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ABSTRACT

A survey has been made of the very large body of literature now
existing on the characteristics of fallout particles. An attempt is
made to summarize in concise form the ranges of physical and radio-
chemical properties of particles of the debris produced by devices
detonated under various conditions. The results of studies of the
leaching action of various solvents on fallout particles are also

summarized,
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The physical and radiochemical properties of fallout pariticles
from nuclear weapons do not fall into narrowly defined ranges. Deto-
nations at altitudes sufficlent to prevent incorporation of soil inteo
the fireball tend to produce small, spherical, highly active particles
with the activity distributed throughout. If soil and other on-site
material is incorporated into the fireball, one observes increased fre-
quency of particles with lower specific activity, irregular shape,
larger size, evidence of partial melting and agglomeration, and acti-
vity concentrated on the surface of the particle. The leaching action
of various solvents on fallovt particles depends upon the nature of
the particles themselves as well as that of the solvent.,
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INTRODUCTION

As the application of nuclear power expands, the nature of redio-
active debris becomes a subject of ever increasing interest, In addi-
tion to concern with world-wide radiocactive fallout from atmospheric
testing, consideration must be given now to venting underground explo-
sions and reactor accidente, and perhaps in the not too distant future

to contaminating events produced by the peaceful applications of nuclear

explosives and to the safety aspects of space vehicles and satellites
powered by nuclear reactors end redicisotope sources.

In the iwventy years since the testing of nuclear devices began, an
enormous amount of attention has been directed toward characterizing

fallout particles. Thease studies have involved many different observers

at many different installations, and a large literature on the subject
has accumulated. By far the greatest portion of this literature is in
the form of classified and unclassified technical reports to the Armed
Services of the United States, although important contributions have
been made in the open litersture. The diffuseness, classificaetion, and
general unavailability of this material mske it difficult for the non-
gpecialist to form a clear idea of the general characteristics of fall-

out.
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Nuclear debris resulting from variocus fission processes will natur-
ally have many similer redlochemicael properties., Nuclear debris formed
at high temperalures 1in explosions or excursions and thus consisting
primarily of oxides of uranium, plutonium, and structural metals will
have meny physicel properties 1n common. Recognition of this has led
to an interest 1n the properties of fallout particles for tre purpose
of permitting valid comparisons with radioactive debris from other
sources and also, equally important, to avcid the pitfalls of unwarranted
comparisons. This report is the result of a survey of the fallout lii-
erature and it attempts to summerize in a concise form the ranges of

physical and radiochemical properties that have been observed,

LITERATURE SOURCES

In 1960 the Defense Atomic Support Agency initiated a project to
collect, critically select, swmmarize, and publish the then existing
test data relevant to the physicel and radiochemical properties of fall-
out. More than two hundred source documents were consulted, as were
pertinent documents covering the testing since 1960 and numerous other
sources of information. This investigation has provided the background
for the present report.

The characteristics of fallout particles depend to a certain extent
on such factors as weapon yileld, height of burst relative to ground

surface, the nature of the materials in the device, the presence or




absence of a tower or other on-site materials for testing and instrumen.
tation and how much and what kind of soil 1s drswn into the fireball.
For this reason it is convenient to summarize the physical and radio-
chemical characteristics of the psrticles according to the type of
burst which produces the fallout. However, there is some unavoidable
overlap in the classification by this method. For instance, the parti-
cles produced by low air and by tower bursts may rosemble either those
produced in high air bursts or those from ground-suwrface bursts. Mur-
thermore, the classificaticnc are not conmpletely unambiguous, since a
burst altitude that 1s high relative to a low-yield device might be low
relative to a high-yield device. The interesting concept of a scaled
height of burst, which would properly weight the parameters in such s
vay a8 to provide an unambiguous classification, does not yet seenm to
have acquired a formulation which applies to all device weights.

This swmmary does not attempt to include the properties (other than
leaching behavior) of fallout particles resulting from bursts on and
under the surface of the ocean. Many tests of this kind have been con-
ducted, but those properties of the particles which have not bteen re~

ported elsewhere (1,2)

remain too poorly defined to merit inclusion here.
Similarly, no information is lncluded on the particles formed in com-
pletely contained underground bursts.

