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ABS TRACT

Plant  samp les and r abb i t s  were ~a lLi ~ ted bei~ r~ and at various time s

a f t e r  the detonation from 20 representative lo~ations in the Sedan fallout

f i e ld .  Radiocheinical analyses were made to de te rmine  the concentrations

of Sr89 and Sr 9° in dry p lan t  samples .~nd in the bone ash of rabb i t s  a t

the timas of col lect ion.  Est imates of i n i t i a l  gamma dose rates

(R0 — mr/hr ,3 f t  above ground , 24 hr a f t e r the de tonation) were obtained

from aerial survey data .

Average concentrat ions of Sr 89 
in p l an t  samp les and in the bone ash of

rabbi ts  collec ted on D + 5 (five days a f t e r  the de tonat ion)  we re approxi-

ma te ly 100 time s hi ghe r than the average concen t ra t ions  of Sr 90. The

concent ra t ions  of Sr 9° in post-Sedan samp les f rom locations where

R < 10 mr/hr  were not si g n i f i c a n t l y  hi ghe r than in pre -Sedan samp les

from tl~e same locations.  Consequently, most of our s t a t i s t i c a l  and food-
89

chain kinetic studies were based on the Sr data.

For the 20 s ta t ions  at  which  samp les were col lected , the means of

i n i t i a l  dose rate estima tes (R0),  in i t i a l  concentrat ions of Sr 89 
on

p lants  ( F ) ,  and maximum concentrat ions of Sr 89 in rabbi t  bone ash (B30)

were 17.5 ± 5.2 mrfhr , 1800 ± 575 pc/g, and 2100 ± 625 pcfg respectively.

**The correlation between R and P was 0,Th while the correlat ion be tween
0 0

**and B30 was 0.70 • In both cases , the corre la t ion and regression

coefficients were sign i f i can t  at the 17, leve l of probabi l i ty ; and the

• deviations from linear regression were not sta ti s tica l ly signif icant .

From D + 5 to D + 30, the average effective half-lives of Sr
89 

and

Sr9° on fallout-contaminated p lant s were app roximately 18 and 28 days

_ _ _ _  
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respec tively. From D + 30 to D + 60, the effective half-life of Sr89

was about 38 days and the effective half-life of Sr9° was > 100 days.

The average concentrations of Sr
89 and Sr9° in rabbit bone ash

increased rapidly from D + 5 to D + 15 and then more slowly from D + 15

to D + 30. In both cases, maximum levels were attained about D + 30.

From D + 30 to D + 60, the average concentration of Sr
89 

in rabbit bone

ash declined at a rate approximating the radioac tive decay rate of Sr
89

while the average level of Sr9° remained essentially unchanged. Estimates

based on these data indicate that the biological half-life of radio-

strontium in the bones of jack rabbits is about 33 days; therefore, the

effective half-life of Sr in rabbit bone was approximately 20 days,

and the effective half-life of Sr9° was approximately 33 days.

The average concentrations, build-up, and later decline of radio-

strontium in the bone ash of rabbits collected in the Sedan fa l lout  field

wme apparently related to the averages of the following parameters:

(a) the initial concentrations of radiostrontium on the fallout-contaminated

p lants consume d by the rabbits , (b) the weight of contaminated plant

material consumed per rabbit per day, (c) the weight of bone ash per rabbi t ,

(d) the frac tion of inges ted radiostrontium which was assimilated and

deposited .. t bone , (e) the e f fec t ive  h a l f - l i f e  of radios t ront ium on fa l lout-

contaminated plants, and (f) the effective half-life of radiostrontium

in the skel•ton.

A mathematical model incorporating these parameters was formulated

and found to function satisfactorily with parameter values derived from the

radiochemical data. Estimates of the total doses (rad) delivered by Sr
89

_ _ _  _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - ~-.-~—- -‘

to rabbit bone were based on the model. The estimated dosc a to

individ ual rabbits ranged from 0.11 to 9.48 rad, and the average

was 1.12 ± 0.36 rad.

While the model seems to provide an adequa te explanation of the

quantitative-kinetic relationship between average initial concentrations

of radiostrontium on plants and subsequent average concentrations in

rabbit bone ash, the parameter values used in fitting the hypothetical

curves to the observed data points could be inaccurate; and even if the

derived parameter values are accurate, they might not be applicable to

o ther fa l lou t f ie lds .  Some of the fac tors which influence the parameters

considered in the mode l , and the major sources of error in estimating

specific parameter values were discussed at length.

Finally,  a mathematical model was proposed to provide at leas t a

par tial explanation of the quantita tive-kine tics of Sr89 or ~~~ on

pas ture plants , in cow ’s milk , and in human tissues (bone and thyroid)

following fallout from a single nuclear detonation. The potential value

of the proposed model as an aid in the study of human food-chain kine tics

or for the interpretat ion of radiocheinical datawa s i l lustrated by means

of hypothetical calculations.

** Significant at the one per cent level of probability

-3-
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FOOD-CHAIN R~LATIONSUIPS OF RADIOSTRONTIUM IN THE SEDAN FALLOUT FIELD

W i l l i a m  E. M a r t i n  and Frederick B. Thrner

1.0 INTRO DUCTION

1.1 Back~ round

The biological hazards related to fa l lou t have been c lass i f ied,

somewhat arbitrarily, as short-term or acute and long-term or chronic

Sho r t - t e rm hazards have been a t t r ibu ted  pr imar i ly to external gaimna radi-

a t ion and secondarily to the biological accumulation of internal  emi t ters.

Long-term hazards have been attributed primarily to internal and secondarily

to external emitters. This report  describes and attemp ts to explain certain

shor t - term aspects of the internal emi tter problem.

