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INTRODUCTION

A review of the proceedings of C;ivil D}efense Svmnpos i reveals that
a shift in emphasis and a change in philosophy has occurred regarding
the relative importance of the components of the civil defense problem.
Further, whereas in the past the vulnerability of the important elements
of the United States have been studied individually, the more recent
trend has been to consider the results of these analyscs collctively
in terms of national entity survival.

The participants of the earlier sviposia wcre primarily concerned
'with the tasks of keeping people alive duin'ig and imnediatelv after an
attack (unless the people survive, postattack problems would he academic)."
This early doctrine was reinforced by the p: Licitv or lack of postatt-ick
research data, which in turn usually resulted in "worst-case" estimates
of attack damage. The need for postattack experimental results focused
increasing attention upon postattack problems. In 1967 the most impor-
tant of these and the accompanying philosophy were set forth as follows:

"Three clements of a postattack society that are abso-
lutely essential are sustenance (food and water), protection
from the elements (housing and clothing), and avoidance of
epidemic disease." "It is patently futile to save people
from an attack, if it should occur, only to lose them after-
ward to starvation and disease."

The present report is addressed to the first of these, i. ?., the
problem of food availability and utilization in the post-nuclear-attack
environment. The dominant status of this element among the other abso-
lute essentials for survival is substantiated by the following summary
statements from the civil defense literature:

(a) protection from the elements
"... there seems little reason to expect that surviving
supplies (housing and clothing) would be out of propor-
tion to the surviving population."

(b) the avoidance of epidemic disease
"The state-of-the-art ... exist" in sufficient magnitude
at the present time for the control of comunicable diseases."
The limiting factor with regard to what can be done from
the medical standpoint (regardless of the stockpile of medical
supplies) is medical manpower, for "there are going to be
more surviving casualties than we can care for with any
system that can be realistically devised".



"'s~I't :,.'i-*i iru t ' ix':,I ,.k ~d.S ,l. the :tvailzthilit " 01 food
LI

level om prkattack food stockpiles and the extent to which
they are destroved or unavailable as a restlt of the attack."
"Thue :Ihilitv " t Ie nt tion to pr hIuce cuuotrl food in the
:'ost:ot1 ck pecried to !',ed the, .urv ixintg p<,vilttion is< ir-
prtit:int to :ion, ter. -urvi'l I ' lhlis t'jeuul su:m ution
of the food probiem is self-evident; hov.ever, the total
impact of tIle itmport [Ice of tood avail ab I i ty is not cvi-

wit wthout cons iderat ion of the followin,-: the derzree
ot recovery of ecih of the elements that have been deter-
mined as necessary for national entity survival will be
dirocty dependeo t ttpon the avai lab iIi t ofC food. In
other words, the level of social order that will prevail,
indeed the entire posture of social behavior in the post-
attack environment will be directly proportional to the
availability of food.

The definition and scope of the problem of food availability and
utilization in the postattack environment as well as the methods and
degree of proficiency presently available for assessing, this problem
have, for the most part, evolved from the results of three events.

The first (in chronological order) was the ex-posure of Marshallese
Islanders and Vnerican servicemen to the fallout from Shot Bravo of
Operation Castle in 1954. The second was the subsequent appearance,
almost 10 years later, of thyroid lesions in exposed Marshallese children.
The third was the ensuing national awareness that similar results might
occur among U. S. children who had been exposed to fallout from atmospheric
nuclear tests at the Nevada test site.

The results of the first of these events disclosed which radionuclides
would be the major contaminants of food in both early and long-term situa-
tions. The second event revealed the most critical human factor to be
considered: i.e., the most radiosensitive group in the population. The
third provided sufficient impetus to necessitate the development of pre-
dictive capabilities for assessing the radiological hazard to man from
the consumption of foods contaminuted by radionuclides.

These and related events and their results* can now be described:

* only the results pertaining to radionuclide contamination of food in

the civil defense context are emphasized.
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Th. . ' nczL -&'xP.upe Of Uh, ,4 21.10 1 nh,-0-' anL> .

'i eis the first instance of internal deposit ion of ilixd
fission products in humnans. Prior to this event, concern over the
potential1 vI :1 ter radiologic i! hazard to man from opln -1 , i Cd x -
toral L 11 out , II-C es had eS5t' l t 1alv prc I udd I -, r - i c ,ons i d ra -
t i o o L the Col t r iuit i oil of intcria I emitters to tile tota I radiation
dosa,e in the earl: fal lout situation. 'he pr(el imninarv est imatc
of the radiation dosages received 1 those involved in this opi sode
w:ere: (a) An average total -bod\' dose of 78 ad and a radio iodine
Hrden leading to a thyroid dose of 5O "rep" for the S Vnerican
servicemen on Rongerik, and (b) an average total-body dose of 17.
rad and a raidioiodine burden leading to a throid dose of 150 "repI

for the 45 adult Marshallese on Rongelap.

RESULTS AiVD COdTCLUSIONS:

(a) From Cronkite, et al., (1954): "The results of radiochemical
studies of urine (pooled urine sainples from Rongelap group) indicate
that Sr"9 , Bait"0 , and the rare earth group apparently constitute
77 per cent of the total beta activity at 46 days. Strontium - S9
contributes 41) per cent of the total beta activity, Ba1 ° - 11 per
cent and tile rare earth group - 25 per cent (of which 11 per cent is
La1 40 , in equilibrium with Ba140 at this time). Fissionable material
was not found in significant amotmts in any of the urine samples
analyzed. Iodine - 131 was found only in samples analyzed at early
time intervals, due to its relatively short physical half-life."

(b) !rom Cohn, ot ol.., (1956): "Internal deposition of fission
products resulted from inhalation and ingestion of the fallout material."
"Ingestion appears to be the more important of the two routes of entry
into the body." "Iodine was probably the most hazardous internal
radio emitter at early times after this exposure." "The dose to the
thyroid, while appreciable, was low compared to the partially or
totally tissue - destroying dose of 113Y used in treatment of hyper-
thyroidism or cancer." "On the basis of the short half-life of the
most abundant fission products in this situation, the possibility
that chronic irradiation effects will occur is quite small." "At
I day post detonation Sr 8 9 was :alculated to be near the maxinum
permissible level for this nuclide. At later times following expo-
sure of this group, this longer lived fission product presents the
greatest potential internal hazard." "An evaluation of the data on

3



the internal cont uiirinition, includin, that ,i r , lads to .
cc nc I s i0n t IIt th ; I na I t 1 ,,1:1r too 1w .: !t:.im IIt Ld 1"i:i I i ,,

iiL 2 p- jlt a t S . t

'., in in i 'i iil. ',ICo bad 11e1 Iwhod <--( v - £ .I I I Io , -

v ic:l area.

Perhaps io grea:ter concern ;ind res(,:irlC t'lort has occurred
in the annals of medic inc than that g enerated ihe the finding of
thyroid carcinomas in individuals years after they had been treated
with x-radiation in infancy or childhood for thviiic enlargement or
cervical adenitis. Medical attention was focused upon this problem
following a 1955 report by Simpson, 2, al ., which was sunnarized
in \AS-NRC Report No. 452 (1956) as follows: "The high sensitivity
of the children's thyroid to ionizing radiation is indicated by the
development of thyroid tumors in children who have been treated with
x-rays for enlargement of thymus or lvMphadenopathy with doses some-
what above 200r (Simpson, ot ,Z.,)." Extensive investigations were
conducted on this subject. The majority of these studies were
retrospective analyses of existing data at x-ray therapy centers,
in which the authors sought to elicit a previous history of x-ray
therapy to the cervical area in patients with thyroid carcinoma.
The following statements from a review by Saenger, et aZ., sum-
marize this data accumulated by 1962:

(1) In adults with large x-ray (loses (2000-6000r) delivered
to the thvroid gland, carcinoma may develop rarely after a
latent period of 10-35 years.

(2) "It is probable that (loses of 1lor or greater of external
x-ray delivered to the thyroid of children will cause an increase
in the incidence of carcinoma."

(3) " ' irradiation with 1 31 in adults cannot as vet be
indicted as causing carcinoma of the thyroid. At least 10-
20 years of observation are needed."

(4) "An increased susceptibility to neoplastic changes of the
thyroid following 1131 in children has been demonstrated as
compared to adults."

4



(h) ill the Japanese A-hoiib siurvivors of' Hi roshima and Nagasaki

t; 'C •1:vi~Z L.t Lt 2L .,,'ii ii"' '( -'i i i[1

JUS51gC e5 i2K~l'i t(' i\'I~e r'anged :i;Iil .A) I o r :.)'' i inl -{: All. i

occurrence of these carcinonas is :ittribhited to ,ho le- or :arti a Il-
hodY i;l li,'a r :; r:J iiat;lc , S 11 INo 1 l2 ! I! .r 'I i J !i M: it .;o I

fotuLd in an': ti ' . I VO ivur rs.

(-: ; ill ti le rsha hese

The u iscovery, in 10o.-), o f :1 1 ;iIt ,Hatic t;:1 id ' d . :.a
one of the M1rs1a lse chi bdren ,.,s but the prellde 0 :i:cce.s in
of sinilar discoveries during subsequent annual mcdical srveys.
Byv 1909l , 15 oi7 the 19 children %,h~o had been under 'it) 0'1r :10-e
at the time of exposure had developed thyroid nodules and 2 others

were hypothyroid as a result of atrophic thyroid glands. These
developments were almost totally unexpected. In 1954-56 the possi-
bilitv of the occurrence of late effects was considered rather remote
when the estimated radioiodine dosages of -150 "rep" to the thyroid
were compared with the 1311 dosage routinely administered in treating
hyperthyrroidism. Now, however, Just a year before the first thyroid
nodules had been discovered in the Marshallese, Sheline, .,t aZ.,
(1962) had reported the occurrence of thiroid nodules in 0 of IS
patients under 20 years of age and in 2 of 238 adult patients treated
with 1311 for hyperthyroidism. On the basis of these latter results,
the occurrence rate of thyroid nodules in the Marshallese children
was not in accord with their original thyroid dosage estimates. This
discrepancy was partially resolved by James, who in 1964 recalculated
the radiation thyroid dosages of the Marshallese and reported the
most probable dose to the 2 gram child's thyroid to be in the range
700-1400 rad, average 1000 rad, or roughly three times the thyroid
dose of the adult Marshallese (-160 rad from inhalation'ingestion
plus 175 rad total body radiation, for a total thyroid dose of 335
rad).

Now, more than a decade since the first thyroid lesions were
discovered in the Marshallese, the incidence of benign thyroid lesions
in those over 10 years of age at the time of exposure is about a
Factor of 10 less than that in the children age 10 or less at the
time of exposure.

3. The awareness of the possibility that similar results might
occur among the children who had been exposed to radioactive fallout

5
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19b3. n respnse t cc clbhis pussilb ility os offic illy iioted ii to:st iJWIl.')" ..c' IC

,Joint Cormnittee on Atomic Energoy in 1903. In response to cencern
about this prolle m, iatens ive re-: asses.m nents s the I
th roi d-dosa1ge Pr bLcn lea re he"Iun aid cl inic:l ;u rv' ',' '.
ofI tile school Cai lIkIl ill '.iI S i5 .I, " i i2J~i ',a . -.

sub iected to tallout fre11 previous nuc1 ear test 'ih:2 :. i.,r'.:

spanned the period 193-1908. Attempts to es tanl 'LAI the t ilroiJ
dosages which these children might have receivcod fra.i .:rIi. test.:
disclosed the inadequacies of the radiolo ,icIl i:aonitorin- i>C,.5
conducted in conituiction with these tests, including the fact that
no measurements of 131 [ concentrations in inilk rere imade in t hose
areas prior to 1057. It lvas clear that more-comprehensi ye and
more-precise post-shot documentation studies should he conducted at
all future tests* and that every effort be made to insure that these
children were not sub jected to any additional radioactive fallout.
Further, it was known from previous weapons testing experience that
this latter objective could best be achieved by the integration of
pre-shot prediction with post-shot documentation**, Leo., the utili-
zation of all available earlier post-shot dosimetry documentation
data in pre-shot operations planning to forecast all eventualities
within the realm of probability and eliminate or minimize in advance
those which might result in a hazardous fallout situation. The
predictive methods and models which were developed during this era
reinforce earlier results that can be applied to civil defense planning.