The observations which form the basis of this report were made by
many workers and involved a variety of objectives, methods, and inatru-

mental bleses. In particular, the sampling methods used differed greatly




and often are described in weapons test reports only loosely or not at
all. In fact, it is not always clear whether a description refers to a
complete sample or to some selected portion of it. Where obscurities,
contradicticns, and omissions have been encountered, no attempt has been

made to incorporate the data.

FHYSICAL PROPERTIES

Table 1 summarizes size, shape, color, dengity, location of activity,
and ferromagnetic properties of fullout particles for three different
types of burst., High alr bursts are those which involve no appreciable
amount of soil, while ground-surface bursts involve large amounts of
soil. Low air and tower bursts form an intermediste classification
which sometimes involves soll interaction with the fireball and some-
times does not.

Only rough limits are shown for particle size, There has been much
speculation about the distribution of particle sizes. Unfortunately the
tegt data available do not permit any definitive statements. Very little
information is available with regard to particles in the submicron size
group. Particles in this size range certainly exist in fallout, but
apparently account for only a small fraction of total mass and activity
in lecel fallout and for ground surface bursts. In high air bursts,

however, they may be the largest contribution to world wide fallout.
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FHISICAL ITOELINTLED

High Air Burst

low Adr and Tower

Ground Surface

Burats Bursts

Size Seldom greater Range from a few micruns Same as low alr
than 20 microns to several hundred or a and towver
diameter. Dist- few thousand microns. bursts.
ribution unknown. Upper limit depends
Size varies in- upon naeture and amount
versely with of interacting soil, etc.
yield,.8&

Shape Almost all spher- Both spheroldal and irre- irregular perti-
ical. Occasion- gular. Proportions de- cles predominate.
ally two spheres pend on shot conditions. Some spheroids
are stuck to- Small spheres stuck to cbegerved. Vari-
gether,.8 larger particles some- ous kinds of

times reported. agglomerates
and partially
melted parti-
cles.

Color “Colorless, gold- Coloriless, gold-yellow,  Soil color pre-
yellow, orange, orange, red, brown, daminates, but
red, brown, green, black. other colors
green, black. also noted.

Density 3 to L.3 g/cc 1 to 3 g/cc 1 to 3 g/cc

Activity  Particles are "Some particles active Activity con-

Location active through- throughout. Some have centrated on
out. activity mainly on sur- relatively small

face or outer zones. proportion of
particles, mainly
those that appear
to have been par-
tially melted.

Perrc- WG data. IcTés My or n on

nagnetism be magnetic., Magnetism of particles

may be associated with sometimes mag-
dark color. In some netic. Depends

tower bursts most par-
ticles nmay be magnetic.

on soil and ma-
terialas on site
of detonation.

‘Some large non-spherical particles were reported from a sub-megaton air

burst 1480 feet above coral reef.
ported from a high yield air burst 4350 feet over water.

Some large particles were also re-



Statements about the shape and color of the particles are essentially
qualitative and are based on subjective judgments. The small spherical
varticles, which arz characteristic of high alr bursts, become scarcer
as more soil interacts with the fireball, but they are observed occasion~
ally even in deeply buried cratering chots. The colors observed in
fallout particles sometimes have been ascribed to the presence of speci-
fic chemical elements. Such asaignments are not very strongly supported
by chemical analysis. Figures 1 through 4 show some typical shapes ob-
served in e'wlace and tower shots.

. The density values given are for single particles; thst is, they
are true densities rather than bulk or tap densities. The location of
radiocactivity within the particles has been studied mainly by autoradio-
graphic methods applied to thin sections or mounted particles. Figures
3 and 4 illustrate this technique. The ferromagnetic properties of fall-

out particles have not been studied much.
RADIOCHEMICAL PROFERTIES

Table 2 summarizes specific activity, decay, fractionation, induced
activity, and deposition and partition of fallout particles. These pro-
perties are strongly dependent on whether or not soll interacts with the
fireball. The first two classifications of bursts in the table are based
mainly on this distinction. A third classification, sub-surface crater-
ing bursts, has been added since some of the vadiochemical properties

of deeply-buried bursts are distinctive.
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NRDL 334 -85

Fig. 1. A typical redicactive fallout particle from a tower

shot in Nevada. The particle has a dull, metallic luster and
shows numerous sadhering small particles.