Mathematical models have been designed to explain and/or to predict

the formation, dispersal , and deposition of fallout particles (1~28); and

models have been developed to describe and explain the worldwide distribution

and cy c1 in~ of radionuclides in the biosphere 
(16,21) This report aescribes

relationshi ps and presents mathematical models which may be of practical value

in ex~ iaining and/or predicting the early food-chain kinetics of radionuclidos

t~’l1owLng ~lo’;e-in fallou t from a single nuclear detonation.

Figure shows the ms t probable routes of radionuclide transfers in

a te r r e s t r i a l  ecosystem contamina ted by fallout. Factors which determine

the phys ica l and chemical p ropert ies  and the geograp hi c d i s t r ibut ion  of

f a l l o u t part icles  are operative prior to fa l lou t depositio~i. The t rans fe rs

and exchanges diagramnie d in Figu re 1 occur a f t e r  fa l l o ut .d e po si t ion.

Fal lout  resul ts in the direct , external contamination of soils , p lants

* These studies were suppor ted by Contract AT(04-l) GEN -l2 be tween the
Atomic Energy Coosnission and The University of California

-
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Figure 1. Major and minor routes of racionuclide transfer and exchange
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- 
in a te r res t r ia l  ecosystem contaminated by radioactive fa l lou t  debris.
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and animals. The subsequent redistribution of fallout particles, and of

the various radionuclides contained in those particles, results from the

interaction of the biotic and abiotic factors which comprise the ecosystem.

Some of the particles ini t ial ly deposited on soil may be redistributed

by wind or rain and redeposited on plants or on othe r soil surfaces (20)
•

Some of the fallout particles on soil may be accidentally ingested by burrow-

ing animals. The downward movement of radionuclides from superficial

. (31)fal lout  deposits is, in the absence of plowing, a slow process and

therefore of little significance in the early food-chain kinetics of

radionuclides in a fal lout  f ield.

Par ticles < 5O~.t in diame ter are more readily trapped on plan t foliage

than are particles of larger diame ter (32) and these smaller particles are
89 90 131relatively richer in certain fission produc ts (e. g., Sr , Sr , I ,

137 140 . . . (18,32)
Cs , and Ba )and relatively more soluble in water and dilute HC1

Some of the particles ini t ial ly intercepted by plants may be transferred

to the soil by wind , rain s or o ther mechanical disturbances or by the

dehiscence of foliage. V.

The radionuclides contaii~~d in fallou t particles may enter plant  tissue
(29,30) . . (27 ,34) . (33)via root absorption , foliar absorption , or stem-base absorption

Because these processes are relatively slow or because the amount of act ivi ty

involved is small in relation to the activity of external deposits , the

actual assimilation of radionuclides by plants is of l i t t l e  significance in

regard to the early food-chain kinetics in a fallout-contaminated ecosys tem.

On the o ther han d, the loss of radionuclides from fallout-contaminated plants ,

which is due to radioac tive decay and to mechanical disturbance , may be of

-7-
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considerab le importance in ltaitin* th. rate of intak, by ,rbtvor.s~~
4
~.

The external contamination of animals living In  a fallout field may

result fro. th. direc t deposition of fallout particles on their pelts ot-

from contac t with contaminated plant s and soil. Radionuc lidea con tained in

fallou t particles may accumulate in th. t issues of herbivorou s inamamts v ia

inhala t ion, which is p robably insignifican t in mos cases ~
3~~; via t tte in-

gestion of con tamina ted soil , which is probably signifi cant only in r o t a t i o n

to burrowin g animals 
(10)

; or via the Ingestion of contaminated p lan t s 
(..,37)

,

which is probably of major Importance. It i s  prohaMy safe o assume that ,

during the first 60 days after the deposition or close—itt fallou t , filtoiti -

contamina ted plants are the out y si gut r (cant source of ad I onue 1 ides ~~

ingestIon and asstmjlstion by hp th tv o tous  inmi*nals . L

Fina L ly, as shown in Figure 1 , the deeon*po~ it Ion of plant and anima l

bodies results In the release of mate ria ls t t ~ the soIl. Those ma teria ls,

including long—ltv ~d radionuc U des, are then avai lab le t o t  i - o -c v c l  tug through

the various plant to anima l food-chains .

l.~ A Food-Chajit Kinetics ~t’d.l

The mode I diagranine d and t ’ L m t i  I a ted (ii  Ft ~ t i rp  was d~ s ~~t i~~~d I ~pl Mn

the quantit a tiv e kt*te t i c relat ionship be tveen concent t a t  Ions of tad4~ s tronitum

on plants and in th. bone ash of tabbtt ~ tot towing environmenta l con t an i t tm  L ion

by close-in fallou t from a single t t t ic t ~~~r detonat ion .

A nearl y ide nt ical mode l has alr eady ~ieen tt5~d to  explain the catty 1~~~d V .

chain kinetics of radiotodin. 
(3~~, mnd comparab le models are c lusnouly used 

V.

(~~
.)

to exp lai n th. kinet ics  of physiological traeers

I
-~~~~~~~~~~~~~~~~ -~~~~~~~- - ---1 ~~~~~~~~~~~~~~~~~~~~~~~~ L -
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CON TAMINATED X p  RABB IT

PLANTS j (Wp /W b)F 

~L B0NE~~~~~~~~~~~~~~~

I I A t - ( A t F)1 I [~~
1=0 : P:P0 , 8:0

I —X~f — Xb t 1
t>0 : P1 :P0e~~~

t 
(I) Bt:~~

’ Wp F1 e 
+ 

e 
I (2)

Wb L b_ x p) (X p— X b)]