In June 1968 there appeared a publication from each of the three
individuals and/or organizat ions then (and now) generally recognized as
having achieved the greatest degree of proficiency in the development of
a predictive capability for estimating the postattack levels of food
contamination and the internal radiation dosages to man that could result
from consumption of these contaminated foods. These publications were:

* Note that atmospheric testing by the U.S. ceased with the implementation
of the 1963 test-ban treaty. There i,;is sti II :p possibility of venting of
unaerground shots, however.
** As recently as the July 1962 tests, pro-shot predictions had not been
integrated with post-shot documentation and "surprises" occurred.

6
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1. - j, ! .7. /l!)i-,.ietary Contarnination -- It; Sinificance in

" ,.:."."O,. ,,Pro od i ' c a fo: i a ueld : t 1:
it er' Od, t I . ld - 1 JU e, 1')(8, )1 -

IFarlIer studie s uI ssell anrd associ ates ",hi ch led to this
C1,IZb Ii itv inc 1id d the : o0 Io., i : L-It it, • i. , 1 ,
i.LoUt It ,d is .se: I )i l , :art l.t t aIi I I o , anU
\K,55,- I b g.oo)

2. Brown, S. L., 1I. Lee, and O.S.':ti, (I : ....

. " , . :' : .. , i port. Stanford
Research Institute. Report SRI Project No. MV-6230-050.

Starting with the original guidance of C. F. MAillCr, the stal'
of the Stanford Research Institute has produced an imposing list
of authoritative reports on various aspects of this problem,
including: Miller (1962); Miller (.January, 1903); Miller t'
Brown (May, 1963); Miller (June, 1903); Miller 4,Julv, 1903);
Miller (October, 1963); Billheiiner and Dixon (1140,1); and
Billheimer (1967).

3. Ng, Y.C. (1908): Estimation of the latprzaZ7 PO3c to :la r
theO : : c},o,.e & ..a-(: .t'ouceCd Ln zl) ,'G0 ,
T:?.-ice. Proceedings of a Symposium held at Interlaken, Switzer-
lind - 26 May through 1 June 1968, pp 315-332. The staff of the
Biomedical Division of the Lawrence Livermore Laboratory produced
the following reports in developing their predictive capability:
Tamplin (1965); Koranda (1965); Thompson (1965); Ng 1965);
Burton (1966); Burton and Maxiell (1966); Tamplin (1966); Ng
(1966); and Chapman (1968). The contents of these reports and
the pertinent data for all isotopes with half-lives greater than
12 hours were incorporated into a handbook by Ng, et al. (1968),
entitled: "Prediction of the Maximum Dosage to Man from the
Fallout of Nuclear Devices".

It was hoped that the methodologies embodied in the three 1968 studies
cited above would provide the basis for the determination here of food
availability and utilization in the postattack environment. The predic-
tive methods developed by Ng, et al. were used in detail as the guidelines
for making the assessments, since the Livermore work was updated in 1971

7
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I
i L ', .A - I .u uoNlIlt i L I,i. Local or cal - i i a i t,t

a the IO0R, 1hr (t erie hour3) contour lines , aod
hb a 1-M t - .'id explos ionI.

-)SOS o1 tile CoIntOur c,'II IaL to i tn cOr ol0lr F'

,g lrd lekwes det i lc I t:iHd rd 1_l lIout F ,ld i l e , J iat .,C11 i l I-
'n exposIr rate of lOOR/h r ait one hour postdtonlti on, i - :I I Ihe !':I I>ut

had deposited by I + I. ivp()tlhCt i c /1 : "i i t ue fr i.- l ,h,
"reference" dose rate ill LI' A publications.) the total radiation Jes,
resulting from exposure fro-m such a Cield, start iMng at H + hour won 1 d
be abotit 50011; the total dose result in from expos1re sttt :it i
hour would he about 2150R. l.Accordin, to t;lasstone ( lYolo, the dosage 1.euld
actually be ahout 0.7 s great because of terraiiin ihielding. It wotld he
further reduced by amy sort of -h-i lding. protectiUn . Il owi:l unulc!r
attack of -M00 MI, it has been determilned th at Si), or more of the land area
of the nlation wonlid he outside T1h( I(()IZ/hr contolir i en.. isca Ci te I
information available coliceil-1iir the effects of ridition ci <i, the u t -
time dose rate riot exceedirig 1001/hr would ho coipatihle with suirvi v of

a substantial segment of tile population.

THE RELATICVSHIP BETWEE: WEAPOi YIELD AVD THE 1005/H? <',,'TF [i,753

The next step in the procedure was to equate the lo0R/hr contour lines
with a unit of weapon yield. This relationship was taken from Glasstone
(19623, Chapter IX, Section 9.183: "it has been calculated that, on the
average, the total garmia-ray activity from the fission products produced
by a 1-kiloton TNT equivalent fission explosion would be about 550 garmia-
megacuries at one hour after the explosion. If this activity were spread
uniformly over a smooth plane one square mile in area then, assuming a
mean photon energy of 0.95 Mov, the radiation dose received at a point
three feet above the plane can he estimated from Figure 9.179 as rouhly
6.8 x 530, ;. ., approxinatclv 5,700 R/hr."

From the above information, Ng and T'ewes then determined the fractional
kiloton deposition per square meter that would give a dose of 100R/hr. "If
we accept a theoretical unit-time dose rate of 3700 R/hr in association with
the uniform deposition of one kt of fission products per square mile of
surface, a unit-time dose rate of l00R/hr from unfractionated fission pro-
ducts is equivalent to a deposition of 1.0S x 10-8 kt of fission products
per square meter of surface."

9



'0 X . < - .q ;11 ".' ;i _t .'1 .'rac tio I t' '(111"lc Ire !

"We have assumed that the contributions Of ;&Autrun- :iCti 'Iation proIduct';

to the ga l field are sinall and, conservat il'I, 'I t I ir-
rate Of 10OR/hr is equivalent to a deposition of fission product., )"all
l(- skt/n: .

The basic in fomlation utili:ed to sho1 this re latio ::h i :,lp t.at
presented by Glasstone ( 19o_2 , Chapter IX, Sections 9. 18h 11a,1 9.1 ;-, iho
calculated, from aerodynamic equations ot motion, the time at which par-
ticles of a given size and density will arrive at the ground f rom ;pecified
heights in the nuclear cloud. For these calculations, "the Jensit\% of th-
fallout material is taken to be 2.5 grams per cubic centimeter, wdhich is
roughly that of dry sand; the failing particles are assumeMd to he sph'r ial,
their radii being given in microns (iP)." Glasstone's results are shevn in
i s Figure 9.187.

The second source of information used in establishing this relationship
was that reported by Peterson (1970), whose data showed that the cloud from
a single 1-Mt surface burst in the latitude band 30 to 90'N can be expected
to stabilize between altitudes of 26,000 and 53,000 ft., and the cleud from
a single 10-t burst can be expected to stabilize between 50,000 ind 100,000
ft.

Ng and Tewes used these two data sources for their estimations of the
minimum size of particles that can be deposited from the elevations of the
1 Mt and 10 it clouds under the influence of gravity alone. To them, these
data suggested that, if the 10OR/hr contour represented the fallout deposited
4 to 12 hours after detonation, particles of diameter >200k would deposit
inside the contour and particles of diameter <50p would deposit outside,
while a dominant particle-diameter range of 50 to 200p could be expected
in the fallout deposited along the 10OR/hr contour from a single surface
burst. Accordingly, Ng and Tewes made two sets of predictions for the
concentrations of nuclides in foods subsequent to the deposition of fallout.
One set is based on data obtained from particles 50 to 200p and greater
in diameter; the other is based on data obtained from small particles (<30p)
and worldwide fallout.
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MPIE NIX - l:dT:VTI, N 01: -ti.l PARTICLE]S ON \EGETAIION

['his aspect of the analIsis require. a value for the initin l retcn-ti :(, ot inmaI .art ic !e. ,M V.vta tijolt And a vI tli- or t e ra:te at ,i:.se n arz ic>. arc lost )r rcrmoved h( v t.cathe rint (or the total ruczn-t ict tune

The initial retention factor for small particles -
30t in ditetcron veetation was assumed 'y Ng and T.es to he tio-th ils (07.). ;L

value is at the upper limit of the range of results olt tained b nam;:bcr-lain (1970) from studies of the experimental release of vapors and
aerosols. In the relation

I P = exl )-iw)

where

P = initial retention factor
= absorption coefficient in m/kg

w = herbage density in kg/mv- (dryN matter)

for p values on grass of 2.3 to 3.3 m2/kg and with w values rangingfrom 0.2 to 0.4 kg/m 2, Chamberlain found that the initial retention
factor varied from 30 to 70%.

The value for the tim-, small particles are retained on forage wasthat established by Thomps)n (1965) in a study of the half-residence
time and effective half-life of fallout on plants in which he foundthat the half-residence time was independent of isotopes and in themajority of cases varied between 9 and 14 days with a mean half-residencetime of 13 days. Since a realistic assessment of the radiological hazardto man from the consumption of fallout contaminated foods is directlydependent upon the behavior of fallout on plants, Thompson's study is
reviewed in detail in Appendix C.

Thompson's value of 13 days for the mean half-residence time offallout on forage x~as subsejuentlv validated by Cltajberlain (1970) whoobtained a field-loss coefficient of 0.05 day -1 from studies of theloss of small particle activity from foliage. On the basis of thesetwo studies, Ng and Tewes assumed a half-residence time of 14 days forsmall particles on forage, which is equivalent to a rate of loss by
weathering of 0.05 day -.

11

-- - -1



I

APPENDIX C - EEFIiCIIVE L'\LF-LIFE OF FALLOUT ON PlXTIS

Precise knowledge of the behavior of fallout on vegetation is
essential for a meaningful assessment of the biological availahilitv of
'ad onuci ides an d tile radiologica hazard they pose to :;an :7 n.eiuc"1t

to thoe iitial deposition of fallout. '[his imufonnatiotn .isprov:d.,
hy Thompson (19 )5) iII a review of the effect ie ha If- Ii IC of r:: I cnucIides
on yants; a study t hich he initiated to characterize the retention of
I - 1 on forage plnts. The results of Thompson's survey of the literi-
ture regarding this subject are presented by him in a table which shows
the times reported by various observers for the reduction of I1 to half
its initial activity on plants and in milk.

In summarizing these data, Thompson emphasized these points:

(a) The dose correlation between the contamination level
of forage and the 1131 content of the milk produced
from it. The literature demonstrates that milk measure-
ments are superior to tile usual grass sampling techniques
because of the large quantity of forage consumed daily
by the cow. Since the primary reason for tile study of
plant retention time for radioiodine is its npplication
to prediction of milk burdens, it was considered appro-
priate to include milk data.

(b) In spite of the different deposition sources, climnates,
and plant types that are represented by the data in
'lhompson's table , the effective half-lives for 1131
are remarkably similar and most of them fall within
the range of 5 ± 1 days. The major factors that have
been proposed to explain the reduction in plant half-
life for radioiodine to a value less than its radiological
half-life of 8 days include:

(1) exchange or volatilization,
(2) plant processes (growth, dying back,

metabolism), and
(3) weathering (wash-off by rain, removal

by wind, and loss with particles of
plant tissue, especially cuticular wax).
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.\ Ithcnh iod ine"1 ot s Mailat i at ordinn o t.mper'i lure. and pr-esu
and ,requi re. ne:t icn bou~s care in handlil: Jt:inrl :i .-c.e i:
aniala'sos to aveid o ss5cs alld collt m mation i: a r ," at ". -

:nent, the maiority of the available data indicates that voiati Ization
plays a minor role in the loss of fallout radioiodine from plant:;.

The on1 data Le vc renced Uc Ihom::pson in : !n;rt .i "i1w *DCC 11.J
_1 volatiliZatlon was that hv Lane (I9o-1) ,ho C(oiCc 1dtd trc:: It1s .< *ldies
of the fallout debris from Project Sedan: "it .as ound that iodine
fission products volatilize and are released from particulate fallout."
No evidence of volatillzation w as noted in the other references cited
h' Thompson. oni ll~o3) demonstrated that green k\egetation can ht
heated to 150('C without loss of fallout iodine. No loss of radioiodine
was noted in studies of the Niindscale samples (Booker, I i.SS). In f7act,
a comparison of the rate of loss of iodine with that of the nonvolatile
elements zirconium and cesium from the Seascale vegetation showed approxi-
mately equal retention times for these elements, and Middleton, ez Z-.
(1961) obtained si~milar results with seven elements on cabbage.

