-
tionation index contours, we would need these data to interpolate:
empirically the fractionation of the other radionuclides. Presumably,
these data would require an exhaustive radiochemical analysis of a
limited number of samples selected for their spread in fractionation
index. '

Such data could also be used to integrate the fractions of various
radionuclides which deposited. By mass balance considerations, the
amounts contributed to worldwide fallout could be calculated. Consis-
tency with the data described above would offer valuable support to

the results. Experience with field operations has led to the conclusion
that whatever can go wrong, will go wrong, and planned ovegr-documentation
can turn out to be inadequate documentation.

One would of course want to obtain much other information at the same
time such as dose rates, decay curves, gamma assays, and gamma spectra,
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mass of fallout, of particle size data, individual particle analysis,
etc., which are usually collected during a field test. If this kind of
information were backed up by the kind of documentation I have described
it is easy to visualize how the correlation of this knowledge with basic
radiochemical informe tion would permit a more meaningful interpretation
and applicability to prediction than has ever been realized in the past.

References

1. Freiling, E. C. Radionuclide fractionation in bomb debris.
Science 133: 1991(1961)

2. Anderson, A.D. The NRDL synamic model for fallout from land-surface
nuclear bursts. U. S. Naval Radiological Defense Laboratory report
USNRDL-TR-410, San Francisco, 5 April 1960,

3. Henry, G., and A. D. Anderson. Dose-time-distance curves for close-
in fallout for low yield land-surface nuclear detonations. U. S.
Naval Radiological Defense Laboratory report USNRDL-TR-390, San

Francisco, 30 December 1959.

4, Anderson, A.D. Application of 'Theory for Close-In Fallout' to low-
yield land surface and underground nuclear detonations. U. S. Naval
Radiological Defense Laboratory report USNRDL-TR-289, San Francisco,
12 January 1959.

5. Anderson, A. D. A theory for close-in fallout. U. S. Naval Radio-
logical Defense Laboratory report USNRDL-TR-249, San Francisco,
23 July 1958.

6. Hillendahl, R.. W. Characteristics of the thermal radiation from
nuclear detonations (U). U. S. Naval Radiological Defense Laboratory
report USNRDL-TR-383, 3 Vols., San Francisco, 30 June 1959.

7. Lee, H.,, W. T. Kiley, and R. W. Johnson. Unpublished work.

8. Hunter, H. F., and N. E. Ballou. U. S. Naval Radiological Defense
Leboratory report USNRDL ADC-65. 24 February 1949. Nucleonics 9 (5):
c-1 (1951)

9. Knapp;;H. Private communication. 1960.

10. ‘Whitcher, S. L., L. R. Bunney, R. R. Soule, and R. da Roza. Operation
HARDTACK, ‘Project 2.8, TFallout measurements by aircraft and rocket-
"sampling (U). U: S. Navel Radiological Defense Laboratory, U. S. AEC
Weapons Test Report WI-1625, 29 September 1961. (SRD).




PARTICLE FORMATION AND FRACTIONATION IN AIR BURSTS

Edward C. Freiling
U. S. Naval Radiological Defense laboratory
San Francisco, California

ABSTRACT mu\

The relation of fallout formation processes in air bursts to processes
occurring in other types of bursts are discussed. Results obtained to
date on testing available particle formation theories and means of ex-
tending these theories to include fractionation are described. A '
brief summary of available results of fractionation correlations on
air burst debris is given and data requirements from future detonations

are presented. \

Introduction

In this paper I will describe the long-range portion of the fallout
model program at NRDL. The object of this portion of the program is
two-fold: first, to refine the treatment of land surface bursts de-
scribed in the previous paper; and second, to extend model-making capa-
bility to other types of bursts in line with the general obJjective of
the program. The applicability of the study of ailr bursts to the
latter objective is evident. The applicability to the first objec-
tive will be discussed in Part I below on the importance of air bursts.
Part II will discuss gross phenomenonolgy and Part III will discuss the
macroscopic features of the formation of air burst debris.. .Part IV.
will treat the interaction between the macroscopic debris and the prod-
uct radionuclides and Part V w1ll point out data required from future

bursts.

In the remainder of this paper we will talk as much of plans as of
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results. Nevertheless, even the preliminary state of accomplishment
which we have reached has yielded information of interest and value.

Part I. TImportance of Air Bursts

The knowledge obtained from the study of air bursts is applicable to
the study of land surface, water surface, and tower bursts. The rea-
son for this can be seen by considering the processes involved.

Fig. 1 outlines the processes which occur in a land surface burst. It
is a complex picture of simultaneously occurring nuclear, physical and
chemical reactions. The nuclear processes are shown at the top of the -
figure, namely, the formation of the primary induced and fission prod-
uct activities followed by their decay into daughter activities or

into stable nuclides. Below these are shown the physical-chemical proc-
esses, l.e., environment vaporization followed by nucleation in the
cooling cloud, condensation, and scavenging by late-arriving particles.
The chart is divided timewise on the horizontal scale into a blast
phase, and a fallout phase. The chart is a gross simplification but

it serves to orient the reader to the interplay of the various features
involved in the overall picture of fallout formation.

With regard to the nuclear processes, although there is much missing
data concerning independent fission yields and the half-lives of short-
lived fission products, the means of estimating the missing parameters
have been the subject of considerable study. The methods of estimat-
ing the unknown quantities are therefore relatively straightforward, if
not completely satisfactory. Certainly we are on much firmer ground in
this part of the picture than in the lower part. Before considering
the interaction of the radionuclides with molten and solid particles in
various stages of transition it is necessary to have some understanding
of particle formation itself. Chronologically the first process to con-
sider is that on nucleation. This if followed closely, and in part
simultaneously, first by condensation and then by agglomeration. Nu-
cleation is the first step in the transition from a vapor to a condensed
phase, whereby clusters of condensing atoms or molecules finally attain
a thermodynamically stable condition of existence. While nucleation is
occurring in one part of the cloud, nuclel already formed in another
part will be condensing vaporized materlal on their surface. As the
number and slze of the particles becomes sufficiently large the possi-
bility of particles colliding and coalescing becomes greater, and at
the same time, due to depletion of the carrier material in the vapor
phase, the nucleation rate bcomes less.

The particles formed by these processes will be in the small size range,
probably of the order of 20u or less. When the temperature of the cloud
has fallen to the point where incoming soil particles are no longer
vaporized, these new particles will scavenge the previous ones. The
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number remaining unscavenged, together with the small incoming par-
ticles, will constitute the portion of the debris contributed to tmpo-
spheric and stratospheric fallout (cf. Parts (1) and (2) of the re-
quirements outlined by Knapp and quoted in the previous paper, page

b2 ). .

Now it can be seen that subsequent interaction of these primary par-
ticles with engulfed but unvaporized soil material will obscure the
effects of the primary processes that one sees by examination of the
debris. In order to test a theoretical treatment of nucleation and
condensation by the properties of such debris, one would have great
difficulty not only in sorting out that portion of the observed data
due to the processes of interest, but also in dealing with large un-
certainties in the quantities of soil involved. On the other hand, in
an air burst, such a theory could be tested with much greater hope of
success for two reasons: first, the quantity of material vaporized is
accurately known; and second, the processes are not complicated by
scavenging.

There are other features of alr bursts which make them important in
themselves. First, whereas land surface bursts contribute only a
fraction of their radioactivity to world-wide fallout, alr bursts con-
tribute virtually 100% of their activity to world-wide fallout. Sec-
ondly, air bursts are valuable sources of data for the prediction of
fresh water surface burst phenomena such as might occur in the Great
Lakes. Here the initial debris formation processes should be very
similar to those occurring in an air burst, the presence of vaporized
water being neglected as a first approximation. Subsequent interaction
between the initial particles and the condensed water could be eluci-
dated by laboratory studies of the interaction of air burst debris with
water at high temperatures. The application of seawater surface burst
data to the prediction of fresh water surface burst data is not as
reliable as might be thought at first sight, due to the presence of
large quantities of salts from the vaporized ocean water and the fact
that most seawater surface bursts have been barge shots and have not
covered a very wide yield range. The extent to which the presence of
barge material and salts has altered the fundamental fallout particle
formation processes is not known.

Finally, as will be seen from the subsequent part of this paper, there
is a good possibility of reaching a fairly complete understanding of
the subject of air bursts at an early date. Tower shots would then
form a link between an air burst model and a land surface burst model
because the initial particle formation processes in a tower shot would
be dominated by the presence of iron, as are alr bursts, but would have
the additional complication of soil, as in the case of surface bursts.
(See Fig. 4 of the preceding paper, page 33 ).
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Part II. Phenomenonology

An air burst begins at a time called the zero time, t,, with the re-
lease of a large amount of energy W in a small space called the fire-
ball., The partition of energy between thermal and mechanical effects
is different for "high altitude” bursts (defined as bursts at heights
above 100,000 ft.) than for air bursts at moderate heights. We will
limit our discussion to bursts at moderate heights. . Then about 5% of
the energy released is in the form of initial nuclear radiation (gamma
rays and neutrons) and 10% in residual radiation (alpha, beta and gamma
rays). The remainder is rather evenly dividied between mechanical en-
ergy (blast) and thermal energy (heat and light). The following
description of subsequent phenomena is a blend of tho?e found in "The
Effects of Nuclear Weapons" and in Hillendshl's work.

To quote The Effects of Nuclear Weapons: "Because of the very high pres-
sure within the exploding bomb the residue, consisting of fission prod-
ucts and all other bomb materials, moves outward from the center of the
explosion at a very high velocity... After a few microseconds, nearly
all of the debris is contained in a relatively thin shell of high den-
sity called the 'hydrodynamic front': its initial temperature is about
a million degrees and it is traveling at a speed of several hundred
miles per seconl. ....The mass energy is transferred to the medium"
and a blast front is formed. At first this is preceded by a radiation
front (the surface of the fireball)," because the mean free path of the
radiation in the hot gas is so long that the transfer of energy by
radiation is more rapid than by mass motion." As the temperature drops,
the transfer of energy by radiation becomes less rapid, the shock front
begins to advance more rapidly and passes it at a time when the temper-
ature has fallen to about 300,000°C. This phenomenon is called the
"hydrodynamic separation." It occurs at about 10-4 wO-42 gec. at a
radius of about WO:3T m. After this the fireball consists of two con-
centric regions. The inner one is called the isothermal sphere and is
bounded by the radiation front. "Its radius is Rp. The outer region
consists of luminous, shock front heated air. It is bounded by the
shock front, whose radious is Rj. - (See Fig. 2 of previous paper, Page
30 ). The radius then grows accoring to the: law . -

W% = 1.27 x 10 8/0 (’éRh)5

where R) is in meters, t the time in milliseconds, and ,/3 o the

amblent air density in g/l. The: luminous- air: produced by the shock
front obscures’ the vision of the® isothermal ‘sphere. until a.time of
3.65 x 10~3w0-42. sec, called the "breakaway." - At this time the appar-
ent température is a minimum.and:the isothermal sphere again becomes
visible. ghe temperature then:rises again t -a maximum value of -

8900 w00 degrees K at a time of: 0. OhS 2. gecs: This time is called
"the time of final maximum" and given the symbol te. The temperature
drops to 3300 W-0+03 gegrees K at a time of 15 tf. Its logarithmic
dropping rate in this period is (t/tf) hO At this time (15 tp) the
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radius of the %sgghermal sphere has levelled off to a value somewhat
exceeding 63 WY*>7 m. The radiated power equation is given by

* *
_96-2-73t o~1200t

B(w,t%) = 6.6870-58 £*=1:6¢ e-9

according to which 0.55W eventually becomes radiated. Here t* = t/tf.

The cloud during this time has been rising. For a 1l buyst the rise
- in feet is given approximately by 76,000 (1 - e"o'hat sec.)) out to
about 10 min.

Part IJI. Particle Formation

Three theories of particle formation have been found which apply to
air bursts. These consider the basic processes previously mentioned
in various detail and lead to particle size distributions in terms of
two basic parameters: the total number of particles and a character-
istic particle size. The shape or functional form of the distribution
depends upon the relative importance given to the processes treated.
The characteristic size depends upon various measurable or estimable
parameters. Once these have been fixed, the total number of particles
is determined by the mass of the device and the demand of mass balance.
It is expected that the details of particle formation mechanisms will
be most accurately revealed by the theory which best fits the observa-
tions, and therefore that theory would form the starting point for de-
veloping additional applications.

The first theory, due to Woodcock (2), will be quickly dispensed with.
First, because it is described in a confidential report, and second,
because it has not been found to fit the observed data. The treatment
could concievably be more applicable to other burst conditions.

‘The second is due to Magee.(3) His treatment emphasizes the nucleation
and condensation processes and arrives at the exponential distribution

n (r) ar = Dp exp (rﬁ_g.‘s ar
) r T

where N, is the total number of particles and r is the mean radius. In
this théorty r is the ratio of B, the radial growth rate of a particle,
to a, the logarithmic growth rate of the nucleation rate I.

The third treatment was devised by Stewart (4). It considers the proc-
ess of nucleation, condensation and coagulation occurring simultane-
ously. Stewart arrives at the log normal distribution
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(r) a(in r) -'nT 1 (ln r):2 d (1n r)
#27‘!’

Here, again, nT is the total number of particles. The modal radius is

given by

~ Kn 27 mA
where

Vv_ = molecular volume in the liquid phase

N_ = initial number of atoms per unit volume

T, = absolute temperature at the time of condensation

o]

K. =k KT/o% & 3 x 10'9, T = absolute temperature, \( = air
viscosity

n = concentration of nuclei

k = Boltzmann's constant
m = molecular mass
A = T500°K.

As mentioned above, the most fundamental property of the predicted
distribution is their functional form, or what is equivalent, their
shape. These predictions can be compared with observed data in vari-
ous ways: Dby using either differential or integral curves and by com-
raring either slopes, areas or individual values. All of these means
were considered. The method found to be most suitable, not only for
determining the shape, but also for evaluating the parameters, is bused
upon converting these equations to linear form. Thus Magee's equation

n - .
ae) = T ex ( =z
£ r
becomes
n ¥
In n(r) = 1n _Jg - =,
r r

PP —



so that a plot of 1n n(r) vs. r will have slope - 1/5 and intercept

T
In = similarly, Stewart's equation

By

0 () = FRew | - % (1n r/z)"

becomes

2 In n(r) + (1n r)2]

' ‘ 2
-—‘- ln
2 In = (Inx)}+2nrilnr

so that a plot of [2 In n(r) + (1n r)2] vs. 1n r will have a slope

of 2 In r and an intercept[z 1n V-":—" - (In 5)2] .
2T

This technique has been applied to particle size data from a number of
air bursts. It has resulted in discarding Woodcock's treatment in

favor of the other two, but has not permitted a choice to be made between
the treatments of Stewart and Magee. An example of its application in
the latter two instances is shown in Figs. 2 and 3. The scatter at the
large particle end of the curve is not statistically significant, due

to the small nunber of particles involved. The value of 5y is taken as
the lower limit of reliability of the data. The values for the param-
eters gbtained are: np = 1.86 x 10°, r = 0.0718u; Magee, ng = 2195,

r = 1.03u.

From these results one can calculate the following properties of the
sample: _ :

Stewart Ma.gee
Total Surface 0.89 e 0.185 mm2
Total Volume 2.65 x 10243 3.38 x 105u3
Total weight (assuming density 2.5) 652 smidgins 845 smidgins

From these data it 1s seen that particle size separations would have to
be done in addition to chemical analysis in order to obtain the infor-
-mation required to eliminate one of these theories. If the surviving
one were also able to predict the characteristic particle size with
reasonable accuracy, one could proceed to apply the treatment with some
degree of confidence that the processes involved were well understood
and properly treated.

&
i1

54




100 f————tey—(®)tey-

\ MAGEE

\

1L | 1 L | o I

0 2 4 .6 -8 10 12
‘ ' d (MIC_RONS)_i '

FIGURE 2. PARTICLE ‘SIZE DATA FROM AIRBURST DEERIS PLOTTED ACCORDING TO MAGEE'S
THEORY. (DATA BELOW 5u ARE BIASED).

55

14




40— (o)

LOG,oN2 +2.303 (L0Gpd)?
W
(@]
[

2.0
(°)

1.0 | |

5.0 v (.)(./'fo).\

STEWART

I I |

l

1

0.0 0.2 04

06 08 1.0
LOG d (MICRONS)

1.2

1.4

16

1.8

FIGURE 3. THE DATA USED IN FIGURE 2 ARE HERE PLOTTED ACCORDING TO STEWART'S THEORY.

56




Part IV. Radionuclide Incorporation

As indicated previously, the fractionation resulting from the inter-
action of radionuclides with the nascent particles can also be

thought of in two regards: first, the fractionation index, or ratio
of two extremely different behaving product radionuclides; and second,
the interpolated behavior of the other products. The fractionation
index is the result of such vastly different properties of the mass
chains involved that there is hope that it can be treated by a very
simple first approximation. This is, that the refractorily-behaving
nuclide will be distributed among the particles according to their
volume or the cube of their radius while the volatile radionuclide will
be distributed according to the surface of the particles or the square
of their radius. This is a result of the assumptions that (1) the
particles are solidified before the volatilely-behaving radionuclide
condenses and (2) that the particles remain in intimate contact with
the vapor phase during the entire condensation period. From the dis-
tribution data for the debris sample in the previous section one cal-
culates that the fractionation index for a given particle size would
be log (0.18 r) according to Magee but log (1.l r) according to
Stewart. The former relationships would require 100 p particles

to account for the degree of fractionation observed, if the mechanism
described above is realistic. The behavior of some of the inter-
mediately fractionating radionuclides may also be handled fairly well
on such a simple basis, while others will require a more refined
treatment. This is visualized as involving considerations of colli-
sions between nascent particles and vaporized fission products which
lead to incorporations of the products in the carrier material with ,
certain efficiencies (accommodation coefficients) and probabilities

of escape. Additional refinements, if necessary, might include con-
sideration of diffusion in the particle, correlations of accommoda-
tion coefficicent with compound formetion, and the extenslon of conden-
sation theory to account for depletion of source material and for the
inhomogeneous development of the fireball.

An important part of the work on the development of an air burst model
is the accumulation and correlation of data with which to test it.

Data have been gathered from the radiochemical analyses of fractionated
samples from a large number of air bursts. The yields of these bursts
range over a factor of several hundred. As in the case of high yield
surface burgt correlations, the logarithm of the ratio of the fraction
of total Sro9 present in given sample to the fraction of total zZr9>

was taken as the fractionation index. The values of this ratio range
over a factor of about 100. ILogarithms of various other ratios of
radionuclide fractions were plotted against this index. By machine
computation these plots have been fitted with straight lines, the inter-
cepts adjusted to zero, and slopes of cumulative plots calculated.
Analysis of the results is still in progress, but some qualitative
statements can be made:
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1. Many, but not all, of the ratios chosen indicate a gratify-
ing constancy of behavior over the range of conditions involved.

2. The relative volatility of behavior observed bears both simi-
larities to and differences from that exhibited in-high yield surface

bursts, reflecting the identity of the nuclides and the difference in
carrier materials involved.