Where,

t = tune , in days , a f t e r  p l a nt  contailli t i a t i o n

P =  pcSr / g (dry W I . )  on p lan t s  a t  t = 0

*
pcSr !g (d ry W I . )  Ofl p l an t s  at t > 0

Bt= pcSr /g in r a b b i t  bone ash a t  t > 0

W =  dry wei ght  (g) of p ’ant :  eaten per r a b b i t  per day

F = fraction of ingested Sr which is deposited in honL•

Wb
_ dry wei ght  (g) of bone ash per rabbi t

= 0.693/T = e f f e c t i v e  decay con stan t

T ef f e c t i v e  h a l f - l i f e  of Sr * on p l an t sp
*e f f e c t i v e  h a l f - l i f e  of Sr in rabb i t  bone

e 2. 718 ... (base of na tural  logar i thms)

*Figure 2. A food—ch ain Kinetics model (or radiostrontium (Sr ) on p lant s
and in rabbit  bone ash fol lowing en v i r o  m en ta l  c o n t a m i n a t io n  by c l ose - i n
fa l l ou t front a s ingle nuclear  detonat ion.
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These and other  compartmental models , based on the assumption tha t tra its-

fers from one compartment to the next in a series of compartments are

i r reversible  and that the rates of transfer are exponential , are ana lagous

to the exponential models used to explain time kinetics of d i f f e r e n t
(12)

radionuctides in a decay-chain

Basical ly ,  the mode l (Fig. 2 )  depicts two compartments each having

one in le t  and two ou t le t s  for the t ransfer  of rad ios t ront ium.  Pre-

f a l l o u t  concentrat ions of r ad ios t ront ium on p lan ts  and in rabbi t  bone

a sim are assume d to be neg l i g ib l e ;  and the processes considered are

those beg inn ing  ~ t t • 0 (the time of plant contamination) .

The ini tia l concentratio n (P) of Sr
* 

(r*dt ostrouttum) on p l a n t s

is probably related to the Sr content and d i s t r ibu t i o n  ci pa r t i c le s

< 50 ~i in diame ter; and th i s  m a y  b, closely related , at least  in some

cas es , to i n i t i a l  gamma dose rates  (R 1 mr / hr  a t  H + 24) • Subsequent

losses of Sr front fa l lou t-contamina ted  p lan t s  are due to the combined

ef fec ts of  radioactive decay and mechanical  disturbances.  The ef f ec t i ve

rate of loss ( T )  ~ :*5um d to be exponential  (i. • 0.c 93/T).

The amount ut  ~r ingested pe r rabbi t  per day depends on the i n i t ia l

concentration of Sr on p lants  (P ), on the dry wei ght 0 plants ingested

per rabbit  per day ( w ) ,  and on the e f f e c t i v e  h a l t - l i f e  0! Sr on the

p lan t s  ( T ) .  
*

Some f r ac t i on  (F) of the ingested Sr is e v e n t u a l ly  depos i ted in

the rabbit ’s skeleton . The weight ~ t plants eate n pe r rabbit pet day

divided by the weight of bone ash per rabbit (‘W / Wb 
— .~.O ~/gfday) is

-10-
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assume d to ~~ t’ a cons tan t  vh l ch  determines t h e  concent ra t ion of as sim i la ted

* *Sr in the skeleton. Subsequent losses of Sr from the skeleton are due

to the combi ned e f f ects of radi oact i ve decay an d b iolog ica l e l im ina t ion ,

and the e f f e c t ive rate of Sr* loss from rabbi t  bone (tb ) is assumed to

be exponent i al (~~ 0.693/ Tb) .

if  the ra t io  of p lant  ma terial  ingested pe r rabbi t  per day to the

wei t of bone ash pe r rabbi t  (W /Wb), the fraction of Sr* inFes ted

wl ’~ ch appea rs in the skeleton (F) , the e f f e c t i v e  h a l f — l i f e  of Sr on
*fa l lou t -con tami nated p lants  (T ), and ti m e e f f ec t i v e  h a l f - l i f e  of Sr in

L U ;e rabbits  skeleton (Tb ) are all  cons tants (or nearly const an t ),  i t

s~ ould be possible to solve Equation 2 and thus predict  the average

concentrat ion of Sr in rabbi t  bone asI~ (B
1
) for any given values  of

and t > 0. If t i e  relationship be tween initial. gaimna dose rates

(R0) and i n i t i a l  Levels  of p lant  con tamina t ion  ( P )  is predic table ,

es t ima tes of P can be obtained from est ima tes of R based on ground
0 0

surveys , aerial surveys , or fa ll out predic t ion models. (See Sec. 4.2

for  possible errors in es t imat ing  various parame ter values . )

1.3 Procedure and 0bj~~~çtve s

Project Sedan , which involved the de tonat ion of a 100 ± 15 1(1

thermonuclear device at a depth ot ~35 f t  in alluvium and t u f f ,

provided an opportunity to test the hypoth esis outl ined above (Sec.1.2)

in re la t ion  to radioiodine and radiostrontium. To ob tain the necessary

data , p lan t samp les and rabb i t s  were co lle c ted befo re an d a t va r ious

times a f t e r  the de tonation , from representat ive locations in the Sedan

_ _  
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f a l l o u t f i e ld  and analyzed to de termine the i r  radioiodi mme and radio-

s trontium contents a t  the time s of c o l l e c t i on .  l~bst of time da ta and

conclusions relat ing to radioiodine have already been published (23,24,

37 , 38,39)

The th ree-fold purpose of this paper is: (1) to describe the

statistical interrelations of initial gauhmna dose rates (R • mr/h r

at H + 24) , ini t ia l  concentrations (P0) of radios tr ont ium on f a l l o u t -

contaminated p lan ts  and subsequent concentrations (B 1) in the bone ash

of rabbits , (2) to show how a ma t hematical model , Fi gure 2 , seems to

provide a part ial  explanation of the early quantitative-kinetic

relat ionship between ini t ia l  concentrations of radiostrontium on

fal lout-contamina ted plants and subsequent concentrations in the bone

ash of rabbits , and (3) to propose a mathematical model which way

explain the early quant i ta t ive-kinet ics  of r adiostront ium (or other

radionuclides) in relat ion to close-in f a l l o u t  in tensi ty, pasture

plants , cow ’s milk , and human skeletons (or other organs or tissues of

reference) .