1/2 mm

Fig. 2. An active fallout particle from a tower shot in
Nevada. The particle is spherical with a brillant, glossy
surface.
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1/2mm

Fig. 3. Photograph (left) and autoradiograph (right) of a thin

section of a spherical particle from a ground surfacc shot at

Enivetok. The radiocactivity is uniformly distributed throughout
the particle.
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Fig. 4. Photograph (left) and eutoradiograph (right) of a thin

section of an irregular particle from a ground-surface shot at
Bikini. The radioactivity is concentrated on the surface of the
particle.




TABLE 2. RADIOCHEMICAL PROFERTIES

" High Alr Bursts Tow Alr or Surface Sub-Surface
(No scil enters Bursts (Soil antara Ovatawt nx
Tireball) fireball) Bursts

Specific  Volume opecific acti- Lovwer than that of Bhous involving
Activity vity (Gpa at 25 days  high air bursts,  very large amounts
per cubic micron) 2 depending on of soil may not
Yo 750, depending on smount of tower, produce more than
yvield, The number of soil, etc., inter- 1010 equivalent
2r9 equivalent fis-  acting in fallout fissions of 2r95
sicns¥* per gram can formation. Typi- oper gram.
be estimated from: cal surface shots
1.45x1023x¥1e1d (ktl) produce fallout
Device weight(g) vith activity as
but this gives high bigh as 1015 Zx95
values. Experimental equivalent fissions
values range as high per gram.
as 1018 o 1021 fis-
sions per gram.

Pecay®™  Beta decay exponent Genma decey €xXpo- Sane &8 1oV air
ranges from 0.5 to nent approximately bursts.
1.7 with modal value 1.2,
of about 1.1 for large
(greater than 1 micron
diameter) particles.

Fraction- Larger particles “Close-in fallout  Cratering $hots may
ation (greater than 1 micron is usually deple- +irsp large amounts
diameter) depleted in ted in volatilely of refractory mass
volatilely behaving behaving mass chains in fall-
mass chains. Submi- chains, while back. In those
cron particles rela- vorld-wide fallout cases, local fall-
tively representative. is enriched. out is enriched in
volatilely behsv-
Continued ing mass chains.

#This is the muber of atoms of fissioning material recuired to produce

the Zr9% found in the sample. Mor eugle,, suppose 1000 atoms of 2r95

are found in a sample of debris from U235 thermal neutron fission.

Since in this fission process the fissioning of 100 U235 atoms produces
6.26 atoms of Zr9, the sample of debris contained 1000/.0626 ox 15,970
equivalent fissions of Zr95. x

##The exponent referred to is the quantity x in the equation Ay/Ag = (to/t,)

vhere Al is the activity at time ¢,.

R o




TABLE 2.

High Alr Bursts
(¥o soil enters

1ow Alr or Surfsace
Bursts (Soil enters

RADIOCHEMICAL PROPERTIES (Continued)

~ Sub-Surface
Cratering

vities oblmvd

nir bursts apply ’

burlta | apply, ex-

Activity
Those of mass leas except tlst at cept that at early
than mazs 203 do not early times acti- <times activity
apprecienly increase  vity from Mn56 from Ne?* may be-
the activity at early (particularly in  come apprecisble.
times. Coatribution  steel tower bursts)
of U237, ve39, u and Nadt muy be
and Np239 are variable appreciabls.

gsometimes appreci-

Deponition Virtually all debris Close-in radiation C -8 all-
goes into world-wide fields of high in- out fields of