The most in-depth analysis of this subject is found in a recent
review by Cole (1972) entitled "Inhalation of Radioiodine from Fallout:
Hazards and Countermeasures." Cole's approach to this problem is em-
bodied in his introductory statement: "If there is a radioiodin-c-i ]haIa-
tion problem in the civil-defense context, the source of the radioiodine
vapor would have to be volatilization of radioiodine(s) from the fallout
particles deposited outdoors, trapped in the conventional filters of
shelter ventilation systems, or somehow entering the shelter proper."
Since the entirety of Cole's analysis of the radioiodine inhalation
problem was directly dependent upon the degree of volatilization that
occurs in fallout radioiodine, his evaluation of this subject is re-
viewed in detail.

Cole (1972) cited several references which provided indirect measure-
ments of iodine volatility, among which were the following:

Norman and Winchell (1970) showed that the rate of evaporation of
tracer 1131, surface-deposited on glass beads, is constant with time,
averaging about 1% per week at room temperature with 110 air flow.
In additional studies, these authors [Norman and Winchell (1970a)]
measured the extent of evaporation of 1131 volume-distributed through-
out 10p Te0 2 particles which were subjected to temperatures ranging
upward from 110 0C, and found a loss of about 0.1' in the first
week (the loss rate was a decreasing function of time, indicating
that diffusion in the solid was the controlling factor).

13



AnI aditional reflCrcoce revvt~cd by Cole, as indirect evidence for
the volatilization of radioiodine, was by Martin (1963). Martin's stated
objectives of this study were to estimate:

(a) the conccntrat ion of 1131 on Ve.etat inn, in the stomach
contents of rabbits, and in rabbit thyroids Ii relation
to distance from "4roLnd :ero and tie after lalllout,

(b) the rate of 11 1 loss from fallout-contaminated vegetation
Lind hence from the diet of rabbits and

(c) the rate of 1131 accumulation in and disappearance from
the thyroids of rabbits living in the fallout field.

Martin utilized three experimental approaches in studying the loss of
1131 from fallout-contaminated vegetation at Project SEDAN'. In the
first of these experiments, samples of desert vegetation from pre-selected
areas of the fallout field were collected in paper bags (on D+5, 10, 15,
20, 25, and 30), air dried and then shipped to the laboratory where they
were oven dried, ground in a Wiley mill and counted for 1131. A p )t
of the specific activity of 1131 found at each station versus time post-
detonation indicated that "the rate of 1131 loss from vegetation was
greater than would be expected on the basis of radioactive decay alone".
The means of all vegetation samples collected at 5-day intervals approxi-
mated an effective half-life of 5.5 days, and the rate of fi3l disap-
pearance from the diets of rabbits was the same as the effective half-
life on vegetation (i.e., 5.5 days). From these results, Martin concluded:
"The difference between the effective half-life on vegetation and the
radioactive half-life of 1131 was probably due, in this case, to:

(a) the removal of fallout particles (by wind, rain, or
other mechanical disturbances) from contaminated plant
surfaces and/or

(b) the removal of 1131 by vaporization or leaching (or
possibly by foliar absorption and translocation to
other parts of the plant) from particles which were
trapped and retained on plant surfaces."

This latter possibility was probably suggested by the condition of some
of the collected samples, for he stated: "The wetter samples were some-
times placed in the sun for 8-10 hours before being shipped to the labora-
tory at Los Angeles." In any event, Martin's second and third experiments
were performed to gain information concerning the possible significance
of vaporization as a mechanism of 1131 loss from fallout-contaminated
vegetation.

14



ill d luplicate c n J+- ii : ;:.~ \icii t" o I' ZA(Mt J . . .
aliquots from each sample wore sealed in ,las. jars with sufficient ON
NaOH to coneert sinv iodine present to a ijon - -olatilc form. "'V1A :U itional
lliquots i'o0111 a i;;; . plc , r a 'iced ini met"1a i a . h rf a iC,: I):'

itn day)s thle ]111 rena ed ealcd di, 1i. ti. coiitcnit: ,) tin) %)', . .c'dexposed to ti it o,- tCwe: itici1'r . A' 1l i l tof.& '  t l, wl _. '

'e.L 'Il:li:ne the cent '.. Ti v ' t , t :: - t .- .,

posedi to air. .%,a rt in'.-: rco::e t lardin:/ the :':u t )"this -.,:c ': .t
wa : "This suggests th;I:t I: : 1"'l:y indeed 0C lost flrcm fio:-o:an :e

plants as a result of vaporization."

The validity of this suggested exp lanat ion for the result Z Of this
experiment is sublject to considerable speculation, including the folIowing
factors:

The number of szuiqples was small.
The difference in 1131 content of the replicates stored in NaOH

was relatively large in three of the five cases.
Martin conceded that "a few of the higher levels encountered at

some of the stations in our study areas could represent the combined
effects of fallout following tie underground test of June 13 and of
fallout following the SEDAN test on July o, 1902".

From one station, there was essentially no difference in the 1131
content of the s.1ples exposed to air and the samples sealed in NaOlf.
If vaporization of 1131 did occur under the conditions of this ex-
periment, it would not be surprising that it varied in degree wnong
the various samples; however, it is difficult to explain essentially
no difference in the 1131 content of all four samples from one station
(two of which were exposed to air and two sealed with NaOi-).

Finally, it should be emphasized that these samples had been exposed
to the indeterminate effects of the desert environment until c:.llection
on D+7.

Martin's third experiment involved the use of an additional four
bags of samples which had been collected on D+7 and processed as in the
preceding experiment. Beginning on 1]+-33, two Sg sub-samples from each
bag were analyzed for 1131 at intervals of about S days, for a total of
six determinations. For the first four of these the sub-samples to be
analyzed were lifted from the top of the material in the bags with a mini-
mum disturbance to the remaining contents of the bags. During rhis j'eriod
the decline of the [131 concentration of the sample material was greater
than could be accounted for on the basis of radioactive decay alone. At
each time prior to removing the sub-samples for the last two analyses, the
material in the bags was thoroughly mixed before the sub-samples were
removed. There was a marked decrease in the loss rate of 1131 during this
latter period. In fact, it was found to be very close to the radioactive
decay rate for 1131. Martin attributed the increased rate loss of 1131
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t .. .:': :: ' ' 22 ,i ' : i ::;1el1t to the ._t t 1W .1 , (lu t rtL-
cles toward tile hottoms of the saimiple bags and the decreased rate loss
of 1131 durino the latter 1-ortion of the experim.ent to the thorough
:Iixin. of the contents of the u1s U elore tk in sii -,;::ples for analyses.

1:1l01 tilis t h i 1;1t1-d1, lrt in concluded . .Thse results provide' no 1. -
con .o oI 1- loss attribu ltahe to vapori zat ion."

i:!',;: is 'i eX ok tiose e'mer lit?; nIc nce'id that there '.%Js
;a , ss of I 11I2m the J I-v Samp I, s of the seconu ex:per ;Enent

'O%%Cver, ;Ih? co,uld not accept the statistics 15 thorowiill covrincin.
Despite thle equivocal results as to Miether or not vaporization of 1131
occurred, these experiments were reviewed in detail hecause of M1artin's
recognition of tile possible significancc of tile decreased effective
half-life of 1131 fallout on vegetation whi.ch he stated as follows: "1 f
the difference between the physical decay rate of 1131 and its ef.t ,i'.

-7.- on vegetation is due primarily to the removal of fallout parti-
cles from contaminated plant surfaces, the 01rz. a -to other
isotopes on fallout-contaminated vegetation might be similarly affected."
"In regard to food-chain relationships under early post-fallout conditions,
the major implication of these findings and speculations is that I13' (and
perhaps other radioisotopes) can be expected to disappear from the diets
of herbivores at a rate significantly greater than the radioactive decay
rate.

Cole then sought for experimental data from capons tests which
might enable him to quantify the degree of volatility of iodine in

fallout particles. le failed to find any information or discussion
of this subject in the 5-volumie DASA-12S1 series, which is the definitive
publication on fallout and fallout fields, and covers all nuclear weapons
tests up through 1958. Of the tests conducted subsequent to the 19S8-
1961 test moratorium, the only surface or near-surface shots that could
have produced the desired information were SMALL BOY, JOtHNIE BOY, and
DANNY BOY of the Sunbeam Series and the Ploughshare cratering shot SEDAN.
Lane (1964) conducted experiments to determine radioiodine volatility
in fallout particles from SEDAIN and La Riviere, c, all. (1963) and
Freiling, et al. (1964) attempted similar determinations on Fallout
particles from SNINLL BOY. Cole elected to re-analyze Lane's SEDAN
experiments, since SEDAN was the more thoroughly documented test.

Lane employed two experimiental approaches in his attempts to determine
radioiodine volatility in fallout particles from SEDAN. The first of
these was an Iodine-Gas-Sampling experiment, performed in the field, with
equipment designed to collect iodine vapor in a thiosulfate absorber for
subsequent radioanalysis. Lane's second approach to the problem was a
Volatilization or Air-Exposure experiment for which his stated objective
was the determination of the radioiodine that remained in fallout particles
after varying periods of exposure to air, i.e., the determination of the
rate of release of radioiodine from fallout particles in the field. This
latter experiment was performed by exposing ten 20 gram samples of fallout

16
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added to a test tube containing sodium thiosulfate to trap any iodine
that would be released thereafter from the particles.

:l ii'.;2 :,'I,'::dijx Ut) v:l\:.x l;c.'s exUerimIents svst.iiutictil.',

-\- -stCp, :IrId mac the 1011o',ing i lte rprtat ion. 01 the ,:i*:1 :

coliciudcc til'it "tile iodineo \': [::tli 1 t:-.,i i !,)I J-:!.,

fallout IxArticles d., yi: j eous '-i iout I-V It 7 iCCCs
is of the order of ). 11)023 .er per .

.2) Cole dm'!onstrated that the reslI r; of lane's \oiJt iIi tv or
.\ir-exposure experiments ,cre due to k;:. of the fall -1t
particles in the thiosulfate solutions rather than a measure
of vol- atilitv, i,*.,.,., "the changes in iodine recovery in tlie
thiosulfate solutions used to analyze the iodine content of
the particles can be accounted for entirely on the basis of
variation of extent of leach with duration of iinjiiers'ion of
such particles in the thiosulfate solutions [Lane
Uecember, 1 971) concurred with this interpretation of the
data].

In addition to the above interpretation of Lane's SEDAS N experiments,
Cole emphasized these aspects of the SlID,\ data: "SLI)A.\ fallout cannot
be considered to represent true surface-burst fallout in all respects.
In particular, material from a cratering burst may be as much as a factor
of l0 lower in specific activity than that from a surface burst of the
same yield, since in the former a much larger mass of rock or soil mixes
with the same quantity of fission products before the particles become
airborne (Crocker, et aZ.., 1966). Also, fractionation behavior and
radial distribution of specific chains may not be the saune as in surface-
burst fallout." (See Cole, 1972, Appendix C for fundamental information
on chains.)

NOTE: The only positive evidence cited by Thompson regarding volatili-
zation of iodine was the work of Lane (1964) which Cole refuted
and showed to be a minimal value.

EXCHANGE

Although the exchange of stable iodine with radiciodine deposited
on reactor walls has been noted (Megaw and May, 1962), Thompson failed
to find any evidence to indicate that there was any appreciable exchange
of stable iodine with radioiodine deposited on plants. The references
cited included Chamberlain (1953) who stated that iodine "is strongly
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shompson p resented evidence Iron 11 hr1ee 011I Ces, i 1C IUd1 11' hot ii
laboratory-typle experiments and field observations Collowin, fallout
deposition, to documNent the rate of Lash-ot of Of !IlouIt radioactivit"
by rain.