2.0 ~~ThODS

2. 1 L4ocation of SamplLng Stations

Tie Sedan device was de tona ted on July 6, 1962 , and t im e predicted

fa l lou t sec tor was from GZ (ground zero) to 1.50 mi. N 60~ W and N 60° E.

LXaring the two weeks prior to t i e  detonation, samples were collected

from many locations in the predicted fa l lou t f ie ld .  Af te r  t i -c de tonation ,

collections were made only at stations located in tim e ac tual fa l lou t

-12- 
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field (Figure 3).

Plant samples and rabbits were collected more or less regularly at

5-day intervals for the firs t 30 days and then 60 days af ter  the detonation

frost more than 30 locations in the fallout field 
(38~~ For the sake of

simplicity, only the samples collected 5, 15, 30 and 60 days after  the

detonation from 20 representative locations (Figure 3) are considered

in this paper. (N. B. Additional data are given in Appendix A.)

2.2 Collection and Processing of Samples

2.2.1 P I n s

Plant samples, weighing 0.5 to 1.0 kg (dry), were collec ted

by clipping twigs and foliage from the crowns of desert shrubs growing

wi thin a radius of 150 f t  from the metal posts used to mark and identify

each sampling station. Irt the Groom Valley and Curran t study areas

(Figure 3), the species collected at most stations was sagebrush

(Artemisia tridentata). Itt Pertoyer and Railroad Valleys (Figure 3),

the species collec ted at all but three stations was shadscale (~ trip1ex

confertifolia) ..

The plant  samp les were s tored and shipped in paper bags which were

sealed with masking tape but often perforated to f ac i l i t a t e  drying.

Afte r drying for 24 hrs at 20-22% in a forced-draf t  oven and grinding

in a Wiley mill equipped with a 4.0 mm screen, the coarse plant tm1 flour”

had an average moisture content of 
‘

~~ 5~ . Two 50-g aliquot s of each

sample were p laced in a muff le - fu rnace  at 550
0 C for 12 iii , and the

ash was analyzed for radiostrontium.

-13-
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2.2.2 Rabbits

Rabbi ts were shot, mostly at night, wi th 0.22 caliber r i f les,

and then wrapped in plastic bags, quick-frozen on dry ice, and shipped

to our Laboratory at Los Angeles. In mos t areas , rabbits were abundant ,

and most of the animals used in this study were collected wi thin  a few

hundred yards from the station-marker to which they were assigned.

However, animals taken within a one-mile radius from a given station-

marker were accepted as representatives of that general location. ?bst

of the animals collec ted were black- tailed jack rabbits (Lapus californicus),

but cotton-tail rabbits (Sy1vi1~~ us auduboni) were taken, usually in the

more mountainous areas where jack rabbits were not always available.

Af te r  thawing , rabbits were skinned and weighed, and the thyroid

glands were removed for radioiodine assay. Skins , heads , f eet , and

viscera (except for s tomach contents) were discarded . (N. B. The s tomach

contents were analyzed for radioiodine, but the samples remaining after

aliquots were removed for this purpose were too small to be used for

radiostrontium analyses.) The dismembered carcasses were dried for 24 hr

at in a forced-draf t  oven and then placed in a muffle-furnace

for 12 hr at 550°C. The residue was passed throug h a 2 mm screen to

separate the finer muscle ash from the bones. The bones were returned

to the muff le- furnace  for an additional 12 hr at 900°C, then removed and

pulverized.

2.3 ftadiocheinical Analyses

Plant ash and bone ash were analyzed for Sr
89 

and Sr
90
. Detailed

descriptions of the procedures used in making these analyses are given

_ _ _  - 
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e1sewhere~
40
~. In both procedures, the ash is first dissolved in HC1.

The phosphate or carbonate precipitates are then treated with fuming

HN03 to separate Sr from Ca. The Y9° daughter of Sr90 is separated by

precipi tation wi th N}4
4
0H and the samples are set aside for 18 days to

90 90allow for the regrowth and stabil ization of Y • The Y produced during

this period is als o separated by precipitation with NH
4

OH, and the

disintegration rate due to Sr9° is calculated from measurements of the

~90 
daughter. The Sr89 ac t iv i ty  is calculated by subtrac ting the sum

of Sr 9° and c/rn (counts per minu te) from the sum of Sr 9° and Sr89 
c/rn .

The Sr
89 

c/rn is then correc ted for chemical recovery and counting

etticiency to determine d/m (disintegrations per minute).

Tt~ radiometric data were p rocessed by means of a special Fortran

program devised by Richard Thnney for an IBM 7090 computer. The f inal
89 90

results for a given sample were expressed as pc Sr /g and pc Sr /g

at  the time the samp le was co ll ected, and was t samples were represented

by two or store replicates.

2.4 Ini t ia l  Ga~~ a Dose ~~~~~~ V te VEsc~~~~~ e..s._

Aerial radiometric surveys were made both before and after the

detonation. The equipment and methods used in obtaining the estimated

gassna dose rates (R — mr/hr at 11424) shown in Figure 3 have been

described in detail by Gui11.ou03
~ . The four basic components of the

Aerial Radiometric ~‘bnitoring System (A1U~ II) are: (1) Nat (Th)

crys ta ls  of various sizes and sensitivities in conjunction with photo-

mult ipl ie r tubes and sealers to detect and measure gamma radia tion,

_ _ _ _ _ _ _ _ _ _
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(2) a Doppler radar unit to monitor the ~~~~~~~~~ altitude , heading,

ground speed, and drift, (3) a coniputer to in tegra te  s igna l s  front t~

first two un i ts , to compensate for deviations from the desired survey

altitude (500 ft), and to sake correc t ions  for pre determined cos~ni-

background radiation, and (4) a printou t recording u n i t  wh i c t ’  provides

a continuous record of counts per second (c/s) already corrected for

background and altitudinal fluc tuations.

count rates at the time of survey were corrected for decay (t~~~~~)

to H + 24 and then converted to mr /h r  a t  3 it  (5.0 ± 2 .5 x l0~ c/ s

at  500 f t  — 1,0 mr /hr  at  3 f t  at  H + 24) . Usi ng  roads and ot~ er landmarks

as ground references, the se data were p lo t t ed  on a map (e. g., on USt~S

topographic maps , 1: 250,000 or 1:1,000,000) ; and isodose-rate l ine s

were drawn as shown it’ Figure 3.