3+ The order of increasingly refractory behavior is as follows:
cs137, sr89, sr0, 5136, call5, U and Ag radionuclides, Ball0, y91,

Celhl, Mo99, Pu and rare earth radionuclides, Zr radionuclides.

Part V. Data Required from Future Air Bursts

A representative sample of debris in significant size is the sine qua

non for meaningful particle and fractionation data from future air
bursts. This demand has been difficult to satisfy in the case of past
land surface bursts, but the smaller particles present and recent de-
velopments in sampling apparatus make it quite reasonable in the case
of air bursts. Furthermore, these samples can be collected in differ-
ent size fractions. If such a sample were available, chemical anal-
ysis or activation analysis would reveal the amount of material in
each particle size fraction, and from this the particle size frequency
distribution could be calculated. Radiochemical analysis of the par-
ticle size fractions would test the hypothesis of volume distribution
for refractorily-behaving radionuclides and surface distribution for
gaseous-behaving radionuclides. Such an experimént appears feasible
and would result in virtually complete documentation for the particle
formation process. Information stlll lacking would be distribution of
radionuclides within the small particles as the function of radius.
For macroscopic substances this is on the borderline of present capa-
bilities but for radionuclies it is gquite beyond what we are able to
do at the moment.

Valuable data could be obtained from less intensive tests. The mini-
mum emount of information which would be useful would consist of (1)
sufficient particle data to establish and r or I for the respective
theory, and (2) the measurement of some critical extensive property of
the debris collected, such as the total mass iron content, number of
fissions, ete., which could be used to distinguish between the merits
of the distributions proposed.

. Experiments such as these, carried out on airbursts, balloon bursts,

and the smaller particle size fractions from tower shots where the
fireball did not touch the ground, tower shots loaded with soil

where the fireball did not touch the ground, and residual clouds from
land surface bursts, would forge links for the theoretical chain which
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would bind fallout formation proéesses under these diverse burst
conditions into & unified structure.
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GAMMA-RAY DOSE FROM SHORT-LIVED FISSION PRODUCTS

Phillip F. Gustafson and S. S. Brar
Argonne National Laboretory
Argonne, Illinois

The external y-radiation dose due to the deposition of short-lived
fission products from weapons tests was largely ignored until the spring
of 1959, when several observers noted increases in y-dose rates attri-
buteble to short-lived activity (1,2,3). These relatively high levels
of radioactivity seen during early 1959 were due to three factors: (1)
the large number of tests conducted in 1958, (2) the short stratospheric
residence time of debris from polar detonations, and (3) the spring
maximun in fallout deposition. Although a higher rate of deposition
during the spring had been noted 1n previous years, it was attributed
primarily to the testing sequence rather than to any meteorological
mechanism. As shown in Fig. 1, the spring maximum in Cs137 concen-
tration in surface air has been observed annually since 1954. Its
occurrence in 1960 and 1961 is strong proof of its meteorological origin.
Because the spring maximum coincides in time with higher precipitation,
on the average, over a fairly wide latitude band centered around 40-45©
North, greater deposition occurs at this time of year throughout the
region in question. It is reasonable to suppose that increased deposition,
including that of short-lived emitters, also occurred each spring subse-
quent to 1954, and indeed such has been found to be the case at the
Argonne National Laboratory site since 1957.

To the degree that measurements of surface air indicate release of
stratospheric debris and hence ground deposition, it is evident from
Fig. 1 that the rate of deposition is not constant, even when testing
is not in progress. The variation in deposition rate does not imply,
however, that there 18 not an annual rate of depletion of the strato-
spherlc reservoir. Thus one may think in terms of a mean residence
time for nuclear debris in the stratosphere. From Fig. 1 it is apparent
that a yearly cycle consists of a maximum in spring and a minimum in
autum and winter. By comparing the Csl37 concentration in air during
successive maxima or minima it is possible to determine a mean strato-
spheric residence time, as illustrated in Fig. 2 for total csl37
(i.e., Cs13T from all tests conducted up to the time of observation).
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It has been of interest to examine the variation in residence time as

a function of geographic latitude and the altitude of detonation or

thg altitude to which debris was carried initially. The production of
Ll in some surface shots and Rhl02 in a high altitude shot (Orange)

of the Operation HARDTACK I series in 1958 have made it possible to

assign debris to these two equatorial scurces. Activity ratios between

appropriate pairs of radionuclides were used to determine the contri-

bution from the Soviet October 1958 polar series. The concentrations

of W8l and Rh102 in surface air at Apgonne, corrected for decay back

to mid-June and mid-August 1958 respectively, are shown in Fig. 3.

Using these concentration figures in conjunction with activity ratios,

the total Cs137 in surface air was partitioned into that pertaining

to HARDTACK I surface and high altitude series as well as Soviet October

1958 series as shown in Fig. 4. The rapidity with which debris from the

Soviet October 1958 series was deposited, and the delay in deposition of

high altitude debris, materially influenced the amount of short-lived

activity reaching the ground from these two sources.

The mean stratospheric residence time for debris from HARDTACK I surface
_ shots as derived from the data in Fig. 4 ranged from 8 to 10 months dur-
ing 1958-59 to < 15 months in 1959-60. The increase in mean residence
time may be explained by the more rapid removal of the low altitude com-
ponent of this source. The bulk of Soviet October 1958 activity was
deposited within one year. The observations of high altitude debris

are too limited to determine the mean residence time with any precision,
although the continued increase in debris from this source implied that
this time must be < 5 years.

The variation in the deposition of short-lived fission products as a
function of mean residence time has been studied in some detail by
Dunning (4). A,s milar rocedure has been ﬁollowed here in relatlng
the dose from Bal 2r95-Wb95, celltt _prlll celldl RgulO3,
and RulO6 to that from Csl37. The ratios for 30-year (genetic dose)
and 70-year (lifetime dose) intervals following a test series are
shown in Fig. 5 as a function of mean residence time.

By a combination of direct measurement and calculated ground deposition
using air and rain concentration data, the ratio of the dose from the
aforementioned fission products to that from Csl37 was determined at
the Argonne site. This was done for debris coming from HARDTACK I sur-
face shots, high altitude, and the Soviet October 1958 series. The
ratios for these three sources over 30-and TO-year intervals are indi-
cated in Table l. The apparent mean residence time for each case, as
taken from Fig. 5, isfshowy in parentheses. The agreement between the
residence times interpolated from Fig. 5 and those computed from air
concentration measurements is somewhat surprising, particularly when one
considers the variability observed in the deposition rate, since a
constant rate of deposition is implicit in the ratios plotted in

Fig. 5

61




The information concerning deposition of debris from the Soviet October
1958 series may be used to draw some conclusious regarding deposition
end dose to be expected from the current Soviet tests. The total
deposition of cs137 during 1959) from the Soviet October 1958 series
amounted to 40 mc/mi® at Argonne. If we assume that this came from
12.5 MI' of fission, then 3.2 mc/mi2/MT of Csl37 was deposited within
one year. The open-field dose rate during the first year from this
concentration of Csl37 is approximately 0.1 mr/yr. The integrated
30~and TO-year dose from this level of csd37 deposition as well as
that accruing from short-lived activity are shown in Table 2. In
order to estimate the open-field dose expected in 1962 as well as

the integral dose over subsequent years it is necessary to choose

the proper scaling factor. The 1, 30, and TO-year integral doses
pertaining to an arbitrary choice of 25 MI' as the total fission in
the current test series are also shown in Table 2. The average dose
arising from natural sources, including cosmic radiation, at the
Argonne site is indicated for comparative purposes. Deposition of
“y-activity from 25 MT' of fission, assuming the same deposition rate
and pattern in 1962 as observed in 1959, will result in an open-field
dose essentially equal that from natural sources during the first
year (i.e. 1962). The open-field dose from this deposition is com-
puted to be 5 and 3% of background for the 30-and TO-year intervals,
respectively. A shielding factor of 5 will reduce exposure over 1,
30, and 70-yr. intervals to 20, 1, and 0.5% of background, respectively.

These calculations provide an approximate estimate of exposure due
to the current Soviet tests, and may be appreciably altered by the
altitude to which debris was carried initially, precipitation, and
other meteorological variables. They do, however, establish a pro-
cedure for the realistic appraisal of future radiation dose from
these tests.,
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TABLE 1
Ratio of Dose from Short-Lived Fission Products to that from Cs™37
Test Series

Time Interval Soviet October 1958 HARDTACK Surface High Altitude

0 30 years 2.21 1.31 0.12
(8-10 Months) (18-20 Months) (7-15 years)
0-70 years 1.58 0.90 0.08
TABLE 2
Integral Dose for 1, 30, and TO-Year Intervals
(milliroentgens)
y-Dose/MT of fission y-Dose/25 M of fission External Dose
for Soviet October for current Soviet from natural
Time Interval 1958 (observed) series (calculated) sources
13 Short-lived Short-lived
cs?3T  activity cs13T  activity
0.1 year 0.1 3.83 2.5 96 100
0-30 years 2.08 4.80 52 120 3000
0-70 years 3.22 4.80 81 120 7000
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DISCUSSION*

Dr. Barold A. Knapp, Chairman of the session,
direct the discussion of the papers of the session which follows.

FREILING: _§onotice that in one of your (LARSON's) slides, the ratio of
csl3T to Sr’0 decreased as the size of the particles that you were looking
at increased. I think this is something that one would expect, but also,
as I recall the slide, this ratio decreased for particules which were of
the same size as the time of arrival increased. Have you given any thought
to the reason for this?

LARSON: No, I have not. We have only recently initiated this particular
study. The date presented here are preliminary results. ,

FREILING: Another question I might ask is whether there are data on any
other radionuclides in this debris which were not included in your talk?

ON: es. have di§? on the dist§ibution of Balho La.ll40 Sr89
Rul 3, 106, Csl end Cs Zr and Y/~ in fallout debris. Tissues from
animals collected from the same location as the fallout debris was collected
were assayed for these samefission products.

HOLIAND: I would like to ask Kermit LARSON whether in his opinion the bone
levels (bone sr30 levels in wild animels in thefield, say) from exposure to
fallout in the past or currently-occurring fallout is primarily due to
inhalation or ingestion, and what relative part you think the inhalation
might play? S

IARSON: Our data indicates that inhalation is insignificant.' What we are
dealing with in the native mammals indigenous to a fallout pattern is an
ingestion problem. Our studies indicate that the diet, the activity associated
with vegetation, is by far the most important factor in the environs of Nevada
Test Site (NTS).
*# Only the last names of participants are shown after being identified once
in the proceedings. Conference speakers are fully identified in the agends
on page iv A 1list of registered attendees is included on page 236.
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Lester VAN MIDDLESWORTH (Univ. of Tenn. School of Med., Memphis): Could
the speakers give an acceptable definition of fractionation? There are

many different possibilities here. Then, could they suggest a few mecha-
nisms that might account for fractionation?

FREILING: The definition that I use is that fractionation is any altera-
tion of radionuclide composition occurring between the time of detonation
and the time of radiochemical analysis which causes the debris sample to
be nonrepresentative of the detonation products taken as a whole.

KNAPP: Specifically, how do you measure it with respect to a particular
nuclide like I131 or €s1372

FREILING: One can measure any radionuclide from a given detonation and
also calculate on theoretical grounds what the yield of this radionuclide
should have been in the detonation. By combining the expected yield with
the observed quantity one can then calculate back to the number of fissions
which were responsible for the sample that one observes. If that sample is
unfractionated, the answer is the same for each radionuclide measured. This
happens very seldom, however, and usually one gets quite different answers
for the different radionuclides that one observes. Maybe we should finish
with the definition before going on to the mechanisms.

KNAPP: 1Is there any base nuclide that you feel worth settlng on as being:
unfractionated by definition, such as Zr95 or something like that?

FREILING: We have preferred 7r9% because it seems to show a fairly
universal refractory type of behavior. By this I mean that it 1s usually
associated with the refractory elements. Furthermore, its fission yield
is feirly constant, from one type of formation process to another.

LANGHAM: Kermit (LARSON), you said, with respect to your rodent data,
that it was not an inhalationproblem, but was associated with ingestion of
contaminated vegetation. Would you hazard a guess as to what percentage
of this 1s direct fallout as compared to direct soil uptake from the inte-
gral level In the soil?

TARSON: As far as plant uptake of fisslon products through the root systems
of the species of plants that we have been concerned with, we have not been
able to demonstrate any root uptake. Therefore, it is my opinion the fission
products in fallout material is retained on the leaf surface and in a parti-
culate form. The observations we have made within the areas that we have
studied indicate this true.

KNAPP: This is for fairly large partieles.
LARSON: Vegetation has been found to be a selective particle size collector

within the areas that we study. Based on some 3,000 observations of various
species we find the retained particles have a size range of 10 to 1k u.
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Sheldon K. FRIEDIANDER (Johrs Hopkins Univ., Baltimore): My question is
directed to Dr. FREILING. In the case of alr bursts, one can admit that
there were probably three general methods for cooling the cloud which is
formed after the burst. I can think of radiation and of adiabatic expansion
-and cooling by mixing of the hot vapor with the cool air. Do you have a
preferred mechanism among these, or is there another that you believe that
is controlling?

FREILING: Different cooling mechanisms, (or energy escape processes) pre-
dominate at different times. About half the initlal device energy is lost
very quickly es blast energy. Between the breakaway and the time at which
a temperature of about 2000°K is reached, the majority of the remaining
energy has been lost, and thermal radiation has been the principal cooling
process, Its effectiveness decreases rapidly with temperature, however,
and below 2000C0K the other processes you mention probably predominate.

Irving J. RUSSELL (Air Force Special Weepons Command, Kirtland AFB, N. Mex.):
I would like to direct a tion to Mr. IARSON. How do you establish the
?ource of your sr¥0 and C at great distances from the Nevada Test Site
NTS) ?

LARSON: We have only determined Sr90 and Cs137 that does exist out there.
If a systematic program were set up to determine if this material might
have originated from NTS, I think then we could resolve the question of
origin.

KULP: I would like to address aquestion to Dr. GUSTAFSON. Would you comment
on your shielding factor of 5?7 Does this relate to the open flat field of
the farmer, average rolling pasture of forest or to city life?

GUSTAFSON: Yes. The factor of 5 is taken to be that reduction 1n dose due
to one's being outside on a rether flat, even plane, and being inside of
structures such as we find in this country that are rather substantial,
either brick or frame. It does not take into account any shielding due to
uneven terrain or weathering -or leaching into the soil.

KNAPP: I would add that this factor is very much unknown, not only what the
average amounts to, but what the distribution about the average is. One
would hope we would learn more about that qnickly, unglamourous &s it is.

GUSTAFSON: I would not- go along with (3 factor of two. for weathering. That

is, some people have frequently used a shieldingihctor of 10. I believe that
this is advocated by the United Nations Scientific Committee. -But as far as
our soils go in the Argonne vicinity, weathering does not seem to be occurring.
That is, if by weathering you mean the downward movement of these gamma
emitters, indeed weathering occurs for strontium but perhaps strontium is
somewhat unique as far o8 weathering goes. These other ‘nuclides do not seem
to weather, least in this particular soil which is quite high in clay content.

KAIKSTEIN: Mr. LARSON, what 1s the significance of the data on your last
graph? It seemed that the bulk of the data would remein on a horizontal line,
although a few points were quite high compared to the rest.
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LARSON: 1In 1958, that is, one year after the Smoky shot (Operation
PLUMBBOB, 1957) contamination 98rimarily, 41 of the 43 animals had Sr
levels in excess of 10 ppc Sr7”/g Ca (strontium units), regardless of
weight or age. 1In contras;6 in 1961, 39 of the 53 animals had bone
levels- less than 10 puc Sr /g Ca. Tae higher levels were restricted
to the heavier or older animals. If one accepts the average life of
about 3 years for this species of rabbit living in this environment,
the 1961 rabbit collection consisted, for the most part, of animals
who were not in the direct fallout from this shot nor for the remainder
of thet season. One suggestion apparent from these data 1s that an animal
30t° live in fresh fallout in order to accumulate the higher amounts of
The environment has apparently & number of inherent safety factors
or mechanisms which decrease the amount of biologicaelly avallable sr90,
This speculation is further strengthened when one compares 1958 and 1961
sr¥0 soil levels; there is no significent difference.
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ATMOSPHERIC INFLUENCES ON FALLOUT DEPOSITION

PART 1. PARTICLE BEHAVIOR, SCAVENGING, AND DEPOSITION
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RAIN SCAVENGING STUDIES®

A. Nelson Dingle
University of Michigen
Ann Arbor, Michigan

Introduction

The studies that we have been conducting under this title have as their
broad objective the investigetion and, as far as possible, the determina-
tion and quantification of the processes by which rain cleanses the
atmosphere.

To accomplish this objective we have engaged in (a) & program of instru-
mentation designed to provide pertinent new types of observational date,
(b) a collaborative program of controlled tracer scavenging experiments,
(c) a program of rain sempling, and (d) theoretical developments designed
to model the physical processes of scavenging in quantitative terms. In
addition, during the year just past, we have moved our observing and
sampling station to a new site at the Willow Run Laboratories, the
University of Michigan. Except for (b) above, these activities are re-
viewed in the present paper.

The Willow Run Meteorological Field Station

Site description. The new site is located at the Willow Run Research
Center of the University of Michigan, at the Willow Run Airport, about
12 mi. east of Ann Arbor. The Willow Run site is an open expanse of
flat land providing a long wind fetch over grass. The breadth of the
meadow available makes it possible to establish instrument sites that
are therefore quite free from building-induced turbulence.

In the present setup three standard rain geses are placed, each at 100
yds. from the raindrop sorter in the north, east, and south directions,
respectively. A tipping bucket rein gage is located 50 yds. east of the
sorter, and is conrtected to an Esterline-Angus recorder located in the
housing adjacent to the sorter. Fig. 1 is a map showing*the location and
distribution of instruments and facilities.

* Publication No. 55 from The Meteorological Laboratories of the
University of Michigan.
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Figure 1. Schematic map showing relative locations of (&) the raindrop
sorter, (b) the large sampling pans, (c) the raindrop-size spectrometer

station, (d) the three standard rain gages, (e) the tipping bucket gage,
and (f) the adjacent buildings.

Figure 2. View of raindrop sampling station looking east, (a) standard
rain gage, (b) tipping bucket rain gage, (c) recorder shelter, (d) rain-
drop sorter housing, note screeping installed on roof to reduce rain
splash, (e) large rain pans (one pan removed showing supports), (f)
opening over sorter rain intake slit.
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Figure 3. Photographs of the aerodynamic raindrop sorter: (a) rain
sampling slit, (b) eir intake, (c) drop sorting section, (d) fan
assembly.

76




Because of the nature of the raindrop sorter, it was necessary to construct
& housing around it to prevent the natural wind field from distorting the
flow of air through the sorter. This housing is shown in Fig. 2. The large
rain pans are placed on the roof of the raindrop sorter housing so that the
rain flowing from these pans can be bottled and sesled by people working
inside the sorter shelter for subsequent radiochemical analysis.