Middleton (1959) reported the results of :n experiment in which
wheat was sprayed with solutions of Sr99 and CsI"7, and the retention
of these radionuclides by plants protected from weather was compared
with the retention bY plants e.\-osed to weather. Plants protected from
weather retained six times as much struntiun and three times as much
cesiun as those exposed to weather.

Pierson and Keane (1962) analyzed the data for early fallout in
England from the 1961 Russian nuclear tests and detenined a rate of
wash-off from grass of 2.0% per iiur of rain for [131 and 0.9"o per nin
for Ba140 .

Moeken and Alderhout (1961) calculated that the mean fraction of
Sr8 9 washed off wheat was 1.7% per nun of rain, and for mixed fission
products they obtained a wash-off fraction of 2.4% per nm of rain.

Wind

Experimental data concerning the effects of wind per ae on the
behavior of particulate fallout on vegetation are meagre. Following the
MET shot Romney, et aZ. (100.) observed the effect oF -gstN wids in removing
particle-borne fallout from alfalfa plants and reported that the loss
corresponded to the removal of the larger fallout particles.
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P1 uit grovth rates are cyclic, seasonal, and dependent upon a numl)er
of variabies, includin, geographic location, eather, and fl'mniing practices.
The effect of plant 'ro%,th can he u 11; i1 correIatiag the radio -
activity per unit weight of plant material with the radioactivity per unit
area for the same plants at various timne intervals. Tho::isor cited ,ata
to illust rate opposite extremes ot thc effect of igroth r.ate. lata pub-
lished on a pasture at Seascale (Fowden, 1959) Suggested a negative form
of growth due to die-back, while the short apparent half-life of 3.5
days for 113' on grass as reported by l awley, ,v z.. (1904) is due to
the rapid spring growth of the grass.

Metabolic Prcuc'sacs

Only" miiinite uantities of i odi ne are norma11 v' found iln terestrial
plants. Beeson reported an unu.sually." high vaIie of 1 1.9 ppm of
iodine for turnips fertilized with KI, which contrasted with a value of
0.74 ppm for unfertilized turnips from the suie area Thompson (1965)
stated that the iodine content of forage plants is usually less than 1
ppm, and Ng, 52t Zz. (1968) selected the value of 0.1 ppm as represen-
tative of the values reported in the literature for the iodine content
of terrestrial plants.

The results of experiments concerning the behavior of radioiodine
on the foliar surfaces of plants indicated that the radioiodine was fixed
within or on the leaf [Fowden (1959), Hungate (1963), and Selders and
Rediske (1954)], and experimental decontamination procedures with plants
revealed that most of the fallout 1131 was on the leaf surface and could
be washed off or removed with the cuticular layer [tHungate (1963),
Romney, et aZ. (1963), and Selders and Rediske (1954)].

The significance of plant leaf surface retention of radioactive
fallout in relation to the metabolic processes of plants was provided
by ,loorby and Squire (1963), who studied the loss of radioactive iso-
topes from the leaves of plants under dry conditions. Cabbage, potato,
and ryegrass were sprayed with Sr89 and grown under dry conditions. An
appreciable loss of fission product activity occurred which could not be
explained on the basis of radioactive decay alone. It was found that
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Collcer-nill" Ia I lut 11 indIiC:ItCS that volat ilizat ion aind exchanie are
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Thopsn s rs s~itho'se paints in h i, -s siiila t Ion of the Ja t a p resent ei

a) The rcmarkccln le similarijty in the :lean redu c tion f ris r
1131 in mailk and on plants fromi exceedinQly diverse experi-
miental and field conditions. Most of the effective hazlf-
l ives for I 1,'l, I-s shown in his tahles , fall within the rangeO
of 5 + L. days. This suggested that wind, rain, or the coin-

01a io1fwn and ra in have a s iiiiilar quant i tit ie 2' L, o1 t :'fl

the removal of fallout iodine froml plIants.

(b) hith regaird to Thomipson's other data, the hal f-residence timie for
a variety of radionu1clides shows a si laritv to that of iodine.
Since the physical properties of the other nuclides are quite
different fromt those of iodine, this suigested to Thompson
that there is a coiiunion factor influencing the behavior of
fallout radionuclides and, since the miajority of fallout
nuclides are associatedi with paIrt ides, this conunlon factor
is the behavior of particles on plants.

From this study Thompson concluded that the following inter-rela-
tionship exists between the effective half-life and the half-reduction
time of radionuclides on plants:

(a) The effective half-life is defined as the apparent half -reduc-
tion time as observed on the plant, and reflects loss of the
nuclide involved by all meians including thle radioactive decay.

"Since the behavior of fallout reflects thle behavior of particles
and the effect of any comibination of weathering factors is quantitatively
similar, the effective half-life on plants for any fallout radionuclide can
be approximated by

1) + T2

where T 3 = effective half-life on plants,

T2 =radiological half-life, and

L-)3 mean half-residence time 20



(In the case of 1131, with I hal -life of 8.04 days its ef:'ective haI'
life on plants would be 4.97 days S.., 5 days). The fonmila a'proxi;:;uitcs
the half-life on plants and does not ;Ipply to the lIprj:ke ind reteiltiOl
of radioelements from the soil. I'he ha li-liCe tAs cal Cu at .W hV this
equation could be applied directly to milk in the :fl:,Ienco -,f plant r'o.h.
IHowever, in the presence of ,,rowtfi tihe milk ha11f-lifC wAotd ave to !be
corrected for the growth rate of the pasture."

(b) The half-residence time is defined as the effective half-life
corrected for radioactive decay.

"The effective half-life of a radioisotope on a plant as contra- ted
with its radioactive half-life has been treated mathematically (>1lartin
1963, 1964) to determine the mean residence time of a stable isotope as
follows:

Let T, represent half-residence time,

T2 represent radioactive half-life,

T3 represent effective half-life;

then T1 = (T2) x (T3)

T2 - 3

For 1131, with T2 = 8.04 days and T 5 day's, T = 13.2 days.2 3' 1" "
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111C Jatto inCILIJ ot ,)III ov tho_ rc ;ii 1 Att In from ci~~n
::1i2ntS by I\tIesol nd iUV I or ;Indl bNw .i)lIS01 111d htolla L I il l c ' S
data as Well, frl01 a StUdy7 Of tile reCtentionl ai- VOIClcaic parlt ic S onl
p lants. InI thle table C, whenever poss ib)Le the i t in I r-ele(nt * in .. "NO -
:n'essed bothi as thle percent;] v( o fatallout thm t i 5 inlit i aliv u c~tc
and retained onl foliage and as the plant contamiluat ioil factor , wh ich
M1-iller defined ais

a = cti~tV[)CI Unit NiZISS IJrV Matter CM i-Olia0C
activity per unit area of ground

The data of t',itherspoon and Taylor and Johnson and Lovaans suo-ested
to Ng and Tewes that 0. 5 to 0. 6 m2 /kg wIs ty~pical value for thle plant
containination factor for 88 to 350,, part ices I'n IforaiC pla~ts . .. lt]1ough1
this value is representative of the ima ' ority of- the data presented, its
acceoptance Should be evalu-ated in termsi" of tile fol ow inl (ual i l-v mi nfor-
mfation:

In thle first place, No anld TFewes excluded initial retentions
obtained when tile relative humridjtv was greater than 90'-. This
included data byv Johnson and Lovaas who reported that, with hea v
dew, the retention on broimeorass of- particles 88 to 3SOIJ in diameter
Was as muchI aIS 100",, and Mil icr noted that thle plant contamination
factors of volcanic particles were enhianced by a factor of 2 under
"damlp" conditions.

Further, Ng aind Tewes did not inIclude results obtained with
winds in excess of 20 mpli. An indication of the effect of this
factor is provided by, Roimney, ,,, zi. ( 1903) (cited 1w, Thompson
in Appendix C), who observed the effect of gusty winds on removing
particulate fallout from alfalfa planits following the Met shot and
reportedi that this loss corresponded to removal of the large par-
ticles.

There are (data which differ considerably from the value adopted by
Ng and Trewes; however, in both instances, the results were obtained with
particles averaging less than 88wi in diameter.
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C! " "M K2'.'1.I"i, 1.M . ,2 2'i

(a) Lmfractionated deposition of- both fission anrd activ:ition
products
the fallout dec'pOsited On ipastur'e iS Coat nuoIIsl " in 4 ested
by the grazing cow.

The initial dailv rate of ingestion of a ief nucliide 1\ the
cow, 10 (vCi/dayJ is giveni by:

I = R x UA x F. , where

R = initial retention factor, ".., 0.07 for
small particles

IlAtF =utilized area f~actor = 15 m/day' (This is

the median value reported by Koranda (1065)
for the p;i.stire area grazed by dairy cows

in the United States).

F= the initial fallout deposition in aCi/m
(the derivation of the F_ value for 1 1i3 1 is
shown below*).

I, (for 1131) = 0.67 x 45 x 1.5 x 10
Io = 4.5 x 104 PCi/day

*In an earlier section of this report it was shoxm that "a unit-time
dose rate of 101R/hr" f'rom untfractionated fission prolucts is equivalent
to a deposition of 1.05 x 10- 6 kt of fission products per square meter
of surface".

To find the F, for 1131 (the initial fallout deposition in pCi/m),
convert 10-8 kt of fission products/m 2 to pCi/n 2.

FromAppendLxA, a I Ml' fission explosion produces 1.5 x 108 Curies 1131

1.5 X 108 Ci i' 31 /rr = 1.5 x 105 Ci 1131/kt

1.5 x 105 Ci 1131/kt x 10-8 kt/m 2 = 1.5 x 10- 3 Ci/rn2  24

or
1.5 x 103 pCi/u 2
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The C.t i:!l:tcJ Iak conent rat ions in milk ron tIII !w .: itil ,I)C
,l xi.. rticles ire iCSse-I oil t., the trans for coeI-!tj to Ii k,

tile fraction of the element im,.'.ested J iilv )\- t!e -,, I t i. ;, cretd
"n milk rer liter. .No and Toes list tile ! 1or I in milk .s

The peIAk concen trat ioIIs in ai , (.\[ ,a i Von hOth :S the roc _t10ol
of the initial daily rate of ingestion per liter -'.,, fraction of I
per liter) and in iCi/liter. The peak concentration for 11! in milk,'
expressed as a fraction of I per liter, is 2.5 x 10- 3  This value
was reached in 2.'93 days. The Calculations and the methods employed
for the deterination of these values are included in Appendix G.

The peak concentration c! 1131 in milk, expressed in ;'Ci/liter, is
the product of the initial daily rate of ingestion by the cow, Io, and
the traction of 10 per liter, i.e.,

QI(pCi/liter) = 10 x 10/liter

= 4.5 x 10L Ci/day x 2.5 x l0-3

- 1.1 x l02; Ci/1iter

Estmatea Do,*osae wa iLz

The total activity ingested and the radim tion dosage estimnates via
milk from the deposition of small particles ai 5 shown in Table F-I .
For 1131, the value for the total amount ingested is listed at 1.3 x 103
PCi. This value is based on the assumption that tile individual con-
sumed one liter of milk per day. The calculation for this value is
shown on the following page.

*In an earlier report f7rom the LLL Biomedical Division, Tamplin had

set the fN value for 1131 in milk at 2 x 10-2.
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X ~ 3 1 I

(Basis and definitions follow)
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(lable KI! continued)

- Ae-A t  -e -ut) (1)

p

Io = initial rate of ingestion by cow,pCi/day

= fm = fII* 'N
(element) (isotope)

%1, fM* = Transfer coefficient, i.e.,fraction of daily intake/liter

\,\B' E = hiological and effective turn-
over rate in milk (per day)

Ap = effective removal rate from
vegetation

t = time after deposition

28



Vabi I cont inued)

iDcet elnu1 iM fric 1 Irm > Uat iOll (I t 11 1- 1,AIJ1

,COflcolt I-,It !ifl o0I ~sutope il n.;:I

XM~ fL + 2t

Set 0 . Then,

Xe-A t :tME

CA P It j)

11 L = 1.0) dav texporimental ly dctcnnincd)

TR= 8.065 day

X1,= 0.693 day -

- b9 -- = 0.0859 day -
8.065

A = 2_1 + 0.0859 0.1354 day
p 14

29



(Table I-I continued

[SO ILquat inr 2 ) to -Jt0rmim. tlCt

"M, 0 l-. 3 e -("k U ) t\
xp 0.1354 5.119 =

e-(0 .13 54 - 0.6953)tN L, = 5.119

e +0.5577t\VX = 5.119

0. 5577tWX = 1.633

t,% IAX = 2.93 day

30
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-c o I t I I I";.'. J

ic back to I;CjUatitn (I) to ,et C.,*

CM* (t) - AI, (e -'pt e-Mft)

IE 0.6931 day -1

\R =0.0859 day

INM B 0.6072 day 1

A f M 1MB = (5x10-3)(0.6072)

x- 0.6931-0.1354 = 0.5577 day 
-1

p

e- PtM, X = e-0.1 3 5 4 x 2.93 = 0.6727

e-AEt LAX e-0. 6 9 31 x 2.93 = e-2 .031 = 0.1312

- (5x103)(0.6072)19- (0.6727-0.1312)Cl* = 0.5577

5.444xi0 -3 I, (0.5415)

2.95 x i0-3 io
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1' Rdiation Dose to Adult Thyroid

tI;:md Via 'lilk and Via :Meat

Dose - Equiv.