Whit , the absolute accuracy of the measurement system and of  t~-e

conversion fac tors used in makin , these su rveys are doub t f u l , the relativi’

posit ions and relative values of the iso-dose-ra te contours shown in

Figure 3 are su f f i c i en t ly  accurate to provide a useful delineation of the

fa l lout  pattern at H + 24.

3.0 R~~U~~~~~~~~~~~~~~M~ISJ~S

3.1 Rgd[ostrontjunt Conten t of Piant Samples an~ R a bb i t  ~~t ln~~ Ash

Tables 1 and 2 show the concentrations of 5r b9 
and Sr90 

in p l~t n t

samp les and iii th~ hone ash of rabbits collected before and a t  va r ious

times after the detonation from .~0 locations (Figure 3) in the Sedan

fal lou t f ie ld .  The estima tes of initial ganmta dose (R , — mr/hr at H + .~ )

_____- - - 
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Table 1. Initial gamma dose rate s (R ) and Sr89 concentrations in plant and
rabbit bone ash samples collec ted , belore (Bkgd) and af te r (D+5, D+15, etc.)
th. detonation, at different locations in the Sedan bllou t f ield.  (Decay
corrections were made to indic ate activities at the times of collection.)

PlANT SAMPLES (pc Sr89/g RABBIT BONE ASH(pc Sr89/g)

(See Fig. 3) (Times of Collection) (Time s of CoUec tionj
Station R Bkgd D45 D~l5 D+30 Df60 Bk gd D4~5 D#15 D+30 D+60

C-b 75.0 43.3 6487 4445 1813 671 76.6 1400 12598 4395 1503
C-i 75.0 51.0 2528 1257 993 1175 23.6 1347 2332 8316 6804
C-S 35.0 9.5 4315 1882 601 295 -- 3745 1061 7400 7235
P-l 35.0 - -  2228 959 768 758 99.6 3396 4492 7441 1168
P-15 35.0 -- 873 542 491 293 42.4 2686 1064 388 782
C-3 35.0 58.6 6722 5770 4261 1719 22.5 734 2234 4783 2114

12.6 602 250 151 _12L 0 7 14 2317 378LJ

x: 43.6 35.0 3394 2158 1297 791 67.4 2003 3728 4912 3341
sx: ±207. ±287. ±287. ±377. ±4 1~. ±307. ±2 87. ±247. ±497. ±237. ±307.

P-4 8.0 -- 990 450 141 170 -- 273 2995 280 448
R-3 8.0 -- 352 223 122 114 21.0 180 226 310 425
G-4 5.0 10.1 344 224 50 80 69.7 69 15 99 251
R-4 5.0 33.8 298 405 96 13 75.0 195 123 876 212
P-S 3.0 31.0 2b1 212 103 95 49.0 308 409 293 188
P-7 3.0 -- 386 187 157 99 -- 152 1161 3012 172
R-6 3.0 10.8 397 221 171 133 75.6 224 211 871 1053
R-7 3.0 -- 337 246 279 252 79.0 359 221 194 243
C-l 1.5 19.0 506 349 216 88 - -  522 381 280 265
C-2 1.5 66.4 298 170 170 53 59.0 811 586 710 39
C-3 1.5 34.8 414 140 114 53 33.2 67 489 121 350
C-4 1.5 2 1 .8 144 117 72 42 21.0 62 27 266 189
C-S 1.5 17.6 228 139 106 40 18.0 15 650 237 556

x: 3.5 27 .3  381 237 138 95 
- 

50.0 249 576 580 338
s~ : ± 177. 

— 
±2 17. ±157. ±127. ± 127. ±327. ±167. ±247. ±387. ±377. ±217.

U.!.. StA TIONS:
x: 17.5 30.0 1436 909 544 313 56.5 863 1680 2097 1389

- 
sx: ±307. J ± 177. ±327. ±377. ±407. i327. ±307. ±297. ±387. ±307. ±327.

~/ The letters C, P, R, and C refer to the Groom, Penoyer , Ra ilroad, and
Currant stud y areas shown in Figure 3.