The raindrop-size spectrometer station is located roughly 150 yds. from the
sorter housing in a northeasterly direction. The commitment of th: raindrop-
size spectrometer to our collaborative study with the Atmospheric Physics
Research Group of the Hanford Atomic Products Operation has thus far made it
impossible to station this instrument in its place at the Willow Run Field
Site. As a result the data acquired during and since the summer of 1961 are
not complemented by raindrop-size distributions.

. Special instrumentation. The serodynamic raindrop sorter has been described
by Dingle (1). Photographs of the instrument as it was assembled at the Willow
Run Field Site are shown in Fig. 3. The design is essentially a low speed wind
tunnel the working section of which slopes upward at an angle of 459. The
latter criterion was determined by design studies which have been presented by
Dingle and Brock (2). To prevent random air flow fluctuations through the
working section, it is obviously necessary to isolate the air intake and ex-
haust from the free air stream. To do this the housing shown in Fig. 2 was
constructed.

The lerge rain sampling pans, which together total 5.2 m2 in area, have also
beendescribed (2). These ere located on the roof of the raindrop sorter
“housing so as to be as near its rain intake as possible, and to provide for .
reasonable convenience of the personnel attending the sampling units.

The tipping bucket rain gage has proved to be very useful in the documentation
of amounts of rain and reinfall rates throughout rainstorms.

The raindrop-size spectrometer has, for the reasons explained above, not been
in the field in compnay with the raindrop sorter and the rain collecting panss
as yet. The need for this instrument in conjunction with the raindrop sorter,
in order to make adequate analyses of the distribution of radionuclides in re-
lation to drop size in rain is clear. Whereas the raindrop sorter must sample
all through & given rain to acquire adequate samples, and thus it cannot dis-
tinguish samples according to time, the raindrop-size spectrometer gives the
size distribution of drops throughout the storm (3, L4, 5) and thus provides
data which allow for some interpretetion of the time distribution of the water
in the respective samples from the raindrop sorter.

An additional specialized piece of equipment which is capable of providing
basic data for the study of the scavenging process is the zenith pointing
radar. Steps have been taken toward renovating and modifying the Westinghouse
MU-1 type marine radar to adapt it for use as & zenith pointing redar stationed
at the rain sempling site. Accessory instrumenteation required to record the

77




radar datsa include an oscilloscope for the presentation of the echoes and
& scope camere suitable for the presentation of the echoes and a scope
camera suitable for recoridng the scope images. The rader date thus ob-
tained will provide vertical cross sections through the rain-producing
systems as they move over the rain sampling station. . Such cross sections
will be related in & useful way to the sequence of drop sizes obtained by
use of the raindrop-size spectrometer. Interpretation of the coordinated
observations of raindrop-size spectra at the ground and of radar echoes
of the storms in vertical cross section will be pursued on the basis of
physical theory, and should lead to s much more adequate understanding of
the rain process and hence also of the rain scavenging process.

Rain Sampling Results
During the month of September 1961, fiwe of the rainstorms which occurred at

the Willow Run Field Station yielded reasonably extensive sets of data.

The storm of 1 September 1961.

Examination of the synoptic situation shows that the rain which fell at
Willow Run on this date was not associated with any frontal system whatever.
The rain system originated as the result of an intensification of an easterly
wave that progressed along the Gulf Coast and coverged with an isolated cold
mass of superior air moving northeastward from the Texas area. This peculiar
combination resulted in the development of a fairly extensive isolated precipi-
tation area across northern Alabeme and Mississippl, western Tennessee and
eastern Arkansas and Missouri on the afternoon of 31 August. The surface
trough associated with this rain system progressed northeastward and formed
a weak low pressure center over Central Ohio by the morning of 1 September
at which time the precipitation area extended over most ofthe states of Ohio
and Michigan and northward into Ontario. There is, therefore, good evidence
that no air mass change whatever took place on this occasion.

The rain began at 10:30 and continued until 13:13 EST. It was of showery
character accompanied by occasional thunder and lightning and by highly
variable winds. The three standerd rain gages at the station showed re-
spectively 1.99 in., 1.86 in., and 1.85 in. as the total mount of rain. The
record of the tipping bucket rain gage was used to obtain the detailed informa-
tion of Fig. 4. A totdl of 29 sequential samples were collected, and of these
9 samples were analyzed for their radioactivity, Grephs showing the results
of the radiochemicel enaslyses are presented in wig. 5.

The procedure in collecting these samples, all from the large pans, was to
fill successive l-gal. polyethylene bottles, noting carefully the time of
strating and ending each sample collection. The samples are related to the
1ndependent rainfall intensity measurements through the time record. The
samples subtmitted for analysis in the present storm represent the time periods
indicted by the marks above the rainfal] curves of Fig. L.
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Figure 4. Rainfell amount and intensity from the tipping bucket rain gage
record, 1l September 1961. Note that the timing of the samples submitted
for analysis is shown above the preclpitation curves.

The radiochemical analyses were performed by the National Sanitation Foundation
located at the University of Michigan. An effort was made in this case to
separate the filterable portions of the material brought down with the rain
from the soluble portions and to analyze these separately. Although the tech-
nique is still in & stage of development and therefore is probably somewhat
faulty, the findings appear to be quite interesting.

The filtering procedure is to use a series of graduated filters. of the membrane
type as supplied by Gelman¥. The characteristics. of the four filters that are
used in this way arezgiven in Table 1. The samples are filtered under pressure
of about 100 1b./in.“. As the first filter becomes clogged with material the
pressure rises and the operator is warned that he must change the AM-1 filter.
In some semples as many as three AM-1 filters have had to be used to complete
the filtering process. 'As the data show (see Table 2 and Figs. 5, 7, 10, 12)
the AM-1 filter catches by far the largest amounts of -the filterable radiocactive
material. The AM-3 and AM-4 catch much smaller amounts and the AM-T catches a

somewhat larger amount than the -3 and -4 do. The principal reason for inserting
the AM-3 and AM-L4 filters in the sequence is to prevent the complete clogging of

the very fine AM-7 filter. To eliminate short-lived nuclides, the samples are
allowed to stand for 7 to 10 days before the anaelysis 1s performed.
* Gelman Instrument Company, Ch.elseg.(é Michigan.




TABLE 1
Characteristics of Gelmen Membrane Filters

Smallest particles
retained with

Type Pore Size (u) 99% efficiency (u)

AM-1 5.0 1.0
AM-3 2.0 0.5
AM-4 0.8 0.1
AM-T 0.3 0.05

A TOTAL INSOL.
O TOTAL SOL.
O BOTTLE WASH

L O TOTAL

(\ o
___\\J.?_L—'— -0 \ / 'Iﬁ_

RAIN OF | SEPT 1981, GROSS BETA RADIOACTIVITY IN pc/liter
5,

\‘g\\ l \
\\‘I
10" 2 3 5 ) 12 g z 2

SAMPLE NUMBER

Figure 5. Gross p-radioactivity in rain samples of 1 September 1961.
For the time distribution of the samples and their relation to rainfall

_intensity, see Fig. 4.
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TABLE 2

Radioactivity of Sequential Rain Samples from Large Pan Collectors at Willow Run, Michigan

Gross Beta-Radioactivity pc/l

Sample Fraction
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pe/l
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TABLE 2 (Continued)

Gross Beta-Radioactivity pc/l
Sample Fraction

Identif. Total Dissolved
Volume Solids Bottle Total
Date # 1 _mg/1 AM-1 AM-3 AM-4 AM-7 Total Soluble Wash pe/l
12 1X -
1 1.00 50.0 3.9 < 0.34 0.68 < 0.34 4.6 18.0 7.9 30.5
2 7.71 18.6 4,0 0.16 0.16 0.13 4.5 T 7.0 1.7 13.2
3 7.67 8.3 0.77 0.15 0.06 0.13 1.1 1.5 1.0 3.6
5 - 7.88 10.8 0.71 0.09 0.10 < 0.01 0.9 1.4 0.4 2,7
14 IX
1 4.34 21.6 4.4 0.29 0.45 0.76 5.9 5.2 1.1 12,2
813 1x
: 1 3.65 25.4 147. 3.3 0.7 1.4 152. 130. 21.0 303.
3 3.81 18.9 61.6 1.0 1.2 1.3 65.1 60.0 17.0 142,
5 4.24 5.8 52.2 1.0 1.2 1.6 56.0 46.0 6.9 109.
6 4.06 14.0 64.0 2.8 1.4 1.0 69.2 111. 10.0 190.
8 7.84 5.5 18.0 0.6 0.5 1.4 20.5 31.0 7.5 59.0
30 1X
1 0.84 64.0 331. 10.0 6.0 55.0 402, 384. 97.0 883.
2 0.90 67.0 316. 13.4 3.5 4.8 338. 310. 130. 778.
3 3.69 24,4 286. 10.6 6.0 6.7 309. 330. 64.0 703.
4 3.79 18.6 311. - 5.3 2.6 4,2 323, 330. 76.0 729.
5 3.96 17.2 290. 4.5 2.9 2.6 300. 420. 63.0 783.
6 4,14 26.6 390. 2.4 4.4 3.3 400, 420. 65.0 885.
7 3.86 31.0 350. 3.5 1.5 3.8 359. 400, 62.0 821.
8 3.92 8.5 197. 5.0 0.9 2.3 205. 170. 13.0 388.
9 3.62 12.5 31.0 3.2 5.5 10.5 50.2 64.0 38.0 152.




Returning to Fig. 5, note that the abscissa is the sample number on a
linear scale out to No. 12. The data for the later samples are then
plotted on & compressed scale to reduce the width of the figure. Whereas
the sample number increases in time, it sibuld be clear that it does not
provide an accurate time scale. The timing of the respective samples in
relation to real time (EST) and to the rainfall data is shown in Fig. k.

The curves in Fig. 5 indicate that the insoluble particulates in the

first sample of rain carried with them the mejority of the radiosctivity;
however, by the time the second sample was collected the radicactive content
of the insoluble portion was reduced to near that of the solubleportion, end
in the third and succeeding samples, the soluble radioactive materials appear
to have been quite predominent over the insoluble ones. The considerable
departure of these data from a reasonably smooth decay curve suggests that
fresh sources of contaminition were drawn into the rain system during the
course of its passage over the sampling station. It is clear, however,

that by 10:56 when the 12th sample was taken, some 26 min. after the onset
of the rain, the atmosphere in and under this rain system had been quite
thoroughly cleansed of radioactive contamination. The period of rapid
washout of accumulated debris thus appears to have been confined to the
initial light rain and the first major shower (Fig. 4), but the 12th and
later raein samples appear to have a uniformly low specific radioactivity
(totel gross B less than 2 pc/1). This includes the rain from the second
major shower, that from the succeeding lesser showers, and also the steady
gentle rain of the dissipating stage up to 11:55 EST when the last sample
was closed off. '

The fact that no air mass change, in the usual sense, occurred is

especlally significant. As the rain system progressed across the map,

it evidently entrained fresh conteminated air into the leading rain-genera-
ting cells. Having processed this air through the leading shower mess, and
thus having cleansed it, the system apparently reprocessed the clean air
through the following shower masses adding contaimination to the later rain
mainly by the entrainment of air from aloft and finally it discharged clean
air at its rear. A complex system of growing and decaying cells such as
that proposed by Byers and Braham (6) for thunderstorms in spggested.

The storm of 6 September 1961. . The synoptic character of this rain is not
clear from the U. S. Weather “Bureau. daily maps, but the. description of the
rain as recorded in the proJect log book suggests the character of a squall
line. The rain begen at 15:27 EST and ended at 16:18 EST... Despite a dark
and turbulent. appearance of the sky. there was VETY Tittle lightning and
thunder with this rain, and there were only relatively moderate winds. The
total rain recorded by the rain gages was 0.37 in., 0.32 in., and 0.33 in.
respectively. Again the detailed record of Fig. 6 was constructed from the
tipping bucket rain gage record. A total of 6 samples were collected, and
of these 3 were submitted for radiochemical analysis. The results of these
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Figure 6. Rainfall amount and intensity from the tipping bucket rain
gage record, 6 September 1961. The timing of the sequentiasl samples
is shown at the top of the figure.

analyses are shown in the left part of Fig. 7. In this case the insoluble
solids filtered from the rain carried with them the larger amount of radio-
active material in the later samples, whereas the soluble material conteined
the larger amounts of radloactivity in the first sample. This is Just the
reverse of the relationship observed in the storm of 1 September. The fifth
sample was taken about 1/2 hr. after the first one and in this time, the
total radiocactivity was reduced by a factor of about two.

The storm of 12 September 1961. Thesynoptic situation for this rain shows
a stationary iront In the vicInity of Willow Run with a strong flow of moist
tropical air moving ahead of the remains of Hurricane Carla. The description
of the rain on this occasion indicates that it was principslly of the warm
fron type, & light rain, more or less continuous, with some variation in
intensity but not extreme variations. Winds were meinly from the east and
southeast during the rain. The rain gages further bear out the uniformity
of the rain in their readings which were O.4k in., O.42 in., and 0.43 in.
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respectively. The tipping bucket record (Fig. 8) shows these characteris-
tics in more detail. The rain lasted from 11:23 to 15:27 EST. Whereas

the radioactivity associated with insoluble particles stayed about constant
for the first two samples (Fig. 7), that of the soluble fraction started
much higher and decreased very rapidly from the first to the second sample.
After the second sample the specific radiocectivity of the rein decreased in

expected
samples.

fashion to a minimum which prevailed for the third and fifth
The final level of specific radiocactivity was of the order of 1/10th

that of the first sample. [Ed. note: specific radioactivity” in this paper
should read "concentration" J.

RAIN OF 6 SEPT.1961, GROSS BETA RADIOACTIVITY IN pc/liter

Figure 7.
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Gross p-radioactivity in rain semples of 6 September 1961

(1eft), and 12 September 1961 (right). For the time distribution of the
semples and their relation to rainfell intensity, see Figs. 6 and §,
respectively.

85




SAMPLE Nt |
l‘—1 | 2 |

| — T -
S - - |

0 0
136 20 24 28 32 36 40 44 48 52 56 1400 04 z
TIME, EST, 12 SEPTEMBER 1961 =
w 14
% w
S . SAMPLE N2 3 ) ’ s @
z { 4 Foz
Zz 5 — R — 25
3 =]
-}
g c
z B
<4 Z
@ w
o " [
2 - - ] Z
) o
=z
° 408 2 6 20 24 28 32 36 40 44 48 52 56 )
x
TIME, EST, 12 SEPTEMBER 1961 5
a4
SAMPLE Nt 5 ) ©
5 25
e
__’.——1————“
L
A N - e
) 0
1456 1500 04 08 12 16 20 24 28 32 36 40 44

TIME ,EST, 12 SEPTEMBER 196I

Figure 8. Rainfall amount end intensity from the tipping bucket rain
gage record, 12 September 1961. The timing of the sequential samples
is shown at the top of the figure.

The storm of 23 September 1961. The weather maps for the period of this

storm show a cold front lying in & col which passed over sotheastern
Michigan somewhat earlier than the recorded rain. The cold front was
oriented roughly northeast to southwest and the ridge line through the col
ecross southeastern Michigan was oriented at nearly right angles to the
front. Rain sampling began at 20:39 and ended at 21:47 EST. Considerable
lightning ectivity of the cloud-to-cloud type and general rumbling of
thunder was observed during this storm. The total precipitation as re-
corded by the three rain gages was 0.76 in., 0.7l in., &nd 0.70 in.

- respectively. Fig. 9 shows the detailed results from the tipping bucket

gage. Most of the rain fell in a short heavy thunderstorm which lasteq

from about 20.41 to 20:46 EST. The rain then stopped for a couple of
minutes after which light rain was observed increasing slightly in intensity
with time. A light and fairly steady rein persisted until the end of the
storm. A total of 8 samples were collected, of which 5 were submitted for
radiochemical analysis. These results are shown in Fig. 10.
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Figure 9. Rainfall amount end intensity from the tipping bucket rain
gage record, 23 September. 1961. The timing of the sequential samples
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Figure 10. Gross B-radiocactivity in rain samples of 23 September 1961.
For the time distribution of the samples and their relation to rainfall

‘intensity, see Figure 9.




A 10-fold increase of specific radicactivity following the resumption of
atmospheric tests is clearly shown for the first time by these data. The
first, third and fifth samples show the expected trend within the storm
toward reduction of the specific radioactivity of the rain, but the sixth
shows an abrupt increase. The eighth shows & sharp decrease. Interesting-
ly, the period in which the major part of the rain fell (20338 to 20:45)
embraces the time during which samples 1 through 5 were taken. Samples 6
is therefore the first sample taken after the "couple of minutes" break
in the rainstorm. It appears that an injection of contaminated air took
place after the first heavy shower. This provides an interesting contrast
with the storm of 1 September, and suggests that further study of thece
two situations might prove rewarding.

The storm of 30 September 1961. The storm system of this date was
associated with & cyclonic storm which moved west and north of the area
while a cold front extending southward swept from west to east across the
area. The cold front was preceded by a squall line with which the most
intense rainfall was associated. The rain began at about 21:00 and con-
tinued until about 23:00 EST. The rain amounts in this general area varied
considerably in this case, one station in Ann Arbor reporting 1 in. of rain
overnight while the Willow Run Station (12 mi. from Ann Arbor) accumulated
only about 0.4t in. The amounts caught by the three rain gages were as
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Figure 11. Rainfall smount and intensity from the tipping bucket rain
gage record, 30 September 1961. The timing of the sequential samples is
shown at the top of the figure.
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follows: 0.#6 in., 0.38 in., and 0.37 in. respectively. The storm was
characterized by brief periods of no rain, of light rain, and of moderate
rain. Details are shown in Fig. 11l derived from the tipping bucket record.

A total of 9 samples were collected and all of these were analyzed for ,
radicactivity (Fig. 12). The changes of specific radiocactivity again follow
a peculiar pattern. The first three samples show & decreasing trend some-
what less pronounced then expected. The next three semples show an in-
creasing trend to a maximum equal to the specific activity of the first
sample. The last three samples then show a rapidly decreasing trend to

the close of the storm. Throughout the storm the soluble and insoluble
portions show about equal concentrations of radioactivity.
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Figure 12. Gross B-radiocactivity in rain samples of 30 September 1961.
For the time distribution of the samples and their relation to rainfall
intensity, see Fig. 11.
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The trends of the specific activity curves for this storm suggests that
the second bend of showers, the rain from which is shared between samples
6 and 7, had access to fresh sources of nuclear test debris. In view of
the limited rainfall intensities observed, it does not seem likely that
the shower tops approached the tropopause. It i1s therefore probable that
the contamination was entrained into the second band of showers with air
from low levels. The nature of the rain, scattered showers as pointed
out above, in itself suggests a spotty distribution of the air mass
cleansing rather than & uniform cleaning of air over a broad area as in
the storm of 1 September.