Let TB = 100:51 EF fB (10I011.8. 05)j

WXE 08.05 - 7.45 per

i13 "  (51)(0.23)(0.3)(7.45) = 1.89
(20) (0.693)

TB = 100:

(100) (0. 875)
100.875 = 0.868 per

1133: (51)(O.54l0.24)(0.868) = 0.414
(20) (0.693)

Milk 1131: 1.30(103) x 1.89 = 2460 rad

I133: 1.60(103) x 0.414 = 662 rad
x .75 = 496--500

Meat 1131: 1.08(102) x 1.89 = 204 rad
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2. [hu int - !crbh ore -M eat lt amav

Since the 'o urce of r:Ilionucli 'io0 :or leoth thu milk :m11d !,x.'lt
,,:thIcvs 1s rati toct I i I flout depos itd on p;sture v<0 t:ition, the

i, -etah lished "o:i or the lora.'e-tm-,.,-to-! 'lk'w2.1 Ir'.:I t \

•c ii tated the \C l m e- nt oI this :nodL I 1fo 1 : i 1. t1 ': ,l
a za rd to man wh ich mav occ"ur froil the n*,, tion ;Icat ht ained irom:,

her"bivores which have 'razed on ta 1lolt-comitam i nat ed Cora' e.. "
Tewes stated that this model represents a preli lILfldPv attempt to assess
the hazard of fallout-contaminated meat, with the limitations of its
applicability set forth below.

In the model, the "standard herhivore'" was assumed to weioh 500
k , With a muscle IIIss of 20) kg. The wollo'in2 procedure as employed
in estimnating the concentration of the individual radionuclides in
muscle:

(a) The concentration in muscle was estimated from the daily rate
of ingestion of contaminated vegetation and the turnover rate
in muscle.

(b) the value for the fractional uptake in muscle t,.as estimated
on the basis of experimental data from animal studies.

(c) the biological half-life in muscle was then estimated fram
these fractional uptakes and the stable element concentra-
tion in meat and forage (as reported in the LLL Handbook).
[NOTE: The fractional uptakes and turnover rates of Sr 9 r,
1131, and Cs137 are comparable with previously assumed values
(Miller and La Riviere (1906)]

As in the case of the milk model, the assessment of the hazard
from small fallout particles was made first.

Estimated Radiation Dosages from Deposition of Small Particles

The input data common to both the milk and meat pathway models
were these:

(a) The standard herbivore, like the cow, was assumed to utilize
4S m2 of pasture daily.

(b) The initial retention factor for small particles on forage was
assumed to be 67%.
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110 -:l I -r' s id el'lCo t ili'e (,I 1 ra 1'0 ;FI I -L:,. L ) ,:' 14 ,:.

*nerI'[L 11 v , "oth C Ittile Indh 'sheepc "t il.d to ' I

"c1 proV ti I kl . ic C:h .: ( I.2W'Il t t er I -. i tI ::I ' k )
or u.itlr!n 1 :attenin4 1 er CI iist cri 0r to sh l htr '. 11 Ii WU .11(dC1

it -. s aISSum1e'd thi t th' tallout-Coiitumtinatcd pasture '.,as ont iluousi
g'razed by the livestock.

The estihated peak concentrations of nuclides in herbivore muscle
have been cal d ics estimates are based on the hypothetical
fallout deposition of lU - 8 kt of fission per square meter.

These then led to the total activit, ingested fin :,Ci), and in
turn to the ra d i i tin dosages to the whole body and bone of man. In
the calculation of these values it was assumed that the animal was
slaughtered when the concentration in muscle was maximal, and that
meat consLuIption began iiitediately and continued ior a b-month period
at the rate of 300 g per day. The total radiation dosage to the whole
body of man was estimated to be 11 rad and that to bone was estimated
to be 14 rad. The nuclides which contributed most to these estimated
radiation dosages in man were Sr8 9 , Sr"0 , 1131, Cs136 , and Cs1 37 *

The radiation dosage to the thyroid gland of adult man was calculated
to be 200 rad. T]iis serves as a point of reference for comparing the
total radiological hazard from the meat pathway with that of the milk
pathway, since in both instances the thyroid dose from radioiodine(s)
was the highest estimated dose.

Estimated Eadiation Dosages from Deposition of Large Particles

The radiation dosages from the deposition of larte particles have
also been estimated. These estimates were made in the same manner and
based upon the same assumptions as those for the deposition of small
particles, except that the initial retention of large particles was
assumed to be 13% and the half-residence time on forage was assumed
to be 4 days. The total radiation dosage to the whole body of man
was estimated to be 1.2 rad, with almost the entirety of the dosage
contribution from Cs13b and Cs137. The total radiation dosage to bone
in man was estimated to be 1.6 rad. Iere again the maior contribution
to the dosage was from Cs136 and Cs137, with the slightly greater dosage

*Estimates were made also of the dosages from Ru203 and Ru10 6 ; they
suggest their contribution to the total radiation dosages may be
appreciable. However, the estimates are subject to question since
the input parameters for these isotopes of Ru have not been as well
established as those of the other nuclides. 34
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to bone due tothe additional dosgLe contribution ot St'  ;1nd Sr ]heradiation dosage to tih thyroid gland of adult ,an was calculatei to " e
2S I-ad. g o
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llII. .. AMI 1 1Al .P'VI ,'AYS

A suLlUflarv '.8a made of the dosage estimat',. vi'i milk I]nd 1,
for both fission and neutron activation products.

The sumarv served to focus attention upon the fact that for both
the inilk and the 11cat pathways and for both S.mall ,nd Iar.c particle
deposition, the radiation dosage to the thyroid from iodine isotopes
is by far the highest of all the estimated doses.

['he thyroid dose via milk exceeds the total doses to whole body

and bone by two orders of magnitude.

The thyroid dose via meat exceeds the total doses to whole body
and bone by one order of magnitude.

It must he emphasized that the thyroid dosages are the calcltated
doses to the thyroid gland of the adult; for the child, each of
these dosages would he higiher by a factor of In.

The estimates of dosage from small particle deposition almost
uniformly exceed those from large particles by an order of magnitude.

The total dosages to whole body and bone are about the same via
milk and via meat (for small particles and large particles, respectively).

The dosages from fission products exceed the dosages from neutron
activation products* by about an order of magnitude.

*Ng and Tewes (1970) made a detailed assessment of the possible

radiological hazard from neutron activation products and presented
estimates of the radiation dosages from this source, including estimates
for a numbcr of activation products which had not been considered in
previous analyses of this problem. Their assessment included dosage
contributions from activation products of unreacted fissionable material,
of device material, and of environmental material. Estimates of the
dosage from activation products were made in terms of the same hypo-
thetical weapon as that used for the fission products dosage estimates,

(Footnote continued)
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Iootnote Coat inuedI

a 7Ii7I Y, lia I i* issioil, 1haI:-
[t ',as Atnlba:ied that "'C 

products is ,attr'ibutLie to niio Ii~dur.-',. .,:: , ., ,.

Consequently, the dosage contribut ion 1'r,):; ,',I .
vary over a considerable range, the extV nt (I- ilCil ,,cu1 Fi: r Iv
depend upon:

(a) the height of the detonation of the ,ez itiIth thc
maximal dosag'e contribution from act ix.it ion . :
occurring in the case of a ground s Ifce detoiationj.

the calculations of Lessler and (;ra 1 i n-
dicate that for air bursts at a height of IoM1 .:, enly
about 1% of the neutrons released to tile enviromient
are captured by soil at ground level." Conversely,
on the basis of the available weapons data, Ng and Tewes
determined that 1/6 of the neutrons produced are released
to the environment, and "one-half of the neutrons es-
caping the device . . . are assumied to be captured in
rock and soil following a surface detonation."

(b) weapon design and environmental factors .
"Details of device construction and variations in soli
composition could drastically affect the am1ounts that
would be formed of almost every species."

It was also emphasized in this analysis that the biological
availabilities have not been determined for most of the activation
products for which the highest dosage estimates were made (this list
includes 24Na, 32p, 45Ca, 4 7Ca, 84Rb and -6RB).

In gener:aI. the isstuii::tiois made hv \g ind lcmus in thvir
analysis of this problem tended to maaximize the rad iat ion dosag-e
estimates which might arise from activation products. I lowccr,
despite this, their dosage estimates for the individual nuclides
were all in the millirad range.

Since for a iven weapon detonation the dosage contribution
from activation products would be a function of the composition of
that particular device, the height of detonation, and the physical
characteristics of the site of detonation, only the totals of the
dosage estimates made by Ng and Tewes have been used here. These
serve to illustrate the dosage commitment that could result from
activation products (under maximized conditions) relative to those
from fission products.

(Footnote concluded)
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.)1 the~ iiturn~i I';idlat iu , I: ;i,:cs .,llica c ' ,i u,.s:it :, ":,{ : -

t ion " oods Cont:;11:: ii11r1itc !)v fy t :itospIlcric al iout c-p 1t
tie first \'oar C0o wi in< A nL e],:'ar attack. It: is . c,\d i p tv
that C he re 1iab iIi ty of tihe model for dos;::,- es tim;ites i <
derendent upon the 100!ir:icv ,)f the deter' i Iati inl tC :n:te -
sur ace deposit ion ir'ol tie rdJ iclicies in ectcd into tic t

Peterson (1970) has estimated that, for aI land -I-faci-e taii-
tion in the ;negaton rance, ahout one -hal If of the madi activit
would be injected into the stratosphere. In the 1:!odel it ,as ;issu:ed
that 5" of the nuclides Mroduco'd hV enemy C:ipons id :I e qiv:l et
am:ount fron rota liiatrV c:10tion hy il lied forces rum Id enter the
strntosphere, thus Jc;adi w to the assunption that u11! the activitY
p)roduced !N sumi:ice isj rsts ,.AeUld enter the si I' tosp'hrcI.

The method of est ima t in, the deposition rate of rad iont C idCs
from the stratosphere is derived from Peterson's (19- ') 1 emp i r ica 1
model for est iouat ini. world-wide deposition from atmospheric iniclear
detonations (Peterson's model is based primarily on injection-
deposition experience gained from the U.S. and I.,S. S. . nuclear
tests in 1958. Use of the model in 10o5 to o, stiumuate Sr'' deposition
from the 19o1-62 tests showed the predictions usually within a
factor of two oC the observed deposition.)

According to Peterson's model the mnaximium annual surface depos i-
tion of Sr 90 in the 50 to 5 0" N latitude hand for a I Muii in oct-ion
into the lower polar stratosphere (9 to 17 Ui altitudc) kotlld he
expected to ear'' between 250 and 400 ki I. I:o1' a Ihii inj ect io
into the upper polar stratosphere (17 to .50 km a It i tide , the max i-
mtum annual deposition could be expected to vary between 5) and 1701
kCi.