R0 — (gross gamma) = rnr/hr , 3 f t  above ground , 24 hr post-de tonation

x — mean, s s tanda rd error expressed as a percentage of the mean

~~~~~~~~~~~~~~~~~~~~~~~~~~ A ,~~~~~~~~~~~~~~~~~~~ 
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Table 2. Initial ga~~na dose races (R ) and Sr9° concentrations in plant and
t rabbi t bone ash samples collected, be~ore (Bk~d) and after (D+5, 04-15, etc.)

c~e detonation, at d i f f e rent locations in the Sedan fallout field. (Activities
are indicated for the times of collection.)

I~~~T[ T~I~ ~~~~A Z  T.T~1~ I~LII  I l

(See Fig.3) _~(~~~~~~ f Cp~l~ction) ~~~~~~~~~~~~~~~~~~~~~~~~ —
Station R I Bkgd 0+5 D+15 0+30 D+60 Bkgd 0+5 0+15 04-30 0+60

G-6 75.0 
- 

1.4 47.3 37.5 11.3 11.2 6.1 22.4 113.8 81.1 72.5
G-7 75.0 - 9. 8 28.4 22.8 18.6 19.4 30.8 14.2 22.0 123.2 95.0
G-8 35.0 : 1.0 33.9 16.2 8.0 5.8 - -  34.0 12.5 72.0 111.8
P—i 35.0 —— 17.9 8.9 9.5 12.5 21.2 27.7 45.1 74.7 17.2
P-iS 35.0 -- 7.3 5.0 5.0 5.8 3.9 33.1 12.6 6.7 18.3
G-3 35.0 3.0 84.7 60.8 49.6 28.9 4.6 10.1 24.0 52.9 40.9
R-2 15,0 1.5 ~~ 9_ _ 3,~_ 3 ~ Q_~~~.9 j_ ~~~~~_ 4_~~~8~.3 6.3_55.j

~: 43.6 3.3 32.0 22.0 15.0 12.4 12.6 21.4 36.9 59.6 58.7
s7c: ±207. ±517. 

-~~ 
27. - - ±36% 

- 
±337. ±27~~j  - 

± 377 ±27% ±247.

P-4 8.0 3.9 3.9 2.0 2.2 4.6 9.4 4.7 37.4 6.3 10.3
R-3 8.0 ~~ - 3.6 3.0 3.0 3.0 8.9 6.3 5.1. 7.3 29.2
G-4 5.0 1.8 5.6 4.0 2.4 2.6 2 1.5 5.6 6.4 8. 6 13.6
a-4 5.0 : 3.3 2.7 3.2 2.6 3.3 3.3 6.2 4.4 11.5 9.8
P-S 3.0 : 1.4 3.3 3.2 3.0 3.1 3.4 4.9 7.9 6.6 6.2
P-i 3.0 -- 3.7 2.8 3.3 3.1 -- 4.7 19.8 35.2 6.1
R-6 3.0 1.3 4.0 3.4 3.4 4.2 7.6 7.4 5.7 14.5 28.8
R-7 3.0 - -- 4.1 4.2 5.0 3.8 7.2 10.4 5.7 12.1 5.6
C-i 1.5 0.5 5.6 7.2 5.3 3.7 23.3 23.2 15.6 14.9 12.5
C-2 1.5 : 4.2 5.4 5.4 4.9 4.1 4.1 20.2 20.9 32.7 4.9
C-3 1.5 : 8.8 5.0 4.0 4.0 2.6 3.6 6.2 13.8 19.2 17.5
C-4 1.5 : 6.7 4.3 4.0 2.8 2.4 19.8 6.6 5,4 17.5 16.)

4.7 4.0 4.2 19.2 7.1 23.9 19.4 24.6

: 3.5 3.6 4.2 4.0 3.5 3.4 1.0.9 8.7 13.2 15.8 14.3
Si: ±17% ±257. ±5% ±7% ±297. ±67. ±217. ±1.9% ±217. ±17% ±177.

AU. ST&TI0NS~,T: 17.5 3.5 14.0 10.3 7.5 6.6 11.5 13.2 21.5 31.1 29.8
s~ : ± ~±237. ~~ 3•7 _~~35) 3~ 7. ____

1/ The ~~~t~~~r s G ; P; R; and C refer to ~;: ~~ ~~~~ 
----- —

Currant stud y areas shown in Figure 3.

R = (gross gamma) — mr/hr , 3 f t  above ground , 24 hr post-detonation

x = mean, sx — s tandard error expressed as a percentage of the mean
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given in these two taules are based on a tracing of Cui 11~ u ’s ~~3)

origina l map (1:250 ,000) of the fallout field.

The average concentrations of rudiostrontium in plant samp les and

in the bone ash of rabbits collec ted 5 days afte r the de tonation was

about 10 times higher in the samp les from stations where > 10 mr / h r

tha n in samp les from stations where R < 10 mr/hr. In the same samp les ,

the average concentrations of Sr89 
were about 100 times higher than the

average concentrat ions of Sr 90
.

~\t  locations where a < 10 mr/b r , the average postsho t concentrat ions

of Sr9° on plants and in rabbit bone ash were not significantl y hi gher r

than the preshot averages for the same general area. For this reason, mos t

of the s t a t i s t i c a l  and k ine tic anal yses which  f ol low are based p r i m ar i ly
89

on the Sr data in Table 1.

3.2 Corre la t ion  and ~~Bression Analyses

Estimates of correlation (r) and regression (b) coefficients based

on the data in Table I are given in Table 3. Without exception, the

correlations between arrays of p lan t samp les collected front the same locations

at different times after the de tonation are highly significant. The slight

decline in correla tion with increasing time after the de tonation may reflect

the influence of fallou t redistribution by wind action.

In general, the correlation between concentrations of Sr
89 

in p lan t

samples and initial ganina dose rates (R) is somewhat better than

the correlation between initial gama dose rate s and concentrations of

Sr 89 
in rabbit bone ash samples (B

c
). The rela tively poor correlations

- ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Tabli’ 3 . gst [mates at correlation (r) and regression (b x y) ~~~~~~
OU I o a t  a -~i von in  1’.ta I ~

. 1.

Functions Correlat ion Regression Regression Formulas 
(2)x(y) Coefficients Coefficients X = x + bxy (y y) F

P50’) [.000w 0.796
(1) 

k’r O.790P -

P (P ) 0.965 0.570 ± 0.134 p = 0.570k’ - [18 1.041 5 o  15 o
** **P

30
(P
0
) 0.868 0.329 0.078 1

30= 0.3291’ - 49 1.50

** **1’ (P ) 0.794 0.137 ± 0.032 1’ 0.137P + 6~~ 1.656 0 0  60 o 
_ _ _

** **P (R ) 0.765 83.75 ± 16.65 P = 83.75R + 335 200
0 0 0 0

* **P15(R) 0.528 43.56 ~ 11.47 P15= 43.S,ii + 63 3.39

P (a ) 0.558 23.17 ‘ 8.1) P. — 2 ? . 1 7 R  + 138 1.93
3 0 o  30 o

** **P (a ) 0.720 13.64 ± 3.10 13.64R + 74 1.73
b O o  

_ _ _ _ _ _  _ _ _ _ __ _ _ _ _  
bO—— 

* 
— 

* *v~. (
~ 0.472 0.205 ± 0.094 8,. 0.205P + 495 4.71

-, 0

** **B (P ) 0.689 0.759 -~ 0.188 II 0.759k’ + 315 [.4815 ~ 15 o

** **B . (P ) 0.698 0 .742 0 .250 8 0.742 1’ + 761 1.8730 o 30

* *B (P  ) 0.484 0.399 ~ 0.170 B 0.399k ’ + 671 1.68b o o  _ _ _ _  60 o 
_ _ _ _ _ _ _ _

** **b (~ ) 0.586 28.13 ± 9.17 B = 28.13i~ + 370 2.57j 
0 ) 0

** **B (R ) Q.7.~1 87.14 19.68 1~ 87.1411 + 153 3..~5I S o  U o

* *B. (8 ) 0.540 bi.97 ± ?3 .b S  It b3.97~ + ~7b 3.38
30 o 30 o