Further analysis of the 30 September 1961 samples. Because of the re-
sumption of nuc}ear tests in the atmosphere and the consequent elevation
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Figure 13. Details of the distribution of gross beta-radicactivity among the
soluble and insoluble portions: and among the respective filters. Left: lower
curve, specific content of dissolved solids in mg/l; four upper curves duplicate
the information of Fig. 12. Right: specific radioactivities of insoluble
fractions caught on the AM-4 filter (lowest except for samples 6 end 9), the
AM-7 filter (2nd lowest except for samples 1, 7 and 9), the AM-3 filter (3rd
lowest except for semples 1, 6, 7 and 9), the sum of the AM-3, AM-U and AM-T
filters, and the AM-1 filter (upper curve).
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the radioactive contamination of the air, the specific radiocactivity of
samples taken on September 23rd and later was high enough to justify
further study. In particular the samples taken on 30 September were
studlied in some detall as a pilot experiment. Fig. 13 shows on the left
side an alternative from of the data contained in Fig. 12 and, in addition
at the bottom of the figure, a curve showing the amount of dissolved

solids in mg/l of rain. The interpretation of this curve is by no means
clear but the upward trend of the dissolved solids observed in samples 6
and 7 shows an interesting paralledl with that of the total g radioactivity.

The right side of Fig. 13 shows & breakdown of the radiocactivity found

in the respective portions of the insoluble material. Clearly the AM-1
filter collects by far the large majority of the insoluble radiocactive
material. The next lower curve in this figure is the total of the radio-
activity found on the 3 finer filter, the AM-7 shows higher radiocactivity
in the first and last samples than either the AM-3 or the AM-4. Although
one might attempt to construct intricate interpretations of these observa-
tions at this point, it appears advisable to study in more detail the

processes involved in the filtration and in the separation of the radio-
nuclides.
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Figure 14. Results of =spectrometric analyses. Left: The insoluble

fraction. Upper curve, cel l, second curve (for samples 1 Rul°3
third curve (for samples 1, 2, 3), or 95; lowest curve, Ba ho-Lal . Right:
The soluble fraction.- Upgﬁg curXb , second curve, Celhl; third curve
(eggept for sample 3), Ba lowest curve (except for sample 3),
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The results of gamma-spectrometric analysis of the soluble and insoluble
portions, respectively, are shown in Fig. 1li. The relattonshigs of the
specifiﬁoactixgties among the respective nuclides of cel 1, Zr 5, Ru103,
and Bal"0-151%0 gre very interesting within their respective fractions.

The contrast between their concentrations in the soluble fraction as
against the insoluble fraction are more so. Problems arise in the inter-
pretation of these distributions because of the surface chemistry and
physics and because of the ion exchange processes that probably accompany
the filtration. It is therefore not clear that these curves truly show
the relative proportions of the isotopes contained by soluble and insoluble
materials. Further study of this kind of information would appear to be in
order, and certainly more of this kind of data are needed before a firm
interpretation can be presented.
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Figure 15. Weekly averages of gross B-radioactivity in airborne dusts
collected at Ann Arbor and at Monroe, Michigan.
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Air sampling data. The monitoring of airborne radiocactive materials by

The School of Public Health has provided additional date of value to our
program. These data are taken from 2 stations in Ann Arbor and a third
station at the Fermi Reactor Site at Monroe, Michigan. Fig. 15 shows

the weekly averages of the alrborne radioactivity from these 3 stations
since May 1961. The observations teken on the Ann Arbor campus of The
University of Michigan are "joined by a line in this diagram. The principal
purpose of this diagram is to show the dramatic increase of airborne radio-
activity in mid-September.

Since the resumption of testing in the atmosphere the air monitoring
program has been intensified by adopting & dslly sempling period. The
results of this program for the months of September and October are
shown in Fig. 16. Here the upper curve gives the velues of 24 hr. total
beta counts of airborne dust and the lower curve gives 24 hr. values of
1131 radioactivity in Ann Arbor. The daily samples are allowed to decay
for 24 hr. before beta-analysis is performed in order to prevent distortion
of the data by extremely short-lived muclides and by natural radiation.
This contrasts with the decay time of 7 to 10 days allowed for the rain
semples.
|
\ |
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2 |
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\ |
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Figure 16. Total p-radiocactivity and I'3! activity in 24-hr. samples
of airvorne dust collected at Ann Arbor, Michigan.
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It is of some interest to place these curved in Juxtaposition to the data
from the rain samples. The air samples show that the airborne gross beta-
count increased somewhat more than 10-fold about 7 or 8 September and that
it took another 10-fold Jump on 15 September going an additional 10-fold

higher still on 22 September, a total increase from the Tth to the 22nd

of about 1000-fold. The airborne radioactive lodine, on the other hand,
increased abruptly first on 14 September, and then by steps to a maximum

100 times the amount present on 10 September by 22 September. In contrast

to these results we have already noted that the rain of 12 September showed
no appreciable increase of radioactivity over the rains of the 1st and the
6th. In addition a light rain which occurred on 1k September also showed

no increase of radiocactivity. The first large increase observed in the
rain-scavenged material was observed on 23 September and represented a
10-fold increase. This corresponds to the time when the airborne dust

had increased 1000-fold in its radiocactivity and the airborne iodine had
increased about 100 fold. It is clear that some of the differences noted

are attributable to short-lived radiocactive nuclides. The fact that the
rains of the 12th and 1l4th failed to show the 10-fold increase revealed

by the atmospheric dust suggests that this increase in the dust was primarily
attributakle to the short-lived nuclides. What is not clear is the mechanism
whereby the short-lived nuclides reached Ann Arbor in the air nearly two
weeks before the large increase of longer-lived nuclides occurred.

Summary. Unfortunately the time available between the collection of these
data and the subtmission of the present report has not been sufficlent to
make comprehensive analyses of the observations. The above superficial
study of these data serves only to indicate some of the principal points

of interest. There remain possible questions as to analytical technique,
vwhich is still being developed, and of course there are numberous facets
of the data which deserve further exploration and study. Particularly in the
realm of synoptic meteorology, more detailed investigation of the rains of
1 September and of 23 and-30 September are planned. It is anticlipated that
cooperation between our group &nd .the National Sanitation Foundation group
will lead to more complete studies of the radioactive debris contained in
airborne dusts and of the relation of these data to the findings obtained
from rain samples. L

.The Relationship Between Scavenging and Rain Generation -

f N .
It is perfectly clear that the scavenging. processes are intimately associated
with the processes of rain-generatiOn.f’It is therefore only logical that one
consider the role of each of these processes throughout the development of
clouds and the generation -of rain in rain-producing storms. If one starts
by considering what is a reasonable model of a rainstorm, it is possible
that the scavenging processes might be brought into an improved perspective.
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Any reasonable model of a rainstorm must start with the growth of cloud
droplets on a spectrum of condensation nuclei which, in turn, yields the
spectrum of cloud droplets. There 1s in existence much useful information
on these specific points in the cloud physics literature. Following the
initial phase of condensation, one must think of the coalescence of cloud
droplets by collision processes and/or the rapid growth of cloud particles
by an 1ce process, 1in order to accomplish the production of rain from cloud
particles. Both the ice process and the collision processes have statistical
characteristics which are subject to some reasonable expression, and again
the reference to precipitation physics studies is appropriate. Having
produced a spectrum of raindrops, one must think in terms of the variable
fall speeds of the drops through lower portions of the cloud, through the
cloud base, and thence to the ground with an evaporation process occurring
between the cloud base and the ground.

In connection with each of these processes, the growth of the cloud droplets,
the collection of cloud droplets into raindrops and the falling of raindrops
through the air, the accompanying scavenging processes should be considered.
These may be thought of as the Brownian diffusion of very small particles as
suggested by Greenfield (7), the possible diffusion of intermediate size
particles by microturbulence, and the collision and impaction collection

suggested by the work of Langmuir (8).

But over all of these processes and controlling them throughout any storm,
the principle of continuity must be considered. Because the system involves
3 basic categories of constituents, 3 interacting continuity equations must
be invoked: 1) that for the air, 2) that for the water substance, and 3) that
for the contaminant materials.

In studying the generation of radar echoes, Kessler (9, 10) bas found the
continuity equation to be extremely useful and to give results that agree
very well with the experience of radar observers. At the University of
Michigan we have undertaken to model the rain process in somewhat more
detail, extending Kessler's continuity approach by accounting for the size
spectra of cloud droplets, of raindrops, and of contaminant particles in
integrating the rain-generating and scavenging processes layer by layer
through & hypothetical atmosphere. This effort appears to hold a great
deal of promise, and we plan to present further details and results in a
future report. .
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THE INTERACTION BETWEEN RADICACTIVE AND NON-RADIOACTIVE
PARTICLES IN THE STRATOSPHERE

James E. Manson
Air Force Cambridge Research Laboratories

Bedford, Massachusetts

Introduction

The purpose of this paper is to discuss the relationship between the
particles which carry nuclear debris and the non-radiocactive particles
occurring naturally in the stratosphere. That a positive correlation
exists will be demonstrated, and the importance of this relationship
with respect to the history of nuclear debris in the stratosphere will
be exsmined.

During the past year the Nuclear Studies Branch of the Air Force Cambridge
Research laboratories has prepared, among other contributions, a series of
papers describing the vertical profiles and horizontal extension of non-
radicactive "natural” aerosols in the stratosphere. The altitude range
studied varied from 5 to 30 km. The radius of the particles studied
ranged from 0.01 to 5 p. The purposes of this study, together with the
theory of behavior of aerosols in the stratosphere and a description of'
the various experimental techniques used in the balloon phase of these
investigations are discussed by Junge, Chagnon and Manson (1). An ex-
tension of this work, including a more deteiled consideration of the
techniques of measurement of the concentration of the very small particles
between 0.01 and 0.1 p radius (Aitken Nuclei) was presented by Junge (2).
A similar extension for the large particles between O.1 and 1 u radius was
presented by Chagnon and Junge (3). The result of these balloon studies
was to indicate that a deep layer of particles existed with a maximum in
number concentration between 16 and 24 km. This layer was found to consist
of sulfate particles with radii between 0.03 &nd 1.0 p.

In order to determine the horizontal extent of this maximum in particle
concentration, collectors were installed on two of the Lockheed U-2
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aircraft operated for the High altitude Sampling Program of the Defense
Atomic Support Agency. The results of analysis of samples so collected
were presented by Junge and Manson (4). This work confirmed the fact

that the predominant constituent of these particles was sulfate and proved
that the concentration indicated at mid-north latitudes by the balloon work
did indeed extend over the large fraction of the stratosphere sampled by
the High Altitude Sampling Progrem U-2 trajectories at 18 to 20 km altitude.
A summary of this work and a discussion of the possible origin of these
particles in gas reactions in the stratosphere was presented by Manson,
Junge and Chagnon (5).

Through the use of the information included in all these studlies, together
with studies carried out by Friend and Sherwood (6), one can develop a
reasonably accurate model size and number distribution of non-radiocactive
sulfate particles at the 20 km level in the stratosphere.

Junge, Chagnon and Manson (1) have presented a series of size distributions
measured at varlous altitudes in the stratosnhere, and Junge and Manson (%)
have discussed the connection between the size distributions and the de-
rived mass distribution at this level in the stratosphere. As pointed out

in the latter paper, the disagreement noted between the computed mass
concentration and that directly measured‘by the chemical analysis could be
resolved by assuming & uniform spreading factor of the-particles as collected
on the glass slides and electron mi¢roscope screens. It was shown that this
colrection preserved the form cf the distribution between 0.1 and 1 p radius,
that is, the distribution in this radius range remsined inverse to the square
of the radius when presented as a function of the log radius. An alternative
correction to bringthe measured and computed mass concentrations into agree-
ment would be to change the form of the distribution, allowlng the distribu-
tion to vary inversely as the cube of the radius. Independent of this work,
Friend and Sherwood (6) bad determined that the thickness of the particles

as deposited on formvar-coated electron microscope screens remained constant
independent of particle size and this thickness measured to be approximately
0.2 u. Insertion of this correction into the inverse square particle distri-
bution converts it immediately to an inverse cube distribution, and in this
way the measured and computed mass concentrations can be brought into agree-
ment. TFurther, the results of measurement of numbéer concentration at O.1l p
will be close to identical for these two distributions.  Therefore for the
present work 'we will choose as the model’distribution for the ambient sulfate
particles that shown in Fig. 1. It is clear from the above discussion that
this model distribution is simply a reasonable, current estimate, taking into
consideration all of the presently known measures of this population. For
instance, the particles smaller than O.l u between radius "a" and radius

"b" in Fig. 1 have ‘been added to the. distribution in order: to bring the total
number ‘concentration up to a value within reasonable agreement with the
Aitken Nuclei measurements. An exnmination of the size distributions first
reported by Junge, Chagnon and Manson (1) indicates that particles in this
size range are present at 20 km..




The density of the aerosol calculated from this model distribution is
approximately 1.0 x 10-14% g/cm3, assuming & condensed phase density of
2.0 g/cm3; whereas the measured aerosol density is 1.6 x 10-1% g/cm3.
Considering the approximations involved in computing the collection
efficiencies, determing the sample volume and estimating the composition,
this 1s reasonably close agreement, and further refinement of the model
is not necessary for our purposes at this time. Therefore, all of the
computations in the present paper are based on the ambient number distri-
bution shown in Fig. 1. The results of calculation will be compared to
the measurements of total beta flux (count rate/counting efficiency) and
sulfate density from a restricted group of impactor and filter samples
collected between 300N and 65°N between the dates of August 1960 and
August 1961.

It should be indicated here that the results obtained by Friend and
Sherwood (6) are in no respect limited to the measurement of deposited
particle thickness, but encompass size distribution measurement, limited
chemical analysis by electron diffraction and correlation of particle
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e 1. The coa tion of small particles into the ambient sulfare
gigg;cle populatiog?laThe progress of the coagulation is shown, together
with the decay constant distribution as a function of radius for the
smallest particles. Considering the sulfate population as a sink for the
small particles, the decay constant distribution is actually a sink

distribution.
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volume density (‘(g T 3 gé{. dr) with filter Sr%° analysis. I have used

only their thickness measurement in order to maintain as strict an
independence of study as possible, and the remarkably close agreement
between the aerosol density measured by these two approaches constitutes
a confirmation of the validity of both.

Before proceeding to a discussion of the measurements it would be useful
to review briefly the results of the theory of coagulation of small
particles with the sulfate particles in the stratosphere.

IT. Coagulation Theory

A brief treatment of the problem of coagulation of small particles into
the ambient sulfate population has been presented by Junge, Chagnon and
Manson (1). For the purposes of the present work, it is advisable to
examine this question in slightly more detail. For derivation of
eauations and discussion of the concepts involved reference is made to
Zebel (7). The equation governing the number of small particles as a
function of time (t) is given below, where for convenience of computation
the size distribution is expressed as & function of radius (r) rather

than of log r.
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which yields: ny(t) = n; (0) exp [E (py + PII)El

where:
= number concentration of small (radiocactive) particles;

=
—

= number concentration of amblient sulfate particles;

meen free path; k = Boltzman's constant;

n,
N = viscosity of air; p & 1.5 (Junge, Chagnon and Manson (1));
\ ,
T

absolute temperature .
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An examination of this equation indicates that the decay constant P

is the natural function to consider in discussing the relationship
between the rate of coagulation of small particles and certain

features in the size distribution. In Table 1 we have presented the
results of numberical calculations based on equation (1). Fig. 1

shows the ambient number distribution made up of region I and region II,
and four vertical bars representing the various indicated sizes of radio-
active particles which have initial concentrations arbitrarily chosen
equal to 10. The concentration levels for these U4 sizes after a coagu-
lation. time of 10, 50, 100, 200 and 40O days is also indicated. The
decay constant P is a measure of the rate of coagulation and thus the
decay constant distribution given by dP/dr is a measure of the rate

of attachment of the small particles with that part of the ambient }
number distribution lying betwenn r and r + dr. This function is plotted
logarithmically in Fig. 1 for the mallest size fraction of radioactive
particles and is seen to have a maximum at O.1 p for the assumed ambient
number distribution.

TABLE 1

Coagulation decay constants and half-lives for various sized
radioactive particles mixed with the ambient
sulfate particle distribution

Decay Constants*

Radioactive Region T Region II1 Half-lives¥*
T
particle radius PI PII %
r1 (vh) (yh (days)
()
0.005 9.0 5.9 17
0.01 2.3 2.0 60
0.02 0.73 0.0 220
0.05 0.29 0.082 690

%Calculated from equation (1) for 20 km altitude standard atmosphere
and amblent distribution shown in Fig. 1.
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III. Impactor and Filter Samples

The impactor samples used in the present study have been described previ-
ously by Junge and Manson (4), where they were referred to as tip samples.
Since the form of the tip sample plate is not that of a simple ribbon,

but is closer to a square prism, the impaction efficiency curves given by
Ranz and Wong (8) cannot be applied simply. TFor this work we have chosen
the average of the curves given by these authors for the impaction efficiency
of a cylindrical impactor and a ribbon impactor. By doing this, we obtained
the average impaction efficiency for the real aircraft direct flow rod
impactor plotted in Fig. 2. This curve is calculated for a rod impactor
0.32 cm wide, exposed at 20 km altitude, flown at a speed of 770 km/hr.,
collecting particles of 2 g/cm3 density. Also plotted on this figure are
the ambient number distribution and ambient volume distribution curves,

and the product of these curves with the impaction efficiency. The curves
have been divided into region I and region II, and the integral of these
curves is presented in Table 2. From this table we see that the impaction
sample contains a small fraction of the number of particles in the ambient
distribution, and a large fraction of the volume or mass of the ambient
distribution. Fig. 2 shows also that this collector will not impact
particles of this density smaller than 0.0k p radius.

The filter samples studied in this work were collected on flights of the
U-2 aireraft which collected the impaction samples mentioned above. These
filter samples were collected on IPG 1478 paper described by Friend (9).
Friend reported that, as applied in the U-2 sampling system, this paper
was at least 95% efficient for the collection of radioactive particles in
the stratosphere.

For total beta counting a samall disc was cut out of the large filter,

from a position at about one half the radius from the center. Of this disec,
a circular area of 15/16 in. diameter was exposed for counting, covered
with mil mylar, following the procedure used by Isotopes, Inc. (9). The
calculation of sample volumes thus follows a simple proportion to the total
volume and total area for these filter samples.