For the model , an intermediate value of 200 k(i of Srt9 wa.-
used for the amount of this r;idionuclide deposited in the 30 to 5su N
latitude band per MCi injected into the stratosphere.
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1 a'

Si) i i I' i : U ln t a 1 1 1 t i I .fl IV' te 01
to Li -  

it i r to a /cjio.ition -;It( Or

Convte-rt mi. in 3(-5i) N latitude hanld to [ij;

*b)11,t!( l T iml i in n to SI) N iatitude hand
x 2.58 jJil i • ) = S, , S07 ki'l

l: ind Ic i /k/Jll-,/bkC i

68 , So7, ))

lx l ",Ci/kCi) = 14. S oc ii k : ! kC

Reduce to t.Ci/m2/k

,Ci/kvnn/kCi 1.45 xl.,ii)'l -iiii/-!,,I)1

Lxpress in termis of ,Ci/'m' -1w.

1.45 x l0-'nJai/m'/kCi
870 ( hr/yr)

Thus, an annual deposition of I kCi in the 3(1 to 50" N latitude band
is equivalent to a deposition iate of 1.7 x 10- ill--hr.

Usc of the above deposition rate in conjunction vith the deposition
velocity for Sr) 9 provides the desiired aveiraie value for the surface-a ir
concentration. A deposition velocity of 40 meter/hr has been determined
empirically from monthly deposition rates and average surface air con-
centration of Sr' 3 in tile Northern Hemisphere IKleinman and Volchok, 1909).

deposition rate x deposition velocity = surface-air concentration

1.7xlO-9wCi/m 2 -hr x I hr 4.25xl0-' 1 1Ci/m3 /kCi
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'..., , 5i'C ' ,I> .i>S1:;: t aji;t "- i r~a \l ,Ouid ye c d' ',.av per.

.ea ?,' fI iAi.:ct,.d into thev ;t~os!i~cr,.,

4..5xlt)- "10i x 2)Ukti S. DXI - ' 33,1-1
,. .,,r.X , ko C = -. /m(Jr

Flbis is the aver;I,,e iirt acc -air concentr;ation ui S in the , to 7(;
.\ latitude band for anyw 12-m1onth period tollolin the injection of I :i
into the stratosphere. The validity of this value is substantiated

by and falls within the ran-e of 1963 measurements made by Thomas.
(1970) in their study o[ the relation between gIround level air concen-
trations and the stratospheric burden of various radionuclides of the
1901-627 series.

In this model, 1xl0- T .Ci/m 3 is the value assunned for the surface-air
concentration for 2 the nuclides of interest.

Eeposition of i.,uc~ides on Vegetation

Feq , the steady-state deposition of particles on forage is expressed
by:

Feq = Vg
I

Vg = deposition velocity = 40 meters/hr [express in terns
of I day (z~o., x 24) since is expressed in terms
of days]

L = air concentration of the nuclide. Use unit air
concentration, i.e., lPCi

X = rate of loss of nuclide by weathering = 0.05 day - ,

which is equivalent to a ialf-residence time on forage
of 14 days. lCi

F 40 meters/hr(x24) x m3

O.OS day

Fe = 960pCi/m2 day
eq = 0.05 day = 19200 'Ci/m2
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C\M, the CoUcc11tra t iolls u C 1juc I ides in milk, arc deteM- ind K t.
Oxpression:

C'.1  = (t' 1J(U1 F)i:JR1(1 c

f.,, = fraiction Of the Clement ingested daily by the
cow that is secreted in milk per liter

UAF = "utilized area factor" = 45 m2/day, the area
grazed by the cow daily

R = 0.67, the retention factor for small particles
on forage

Feq = the steady-state deposition of particles on forage =
19200 .iCi/m2, when calculated in terms of the
urait air concentration (1 '1Ci/M 3)

Using this expression, the calculations for the concentration of
Sr 9 0 and Ls'- 37 in milk are shown below.

Sr 0

(The f-N value for Sr90 is 9x1O -
4

CM = (fN) (UAF) (R) (Feq)

C\I = (9xl1-4 ) (45)(.67) (19 200)

CMI = 920 C;i/liter

WCi/m
3

This value is the concentration of Sr90 in milk in terms of the
unit air concentration (IlCi /m3), and is used below in determining the
concentration of Sr90 in milk which would result following a nuclear
attack with a fission yield of 2000 Nlt.*

8.8xlO0Ci Sr90 produced/Mt fission

¢g ,rnd Tewes postulated a nuclear attack involving a total yield of 41
4000 Mt from half-fission half-fusion devices with individual yields 4
between I and 10 Mt.

T*



L, i. x 10-- Ici Sr '.Jt iiss iofl

M. %x 1 - 'x = 17 MCi Srl' prexUCC/.)It i i-a

1e sur'ficV ,Iir concentration has hcel detemiicd to,. 1J , -  " i/ms/.,1
0i nuclide injected into the stratosphere.

lxlO-AUCi/ 1 3 x 176 MCi Sr = 1.70 x IO- Ci A',,,

This is the surface air concentration of Sr '3 0 per ") M.t ftission.
1he product of this value and the unit air concentration oft Srl , in
milk provides the average daily concentration of Sr" in milk for a

In-month period following the injection of 2000 Mt fission into the
stratosphere.

I.76xl0-6wCi Srg°/m 3 x 520 iCi/liter 9. x 10'.1ci Sr39/
literl milk/day per 2000
Mt fission

CS137

(The fM value for Cs 37 is 7.Sx1-hP

C,\= (ffl) UAF) (R) (Feq)

Cm= (7.5x10- 3 ) (45) (.67) (19200)

Gj 4.3x1 3  Ci/liter
C Ci/m3

This is the concentration of Cs137 in milk in terms of the unit
air concentration (1iCi/il).

1.5xl0 5Ci Cs1 37 produced /Mt fission

1.5x10 5
lx0 6  = 0.15 MCi Cs1 3 7 produced/Mt fission

0.15 x 2000 = 300 MCi Cs137 produced/2000 It fission
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Tie 'o,[uc o the surLIce ir concentr'ition ;le" : o(: of nuclideonj
eto~i I 1:wMt ;'re Luced iprovides the .surfice air conc:ntiration of Cs

per 26) %it 15o l

ixiu -: iA. .ia"x 3(10) M('i Cs "- = 3xlVl-6iC C]s 37/ 0 3 per %1)1(0 it fission

The rle uct of this value and the unit air coiicentr ltion ( s
in milk provides the averae daily conccntration of Cs -I in milk for
a 12-month period following the injection of 2000 Nit fission into the
stratosphere.

3xl0-6Ci Cs1 37/m 03 K Ci/l-iter 1.3XlO_2X i L'S' 7/liter milk/
x 4. 1Ci/m

3  ,y per 2000 'It fission

The Rate of ingestion of Sr3 0 and Cs1 3 7 Via MiZk* For O,:e Year Post-Attack

This value is simply the product of the average daily concentration
of the nuclide in milk/liter and days/year.

Sr 30

9.2xl0-"PCi Sr 9 °/liter milk/day per 2000 '.It fission x 365
3.4xl0-1 pCi Sr 9 °/year

Cs137

1.3xlO-2cCi Cs137/liter milk/day per 2000 Mt fission x 365 =

4.7 uCi Cs137/year

The One-Year Post-Attack Radiation Dose Rates Via 'iZk to Whole Body and
Bone in Terms of B1, the Unit Dose-Rate Ingestion Rate.

Estimations of the one-year post-attack radiation dosage rates via
milk to whole body and bone were made in terms of the unit dose-rate
ingestion rate, B1 , which is defined:

*milk consumption is assumed to be 1 liter/day.
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B. = ingestion rate in v'Ci, xoar that resulits in :I I rcd/'u -r dose-rate.

rad/' year

= the do~x ~r to in i'i,. I-'r tVat corresponds to a rate of ingestion

Bi of l4ci/year

I - xr:xd/veearxS ix rate of ingestion dose-rate (rad/year]

*Derivationof the Lpression for B1 , the Unit Dose-Rate Ingestion Rate

The equilibrium dose-rate to a tissue in rad/year is related to the

equilibrium concentration of a radionuclide in tissue nB(EQ) by the cxpression

DR (EQ) = 1.85xlO 4 QnB (EQ), (1)

where Q is expressed in Mev and nB (EQ) is expressed in WCi/g.

If we assumle first-order kinetics and a constant rate of ingestion
of B pCi/day, nBtt) is determined by

dnB (t) fBB

dt m XE nB(t), (2)

where m is expressed in g and XE in day -. The tissue concentration
at equilibrium would then be

nB(EQ) = fBB (3)

If, in Equation 2 this expression is substituted for nB(EQ) and OR(EQ)
is set equal to L rad/year, then solving for B1 results in the e:-xression
for the unit-dose-rate ingestion rate, i.e.,

BI D.4 x 10-5 mXE

QfB
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1 ()73) has prcpared tables of BI values for the whulc hodv ari
boni, for both the adult and the child. These tables, including B
VaILICS for LOO etel its and their isotopes, iII be incIudcd in the
forthcoming publication of the revised LLL Handbook. Dr. Ng has pro-
vided the author with a copy of these tables in advance of publication.

Sore "2,

Bone

B1 - Ci/y'r
rad/y r

.3. 410- 1
4.07xlO rad/yr

rad/yr = 8.35 x 0.7 (correction factor)

rad/yr = 5.8

iole Body

The dose rate for Sr90 in the adult whole body is 1/10 that
in bone = 0.58 rad/yr.

The Annual Radiation Dosage Rates Via MiZk to the Adult Whole Body and
Bone From Cs 1 3 7

Bone

B1  = -Ci/yr

rad/y-

1.09x O 
4.

rad/yr

rad/yr= 0.431 x 0.7-19 (correction factor)

rad/yr = 0.31

Whole Body

The dose rate for Cs 1 3 7 in the adult whole body is the same
as that in bone = 0.31 rad/yr.
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lIe -o the pOf tit". 'iei i ;Atl o1 thC mc ,Ptrat uns Of
u clides in Ineat (lpart icllarl>• in tie case of S" , . .1idLe rascu

their asse.Smont oI" l, i. O c: onl 'Ori 5ns o! tihe IctcW and
observed ratios of the concentrations in mleat to that in milk.

The concentration of stable Sr/g h in meat is 2x that in milk*

The concentration of Sr)O/gCd in meat has also been found to be 2x that
in milk**

The stable Ca content in milk = 1.3g Ca/liter

The stable Ca content in meat - O.lg Ca/kg (Ng, et al., 1968)

Thus, on the basis of the stable Ca content in milk and meat, the
ratio of the average concentration of Sr-0 in meat to that in milk would
be expected to be 0.15:

Sr9 in meat 2x0.lg Ca/kg 0.15
Sr 'iu in milk = 1.3g Ca/liter

This represents the predicted r atio of the concentration of Sr -3
in meat to that in milk. The observed ratios, as determined from studies
reported in the literature, ranged from 0.05 to 0.26 (Aarkrog, Lippert,
and Petersen, 1963, and Aarkrog and Lippert, 1964, 1965. Also, Fallout
Program Quarterly Summary Reports, U.S. Atomic Energy Conmission Health
and Safety Laboratory, New York Operations Office).

*Stronltium - 90 in Human Diet in the United Kingdom 1958, Great Britain

Agricultural Research Council, Report ARCRL-l, 1959.
**Radiobiological Laboratory Annual Report 1963-64, Great Britain
Agricultural Research Council Report ARCRL-12, 1964. Radiobiological
Laboratory Annual Report 1964-1965, Great Britain Agricultural Research
Council Report AZCIU-14, 1965.
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ith due consideration for the predicted I rd ob'served 1-r1i os , the
aline assined ,rs the ratio for the concent ration of Sr", in inc. to that

in 1iIL, %,as 0.2. Since the concentration , sr-"  in IIrilk ,Is ,,eter-
uined to he 0. 2x., to;C i/liter, the concentration of Sr 0 in meat .ould
!e as follows:

Sr '' ill mlc lt
.... nmlilk K<).27YFx71 .2 = 0._

Sr 90 in meat = (9 2xl0 - 4 ) x 0.2 = l.Sxl(-41Ci/kg

Cs 137

A value for the concentration of Cs 17 in meat was established in
a maimer similar to that employed for Sr '30 , i e., by determining a ratio
for the concentration of Cs 37 in meat to that in milk. The lowest ratio
of Cs137 in meat to milk as determined from studies in the literature
was greater than 3; however, the range of these ratios varied considerably,
apparently as a result of local environmiental factors and the ani-mal
feeding practices employed in the areas where the studies were conducted.
A value of 10 was assumed for the meat to milk ratio of Cs1 3 7 , as repre-
sentative of these data. Since the concentration of Cs137 in milk was
determined to be 1.3 x 10-2pCi/liter, the concentration of Cs137 in meat
would be

Cs 137 inl meat
= 10

Cs137 in milk (1.3xl0-2wCi/liter)

Cs137 in meat = (1.3xl0-)xl0 = 1.3 x 10-loCi/kg

The Rate of Ingestion of Sr9 0 and Cs 1 37 Via Meat For One Year Post-Attack

This value is the product of the average daily conceniiation of the
nuclide in the meat consumed per day and days/year.