Plrt.ition fallout. If height tensity, extending high intensity,
of burst is low dowmwind in cigar- like surface
enough, ground-redi- shaped pattern. bursts except
ation patterns result Deposits as high mass deposited
from induced activity. es a few grams of may be much
The radiation contours falliout per square greater. large
of these pattemms are foot for typical part of activity
circular and can reach surface shots. may be brought
l=hr dose rates of 25 Purtition between down in fall-beck
r/hr at the center close-in and world- and local fall-
vhen ground meterial wvide fallout vari- out. This varies
is not drgwn into the ously estimated at with nuclide, due
fire-ball. Relatively 25%-to-75% close-in; to frectiovation.
little ground material depands on device Ia event 12%
raises this dose rate yield, soil condi- of and 0.2%
to 1000 r/hr by scave tions, ete. of 2r95 reported
enging radiocactive t0 have sscaped
materizl from the into world-wide
cloud. fallout,
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In the literature many different units have been used for reporting

SPScific activiyy. One of the moet naaful measurea of activity for fis-

WP WY s M WS Y-y ~ ——

eion products is equivalent fissions based on Zr95. This is the number
of atoms of the fissicning materisl required to produce the Zr’’ found
in the sample.

The decay of fission product activity with time has been widely
atudied.(3’h’ 5) The early expectation that this would prove to be a
valuable method of cheracterizing fallout samples has met with some
disappointment. It is true that the decay curves exhibit considerable
variation in oversll slope and slight differences in shape, yet it is
impossible to draw any reliable conclusions about the radiochemical
composition of a sample from the study of its decay curve alone., It
is not even possible to explain differences in two or more samples from
the sams event by comparing their decay carves. The decay measurement
is essentially too insensitive to shed much light on the very complicated
compositional variables that are of interest. For purposes of predicte-
ing dose rates and making shielding calculations, the early prediction
of Way and Wigner(3) that gross fission product activity should vary
roughly as the -1.2 pover of tiwe remains the most useful generai rule.

The phenomenon know: as fractionation of the fission-product radio-
nuclides i3 commonly observed in fallout and has been widely discus-
.“(6,‘7,8,9,10,11) Fission processes are known to produce the fission
moducts in fixed proportions, yet the proportions observed in fallout
sanples are often very far from the expected values and may even differ

12
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greatly from semple to sample. It is generally believed that this

B ey N ey W AR I I e s ol Tmss Ad BBDossscamam don dela
AW VWAMR VL WIL WA VARG & S LVEAWLY Bl DY L- WENAD W W VAL WUE GIIWUN es wene N

Genpability of the elements camposing the mass chains during the very
rapic :wnching of the firebvall. Thus, mass chains which contain Br,
I, Kr, aud Xe at esxly times (volatile chains, such as mass-89 and
2a88-137) may condense at a different time and in a different way from
chains which do not contaein these elements (refractory chains such as
nass-95 and mase-lili), A method for the systematic analysis of redio-
chemical data on fractionated nuclear debris has been developed by
Fretling.(?

Both figsion and fusion processes result in the production of
activity other than fission-product activity. These activities, called
induced sctivities, arise from the inter: *‘on of neutrons with the
atmosphere, the unburned core material, the device casing and shielding,
and the tower materials and other on-site materials including the soil.
The range of nuclides observed in fallout which are attributed to neu-
tron activation is large and includes, for exsmple: Ba7, laa“, Alaa,
wn, un%6, pe®®, we?9, o, calls, w185, w187 B/T B9 0 4
Np239. The mmber of neutrons from & fission event that are available
for inducing activity is of the same order of megnitude as the number
of fissions, and this number must be distributed among all induced
activities. It is therefore unlikely that more than one or two of the
induced activities will be present in fission-event fallout in suffici-

ent quantity to account for an appreciable fraction of the total activity

13




at reasonably early times after detonation. Since most fission-product

activitics 4is Gul witini a fow yecars, vhe comsrioution of persisuTav

induced activities., such as cg6°

; may hecome rolatively immortant in

7 TN = WLESS d - — el e

old fallout.
LEACHING PROPERTIES

The effects of leachiiig nuclear debris are of pariicular interest
because of their relation to the biological availability of the radio-
active species, and considersble effcrt has been devotud to documenting
these effects. Of the numerous solvents studied, by far the mont ex-
tensively invectigated ere distilled water (including rainvater), sea-

water, and 0.1N HC1l. Distilled water and reinwater are of interest

! because of their relation to weathering and #oil transport. Seavater
is of importance in the uptake of radionuclides in the marine biosphere.
The 0.1N HC1 is generally considered to be a simulant for stomach fluids,

The lssching properties of nuclear debris have usually been reported
in terms of the fraction of gross beta or gross gamma activity found in
8 solid, soluble or colloidal state. In these tarms the behavior 1s very
complex., Besldes depending upon the matrix material of the fallout, its
particle sise and typs, its previous history, the duration of leaching
action and the solvent employed, it alsc depends upon the time after
detonstion at wkich lesaching begins. Results in terms of individual
nuclides are much more significant, but these are relatively scaice.