~~~~~R )  O.640 * 57.98 1 16.37 ** 
- -  

I1 6p~ 
57.9 8R + 373 1.82

x (y) = dependent and independent variables respectively

P
t. 

= pcSr 9/g of plun i material at time of collection

B
1 

pc3r / g of rabbit bone ash a t  t toe  a t .  colUct :t on

II = ~~:; I hun t a t I  gui ~mta dosi’ r a t  ~‘ (mr/br) at  14 + 24

(I)  By d~~f i n i t t o n , p 1.256 P5 
and 1/1.256 0.796

(2) F is based on analyses of variance to de termine the si , n i  f i c a a ~’a at
dcv1atittn~ f rom 1 i t t ~ ’nr  r e gr e s a  t o n .

* ~~i~~~ , t t i c .I n I  a t  Ih~’ ~~~. leve l a t  p r o b a b i l i t y

** si ~nt t l e a nt  at the 17. leve l at  probabil Ity
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between initial levels of Sr
89 

on plants (P) and subsequent levels of

Sr89 in rabbit bone ish may be due , in part , to the fac t that plant

samples were always collected with a 150 ft radius of s tat ion markers

while rabbits were collec ted wi thin a one mile radius. It is also

possib le , as was true of radiotodine ~23), that the concentrations of Sr89

on the plants co ll ected at a gi ven s t at i on may have been h igher or

l owe r by a fac tor of 2 or 3 than the concentratiQns of Sr 89 
in the plant

mater ia l s  ac t u a l l y  being consume d by the rabbits representing the station.

In all comparisons made in Table 3, the coefficients of correlation

and regression were sta~..istica1ly significant at or below the 5% level

at. probability . In all cases bu t  one, analyses of variance indicated

no si gnificant deviations from linear regression. These results indicate

that, in s p i t e  of the hi gh degree of apparentl y inherent variability in

the data gi ven iii  T. b la 1, there is a close re lationship, throughou t the

field , between initial gamma dose rates and ini t ia l  levels of p lant

contamination and be tween i n i t i a l  plant  contamination and subsequent

concent ra t ions  of Sr
89 in r abb i t  bone ash.

3.3 Food-Chain Kinetics of Sr

3.3. 1 The I~cay-Chain-Food-Chain Analogy

The analogy be tween deca y-cha in  and food-chain kinetics was mentioned

e a rl i e r .  Comparable equations for decay-chain  and food-chain kinetics ,are

given be low.