Sr9
o

The concentrat.on of Sr90 in meat was determined to be
l.8xl0-4jICi/,1g; however, meat consumption was assumed to be 300 g/day

.8xl04- 5.4xl0-5SCi Sr9O/day x 365 = 1.9xlO-2Ci SrO°/year

3.3
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Sho conceon t ration of . ,7 in m t ,as Jot , inc'J to hio1. 3x1 - Ci /k, (rate of recent consumption =

5. 5XlO " 'jCi CsI 37/daV' x 305 14. 2 4Li CsI 7/yvr

The A nual Radiation Dosage Rates Via Meat o the dAuit ;/ho'e 5od, -,nd
Sane From ;3 9 0

Bone

rad/yr

1.9xlO- 2
rad/yr

rad/yr .40 x 0.7 (correction factor)

rad/yr = .32

M ole Body

The dose rate for Sr90 in the adult whole body is 1/10 that
in bone = 0.03 rad/yr.

The AnnuaZ Radiation Dosage Rates Via Meat to the AduZlt WhoZe Body and
Bone From Cs

1 37

Bone

B1 =
rad/yr

i.09xlO I  14.2

rad/yr

rad/yr = 1.3 x .729 (correction factor)

rad/yr = 0.95
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A 1k)l 11 ody\

Ih110 s raite 1k)0i Cs 137 in the 1dL1t~,h hod v- IS -s

ais that in b)one o .93 rad/yr.

The chronic -contamina tion model waS Structure-d pimrlvupon the
development of proportionality factors between the averagce nuclide con-
centrations in milk or meat and the average nuclide concentrat ions in
Surface air. It is fortuitous that experimental data have become available
which not only' validate the assumptions made in the step-wise development
of the model, but, in addition, indicate that a reasonable degree of
precision may be ant icipated with regard to the pred icted rmd at ion
dosage estmiates made via use of the model. The experimental data for
testing the model were provided by Wilson, 3t (,Z. (b9),with
results described etso~here.
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APL, IX I. S .\01' AiXI IF TI IL R.M tOifC I (,L I LIX.IRD I) :".Vl.\:.

LOG-LI\IVD ,UL AFIEIR .\ .\LCLLAI ;',,

1'hC results of the study h% Russe l, ." , inldicate a I cs.cr
radiological hazard from long-lived nuclides (Sr " and Cs137) than that
predicted in earlier studies. This re-assessment of the problem hecane
possible when Russell and his colleagues had acctunuiated sufficient empirical

data to clarify the role of several steps in the transport of Sr"O into
food chains (areas of the problem which had been heretofore bridged by
unsupported assumptions and/or conjecture).

The analysis deals primarily with the hazard of Sr ° to man via milk.
The Sr 90 contribution from both early (near-in) and delayed (worldwide)
fallout sources are combined for this analysis.

In the case of early (near-in) fallout, the deposition of Sr90 in
those areas where the external gaumia dose is 100 R/hr at 1 hr was cal-
culated to be 500 mCi Sr 9 °/Io : .

The delayed or worldwide deposition of Sr 9 resulting from 5000
Mt fission was calculated to he 1100 mCi Sr'30 /loa 2 in the first year after
dtetaticni.

The factors disclosed by Russell and his colleagues which provided
the basis for lowering the Sr 9" hazard were these:

(a) the uptake of Sr90 from the soil decreases by about 14, annually
(prior to this study UNSCEAR had assumed a constant rate for
the annual reduction in uptake from the soil at 2',").

(b) the downward movement of Sr90 in the soil removes it from areas
of root absorption for pasture plants.

The dose commitment (first decade) for Sr90 to bone marrow was cal-
culated to be approximately 1 rad, and that from Cs13 7 to be 1 rad to
bone marrow and I rad to the whole body (the distribution of cesiun 1s
fairly uniform throughout the body).

In the case of the predictive model developed by Ng and Tewes, their
assessment of the radiological hazard to man following early fallout
is considered more realistic than that presented by Russell, et at.
This is particularly true in the case of the thyroid dose from 1131 via

50

- -~--~--



211 £ . !owever, it ')Cst 1 ,ointCd out thut arid Iuw,' consider o ny
lie fo lsejI CI c s2 1 )I I I Ct i OIt t1t L Itik I d cs j)Ieo.s it I Q1i veCtaL t io1I. In

the case of the radio hI .i ica I hazard fIroi I olig- I v Ck I I li dc1 s IoiI ',,or 1d-
ide fa,lot, the assessment Iade I v Russell, , .. , is CoIs idered

stiper ior to thu t made 1y P,, .and lwTk2Cs, because Russell'-- K;z~L1dY takes
into cons iderat ion r ct rionat ion and tie contri hInt ion of S;r il tie soil
year by year for the first decade.

In the area where the initial deposit of near-in fallout delivered
1)1) R/hr at 1 hr and there was subsequent worldwide fallout from 500(1

MIt of fission, the dose commitment (ingested Sr 9 0 and Cs 1 7: would be
about 2 -ads to the hone Marrow of the population and 1 rad to the whole
body (worldwide fallout would be responsible for the major part of these
doses ).

It is now widely recognized that long-lived fission products would
make a negligible contribution to the radiation exposure of the population
in heavily contaminated areas shortly after a nuclear attack. The exter-
nal radiation dose would usually be dominant, and, if simple precautions
were taken to avoid the superficial contamination of foodstuffs, the
entry of 1131 into milk would cause the only important problem of dietary
contamination. Thus, for example, infants probably would not receive
doses of more than 0.1 rad to bone marrow from Sr9 nor more than 0.01
rad from Cs 137 in the weeks after a nuclear attack if they were fed
continuously with milk produced in an area where the external dose
rate at 1 hr after detonation had been 100 R/hr. Doses to the thyroid
from 1131 might, however, exceed 200 rads (Russell Interlakn paper).
Considerably higher doses were expected until it became cvident that the
physical properties of near-in fallout much reduce the entry of radio-
activity into food chains.

In more lightly contaminated areas, expecially where deposition does
not occur for many hours or days, internal radiation would give rise
to a larger fraction of the total radiation dose, partly because short-
lived nuclides would have decayed before fallout descended and partly
because fission products contained in the more finely divided and soluble
distant fallout enter food chains more readily. The relative contribu-
tions of 1131, Sr' ° , and Cs137 to the internal radiation dose would,
however, be comparable to those in near-in localities.

Civil defense planning is naturally concerned primarily with the
early period when external radiation is dominanut, but this is not the
whole story. Years after a nuclear war, long-lived nuclides will remain
in the soil and will continue to descend in worldwide fallout. Therefore
two questions are relevant:
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1 l hat 1-LId i atiol loses a'ill he rcceli ved flroj thes,
the survi \'oS Of a nucIeaIr ,a r'?

2) Is it prudent and rea list i c to p ep Ire plaIs 1 or 1on: -It- ::
rcmed ial act ion aga inst the contaimination Of 1,.ricol1 t1r:i1
produce'

XCaO .2onl Joees ]'2cm Lour-Loil 'fijn i:.;.; : 0- 3,..n
Wr.

Consider the situation in an a'e:i rce ivi n. an external radia-
tion dose of 100 R/hr from Carl)' fallout I hr aLter the detonation of
a weapon (the total amount of fission occurring in the entire war Ieing
500) Nit).

Dose fror Sr ? °

.'iar- in fallout Would deposit approximilately
1000 mCi of Sr9 °/lhi& in a fallout field of 100 R/hr at 1 hour. The
lar-e particle size of the debris will undoubtedly lower its solubil ity
by a considerable factor: 50) mCi of Sr90 /]on"i is asstmwed to be present
in forms accessible to plant roots in postwar year I (one).

The results of surveys of worldwide fallout combined with estimates
of nuclear fission released by nuclear tests, ,diich are reviled in this
Appendix* suggest that 5000 it of fission would d-ive rise to a deposit
of about 1100 mCi of Sr 90 per In2 in the first )ear, with a half-resi-
dence time in the atmosphere of about 12 months; these estimates refer
to temperate latitudes in the hemisphere where d(tonation occurred.

Dose from Cs 1 3 7

It is well known that the fixation of Cs 137 in clay minerals causes
it to enter food chains to only a very small extent a year or two
after the detonation.

Data re Cs 137 are severe in relation to that re SrO. That which
is available has been reviewed by UNSCLAR.

The dose commitment to the bone marrow of the population from Cs 137

in worldwide fallout appears to be about 90% of that from Sr 0 , the
same dose from Cs1 37being received by all tissues, of course. Within
the limits of accuracy practicable in the present discussion, we may
therefore assume that the dose commitnent from Cs137 to all tissues'
after the postulated war would be similar to that from Sr90 to the
bone marrow, i.e., about I rad.

*Supplementary inforlatioii, tol lowing.
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For present pulrpos es it is unnecessary to consijer nuclides other
than Sr' 0 arnd C) Other fission products will be trivial sources
of dietary contamination.

Accordinogl', woe may conclude that, after a nuclear .i r inolvin"
5000 Mt of fission, the dose comiaitment fromi Sr a' ;nd Cs' ' to the
inhabitants of the hemisphere in which the war took place would be
approximately 2 rads to the bone marrow and 1 rad to the whole body
for long-lived nuclides.

.-isaussion

Civil deferse planning is naturally concerned primarily with the
early period when external radiation is dominant.

The other side of the problem is that for years after a nuclear
war, long-lived nuclides will remain in the soil and will continue to
dsecend in worldwide fallout.

(A) What radiation doses will be received from these sources by
the survivors of a nuclear war?

Even when the maxinmum allowance is made for uncertainties, the
following facts are evident:

(1) Doses from long-lived nuclides will be trivial relative
to those received from short-lived activities in the
earlier period in areas of appreciable near-in fallout.

(2) Assuming that a nuclear war is of considerable magnitude
(5000 Mt*is in this category), worldwide f- out and not
near-in debris would usually be the dominant source of
dietary contamination with long-lived nuclides.

(3) The direct contamination of growing crops is likely to
be responsible for about half the dietary contamination
with Sr9 .

This last statement should be no surprise. It is now more than a
decade since unequivocal evidence became available that in times of rela-
tively high fallout the direct contamination of plants and not, as it was
first suggested, absorption from the soil was the major route by which Sr9

entered diet. Implicit also in the analyses that could be made at that
time was the fact that the average extent to which Sr9 would enter plants
from the soil over a long period was likely to be overestimated.
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I f the soil Were loW in, : I ' the Sr Contributio)f could !-
greater than is suggested here.

B) Is it prudent and realistic to prepare plans for len:
remedial action?

The 1 iterature contains numerous sloest ion for iwd i m .i: ;,
transfer of fission products through food chains, but unforttn;itci tIh.
majority of these do not relate to situations likely to arise In
practice.

A quarter or more of the casualties from long-lived nuclides :1iter
a nuclear war would apparently be due to .:-- '', r:di:it ii ; 1,(; , ! -"
this risk could not be mitigated over a wide area by any practicabIle
method. Reduction of the average level of radioactivity in airicul-
tural produce by a large factor also seems impossible. Russell's
Figure 3 shows that, during the early years when dose Would De ilihest,
the major part of the internal dose from Sr90 and, of coursc, almost
the entire internal dose from Cs 1 3 7 comes from entrapment of th. deposit
on growing plants. Therefore it seems that the intake of radioactivity
in diet could be reduced by a considerable factor only if stocks of itored
foods were available for several years or if crops were grown in
greenhouses to protect them from direct contamination by fallout.