The data pertinent to the'collection of the impactor and filter samples
used in this study are presented in Table 3.
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TABLE 2 »

Comparison of ambient and collected number concentration and volume concentration
from integration of curves in Fig. 2

Number Concentration Volume Concentration
Ambient Collected* Ratio ~ Anmbient . Collected* Ratio
Region TA % >n _A_n ZNd4n SAvx 1015 snA x1015 ynAv
(em™2) (cm™3) S AR TAaV_
1 0.52 0.036 % 0.6 0.07 11%
II 0.1h 0.047 349 k.2 2.7 64%
I+ 11 0.66 0.08 12% 4.8 2.8 58%

* For the stratosphere at 20 km altitude and collection on a rod impactor 0.32 cm wide in an
air stream velocity of 2.1k x 104 cm/sec (770 ¥m/hr.), eassuming spherical particles of
density 2 g/cm3. In this table and what follows we use 71 to indicate the impaction
efficiency.
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TABLE 3

Impactor and filter coliection data

Average Tlatitude = Longitude Exposure Path Ambient Reduced
Sample . Date Altitude Range Range Time Length Volume Volume

Number. =~ Céllected (xm) (°N). (ow) (brs) (xm} (m3) (s.c.F.)
1 25 Aug 60  20.0 32-38 100-121 5.02 3865 169 430
2 8 Sep 60 19.3 30-33 90-100 3.56 2741 120 340
3 4 Qct 60 19.7 30-Lb4 99-111 5.5 4235 115 310
4 18 Oct 60 19.4 30-34 82-99 5.8 Lh66 201 570
5 27 Oct 60 19.8 32-64 . 101-1h4 6.0 4260 202 530
6 18 Jan 61 19.5 32 101 6.0 4620 213 590
7 13 Feb 61 13.7 b1-45 93-101 3.0 2172 97 670
8 . 13 Feb 61 19.8 4o-45 93-101 3.0 2310 102 270
9 27 Apr 61 19.9 33-64 102-146 6.0 4620 177 460
10 I Aug 61 9.5 30 100 5.3 4081 206 570
SF ( ) 27 Oct 60 19.3 37 103 1.57 - - 118
5Fl(a) = 27 Oct 60 20.2 60 104 1.35 - - 87
F (a) 18 Jan 61 19.9 32 1m 0.95 - - 55
8F (v) 12 Feb 61 20.5 38 105 1.6 - - 90
9F (b) 28 Apr 61 19.1 38 1ok 1.8 - 137
10F (a) k Aug 61 19.5 30 - - - - 93

(a) These filter semples were collectcd on the same missions as the impactor samples of the same numerals.
(b) These filter samples were collected on different missions from the impactor samples of the same
numersl.,

* S.C.F. standerd cubic feet
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Figure 2. The ambient sulfate particle number and volume distribution,
the impaction efficiency (2] ) as a function of radius and the product

of the ambient distributions and the impaction efficiency to yleld the
collected number and volume distributions. The impaction efficiency arnd
product curves are identified by the impactor diameter, 0.32 cm, and
refer to collection o{ spherical particles of 2 g/cm3 density in a stream
velocity of 2.1k x 10* cm/sec at 20 km altitude.
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An arbitrary numbering system has been used to identify the impactor
samples as an aid in interpreting the data presented later as scatter
diagrams. The numbering of filter samples follows that of the impactor
sample collected on the same or nearest date. A significant difference
between the exposure of the tip impactor samples and the filter samples

is that the impactor samples are exposed for as long as 6 1/2 hrs. whereas
the filter sample maximum exposure in this series was 108 min.

IV. Analytical Procedures

The techniques of non-radioactive chemical analysis of the aircraft
impactor samples have beendescribed previously by Junge snd Manson (U4).
As an indication of the reliability of the x-ray flourescence technique
of microanalysis for sulfur in these samples we present Table b, which
contains the comparative measurements on a pair of samples collected on
13 February 1961. These samples were collected on pieces of pure alu-
minum. The background readings refer to the counts obtained by analyzing
a sample of the substrate aluminum of the same size and composition, but
which had not been flown.

TABLE 4
X-ray flourescence analysis of two impactor samples
for sulfur

Time I{gross) I{net) m
Sample Counts (sec) (cps) (cps) (mgs)
Blank 200 1885 0,106 - 0
Standard 800 372 2.15 2,04 1.5
No, 7 400 2734 0,146 0,04 0,03
Standard 400 184 2,17 2,05 1.5
No, 8 400" 1012 0,395 0,29 0,20
Blank - 200 1956 0,102 - - 0
Standard 400 - 175 2,29 2,22 1,5
Blank .- ° 200- 2839 0,07 - - 0
Standard - 400 . 188 2,13 2,06 1.5
No, 8 400 - 1071 0,373 0,30 . 0,22
Standard "~ 400 - - -189- Y 2,12 0 T 2,05 . 1.5
No, 7 200 . 1487 7 0y134 0,06 - 0,05
Standard 400 179 . 2,23 2,16 1.5
Standard 400 - 551 0,726 0; 65 0,5
Blank 200 2547 0,079 - 0
No, 7 400 3192 0,125 0.05 0.04
Blank 88 1680 0,052 - 0
No, 8 400 1043 0,384 0.305 0,24
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The stendards were prepared by adding sulfur in the form of ammonium sulfate
to blank aluminum slides insuring that the sulfate was restricted to the

area being analyzed by the x-ray beam. .

These date were taken with a vacuum spectrometer using an EDDT crystal,
tungsten primary radlation at 50 kvp and & flow proportional counter
detector with a nuclear type linear smplifier and pulse height analyzer
set with the window width 25% of the base line. The quantity mg is the
mass of sulfur on & central area of the specimen 1.0 cm x 0.32 cm.

The results of analysis of all of the impactor samples are given in Tabdble
5. It is noted that the values given for the density of sulfare in the
‘stratospbere, p SOj, has been corrected for the 58% volume collection
efficiency of the impactor. For this reason the values given here are
higher than those reported by Junge and Manson (4).

The procedures for obtaining the total bete activity measurements were
chosen to insure simplicity and reproducibility. A Nuclear-Chicago
automatic sample changer and scaler was used with a Nucleonics Corpora-
tion of America IWAA end window counter. This counter had & background
count rate of approximately 20 cpm. Comparison stanﬁards were prepared
using & National Bureau of Standards calibrated T2%% gtandard. All of
the tip impactor samples were counted sequentiaelly with standards and
blanks interleaved and at least 10,000 counts per sample were accumulated.
In cycles of 2,000 counts per sample, the varlation in rate from cycle to
cycle was generally within + Ji /t, vhere n 1s the counts per sample and
t the counting time. The compilation of this counting date is given in
Table 6 for all the impactor and filter samples used in this work.

The first two samples noted as T1/Al and T1/Ge are standards prepared on
the aluminum and germanium substrate. As noted in the last column the
values for these two standards are given in dpm and refer to the disinte-
gration rate corrected for decay to 20 October 1961. It is seen in the
fifth column of this table that the standard prepared on the germanium
substrate has a higher net count rate than the other standard. Since one
of our samples (No. 6) was collected on a germanium substrate it was
necessary to include this standard in our counting sequence. The values
listed under total beta flux for samples 1 to 10F are the product of the
net counting rate and the dpm to cpm ratio. This ratio was formed from
the data for the T1/Al standard for all the samples except No. 6. For
No. 6 the dpm to cpm ratio for the T1/Ge standard was used to form the
total beta flux product. Our counter was intercalibrated with the system
used by Isotopes, Inc. (9) by exchanging impactor sample No. 9 and filter
sample 10F. Isotopes, Inc. obtained net count rates for these samples of
14 and 24 cpm respectively, on 2 November and 26 October 1961.
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TABLE 5

Results of sulfur analysis of impactor samples

7 s ™ s0, p SO, P 5O, p SO,
) ) 14 gx 1077 _g_x10-7)
Sample (g/crn 2 x 10%9) (g x 10 6) (g/fcm 3 x 1014 ( S.0.F. ) (Std.—Mz
1 ' 1.11 1,83 1.5 5.9 2.1
2 0.62 1,02 1.2 4,2 1.5
3 0.84 1,02 1.0 3,9 1,3
. 4 “os50 0.85 0,57 2.0 0,71
2 5 1.07 1.76 1.2 4,5 1.6
6 1.70 3,00 1.9 6.9 2.4
7 0,14 0,23 0.35 0,51 0.18
8 0. 80 1,32 1.8 6,8 2.4
9 1,36 1,95 1.5 5.8 2.0
10 0,55 1,05 0,73 2,6 0.93

Note: 0' is the surface density of sulfur on the center of the impactor sample plate.
o go) i3 the total mass of sulfate ion in the entire impactor deposit.
P S04 18 the derived density of sulfate in the air, given in three common units,
calculated from 0 g, the path length and the volume collection efficiency.




V. Results

In Fig. 3 we have plotted the total beta flux per sample against the mass
of SO4 per sample. A positive correlation is evident. As demonstrated
by Junge and Manson (4) the mass of S0y is & -good measure of the total
mass of non-radiocactive material in the stratospheric aerosol, and it is
as Such a measure that we use it here.

The two pairs of points 3-I and 7-8 require special note. Sample 3 was
flown with two 1/8 in. dieameter electron microscope grids attached in the
center of the collection area, thus reducing the geometrical area and there-
fore the volume of this sample, since these grids were removed prior to the
beta counting. From Table 5 we gee that the density of sulfate in the
stratosphere during collection of sample 3 was almost twice that during
collection of sample 4, and that this more than compensated for the re-

. Quction in area of sample 3. In other words, sample 3 was collected from
a smaller volume of air, but bad & higher mass of sulfate than sample k4.

It 1is significant that the total beta activity followed the sulfate in
this, so thet a positive correlation exists between these two variasbles

for this pair of samples.

As indicated in Table 3, sample 7 was collected at low altitude and sample
8 was collected at high altitude. It is interesting that these two points
follow the average correlation, since the decrease of both variables with
altitude probably is due to diffuslion end washout to the troposphere. The
indicated correlation is exactly what one would expect if the particles
carrying the sulfate and those carrying the activity are ldentical at the
sampled altitudes.

One might suggest that the correlation indlcated for the total gquantity
variables in Fig. 3 could be caused by the common factor of sample volume.
This was discussed above in considering the pair 3-4#, which indicated the
opposite effect. Further proof that this is not the case is contained in
Fig. 4, which presents the total beta flux per sample plotted against the
reduced sample volume. A negative correlation is seen to exist between
the two pairs of special samples 3~ and 7-9 on this plot, and there seems
40 be no significant correlation for the group as a whole. The same is
indicated by a plot of total beta flux versus ambient sample volume.

The possibility of a seasonal trend causing a spurious correlation is
eliminated by a consideration of Fig. 5, in which the activity density
is plotted agalnst the sampling date. It must be remembered that these
total beta counts were made on 20 October 1961 (Table 6).

Up until:now we have considered only the correlation of various measures
of the impactor samples. As indicated in Table 3, we also had available
six filter samples from five flights during the same sampling period.
Samples 5F:and:S5F’ were collected at the beginning and end of the same
trajectory over which impactor sample 5 was collected. .Sample_GF was
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TABLE 6

End window beta counting data for impactor and filter sample

Gross Net Total
Total Time rate rate flux
Sample  counts (min) (cpm) (cpm) cpm (or dpm#¥*)
T1/Al 16,000 47,4 337 317 979%
T1/Ge 16, 009 40,4 396 376 979%
1 16,000 339 47,1 26,8 82.8
2 16,000 432 37,1 16,8 51.9
3 16,000 377 42,5 22,2 68, 6
4 16,000 455 35,2 14,9 46,0
5 16,000 355 45,1 24,8 76,6
6 (Ge) 16,000 261 61,2 40,9 106, 7
7 14,000 559 25,0 4,7 14,5
8 14,000 371 37,8 17.5 54,1
9 14,000 369 37.9 17,6 54,4
10 14,000 484 28,9 8. 6 26,6
5F 16,000 213 75 55 164
5F' 16,000 247 65 45 134
6F 16,000 343 47 27 80
8F 16,000 245 65 46 135
IF 16,000 218" 74 54 159
10F 14,000 246 57 37 110

* These values, given as dpm a.re calcula.ted from the known properties
of the standard solution. 7

#+Tmpactor samples counted 20 October 1961, filter samples counted
10 November 1961.
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Figure 3. Scatter diagram of total beta flux (count rate/counting
efficiency) per sample versus total mass of sulfate per sample. A
positive correlation is indicated.
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collected on the same trajectory on which sample 6 was collected.

Sample 10F was collected on the same flight as sample 10. Samples 8r
and 9F, as indicated by the collection date, were collected on different
flights from impactor semples 8 and 9. However, other then a difference
in date of one dey, these samples were collected over very gimilar traj-
ectories  as the corresponding impactor sample. The filter samples ere
known:- to collect at least 95% of the trotal radioactive fraction of
particles in the stratosphere at 20 km altitude. Therefore, & comparison
of the collected total activity density on the impactor samples with the
total activity density on the corresponding filter samples will indicate
the fraction of the total activity collected by the impactor samples.
This fraction is indicated in the last column of Table 7 and is seen to
average 104 of the activity. The fourth column of Table T contains the
retio of the total activity per unit volume to the mass of sulfate per
unit volume.
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Figure 5. Scatter diagrém of total beta flux density versus collection
date, If there is any correlation here, it is very weak compared to that
shown by Fig. 3. '
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TABLE 7

Comparison of filter and impactor samples

(A) (B) (c)
Sulfate
Filter density Tip impactor

Sample pair total beta A/B total beta C/A

density P SO4 density

9

(cpm/SGE)  (g/SGE x 107°) (Poxl0)  (cpm/SCE)
5 - (5F, 5F% 1.5 4,5 0,33 0,15 0,10
6 - 6F 1.4 6,9 0,20 0,19 0,14
8 - 8F 1.5 6.8 0,22 0,20 0,13
9 - 9F 1,2 5.8 0,21 0,12 0.10
10 - 10F 1,2 2,6 0,46 0, 045 0, 04
bAverage - - 0,28 - 0,10
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Thus, the total beta activity of an impactor sample has been found to
be directly related to the total mass of non-radioactive material
collected on the sample. The impactor sample, which contains 12% of the
nunber of non-radioactive particles and 58% of the volume of non-radio-
active material, has been found to contain an average of 10% of the total
beta activity present in the sampled air., Further, as analyzed in October-
November 1961, a specific total beta flux per unit mass of non-radiocactive
‘gerial in the stratosphere can be calculated, and is found to be 2.8 x
cpm/g. With an estimated conversion factor of 5% for Sr90 dpm/total
beta cpm, this is in agreement with the wvalue of 1.5 x 107 dpm/g found by
Friend and Sherwood (6) for the ratio of sr®0 concentration to aerosol mass
concentration.

VI. Conclusions

It is evident that with such & restricted number of samples, we cannot
hope to prove the correlations indicated in the previous section. We
can, however, examine the possible mechanisms of interaction between
radioactive and non-radiocactive particles at 20km altitude in the light
of these correlations.

It seems reasonable to assume from the data avallable at this time that

the sulfate aerosol 1s a world-wide phenomena and that it is formed at
approximately 20 ¥m by photochemical oxidation of gaseous sulfur compounds
coming up from the troposphere. :Further, it 1s reasonable to assume that
the continuing presence of radicactive material at this altitude is due

to the influx of finely divided radiosctive particles from higher elevations.
That this is the case by Drevinsky and Martell (10) who have shown that

the upper level debiég is mainly associated with a particle radius less
than 0.02:. The Rh™ -~ analysis of Kalkstein (11) (1961) also indicates

the high altitude sources of debris.

Thus we cen consider that the samplesanalyzed in this study were obtalned
in a region where a dynamic balence existed between the influx of radio-
active material, the formation of the sulfate aerosol end the removal of
both to the troposphere. If we consider that the total number of radio-
active particles entering the mixing zone at approximetely 20 km 1s small
conpered to the number of ambient sulfate particles and further that the
sulfate materlial is growing in a zone of supersaturation of a chemical
precursor to this condensed sulfate, then we could consider that the redio-
active particles immediately become condensation nuclei for the sulfate
material. This might cause a rapid growth to the 0.0l region, thus
effectively immobilizing the radioactive particles for significent coegu-
lative interaction. The radioaotivity would therefore be distributed
throughout the- sulfate population ‘approximetely in proportion to the

number of particles. This would produce agreement with our date since

as shown in Tables 2 and 7 the impactor sample collects approximately

12% of the number of ambient sulfate particles and 10% of the radjoactivity.
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Further, the inclusion of the radioactive material as nuclei of the
sulfate particles would produce a strong correlation between the

activity of the sample and the mass of sulfate in the sample. Because

of the time delay between the radioactive particle acting as a condensa-
tion nucleus and its presence in a large sulfate particle, the activity
collected in an impactor sample would be blased toward particles which
had entered the 20 km region sometime previously. Therefore, if this

is the mechanism of interaction, one would expect fresh debris to be
concentrated in the smallest particles of the sulfate distribution. It
is obvious that this question could be examined by several well chosen
isotopic ratio studies on samples from different stages of the cascade
impactor, collected from a region containing debris from & test conducted
a8 few months before. A fuxrther consequence of this interaction would be a
strict correspondence between the activity-versus-radius distribution and
the number-versus-radius distribution.

If, on the other hand, we assume that the dominant mechanismof interaction
is one of coagulation, then the tendency of condensing sulfate material to
grow onto the incoming radioactive particles must be weak, which would mean
that either no supersaturation of the sulfate existed or that the radio-~
active particle surfaces are particularly inhospitable to the condensing
sulfate material. In any case, the mechanics of the interaction would
follow the theory outlined in Section II. We saw in this section that

the activity would be atteched approximetely in proportion to the first
moment of the number distribution and that again we would expect to collect
only a small fraction of the activity on our impactor samples. However,
with this mode of interaction, there would be no tendency for the fresh
debris to be concentrated in the very small particles but it would more
likely be distributed throughout the sulfate distribution with a maximum
as indicated for the coagulative decay constant distribution at approxi«

mately O.lu radius.

As indicated by Junge, Chagnon and Manson (l), the residence time of the
sulfate material is between six months and a year, and therefore if a large
fraction of the radioactive material is to be attached to the sulfate
population, the coagulation half-life of the radiocactive material must be
considersbly shorter than this time. As seen from Table 1, particles of
0.005 4 radius and smaller would certainly satisfy this requirement. 1In
this case there would, of course, also be a correlation between the activity
collected on the impactor samples and the mass of sulfate collected.

Ve
In the case of either of the two mechanisms discussed so far, the exact
distribution of activity throughout the sulfate population would depend
intimately on conditions obtaining during the initial period of influx of
radioactive material into the 20 km level. Since these conditions will
very likely be more complicated than we have assumed, any calculations based
on a uniform distribution of the debris and sulfate particles throughout a
zone of the stratosphere would be expected to agree with the observed results

only in rough outline.
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A third explanation of our results might be that a separate population

of radiocactive particles exists, with average radius approximately 0.02 p.
These particles would be assumed to attach themselves to the ambient
sulfate population in such a way that the particles collected by the
impactor would contain 10% of the total activity, while the bulk of the
activity retained its individual and separate identity. The results of
Drevinsky and Martell (10), described above, clearly indicate that this
is unlikely at 20 km altitude.

A series of experiments could be proposed to decide between the three
interaction mechanisms described above. This would be & continuation of
the simultaneous collection of filter samples and impactor samples,
through the use of balloon-borne, jet impactor and filter systems similar
to those used by Drevinsky and Martell, or aircraft mounted filter and
impactor systems such as those used in the current work. It would be
expected that the former would yield more definitive results on particle
size discrimination, as well as reaching higher altitudes. However, the
techniques for the analysis of non-radloactive material on these samples
have not yet been worked out. This fact, together with the greater cost
in money and man-hours involved in the balloon flights might dictate in
faver of the aircraft system, provided that a continuing aircraft sampling
program is planned.