The most desireble data of all; the rates of dissolution of individual
muclides, are virtually noun-existent, doubtless becsuse of the effort
LY
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required., Most workers report some "egquilibrium value" of the solubil-
ity, vhich usually corresponds to a levelling off of the curve for
ieuched activity ve. time.

Results in terms of gross beta activity sufler the additional dis-
adventage cf requiring great care for reliable detvermination and it is
seldom clear that this care has besn taken. It does appear to have been
established, however, that gross beta activity is more easily leached
in going from tower-shot debris to silicate-burst debris to air-burst
debris. As expected, O,1N HCl i3 more effective than water: Water
dissolves at most a few percent of the gross beta activity from tower
debris; 0.1IN HCl dissolves most of the gross beta activity in air-burst
debris. Some suthors report that the solubility increases as the size
decresses. The debris fram coral-surface bursts is reported to be highly
soluble in water, not only the gross beta activity but the particles
themselves. Fresh coral-burst debris is largely Ca0 and Ca(OH), and
hence raises the pH comsiderably when it dissolves (to 10-11).

Measurements of groos ganma activity in samples of debris from
coral surface shots shov that at 4-8 days only about 8 % of the activity
dissolves, but at 20 days some 23% dissolves. These results are con-
siderably lower than those reported for gross beta activity. For sur-
face-watar barge shots, at 2-3 days, 60-70% dissolves. In both the
island and barge cases ths collcldal fraction was relatively negligible.

Radiochemical measurements of the leached material from silicate-
surface and subsurface bursts indicate that iodine, cesium, strontium

15
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and barium radionuclides are among the principal contributors to the
leached activity. In the case of silicate-surface bursts, the increase
1n s0lubllity with decreasing particle size has been clearly established.

Unexpectedly, the superior leoaching power of C.1N HOL over water dis-

appears for particles less than 4t microns in diameter.

Of particular interest is a study on weathering effects which con-
cludes that tane effect of rainwater in leaching silicate pavticles is
minor. The physical movement of the soil, caused by rain, is more
effective in traneporting the activity.

The physical state distributions of individual radionuclides for
vater surface and underwater buirsts have recently been disucssed at

length elsewhere. (2)

DISCUSSION

The physical and radiochemical properties of fallout particles
from nuclear weapons do not fall into narrowly defined ranges. Depend-
ing on the characteristics of the device and the shot conditions, par-
ticle sizes may range from sub-micron to centimeter dimensions. Almost
all colors common to minerals may be observed at least occasicnally;
specific activity may vary over many orders of magnitude; active par-
ticles may have either irregular or spheroidal shapes and be either
magnetic or non-magnetic. Activity may be concentrated on the particle
surface or uniformly distributed throughout the particle and all degrees

of fractionation may be chserved.

16




If the components of the device, the height or depth of the detona-
tion and the nature of the soil and other on-site materials are speci-
fied, the range of properties to be expected in the fallout particles
can usually be narrowed considerably. Detonations at altitudes suf-
ficient to prevent incorporation of soil into the fireball tend to
produce small, spherical, highly active pcorticles with the activity
distributed throughout. If snil and cther on-site material is incor-
porated intc the firebaell,; one observes increased frequency o~f particles
with lower specific activity, irregular shape, larger size, evidence
of partial melting and agglomeration, and activity cuncentrated on the
surface of the particle.

The leaching action of various solvents on fallout particles is
quite complex and depends rather strongly upon the natwre of the par-
ticles themselves as well as .aat of the solvent and the experimental
conditions.

17
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