The following conclusions are inescapable. A large part of the
dose from long-lived nuclides could not be avoided, and procedures
available for mitigating some fraction of the dose would involve
considerable effort and would possibly restrict food supplies.
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SUPPLlMil:NT'.\RY I Nl:OlMXT, I ON

It is now tidelv rccornizCd that, bec:luse of the risk of leukulmia,
the radiation lose to hone iarrow, is the appropriate hasis for assessintw
risks from Sr,3 .

To estimate the highest dose to this tissue which any individual
could receive annually, we have assumed that the entire hone of infants,
starting in the first year of life, is in equilibrium with diet each
year, that the ratio of Sr 90 to calcium in their bone is 0.25 of that
in the diet, and that 1 pCi Sr'° 0 /g Ca in bone will deliver 0.82 i:irad/yr
to bone narrow. On this basis, infants in their first 'ear will receive
the radiation doses shown in Russell's Figure 3. In postwar year 1
the doses to bone i.iarrow would 1, about 0.25 rad/year. O)ver the next
few years the dose would decrease relatively rapidly to about 0.1 rad/yr
in the fourth year and about 0. 03 rad/yr after 10 years.

Alternatively, the dose conmitment to the population can he esti-
mated by using the procedure of UNSCEAR. In this calculation it is
necessary to assume the relation between the ratio of Sr90 to calcium
in the total diet and that in milk. In the majority of countries where
those ratioshave been examined, this ratio in the total diet is 1 to
1.5 times that in milk.

In the present calculations the higher value of 1.5 was used. On
this basis, the dose .-ommitment from Sr90 is about 1 rad, nearly all
of which is received .n the first 10 years.

Some 90% of the total dose commitment would come from worldwide
fallout, the early fallout in an area where the external gross dose
was 100 R/hr at 1 hour contributing only a minor fraction of the total.

Infants probably would not receive doses of more than 0.1 rad to
bone marrow from Sr 9 nor more than 0.01 rad from CsI17 in the weeks
after a nuclear attack if they were fed continuously with milk products
in an area where the external dose rate at 1 hour after detonation
had been 100 R/hr. Doses to the thyroid from 1131 might, however,
exceed 200 rad.

Entry of Sr90 Into Food Chains From the Soil

The best approach is to analyze the results of surveys of deposi-
tion of worldwide fallout and contamination of foodstuffs, thus parti-
tioning the contamination of food between direct contamination (i.e.,
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thte retention of the r-ecent deposits on vegetation) and that resulting
from uptake from the soil.

Russell describes the development of a procedure for estijmating
(calculating) the Sr ' 0 contzmuination of milk from observed/measured
fallout levels ('.t-_,., describes the relation between the deposition
of fallout and the contamination of milk).

The original equation had two defects:

(1) First, the equation assumed that all Sr 9 0 entering milk
which was not attributable to the entrapment of the current
deposit on vegetation came from the cumulative total in
the soil, whereas it was evident from agricultural considera-
tions that the direct entrapment of Sr on vegetation in
the previous year must make an appreciable contribution (the
"lag-ratc' effect).

(2) Second, the assuinption that a constant fraction of the cumu-
lative deposit in the soil enters plants each year was clearly
incorrect because of the mechanisms which either remove it
from the rooting zone or otherwise reduce its accessibility
to plants.

P r Pd Pl

1961 Data 0.76 0.19
1964 Data 0.70 0.11 1.13

(UNSCEAR selected value of 2% for value by which Sr9° decreased
from the soil annually.)

From the viewpoint of predicting dietary contamination over long
periods, the particular advantage of Russell's Eq 3 is that it provides
an objective basis for estimating the extent to which the uptake of
Sr 90 from the soil changes with time.

S = 0.86 = reduction factor by which the uptake
of Sr90 from soil decreases annually
through processes other than the decay
of radioactivity.
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Th' I::e 1-2 C .So '''"" indicates a decrease 1w some 14', annually after
allowance has been made for the decay of radioactivity. This value
is in surprising agreement with the findins of Van der Stricht,
who deduced an annual reduction in uptake from the soil by about 13',.

United Kingdom experiments showed that pasture orasses can remove
2-5, of recently introduced Sr 90 from soil in a single samiwer. Beyond
this the downward movement of Sr30 in the soil by only a few centimeters
will frequently cause an appreciable reduction in absorption since the
roots of pasture plants draw nutrients largely from de upper soil layers,
Strontimu 90, like calcium, can be leached to ',reiter depths in the soil,
and in some soils physiochemical changes may bring about a small reduction
in uptake by plants.

The present value of "S" does not appear in conflict with any
known facts; i.e., it closely describes the situations in 1968 and
1969 when the mean interval since the deposition of Sr90 was 6 to 7
years.

Note: value of "S" indicated that absorption of Sr90 is initially
appreciably higher than was previously inferred. (First crop will get
rid of considerable amount of SrO.)

A test of the validity of the situation in the United Kingdom
with respect to the general situation in other temperate regions was
provided in a report by UNSCEAR in which its tabulation of milk levels
from 14 localities in the North Temperate Zone between 1955 and 1967
was very close; therefore, Russell, et aZ., accepted U. K. data as
representative of situations in temperate countries until a better
assessment became available.

The results of surveys of worldwide fallout combined with estimates
of the quantity of nuclear fission released by nuclear tests, which have
been reviewed here*, suggest that .5000 Mt of fission Would d_,ive
rise to a deposit of about 1100 mCi of Sr90 per kn2 in the first year.

We have assumed that the entire bone of infants in the first year
of life is in equilibrium with diet each year, that the ratio of Sr90

to calcium in their bone is 0.25 of that in the diet, and that 1 pCi
Sr9 °/g Ca in bone will deliver 0.82 mrad/yr to bone marrow. In postwar
year 1 the doses to bone marrow would be about .25 rad/yr.

Effect of Fractionation of Fission Products

The volatility of Kr9 0 , the gaseous precursor of Sr90 , is likely
to deplete Sr90 in the near-in deposit by a factor that may be conser-
vatively estimated at 5.

*in the following.
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ua ,lo!s i t of 1000 mCi/kms is expected when the external
gammia dose rate is 100 R/hr at 1 hour.

Solubility of Sr9 0 in the 3oil

There is much evidence that tile deposit in such areas will be of
low solubility (probably not more than 10"0), but, to avoid understate-
ment of the quantities of Sr9° which may enter food chains in subsequent
years, we assumed 50% becomes soluble in the soil.

Deposition of Sr90 in Near-in Fallout when ExternaL Gana Dose is ZOO
R/hr at Z hour

Dunning and Hilcken estimated that a deposition of 800 MCi of
mixed fission products per square mile 1 hour after fission would give
an external gamma dose rate of 4000 R/hr at 3 feet above a theoretically
flat plane.

Assuming:

that the roughness of the ground would attenuate the external
radiation dose by a factor of 2,

that Sr90 contributes 0.0013% of the total fallout activity
at 24 hours (Adjusted for a half-life of 28 years),

that mixed fission products are deposited in fission yield,
and that they decay by a factor of 36 in 24 hours,

the expected deposit of Sr90 would be 5000 mCi/kn2 when the external
gamma dose rate is 100 R/hr at 1 hour.

An alternative calculation, based on Glasstone,gives about one-third
of this value.

Relation Between the Extent of Nuclear Fission and Worldwide Fallout in
the Scone Hemisphere

The pattern of fallout from the series of nuclear tests in 1962
provides a basis for estimating the deposition of Sr90 in worldwide
fallout after a nuclear war.

Tests in the USSR are estimated to have yielded 60 Mt of fission
with a mean time of origin at mid-September 1962.

The average deposition of Sr9 0 in the United Kingdom in 1963 was
19 mCi/km2 , and measurements of fission-product ratios indicated that,
in the spring and sumner of that year, 20% of the Sr9° was from tests
held in 1962.
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If we assumle that nO 'It of fission caused 0.7 x 19 = 13.3 :mCi/ITi2

to he deposited in the year after the detonations occured, then, assuming
similar latitude and h. Qr of the injection, 50(00 Mt of fission %,ould
give rise to 1100 mCi of Sr 30 /km 2 in the first year after detonation.

Note: The near-in fallout was calculated to be lxlO-3 PCi/ 2 when
the external gamma dose --ite is 100 R/hr at 1 hour.

By use of his Equation 3, Russell, ot zl. derived the levels of
Sr9O in milk caused by the initial deposit and by worldwide fallout.
These values, along with the fractions of the total contamination attri-
butable to absorption from the soil each year, are the basis for the
discussions above.

Dose From 1131 to the Thyroid Cdand

UNSCEAR (1964) calculated the accumulated radiation dose (D) to the
thyroid gland as follows:

D K x Ix Fx T

m

K = dose rate factor (0.01 mrad/day per pCi/g tissue)

I = total intake by ingestion of 1131 (pCi)

F = fraction of ingested 1131 which reaches the thyroid
(0.3)

T = mean effective time of storage of 1131 in thyroid
(11 days)

m = mass of thyroid (2g)

(Use: F = 0.35 for infants and m 1.8g)

Calculate D, where I = 1 pCi 1131

D = (.01)(l0 6) (.35)(1l)
1.8

D = 2 1,000 mrad or

1 VCi 1131 , 21 rad infant's thyroid.
Russell says 20 rad, or

1 rad is delivered by 0.05 Ci 1131
59
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The total intake of 1 21 per day will be :wprox jiatlv lOx the
intake on the day ihen the concentration is hi-iest. fence, 1 rad will
be received by an infant which inge-sts 0.005 !Ci II 1 on that day (day
of peak concentration).

Takin, the daily intake of milk as 0.7 liters, the corresponding
level of 11 in milk is 0.O07pCi [1 3 1/liter. (= '.7/1.1 x 0.005)

From earlier results, this peak concentration could result from
0.05 pCi I13 1/m2 if deposited in a finely divided soluble deposit.

The peak concentration of 1131 is reached on day 2, at which time
the concentration is 0.14 pCi/liter per pCi/m 2 .

Dose From CS1 37 to the Whole Body

FRC (1965) estimated that 1 uCi Cs13 7 ingested by an infant (10 kg =
22 ibs) will deliver 0.13 rads to the whole body, i.e., I rad is delivered
by - 7.7 pCi Cs13 7.

It can be calculated that the integrated intake of Cs1 37after a
single release will be about 33 times the intake in milk on the day
of highest contamination. Hence, 1 rad will be received by an infant
which consumes - 0.23 VCi Cs1 37 on that day.

(The highest concentration of Cs1 37 is reached on the eighth day,
i.e., 0.30 pCi/liter per pCi/m 2 .)

Assuming an intake of 0.7 liter this corresponds to - 0.33 pCi Cs' 3 7/
liter.

Earlier results show that this level of contamination will result

when the deposit is - 1.1 pCi Cs13 7/m2.

Dose From Sr8 9 to Bone Marrow

FRC (1965) concluded that a mean dose of 1 rad would be delivered
to bone marrow if the maximum corc. of Sr8 9 in milk were 0.37pCi/liter,
continuous intake being assumed. From earlier results, it is evident
that this level of contamination would result from a deposition of 20
pCi Sr8 9/m2 .

.37pCi Sr8 9/liter milk + 1 rad to bone marrow

Peak (day 4) conc.=0.019uCi/liter per pCi/m
2
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The ratio of Sr 30 to calcium in bone is 0.25 of that in the diet
(UNSCL\R, 1964).

1 pCi Sr 9O/g Ca in bone -, 0.82 mrad/yr to the bone marrow

5x1O- 3 ,jCi Sr 9 O/g Ca in the diet delivers 1 rad/vr to the bone
marrow

It has been shown that under average conditions in the U.K. the

presence of

1 mCi Sr9°/kn2 _ 0.11 pCi Sr90/g Ca in milk

What level of soil contamination - 5x10-3pCi Sr9°/g Ca in milk?

1 mCi/hn2 - l.lxl0" 7pCi/g Ca in milk

Therefore, 45000. = the number of mCi Sr9°/km 2 that will
lead to .005 PCi Sr9°/g Ca in milk

45000 mCi Sr90 /km2 = 45 Ci Sr90/km2 or
45 pCi Sr

9O/m2

A deposit of 45 Ci Sr90 /kn2 (45wCi SrO0/m2) would cause bone marrow
to receive 1 rad/yr.
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