The principle of this series of measurements would be to collect both
radioactive and non-active materisl in a region of the stratosphere where
recently created nuclear debris was in the process of mixing with the
sulfate aerosol, presuming that such regions might be found. During an
extended series of measurements, one would expect to find no correlation
between the acclvity present and the sulfate materlal present 1f the
radioactive particles are contained in an independent population, whichin
the early stages of mixing would have its concentration determined primarily
by circulation patterns.

If, on the other hand, the radiocactive particles act as condensation nuclei
for an existing supersaturated condensing sulfate material, then we would
expect the incursion of fresh radiocactive debris into the 20 km level to
cause an increase in the density of condensed sulfate material, and a
correlation between the activity and the mass of sulfate might well be
expected. We would also expect that the fresh debris would be segregated
in the very small particles, _

If the interaction is through the coagulation méchanism, the fresh radio-
active debris would be expected to be spread throughout the sulfate aerosol
population, and the proportion which would remain in & separate population
at any particular time would depend on the relative rate of influx of radio-
active material and the coagulation to the sulfate distribution.

The purpose of>this paper is to point out that there does exist an inter-

action between the radioactive debris and a known naturally occurring
hygroscopic material (the sulfate aerosol), and that the mechanisms of
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this interaction are amenable to study by present experimental

techniques. It is obvious that if & large fraction of the radioactive
debris becomes attached to & hygroscopic population, the interaction

of this debris with the water condensation processes taking place in

the troposphere would be strongly affected. It seems likely also that

the sulfur condensation cycle which apparently takes place in the lower
stratosphere is effective in long range cleaning of the stratosphere of
any nuclear or other debris. One might consider tne sulfur cyzle in the
stratosphere as similar to the water condensation cycle in the troposphere,
in so far as its effect on cleaning or removing otherwise long lived small
particulates from this region of-the atmosphere is concerned. .

Our interpretation of the interaction of the radioactive debris with the
ambient sulfate populetion has as its foundation the interpretation of
the origin of these sulfate particles presented by Manson, Junge and
Chagnon (5) and also by Junge and Manson (4). Whether or not this
theoretical foundation is valid, the correlation between the activity
and the sulfate mass presented in this paper indicates that further study
of the interaction between the radiocactive and non-radicactive particles

in the stratosphere is required.
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HOLLAND:

DISCUSSION

This result is certainly interesting. It looks like it might
make the radiocactivity measurements or the chemical measurements
more useful if one can rely on relationships of this kind. I

think that the variability of each of the components is almost
as interesting as the fact that the ratio is constant, and this

needs to be explained also.
We will postpone the discussion of these two papers until after

the next two, combining the discussions because of time
limitations. (See page 145).
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ATMOSPHERIC INFLUENCES ON FALLOUT DEPOSITION
PART 2. ATMOSPHERIC MOTIONS

a. Local Fallout

Session Chairmen: Joshua Z. Holland, Chief
Fallout Studies Branch
Division of Biology and Medicine
U. 3. Atomic Energy Commission
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A COMPARISON OF FALLOUT MODEL PREDICTICNS WITH
A CONSIDERATION CF WIND EFFECTS

Gilbert J. Ferber and Jerome L. Heffter
U.S. Weather Bureau
Washington, D. C.

Over the past decade, a great many fallout prediction models have been
developed by many different organizations for a variety of uses. Most
of us in the fallout "model -making" business are aware that we deal with
-many uncertainties which are reflected in the discrepancies between the
various model predictions. However, we have not always been able to
clearly define and explain these uncertainties to the users of our pro-
duct. One reason for this is that the extent of the discrepancies and
the reasons for them have not always been clear to us. Obviously, this
is an unsatisfactory state of affairs and efforts are being made to clar-
ify the situation. The task is not a simple one and it is more likely
to lead to a better understanding of the problem than to an improvement
in fallout predictions.

_It may well be that the limitations imposed on us by the available fallout
data make it unlikely that demonstrably better model can be devised. IT
this is so, perhaps our efforts should be directed, not toward the develop-
ment of still more models, but rather toward a quantitative statement of
the uncertainties and a study of their significance in nuelear attack
casualty assessment problems.

Our knowledge of fallout is based primarily on the data collected during
nuclear tests at the Nevada Test Site and the Eniwetok Proving Ground.
Nuclear bursts in Nevada have been confined to yields below 75 KT. Most
of these shots were detonated on towers ranging in helght from 100 to 700
ft. or from balloons at heights from about 400 to 1,500 ft. Adequate fall-
out prediction methods have been developed for these yields and burst
conditions. There have also been a few surface bursts in Nevada with
yields of about 1 KT or less. Tests at the Eniwetok Proving Ground have

- included thermonuclear devices with yields ranging up to gbout 15 MT.
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Most detonations took place on barges in the Eniwetok and Bikini lagoons
or on the coral reefs. A few were fired on atoll islands.

In a true land surface burst over a large city, the nature of the fallout
particles may be quite different from those produced in a detonation on
a coral atoll or atop a steel tower. Hence, conclusions drawn from nu-
clear test data must be applied with caution to the rather different
burst conditions likely to be encountered in a nuclear attack situation.
There are also many difficulties in the analysis and interpretation of
the fallout data. This is particularly true for tests at Eniwetok since
the fallout descends over vast stretches of the Pacific Ocean.

Therefore, it is not surprising that the many fallout models which have
been developed for nuclear attack damage assessment applications show
considerable differences in the predicted fallout pattern.

Fig. 1 illustrates some fallout predictions derived from several models
currently in use. The predictions are for a 1 MT, all fission, land sur-
face burst with a constant 25 mph wind speed from the ground to the top
of the cloud. The vertical wind shear¥®, which determines the angular
spread of the fallout sector, 1s taken to be 0.2 knots per 1,000 ft. The
contours show the hypothetical H+l dose-rates at 3 ft. sabove an infinite
plane. Dose rates above average terraln would be about 70% of the infi-
nite plane dose rates.

The WSEG-RM-10 prediction is taken from the Weapons Sy t m Evaluation
Group, Research Memorandum No. 10 by Pugh and Galiano. This model has
been used by the National Resources Evaluation Center for nuclear attack
casualty assessment.

The pattern labeled WSEG-NAS is a revision of the WSEG model in accord-
ance with the as yet unofficial and unpublished recommendations of the
National Academy of Science Working Group on Fallout Models for Attack
Damage Assessment. The working group was formed at the request of the
Office of Civil and Defense Mobilization - (now Office of Emergency Plan-
ning) to recommend a model for their use. - This model represents & rea-
sonable compromise but is- certalnly not intended to be the final word in
fallout prediction :

~The next pattern represents the Weather Bureau‘model(e)which was developed
primarily for fallout prediction in connection with nuclear tests. The
model has- been revised slightly for- applicatlon to surface bursts’ in the
megaton range and has al'so been used in attack damege assessment: exercises.

=N

* The vertical wind shear as used in this paper, is actually the com-
ponent of the vertical wind shear, measured perpendicular to the mean
wind vector. The mean wind is defined as the vector average of all the
winds from the ground to some chosen level in the mushroom top of the
nuclear cloud.
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The AFCIN model(3) was developed by the Air Force Intelligence Center
primarily for the assessment of the effects of a nuclear counterblow on
enemy territory. The last pattern is one w?tgh will appear in the new
edition of The Effects of Nuclear Weapoms. It is based on the Wea-
ther Bureau model with simplified scaling laws which enable the user to
adjust for weapon size or wind speed.

At first glance, the most striking feature is the disparity between the
AFCIN prediction and all the others. One may wonder about the outcome

of a war geme in which the AFCIN model is used to determine the fallout
situation over enemy territory while our own fallout problem is evalua-
ted with one of the other models. Actually this picture is somewhat mis-
leading in that the greatest differences among the models appear in the
lower dose~-rate contours, well below the casualty-producing range.

In Fig. 2, we have plotted the hypothetical H+l dose rate as a function
of the distance. from ground zero for some of the patterns shown in Fig. 1.
Note that the extent of the 1 r/hr. contour varies from 200 to 800 mi.
with different models but the uncertainty in the prediction decreases for
the higher dose rates. Also notice that the AFCIN model predicts higher
dose rates than the other models in the first 50 mi. A portion of the
curve predicted by the Rand Corporation model(5) is also shown. The Rand
model is interesting in that it predicts a lower peak dose and the peak
occurs at some distance from the burst point.

In Fig. 3 we are still looking at the same predictions. Here we have
plotted curves of H+l dose rate versus area covered, for several of the
models. The areas under the curves represent the total activity in the
fallout patterns within the 1 r/hr. contour. The total activity is
2,500 r/bhr. mi.2/KT in the WSEG-RM-10 pattern, 2,400 r/hr. mi.2/KT in the
WSEG=-NAS pattern, about 2,ooo r/hr. mi.2/KT in the Weather Bureau pat-
tern and about 800 r/hr. mi. /KT in the AFCIN pattern. Thus, there is
approximately a factor of 3 difference in total activity within the

1 r/hr. contour as predicted by AFCIN and WSEG-NAS. The activity total
in the WSEG-NAS model is that recommended by the Academy of Science Work-
ing Group on Fallout Models as a best estimate. .However, the number is
still open to question and there. is no clear proof that the AFCIN total
is incorrect. . .

Note that the«models differ not- only in the total amount of activity which
appears within the 1 r/hr. ‘contour but. also in the distribution of the
activity. The AFCIN model puts even more activity in the very high dose-
rate contours than do. the other. models.\ Thus- -mltiplying the total acti-
vity by a factor of 3 would not bring AFCIN into line with WSEG-NAS, if
the assumed activity: distributions remain unchanged.v ' :

Fig. 4 shows the predicted dose rate versus downwind distance for a 10 MT,
all fission, surface burst with the same wind conditions as before. For
this yield, the extent of the predicted 1 r/hr. contour varies from 550
to over 1,200 mi. downwind. ' The 1,000 r/hr. predictions vary from 100 to.
about 230 mi. It is also interesting to look at the various dose-rate

127 -




predictions at a given distance. At 100 mi., for example, the predicted
H+l dose rates vary from 1,000 r/hr. to 3,500 r/hr. At 300 mi. the range
is from 80 to 500 r/hr.; and at 500 mi., from 3 to 80 r/hr.

Notice that the AFCIN curve now falls entirely below the other curvel,
except for the Rand prediction in the first 50 mi. Thus, we see that the
relationship between model predictions is not constant, but varies with
the size of the detonation. It is this sort of thing which makes it im-
possible to reconcile the various models without delving into the details
that went into their development.

So far, we have compared idealized, cigar-shaped patterns under uniform
wind conditions. 1In Fig. 5, we have used an actusl wind sounding with
about 90° of angular shear to compare the WSEG-NAS idealized pattern with
resulting from a detailed computation with the Weather Bureau model. The
WSEG patterns are superior to most idealized patterns in that they incor-
porate vertical wind shear as a variable in addition to wind speed. Due
to the large angular shear and somewhat lower wind speed, the patterns
are shorter and wider than those in Fig. 1. However, the idealized pat-
tern is symetrical about an axis which lies along the direction of the
mean wind from the ground to the lower portion of the mushroom head of
the nuclear cloud. The detailed computation, which takes into account
the winds at all levels, results in an asymetrical pattern. The "hot-
line” is in the same direction but there is no fallout to the east of
this line and a considerable bulge to the west. It is evident that the
idealized pattern, based on a single mean wind, does not always present
an accurate picture of the fallout area.

In Fig. 6 we turn for a moment to fallout prediction for the critical
area immediately upwind of the ground zero. Since the mushroom cloud
from a 10 MI' detonation has a radius of about 27 mi. (at 10 minutes after
burst), fallout might be expected to occur at a considerable distance
upwind of the ground zero. The upwind fallout estim? from the "Capa-
bilities of Atomic Weapons", Technical Manmual 23-200\°/, which is shown
here, is typical of the earlier estimates of upwind fallout based on
Pacific test data. The curve is labelled "0ld TM 23-200" since a re-
vision of this manual is in preparation. With a 25 mph mean wind the

10 r/hr. line was predicted to extend about 26 Ti%es upwind. More recent
studies, here represented by the Weather Bureau 7) and WSEG-NAS predic-
tions, indicate that the upwind fallout problem will probably be less
severe than was formerly believed. The reason for this is that the Pacific
tests were conducted under conditions of very light mean winds, generally
less than 10 mph. The mean winds in the United States are much stronger,
generally over 25 mph and, in winter often exceeding 60 mph. Fallout
particles from the upwind portion of the nuclear cloud would be carried
back toward ground zero by these winds, thus decreasing the upwind extent
ef the fallout pattern. The Weather Bureau and WSEG models predict that
the 100 r/hr. contour will extend 4 to 7 mi. upwind rather than 11 mi.
The 10 r/hr. line is predicted at 7 to 10 mi. rather than 26 mi. and vir-
tually no fallout is expected beyond about 12 mi. upwind. This is for a
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25 mph mean wind from the ground to about 40,000 ft. With higher winds
. there would be even less upwind fallout. The predictions for the very
high dose rates have not changed significantly but these are rather aca-
demic since they are within the area of nearly total destruction from
blast and fire.

Next we will take a look at the effects of wind speed on the downwind
fallout pattern. In Fig. T curves of H+l dose rate versus downwind dis-
tance are shown for the WSEG-NAS 10 MT patterns for 10, 20 and 40 knot
mean winds with the same angular wind shear in all cases. Note that
increasing the wind speed lowers the dose rates close to ground zero and
increases the dose rates at greater distances. The dose rate at a given
distance may vary by more than a factor of 10 due to wind speed alone.
At 600 mi., for example, the dose rate varies from 5 r/hr. with a 10 knot
wind to 45 r/hr. at 20 knots and 90 r/hr. at 40 knots.

The effect of wind speed can be described by a very simple scaling law.
If the angular spread is kept constant, doubling the wind speed will
result in 1 the dose rate at twice the distance. Thus, with a 10 knot
wind we have 4 r/hr. at about 625 mi. With a 20 knot wind we have 1 the
dose rate, or 1 r/hr. at twice the distance, or 1,250 mi.

Fig. 8 shows the effect of varying the vertical wind shear which governs
the angular spread of the fallout sector. Again we have curves of dose
rate versus downwind distance for a 10 MI burst with 20 knot mean winds.
In going from 0.1 to 0.2 knots/1,000 £t. we are doubling the angular spread,
and doubling agein in going from 0.2 to O.4 knots/1,000 ft. In general
the dose rate at any distance is inversely proportional to the angular
spread. At 380 mi., for example, the dose rate is 40O r/hr. at Hs+l with

& shear of 0.1 kaots/1,000 ft. Doubling the shear, we obtain % the dose
rate, 200 r/hr.; doubling again, we obtain 100 r/ar. Very close to ground
zero the change is much smaller since the dlameter of the nuclear cloud

is large compared to the spread due to directional wind shear. In general,
the angular wind shear decreases with Increasing wind speed, so that
strong winds will tend to deposit the fallout in long narrow patterns,
with high dose rates extending out to great distances.

We will now focus on predictions in the critical area where the radiation
dose is in the lethal range. In Fig. 9 we have drawn contours of the
cumlative 4-day dose to a completely unsheltered population. The pat-
terns are for a 10 MI' fission yield with a 25 mph mean wind. A factor
of 0.7 was used for terrain shielding but no other shielding or biologi-
cal repair factor was included in the calculation of the 4-day dose.

It is estimated(h) that no fatalities will occur with an exposure of less
than 200 r, 450 r will result in about 50% fatalities and exposure to
sbout 700 r or more over a period of a few days will result in close to
100% fatality.
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Both the WSEG-NAS and Rend models predict 100% fatalities for an unsheltered
population in an area about 40 miles wide extending about 200 mi. down-
wind. In the AFPCIN prediction, this area extends only 150 mi. downwind.

At a distance of 260 mi., where WSEG-NAS and Rand predict 450 r or 50%
fatality, AFCIN predicts 120 r, or no fatalities.

Now if we assume a sheltered population, with an arbitrary shielding
factor of 10, an outside dose of 4,500 r is required to produce 50% fatal-
ities. A shielding factor of 10, or better, is provided by the basement
of a frame house. The WSEG model predicts 4,500 r at 75 mi. while Rand
and AFCIN are nov in agreement with only 2,500 r at this distance. The
area in which WSEG and AFCIN would predict 100% fatalities (7,000 r or
greater), even with a shielding factor of 10, is about 10 to 20 mi. wide
and, at most 60 mi. long. However, according to the Rand model, an out-
side dose of. greater than 7,000 r may not occur anywhere in the fallout
pattern for this yield and wind speed.

Fig. 10 shows the effect of wind speed on casualty estimates based on the
WSEG-NAS prediction for a 10 MI fission yleld. The hatched areas indicate,
for wind speeds of 10, 20, 40, and 60 knots, the percentage of deaths due
to fallout which is expected along the axis of the fallout pattern as a
function of distance from ground zero. In computing the doses for the
various wind speeds it was assumed that the angular wind shear 1s inversely
proportional to the wind speed. The widths of the hatched areas reflect
the uncertainty in the relationship between dose and biological effect.

First, consider the case vwhere the population has no shielding whatso-
ever. With 10 knot winds, we may expect 100% fatalities out to about

140 mi. with no fatelities beyond about 200 mi. With a 60 knot wind,
100% fatality is expected out to sbout 400 mi. with no deaths due to
fallout beyond 70O mi. Wind speed is evidently a critical factor here.
However, when we apply a shielding factor of 10 to the same dose predic-
tions, the results are very different. The area of 100% fatality extends
about 50 mi. regardless of the winds. With a 10 knot wind, no deaths are
expected beyond 90 mi. and even with a 60 knot wind there should be no
fatalities beyond 220 mi. The effect of shielding is quite striking.

Summary

If we are interested in the entire fallout pattern produced by a single
nuclear burst, we find that the various models can give very different
results. Also, wind conditions can drastically effect the dose-distance
relationship as well as the orientation and shape of the pattern. If
our interest is confined to doses in the lethal range, and especially
if a shielding factor is added, we find that the discrepancies among the
various model predictions are smeller and the effect of wind speed on
these high doses is also much smaller. Nevertheless, these differences
are still quite important in the critical range from about 200 to 700 r
where relatively small changes in dose result in large changes in the
fatality estimates.
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Finally, vhen we consider nuclear attack damage assessment on a national
scale, with the additive effectus of hundreds of nuclear bursts, the sig-
nificance of the fallout model uncertainties and wind conditions for the
over-all casualty estimate is not at all clear. With the over-lapping of
fallout patterns from many bursts, the lower dose-rate contours, for which
predictions are least consistent may become important. It might prove
quite interesting and enlightening to run a damage assessment problem
gseveral times for a selected attack situation, using a different fallout
model each time. Then the uncertainty due to the fallout model may be
evaluated and compared, for example, with the uncertainty in the shield-
ing assumptions. In this way, the accuracy and precision required of
fallout models for attack damage assessment can be determined in a realis-
tic manner.

| Similarly, the effect of wind forecast errors can be evaluated by running

problems with both forecast and actual winds. The results of past damage
assessment exercises seem to suggest that wind conditions do not greatly
affect the total number of casualties. However, the winds will determine
wvhere the fallout casualties will occur.

We must learn to live with the fact that large uncertainties are inherent
in all fallout model predictions. Further, there is little reason to
hope for significant improvements in the absence of a series of nuclear
tests designed primarily for the scientific study of fallout phenomena.
Hence, error analyses and the development of statistical techniques to
handle the uncertainties are at least as important as continued efforts
to improve the fallout models for muclear attack damage assessment.
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THE EARLY TRANSPORT OF NUCLEAR DEBRIS

Phillip W. Allen, Frank D. Cluff and Isaac van der Hoven

Research Station
U. S. Weather Bureau
las Vegas, Nevada

Introduction

The announced purpose of this conference was to provide a review of new
information and developments in fallout research, and to discuss future
needs of the program. I will discuss a few relatively minor improve-
ments in our ability to predict close-in fallout, and some of the needs
of the purely meteorological end of fallout prediction. My concept of
these needs comes from my observation and study of the activities of
United States weather and fallout prediction units since Operation
SANDSTONE in the Pacific in 1948, and more particularly from the work
of the Weather Bureau Research Station at the Nevada Test Site since
1956. This station has served as the Weather Prediction Unit for all
continental United States nuclear tests since Operation PLUMBBOB in
1957 and is continuing in this capacity for the tests of nuclear rocket
and ramjet engines, which produce very low levels of atmospheric con-
~tamination. If, in my remarks, I use the term nuclear debris it is
because the word "fallout" implies particles, and this is only part of
the problem. The gaseous components of nuclear debris also present an
environmental problem, particularly in reactor tests.

Variability

Outside of that posed by the mere existence of debris or fallout, the
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one problem that is the most difficult to solve, the one which gives
operations people greatest concern, and which results in the otherwise
needless cost of many thousands of dollars for some nuclear events, is
wind variability. This characteristic of air motion has defied pre-
diction, and in most meteorological considerations has been taken as
one of the facts of life, something we Jjust live with and accept. How-
ever, in this field where the transport of radicactive debris is in-
volved, perhaps closer investigation is worthwhile.

A schematic of the spectrum of atmospheric motions is shown in Fig. 1.
The sizes of eddies or the lengths of wave motions range all the way
from Brownian motion on the small end to hemispheric on the large end.

- All scales exist every day, but the frequency of occurrence of a given
scale may change from day to day or from place to place depending on

the existence or suppression of the appropriate driving mechanism. Not
all scales of eddies are driven in exactly the same way but most of them
are influenced by the distribution of pressure and heat in the atmos-
phere, and this changes with season, cloudiness, surface slope, etc.

The size range of nuclear clouds, at time of stabilization following
explosions, falls roughly midway in this spectrum, being larger than
whirlwinds but smaller than such mesoscale circulations as thunderstorm
high pressure cells. They cover about the same horizontal areas as
drainage winds in a mountainous area but have must greater vertical
extent.

On the other side of Fig. 1l are shown the scales of measurement of winds.
At the low end the average wind vane and anemometer respond to circula-
tions of the order of a meter or more across. A rising sounding balloon,
on which positions are plotted every minute, will indicate motions of
the order of tens or hundreds of meters across, and has the advantage of
‘measuring at high altitude. No single instrument or device does a very
complete Jjob of recording motions larger than this, although rocket-
sondes with chaff clouds and smoke puffs are used effectively at very
high altitudes, and constant level balloons are useful at individual
altitudes.

.To describe completely the motion of an eddy in any scale it is necessary
to sample frequently or continuously at several points in the eddy. The
spacing of the Weather Bureau's upper air sounding stations is between
10° and 10° meters (60 to 300 miles). This is adequate to define cyclones
~ and anticyclones, upper level ridges and troughs of pressure systems

- that carry major changes of weather. However, mesoscale circulations

are frequently not detected or if detected are poorly defined by this
network.

For this reason, with the testing of nuclear weapons it became necessary

to have upper air soundings closer together. The usual Nevada Test Site

- (NTS) socunding network for large atmospheric tests has had a station
spacing of about 50 miles. 1In recent years with nuclear rocket engine
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tests it has become necessary to reduce the spacing to something like
15 miles between stations. With three or four such stations it is
possible to detect most waves or perturbations of a size that would
carry a small radicactive cloud astray. Anemometers on towers are
located in an even denser grid to detect smaller surface eddies and
slope~induced winds. Much of the meteorological study in progress at
the NTS during recent years has been directed toward a full understand-
ing of slope winds and mesoscale circulations peculiar to the area of
southern Nevada. Other work has the objective of handling predictions
statistically, in which the probability of occurrence of a given wind
is made available. These studies have resulted in a definite improve-
ment in the weather service provided for the Nevada Test Organization.

Why are we so concerned about these relatively small scale wind pertur-
bations? For two reasons, one being that small perturbations make in-
dividual wind soundings non-representative, thereby possibly influencing
the forecaster to meke a wrong decision, and the other because the pres-~
ence of a perturbation at zero time may well result in a nuclear cloud
being carried in an unpredicted and undesirable direction.

The fallout pattern from the Smoky event in Operation PLUMBBOB, shown
in Fig. 2, illustrates how the best fallout predietion in the world can
be of little value unless the wind directions and wind changes are pre-
dicted correctly. Long narrow patterns like this would fall on very
little of the predicted area if the wind direction forecast were off by
as much as 10°.

Fig. 3 shows how far from a predicted location fallout particles will
strike the ground for each 10° interval of wind direction error. The
prediction group for Operation HARDTACK IT has a median error of 15©

in 6-hour predicted wind directions between 15,000 and 25,000 ft. At
a distance from the Site of 4O miles this represents an error of 10
miles in cloud location. Several direction errors were as high as 30°
or 4O°, Fortunately, none of these errors involved significent radia-
tion fields with respect. to people. This safety feature was not ac-
cldental because in these cases it was known in advance that the direc-
tions might vary greatly, and speeds were low enough that heavy fallout
would not reach inhabited areas. These factors were considered in
decisions to proceed with the tests.

Fig. 4 shows the "hot- lines or center-lines of maximum fallout for the
Operation PLUMBBOB events., This illustrates the effects of perturba-
tions and local circulations on fallout patterns. The wave lengths of
these perturbations are from roughly twenty miles to values larger than
the area shown, over 150 miles across. Smaller perturbations undoubtedly
escaped detection in the analysis. o

We have no very good information on the life expectancy or period of

persistence of individual mesoscale waves but several have been obser-
ved to persist for periods of half an hour or more whereas only a few
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of the larger ones have been traced through a 6-hour period in Nevada.
It is completely impossible, with networks, sounding procedures, and
data handling facilities now in use, to detect, measure and predict or
extrapolate perturbations of this scale. We can detect them and some-
times can indicate roughly their maximum effect on a cloud trajectory.
Sounding balloons take from several minutes to an hour to rise through
the layers in question and several more minutes are required to process
the data. By the time this has occurred and the forecaster can evalu-
ate the meaning of the data and compute future motion the wave will
have moved through the area or will have disappeared. A good example
of this occurred with the test of the reactor Kiwi A in 1959 (Fig. 5)
‘when a perturbation of at least an hour duration caused the motion of
the cloud of the exhaust to depart from the predicted 190° wind direc-
tion by 15° on one side then return to 10° on the other side. The ac-
tivity level for this event was very low and this departure is only of
interest as an illustration of what can happen.

Many of the eddy motions in the atmosphere must now be considered to be
random in the sense that their cause, source, history and dimensions

are obscure. The speed and accuracy of the NTS radar wind plotter and
surface weather network have contributed much to operational fallout
safety. However, we believe that it will eventually be within our
capability to handle intelligently, operationally, and on a dynamic
rather than statistical basis, smaller scales of motion than we now do,
and we suggest that more of our limited meteorological talent might well
be applied in this direction.

Future Needs

The obvious goal in all air polluting activities should be, and is, to
eliminate sources of pollution. However, the simple fact remains that
the number of sources of radioactive and toxic pollutants is growing
steadily. Instead of wishing them to hurry up and go away, meteoro-
logists should be preparing to live with some of them for a long time.

The ultimate goal in meteorological support of projects involving toxic
-air pollution, whether from A~bomb fallout, nuclear engine exhaust
gases, toxic chemical rocket exhausts, or industrial waste, should be,
in my opinion, to develop a high speed weather data handling and com-
puting system for mesoscale application, to go along with the develop-
ment of a large-scale forecasting system of the National Meteorological
Center's Numerical Unit. This mesoscale unit should include:

1. A close network of stations around each source, reporting upper air
data frequently or even continuously. Network grid spacing hori-
zontally and vertically should be designed to detect wind pressure
and temperature changes which result in changes of wind and
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stability, just to determine the appropriate grid spacing requires.
knowledge not now available. Some development is already being
made of means for continuously reporting upper air data.

2. Instantaneous telemetering of information to central analysis and
computing facilities. This is now physically possible, but very
expensive.

3. Computing stream functions and temperature field over the grid,
then extrapolating these perhaps as much as 6 hours into the future.
The real obstacle to this system is the development on mathemati-
cal models of mesoscale processes, and this 1s where additional re-
search should be concentrated.

k. Distribution of forecasts to users. Such a high speed system would
be of little value operationally unless its results were available
and useful immediately. Specific applications should include fore-
cast interpretation to the extent that acceptable forecasts would
be so labeled and those presenting weather unacceptable for the
particular operation would be clearly marked to eliminate loss of
time for forecast interpretation on the part of the operations
people.

Whether the large amount of effort necessary to realize such a complete
mesoscale prediction system would be worth the cost in value to weapons
test fallout prediction alone is difficult to determine. It would re-

- . quire investing effort in research units that are better equipped for

this kind of work than our small test support group in Nevada. We are
in the position that many close-in fallout patterns have been laid down
without obvious change in the environment of the Nevada Test Site, and
without excessive exposure of the off-site population to fallout radia-
tion. This has been accomplished simply by waiting until atmospheric
patterns of motion occurred in which it was possible to assure fallout
safety. But these delays are costly and it might be possible to reduce
them somewhat with more effective and confident use of marginal weather
situations. The primary justification for this system in Atomic Energy
Commission operations would probably be in its contribution to safety
through establishing rapid and accurate indications of wind both

" currently and for a short time into the future.
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DISCUSSION

Mr. Joshua Z. Holland, Chairman of these two sessions,
directed the discussions of the papers of the sessions which follows.

HOLLAND: Thank you very much, I don't know whether you realize how hard
it was to get Phil (ALLEN) to come or for Phil to arrange to come to this
conference under the circumstances that exist in Nevada these days. We
are very grateful for the efforts that you have made in preparing this
paper. '

Next, we will have a discussion of Mr. FERBER'S paper, Mr. ALLEN'S paper
and Mr. MANSON'S paper,

MACHTA: May I ask whether the radioactivity which you (MANSON) found in
the stratosphere, the gross beta activity was necessarily fission pro-
ducts, or could it have been cosmic ray-produced, or other natural radio-
activity?

MANSON: This was very probably due to fission products since the samples
were counted a week ago and collected between a year and several months
previously. The measured apparent half-life and absorption curve of

this activity is also consistent with fission products, which are known
to make up the major part of the activity at 20 km altitude.

Walter C. CONOVER (U.S.Army Signal Research and Development laboratory,
Ft. Mommouth, N.J.): I have a question to direct to Mr, ALLEN. He is
concerned with the lack of measurement of mesoscale winds., I would like
to know if a test produces a pertubation in the mesoscale wind field,
thus invalidating the prior wind measurements that are made? Does he
have any knowledge on this subject?

ALIEN: We have reason to believe that almost microscale changes in the
circulation pattern do occur, By this I mean very near the surface and
within fractions of a mile of the test or the shot. But we believe that
beyond the distance of about a mile in the case of low-yield events, or a
very few miles in the case of large-yield events there is no change in the
meteorological system of any measurable significance.
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FRIEDLANDER: My question is directed to MANSON. We have been very in-
-terested in the regularities that you found in the size spectra of the
stratospheric aerosol which would tie in with the irregularities observed
in the troposphere. Would you care to comment on the relationships? You
mentioned before that you felt that your later data indicate that-there
has been some change with respect to the shape of the spectrum in the
stratosphere. 1Is it now closer to the distribution that has been observed
in the troposphere?

MANSON: 1In the troposphere dv is constant between about a tenth of
d(log r)
a micron and larger, one micron, I believe., The concentration or the
number distribution in the stratosphere, I believe, has the same variation
with radius as in the Eroposphere in this size range, but the concentra-
tion is a factor of 10" lower.
The implication, of course, is that possibly this is material just mixed
from the troposphere, and we have a layer of tropospheric aerosol exist-
ing just above the tropopause, But the chemical and physical characteris-
tics of the particles in this layer are extremely uniform, and we still
feel that the stratospheric material is not of direct tropospheric origin,
as a condensed phase, but is converted in the stratosphere to the con-
densed phase by oxidation of S0,. I really have no explanation for why
the two size distributions should be the same. This is, inverse with the

cube of the radius, ( dn = Cr-3).
(d(log 1) )

Edwin F. DANIELSEN (Univefsity of Washington, Seattle): I direct my ques-
tion to MANSON. What was the counting date of the three samples for which
you gave the ratio of beta activity to mass?

MANSON: The tip samples were counted in October 1961 and the filter
samples were counted in November 1961, separated by approximately a week.
But the tip samples had been counted previously during August and the
only one I could really get a reasonable decay curve from was the hottest
sample collected on 19 January 1961, and this decayed with an apparent
half-1life of about 1% years,

HOLLAND: I have a question I would like to ask Mr. FERBER on the fallout
models. This is with regard to the other variables in the model. 1In
particular, is there good agreement on the vertical distribution of radio-
activity and distribution of radioactivity with particle size; you seem to
have focused on the other variables? I would assume that all the models
make essentially the same assumptions on these two.

FERBER: I would not say that we focused on other variables, but rather
on the differences in the final dose predictions which result from the
different assumptions as to the vertical distribution of radioactivity,
the particle size distribution and so on.
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HOLLAND: It is not a question of one model having provision for the shear
and the other not. Actually, these differences are in the assumptions with
regard to the vertical distribution and particle size distribution.

FERBER: Yes, the basic differences among the models lie in the assumed
total amount of radioactivity, its distribution within the nuclear cloud
and its distribution with respect to particle size. 1In this paper we have
compared the final results rather than the individual assumptions. We also
tried to indicate the magnitude of the effect of the meteorological para-
meters (wind speed and shear) on the fallout predictions,

Russel A. MARTIN (Hq. U. S. Air Force (AFCIN-3K2), Washington): I noticed
you used primarily the 10 MTI yield for these comparisons.

FERBER: We used 1 MT and 10 MT.

MARTIN: Did you use anything in the intermediate range? 1If so, did you
see any wide discrepancies?

FERBER: We have looked at predictions ranging from 1 KT up to 20 MI.
While the relationship between the various model predictions changes with
weapon yield, the examples we have shown are typical. The predictions
are not in good agreement at any yield.
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ATMOSPHERIC INFLUENCES ON FALLOUT DEPOSITION
PART 2. ATMOSPHERIC MOTIONS

b. Global Fallout
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AN INTERPRETATION OF GLOBAL FALLOUT

L. Machta, R. J. List and K. Telegadas
U. S. Weather Bureau*
Washington, D. C.

Introduction

This paper will cover the following subjects: An inventory of 5r90

prior to the U.S.S.R. 1961 nuclear tests; the goegraphical and temporal
distribution of stratospheric fallout during the period 1959 to 1961 when
very little of the fission product radiocactivity was of tropospheric origin
and finally a prediction of the sr%0 fallout from the U.S.S.R. 1961 tests.

The Inventory of Sr° Prior to September 1961

There are two parts to the determination of the sr0 inventory. First,
the residual atmospheric content must be measured by filtration of the
air at many pleces and altitudes in the atmosphere and second, the
deposited Sr”Y must be obtained by one of several techniques. We shall
deal first with the atmospheric content. _

In May 1960 the High Altitude Sampling Program of the Defense Atomic
Support Agency was succeeded by a semi-annual progrem of monitoring in
time and altitude at 4 latitudes. These are shown in Fig. 1 which
displays the Sr”Y concentrations in the atmosphere in November 1960.

The data on this figure emphasize the broad. governmentel contributions
largely instigated and supported by the Fallout Studies Branch of the
U. S. Atomic Energy Commission (AEC) in measuring atmospheric radio-
activity. Ground level observations are obtained on a monthly composite
of daily filter collections made by the weather Services along the 80th
meridian (West) and analyzed by the U. S. Naval Research Laboratory.

" Research conducted under the auspices of the Fallout Studies Branch,
Diviaion of Biology and Medicine, U. S. Atomic Energy Commission.
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B-57 aircraft were employed up to about 50,000 feet and U-2 aircraft
above this altitude. The AEC balloon program results in Texas, Minneapolis,
and Australia reach to 90,000 ft.

The heavy line (dashed in the temperate zones due to its transitory nature)
represents the mean position of the tropopause, the imaginary boundary
between the troposphere below and the stratosphere above. Note that the
troposphere is deeper over the equatorial region and shallower over the
polar areas. The tropopause in the temperate and polar regions also rises
in the spring and falls in autumn and varies in height with the weather
situation. The llnes shown in the figure are grossly idealized; actual,
real daily pictures vary greatly from the average and frequently show more
than & single gap in each hemisphere. In some instances, as may be inferred
from the diagram, a station may have two (or more) tropopause surfaces above
it.

The figure clearly shows that the mein concentrations of sr?° 1lie in the
stratosphere. There is a change of concentrations from values of 1 or
less in the troposphere to almost 200 in the stratosphere. There is also
a large gradient in concentration Just above the average tropopause with
values at 40,000 and 50,000 ft. intermediate between true tropospheric
values and true stratospheric values.

The picture also reveals smaller equatorial stratospheric concentrations
than ferther to the north or south. The concentrations in the Southern
Hemisphere stratosphere appear to be about the same as in the Northern
Hemisphere. Finally, there is only & minor suggestion of any decrease
in concentration with altitude at the balloon stations.

Fig. 2 shows & similar sr¥ air concentration pattern about 6 months
later, the last survey which was made before the resumption of atmospheric
tests by the U.S.S.R. in September 1961. Most of the features described
aliove for the November 1960 picture apply to the May 1961 pattern as well.
A few differences can be noted. First, concentrations in the Northern
Hemisphere have decreased, including perhaps even those at 65,000 ft. over
equatorial stations. But up to 70,000 ft. in the Southern Hemisphere, the
stratospheric concentrations have generally remained as high as before or
have even increased. This leads to the surprising pettern of greater
Southern than Northern Hemisphere stratospheric cgscentrations despite the
fact that effectively all of the stratospheric Sr”Y injections have taken
place in the Northern Hemisphere. Second, the north poler: tropospheric
concentrations (as well as the entire MNorthern Hemisphere tropospheric
content) have risen since November. This result is in accord with our
previous experience as will be reported below. It is unfortunate that the
chenges in stratospheric concentrations cannot be examined for possible
seasonal effects since it is presumed that the Northern Hemisphere strato-
sphere is thoroughly contamined by the 1961 U.S.S.R tests.
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Figure 2. Global Atmospheric Distribution of sr¥0 in May - June 1961.
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It is a relatively simple mechanical procedure to compute the atmos-~
pheric burden of Sr9 from Figs. 1 and 2 or similar charts. The re~
sults are listed in Table 1 for 3 dates. The stratospheric inventory
is subdivided by altitude and hemisphere. The sr30 content above
100,000 ft. 1s not based on direct observation. Rather, it is assumed
that the Rh102 (to ve discussed later) is a tracer for the 0.4 Mc of

S which are presumed to have been inserted into the mesosphere by
the U. S. Johnston Islend roc§8§ tests (during Operation HARDTACK I,
1958). From the amount of Rh below 100,000 ft. one may deduce the
amount of Sr90 still left above the sampling altitude. The inventory
calculation between 70,000 and 100,000 ft. one may deduce the amount
of Sr0 st111 left sbove the sampling altitude. The inventory calcula-
tion between TO,000 and 100,000 ft. is seriously hampered by the lack
of equatorial observations. It has been assumed that the Sr”~ concen-
tration continues to increase above 70,000 ft. as suggested by the
agcendant between the tropopause and 70,000 ft. Finally, it can be
noted that the surprising excess of Sr96 at the Southern Hemisphere
aircraft sampling station over its Northern Hemisphere counterpart
actually reverses the ratio of Southern to Northern Hemisphere content
in this layer between May-June 1960 and May 1961.

The deposited sy can be obtained from soil and rainfall anelyses. This
is illustrated in Fig. 3 in which the Sr90 deposition is plotted against
latitude, on an equal area scale. The dashed curve is derived from
Alexander et al. (1) to mid-1959. This is supplemented by deata from the
AEC pot and ion exchange collection of rainfall., The shaded area portrays
the increment from mid-1959 to May 1961. This figure cen be integrated
and the results appear in the line of Table I entitled "Deposited.”

The sum of the Sr?° in the "Total Atmosphere" and that "Deposited" on
the earth's surface represents the accountable Sr9%0. As of May 1961,
this equals about 5.7 Mc. The totals have not changed significantly
since May 1960 which is consistent with the small (21%) yearly decay.

This inventory calculation may be compared with one obtained independently.
The AEC has announced that approximately 9.2 Mc of sr0 (Bgsed on the
agsumption that 10' MT of fission energy equals -1l Mc of Sr””) have been
created by nuclear tests before November 1958. It is estimated, but with
considerable uncerteinty, that about 3.0 Mc fell locally on or about test
sites. The remaining6.2 Me have been corrected for decay to the appro-
priate dates and listed along the last line of Table I for comparison with
the observed inventories. The agreement is very good. This 1s fortuitious,
perhaps, since there is evidence that the oceanic fallout may exceed that
over land by as much as a factor of three (2). Further, in both the
atmospheric and deposited inventory, the number and distribution of
observations leaves much to be desired.

Geographical Distribution of Stratospheric Fallout

It 1s evident in Fig. 3 that the total Sr90 fallout is non-uniformly
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TABLE 1

sr90 Inventories (Mec)
(Decayed to Indicated Date)

May 1960 November 1960 May 1961
Northern Southern Northern Southern Northern Southern
Hemisphere  Hemisphere Hemisphere  Hemisphere Hemisphere Hemisphere
Above 100,000ft(est). 0.14 0.14 0.13 0.13 0.12 0.12
70-100,000 ft. 0.23 0.23 0.20 0.20 0.1k 0.14
Tropopause -70,000 0.25 0.19 0.24 0.24 0.19 0.26
Stratosphere ) 0.62 0.56 0.57 0.57 0.k5 0.52

TrOpOSphere.‘-..o-.o...-..-...-- 0003 2L B I B SR S 2L I O B B BB Y 0002

e s es0 s 00000t

Total Atmosphereoooo0--.0!00..0' 1021 CIE I I BN B BC R RN B S B A I I A B Y I 1016

Depositedooaoocoooo.oaootco"l.o hoso 0'..0.‘..."'...00.;05 4061

TOtBLeveesanseoncoseenssanscnnss 5.7

R o

World-wide debris¥ 5.5 5.4

* Based on 9.2 Mc less 3.0 Mc of loecal fallout.
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distributed over the earth's surface. Actually, the graph fails to
reveal a second type of irregularity. This results from precipitation
variations. The smoothness of the profile in Fig. 3 is & consequence
of averaging around circles of latitude and additional smoothing.

The most obvious feature is the peak in the North Temperate Zone and
the secondary maximum in the South Temperate Zone. These maxima are
not the consequence of greatest precipitation in these regions, al-
though the decrease towards the poles may reflect the lesser precipita-
tion in the Arctic and Antarctic regions. Thus, for example, there is
heavy rainfall in the equatorial belt which has less observed fallout
than that to the north or south.

Fig. 3 reflects the total sr?0 fallout from all sources to date. Part
of this fallout is of tropospheric origh (never having entered the
stratosphere), part from U. S. and United Kingdom tests near the equator
and part from U.S.S.R. tests closer to the north pole. In the next two
figures, it will be shown that the main features evident from the total
fallout appear in the fallout pattern from injections in either the
equatorial or polar stratosphere. This 1s of considerable significance
both to the health physicist and the meteorologist.

Fig. 4 shows a north-south profile of sr30 deposition in periods of

a most exclusively stratospheric fallout. The early 1959 total fallout,
the solid line, is seen, in-the Northern Hemisphere, to be mostly composed
of October 1958 U.S.S.R. debris, the dashed line. Both curves show a very
marked North Temperate Zone peak. It 1s further noted that a curve of the
residual deposition, that is, the fallout from sources other than October
1958, would also peak in the North Temperate Zone. The dotted line shows
the total fallout in the first half of 1960 when it is estimated that only
a very small portion of the fallout could be attributed to the October
1958 U.S.S.R series. Again & peak in the North Temperate Zone is apparent.

It can be inferred from Fig. 4 that the distribution of fallout from
stratospheric sources 1is not uniform. The marked peaking in the North
Temperate Zone in early 1959 is meinly but not entirely due to the U.S.S.R.
October 1958 test series. But even when the October 1959 fallout contri-
bution is relatively small, as in early 1960, there is still & maximum in
the North Temperate Zone.

In Fig. 5, one finds the geographical distribution of w185. Approximately
100 Me, corrected for decay to 1 June 1958, were injected into the lower
equatorial stratosphere by the HARDTACK test series. In all likelihood
most of this tracig material was inserted below 80,000 ft. However, a
fraction of the Wi°7 was left behind in the t{ggphere during the conduct
of the tests. Consequently, the pattern of W fallout from the BARDTACK
tests due to the stratospheric component is obtained by selecting the
fallout in the AEC pots and ion exchange colummssubsequent to January 1959.
By this date it is gelieved that essentially all of the tropospheric
component of the W1% would have been washed out of the atmosphere.
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Fig. 5 shows once again the marked peak in the North Temperete Zone.

In this case, the peak in the South Temperate Zone is also evident,
although there is practically no information to show that a decrease
occurs southward to the Scuth Pole from the South Temperate Zone pesak.
Thus, despite the fact that the source of the w185 originated at 11°N,
the stratospheric fallout shows the same geographicel distribution found
in Figs. 3 and 4 from all sources and from the Arctlc source.

In summery, it is concluded that irrespective of the source of the
stratospheric radioactive aerosols, the distribution of fallout and

ground level air concentration is characterized by a pesk in the Temper-
ate Zones. Certain reservations should be noted. First, there have

been numerous instances of ground level air concentrations remaining as
high or increasing toward the Arctic from the North Temperate Zone.

Second, there is no unequivocal tracer for radioactive fallout originat-
ing at about the 100,000-ft. level. Such injections occurred in the IVY
(1952) or CASTLE (1954) tests. It has been estimated from pre-1956 fallout
date that this, too, peaks in the Temperate Zones.

Seasonal Distribution of Stratospheric Fallout

Fig. 6 is a plot of the 519 fallout and air concentrations for each
hemisphere based, in the upper part of the figure, on the AEC pot and
ion exchange collections and, in the lower part of the figure, on the
Naval Research Laboratory's 80th meridian network air concentration
measurements. It is apparent that the Northern Hemisphere curves reveal
peaks in the spring and troughs in the fall. The Southern Hemisphere
¢urves, on the other hend, do not show the same systematic seasonal
trends. However, in the Southern Hemisphere spring of 1960 and autumn
of 1961, one does find a reasonable suggestion of a parallel to the
Northern Hemisphere history. It should also be noted that it is only
during this interval that the air concentrations in both hemispheres are
about equal; during all earlier periods the concentration of Sr7Y was
appreciably higher in the Northern Hemisphere than in the Southern Hemi-
sphere., This difference will have a bearing on an explenation of the
absence of & seasonal variation in the Southern Hemisphere to be given

below.

The Sr90 reported in Figure 6 includes fallout from all nuclear tests.
A breakdown into indentifiable geographical sources of stratospheric
fallout is given in the next table and two figures.

Table 2 1lists the number of Mc of sr90 deposited in 3-monthly intervals
subsequent to the October 1958 U.S.S.R. tests in the indicated regions
of the globe as deduced from the AEC pot and ion exchange observations.
The lower line in each set of datea is the fallout attributed to the
U.3.S.R. October 1958 tests determined from an esssumed activity

Sr9 /sr90 ratio of 170 at time of formation, a date of formation of
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October 20, 1958, and the assumption that all of the Srod is derived
from these U.S.S.R.tests. Errors in these assumptions can alter the
absolute amounts of Sr90 attributed to the U.S.S.R. test series but is’
unlikely to modify the seasonal trend.

The table shows that period March-May 1959 contained the largest amount

of fallout both in terms of total fallout and that ascribed to the U.S.S.R.
test series in the Northern Hemisphere. The decrease during the summer
and fall of 1959 is marked. Most of the seasonal trends appears in
temperate and polar bands (north of 300N). There is no seasonal trend

in the Southern Hemisphere. An analysis by Gustafson (3) suggests a
similar seasonal trend in the spring of 1960 for the U.S.S.R. 1958 contri-
bution with the air concentration at Argonne National Laboratory being
about two orders of magnitude less in the spring of 1960 than in the

spring of 1959.

Fig. T displays the time history of air concentrations of W185 derived

from the Neval Research laboratory's 80th meridjan network in both
hemispheres. Recall that the sources of the WwlS5 is the lower equatorial
stratosphere in the summer of 1958. A peak value in the spring of 1959

is followed by & minimum in the autumn of 1959 and a second peak in the
spring of 1960 in the Northern Hemisphere. The Southern Hemisphere simply
shows & generally downward trend with a suggested bump in the late winter

of 1959. Again, it should be noted that the Northern Hemisphere concentra-
tion is significantly greater than the Southern Hemisphere concentration,

as was the case during the greater part of the period included in the Fig. 6.

Fig. 8 shows the time history of Rh102 at the only 2 stations at which
measurements of this nuclide are available. This figure is made available
through the courtesy of Dr. P. F. Gustafson of Argonne National Laboratory.
However, the 1959 results are 1ln doubt and must be considered subject to
correction upon reanalysis by Dr. Gustafson. It should be pointed out

that while an estimated 3.0 Mc of Rh102 were produced by the high sltitude
Orange test at Johnston Island on August 12, 1958, there were also about
0.3 Mc created by the HARDTACK tests in the summer of 1958 which left their
debris in the lower equatorial stratosphere. For this reason, there can be
ambiguity concerning the source of any Rhloa observed in small amounts in
1959. It was not until September 1959 (4) that the Rh192 could be clearly
identified as having originated at high altitudes, both from the amounts
involved and from its stratospheric distribution. The results in 1960 and
1961 appear to be beyond question at the moment.

Fige. 8 reveals a seasonal trend in the Southern Hemisphere with a spring
maximum and autumn minimum. (In spite of the remarks of the above paragraph,
it may still be that the Santiago peek in November 1959 may be real and due
to the high altitude source. Even if due to the lower altitude equatorial
source, the presence of a peak in November is relevant) The measurements
neer Argonne National Laboratory show the expected seesonal variation as
found in other types of observations. Thus, alnost for the first tinme,

there appears to be good agreement between the seasonal trends in both

hemispheres.
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It can be noted that the levels of Rh.l02 concentration are equal in
both hemispheres. An equality between hemispheres was previously noted
in 1960-1961 in the Sr90 fallout and air concentration measurements
when & suggestion of a seasonal trend was llkewise found.

It 1s here proposed that removal from the stratosphere in both hemi-
spheres takes place seasonally with & maximum in late winter or possibly
early spring. However, there is also cross-equatorial mixing occurring
in the upper troposphere from the hemisphere of higher concentrations

(the Northern) to the hemisphere of lower concentration (the Southern).
This cross-equatorial tropospheric exchange forms a second source of
tracer material for the Southern Hemisphere such that the "expected"
seasonal variation in ground level air or fallout in the Southern
Hemisphere may be confused. It is only when a tracer of approximately
equal concentration exists in each hemisphere that the seasonal trend

in the surface concentrations can be detected. Thus, had not the U,S.S.R.
1961 tests again produced large amounts of long-lived fission products
for entry into the Northern Hemisphere troposphere one might have expected
to have found & regular Southern Hemisphere seasonal variation in years
subsequent to 1961. TFig. 2 showed that the stratospheric content of

the Southern Hemisphere was about as great in the Southern as Northern
Hemisphere just before September 1961.

It should be recognized that the above simple explanation for the absence
ofa seasonal variation of fallout in the Southern Hemisphere in most data
is a matter of speculation. There are a number of real differences in

in the structure and behavior of the atmosphere in the two hemispheres
which could also explain the differences in fallout. ¥For example, the
unexpected excess of Sr% in the Southern Hemisphere lower stratosphere .
over that in the Northern Hemisphere lower stratosphere in 1961 undoubtedly
is indicative of such differences. The possible difference in radiocactive
fallout behavior between hemispheres due to meteorologicel processes must
be studied more extensively before the explanation given in the previous
paragraph can be accepted. ’

Predictions of_Future Fallout From the U.S.S.R. Autumn 1961 Tests

The AEC has announced that the total fission yleld of the U.S.S.R. test
series in the autumn of 1961 equalled 25 MT of equivalent energy. This

is about twice the fission yield of the U.S.S.R. October 1958 test series.
On this basis, one might double the fallout attributed to the October )
U.S.S.R. 1958 tests as has been done in Fig. 9. The peak fallout of srP
in Fig. 4, for the time period (“spring" 1959) which is argued to have
included most of the U.S.S.R. October 1958 fallout, appears to be signifi-
cantly less than half the average concentratimat about the ho-h5°N'peak in
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Fig. 9. The reason for this differences lies in methods of analysis of
the data. In Fig. 4, the observed pot and ion exchange results from
land-based stetions were processed objectively (including taking into
account rainfall over the ocean) with the resulting fallout of about
0.7 Mc of U.S.S.R. October 1958 debris instead of almost 1.25 Mc. In
Fig. 9 the fallout over land stations from which soil, pot and lon ex-
change collections were available strictly scaled by & factor of 2. But
o:ga the oceans where rainfall and fallout observations are poor, the

fallout was increased in accordance with recent work by Bowen and
Sugihara (2) such thet the total deposited srP in Fig. 9 wvas forced to
equal approximately 2.5 Mc.

As noted in the section on the seasonal distribution of fallout, almost
all of the fallout from tests conducted by the U.S.S.R. in the Arctic is
deposited during the first spring following the explosions. This would
again be expected of the U.S.S.R 1961 tests if the altitude of injection
were the same. Fig. 10 shows a plot of the tops of nuclear clouds versus
the total yield of the explosion (fission plus fusion). Thus, clouds

from tests near the ground whose yleld is several MT might be confined to
the atmosphere below 80,000 to 90,000 ft. During the 1961 test series,

2 tests were conducted which had ylelds in excess of several MT; a 25 and
8 55-60 MT explosion. If the mean (heavy) curve in Fig. 10 is
extrapolated to these ylelds, it is clear that there should be a sizeable
amount of the delris between 100,000 and 150,000 ft. It is believed that
this is considerably greater than the height cf stabllization of the debris
from the 1958 tests. This greater height would possibly have the effect of
delaying the time of fallout. Thus, contrary to the rapid fallout in 1959
from the October 1958 tests, it could take several years for the same
fraction of stratospherlc fission products to be deposited. However, it
is still expected that well over 50% of the U.S.S.R. stratospheric debris
will be deposited in the first spring (1962). This is based in part on
the AEC statement that "Of special interest is the small fission yield of
the 50-60 megaton test conducted on October 30" which indicates that the
fission products from this test may not have contributed significantly

to the 25 MT of fission yield.

References

1. Alexander, L. T., R. H. Jordan, R. F. Dever, E. P. Hardy, Jr., G. H.
Hemada, L. Machte, and R. J. List. Strontium-90 on the earth's surface.
U. S. AEC report TID-6567, February 1961.

2. Bower, V. T., and T. T. Sugihara. Strontium-90 in the mixed layer of
the Atlantic Ocean. Nature 186(4718):71-72(1960).

3. Gustafson, P. F, Fission and natural radioactivity in ground level
air. Radiologicel Physics Division Semisnnual Report, January through
June 1961. Argonne National Laboratory, U. S. AEC report ANL-6398,
September 1961, pp.81-85.

166




MAP 1851 120 140~ 160 180 160° 140 120 100° »w [ 40 0 [ o 40 60 80 100°
\ 2.
2 i
5|
0 .
’A 5 -
L
26"
L4
[
[#)9
-
-
&0
Es':mc?ed deposmon of strontium-90 in ml“-c-mes per square rm'e
& from the 196\ Sovnet nucleor tests, ossumlng a total Flssmn yleld i
) ) ) S o For the serles of 25 megu'ons The eshmote is bosed upon observahon
,.\[:>\/\__/V\ . 'of deposmon fo“ownng ecrller serles and upon average precupnohon ‘data.
.
\(Q\/V\A ] Most of the deposmon is expected |o occur in the Spnng of 1962
: Q:( } [ i
U. S. DEPARTMENT OF COMMERCE Fu/n\x } . ]
v D ; SCALE 1:80,000,000
I WEATHER BUREAU I )"J /\/\ | MERCATOR PROJECTION, TRUE TO SCALE AT 224" N. AND 5. 12-14-6)
100* 20 140~ 160 150 180" 140° 120* 100 0 : [ w0 fo 4 Fid L 60 VSCOMM.WB.DC  MAP 1851 11/59

Figure 9. A Prediction of Fallout from the Autumn 1959 U. S. S. R. Test Series.




e ————————

891

NUCLEAR CLOUD HEIGHT OR RADIUS (THOUSANDS OF FEET)

APPROXIMATE