/ ~~~~  t~~ -tk 1 (3)
= N 

~

. ( - 
+ N

1 
e

I

’ ~ 
-
~~~ Io 1
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Food-Chain

B = 
_ _ _ _ _ _ _ _ _  F ~~~~~~~~~~~~~~~ + B e 

- 
(4)

In the decay-chain equation, N is the number of atoms of the

parent and N1 is the number of a toms of the first daughter nuclide

while and are their respective decay constants and >

If , at t — 0, N1 
0, the correc tion fac tor (N~ e t)~1) can be

deleted from the equation.

In the food-chain equation, N1 is replaced by Bt which represents
89 .the concentration (pc/g) of Sr in rabbit bone ash at a given time after

plant contamination. The expression (P0 W~ / Wb) which replaces N X0
represents the amount of Sr89 in the rabbit’s first meal following plant

contamination and is expressed as a number of picocuries ingested per

gram of bone ash per rabbit per day. The factor F indicates the frac tion

of ingested Sr
89 

which is assimilated from the gastrointestinal tract

and deposited in the skeleton.

The ~.. s in the bracke ted part of the decay-chain equation are decay

cons tants based on the radioactive half-lives of N and N1. The l .’s in

the food-chain equation are based on the effec tive half-lives of Sr 89 on

fallout-contaminated plants (T ) and in rabbit bone (ID) respectively.t p 
-t

Assuming tha t B0 — 0, the correction factor (+ B0e ~b) can be omitted;

and the quantities required to solve Equation 5 are: P0, (W~ I wb), F, T ,

and Tb . Estimates of these parame ters can be made as indicated below.

-
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3.3.2 Init ial  Concentrations on Plants

As shown in Figure 4, est ima te s of P ca n be ob tai ned by

extrapolation of P
5 

and P15 (i. e., the average concentrations on

D + 5 and D + 15) to zero time . Similar estimates of P can be

obtaine d from R (mr/hr at H + 24) estima tes by using the regression

formula in Table 3 (P0 — 83.75 R + 335),  but this formula probably

shou ld not be used for  R < 5 mr/hr or R > 50 mr/hr.
0 0

3.3.3 Rate of Loss from Plants

The average rates of Sr loss from p la nts and accumulation  in

rabbit bone ash (Figure 4) were no t. u n i f o r m  w i t h  respec t to time a f t e r

the de tonat ion , but  the mos t si è’ni [ica nt  ch an ~ es in both P and B
- I t.

occu rr ed prior to D + 30. 1Xirin ~ this period , D = 0 to B + 30, the

average elfective half-life of Sr
89 on p lan t s  was approxima tely

(0.7 x 15d + 0.3 x 20d — ) 16.5 days. From D — 0 to D + bO , the average

effective half-life was (0.6 x 15d + 0.25 x 20d + 0.15 x 38d — ) 19.7 days.

In order to give added weight to the earlier loss rates we shall use a

value of T ( — 16.5 + 19.7 I 2) — 18 days.

3.3.4 Rate of Loss f rom Rabb i t  Bone

As shown in Figure 4, the average (n 20) observed values

(pcSr
89
/g) of B~ were: B~ — 863, B15 — l~ 80, B30 

= 2097, and BbO 
1389.

At t ( approximately 30 4 2.5 days a f t e r  the detonation) the r ate

of change in Bt was zero. This  r e l a t i onsh ip  can be expressed , where

K is a eonstan~ representing the other parame ters in Eq. ., as shown

in Eq. 6.

-
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DAYS AFTER THE DE TONATION

Figure 4. Average concentrations of Sr89 
in plant samples (a) and in the

bone ash of rabbits (b) collec ted at various times after the detonation
from representative locations in the Sedan fallout field. I: Stations
where R > 10 mr/hr (ii = 7), II: Stations where R0 

<~~0 mr/hr (rt = 13),
III: All sta~~ons (n — 20). Values for (a) are pcSr /2g of plant material
and (b) pcSr /g of bone ash. The numbers in parentheses indicate half-
time rates of change (in days).
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K ~~~~~~~~~~~~~ - ~~~~~~~~~~~~ ) - 0 (6)

If and ~~~ are determined, it is possible, by systematic trial

and error , to find a value of ~~ wh ich, no matter what the value of K

might be, will satisfy the following conditions:

p max. ke D max. (7)
p

and X (1 .1)

As shown in Table 4 estimates of based on T a 18 days ,

— 0.b93 / 18 — 0.0385, and assume d values of t
ma 27.5, 30.0, or 32.5

days indicate values of Tb — 20, 23, or 29 days respectively.

By substituting appropriate values of X~ ~
— 0.693/Tb) in Eq . 8 and

f inding K to make B30 — 2100, numerical values

— K (e ) t 
- e~~~~~) (8)

were determined for B5, B15, and B60. The resul ts  (Table 5) show that

values of 0.0346 (Tb a 20 days) and X 0. 0385 (T — 18 days)

provided the best f i t  between observed and hypo thet ica l  est ima tes of Bi.

While we shall  use Tb = 20 days as the best available estima te , i t  shou ld

be noted that the results suasuarized in Table 5 do not provide a basis

for rejecting the higher estimates of Tb.

Accord ing to Eq. 9, an estimate of Tb — 20 days -
•

T h 5 _ Tr X T b/ T r~~
Tb 

(9)
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Table 4.E.timates of X.0 based on the relationships described byEquations 6 and 7.

- 

_ ) *.b t ~
~.s~umc d Values a ~~~ ‘b Estimate of

• of ~ : 27.5 30.0 32.5 27.5 30.0 1 (days)
• o ~~~ - 

b H

.020 .577 .548 .522 .0106 .0110 .0104

*.025 .503 .472 .444 .0126 .0118 .0111 * 29

*.030 .438 .406 .378 .0131 .0122 .0113 * 23
*.035 .382 .350 .321 .0134 .0123 .0112 * 20

.040 .333 .301 .272 .0133 .0120 .0109

.045 .290 .259 .232 .0131 .0117 .0104

.050 .252 .223 .197 .0121 .0111 .0099

-,~S t

X e  p max.
p iflaX. oAsaum~d Value e ____ 

Estimate of
of X 27.5 30.0 32.5 27.5 30.0 32.5 T (days)

0.0385 .347 .316 .286 .0134 .0122 .0110 18

.
5
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_
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Table 5. Observed average concentrations of Sr89 in rabbi t
bone ash (B

e
) and hypothetical estimates based on Equation 8.

Estimates of Bt
Based on 5 15 30 60

= 29 days 770 1670 2100 1640

Ic, = 23 days 815 1730 2100 1490

= 20 days 860 1720 2100 1400

Observed: Z~~an 863 1680 2097 1389

± Standard Error ±250 ±640 ±630 ±445

- j -28-
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Whe re, Tbe bio logical  half-life of srb9 
in jack r ab b i t  bone

Tr radioact ive h a l f - l i f e  of Sr 89 (50.5 days)

• 
Tb = effec tive half-life of Sr

89 
in jack rabb i t  bone

imp lies a biological  h a l f - l if e  of T~~ 33 days. An es t imate  of 
~b 29

days impl ies 1 68 days. These relative ly rapid rates of biolog ical

el im ination (T. ) suggest tha t  much of the Sr 89 found in jack r abb i t  hone

was not incorporated in the bone l a t t i ce .

3.3.5 Ratio of Daily Food Consumption to Wei ght  of Bone Ash

French’s work with jack rabbits  in Idaho (9)
, Cu rr ic ’s wo rk in

(6) , - (2)Utah , and Arnold a work in Arizona 
, all indica te that adult jack

rabb i ts conaulile approxima tely 100 g (dry wt.) o plant material per day.

Unpublished data collected by this labora tory since 1951, indicate tha t

the “standa rd” Nevada jack rabbi t  has a total bod y weigh t of about 2000 g

and a skeleton weig hing about 200 g (fresh) . Since the rat io of fresh

bone weight to bone ash weight is abou t 4 to 1, we have assumed an average

of Wb 
a 50 g of bone as h per adul t  rabbit .  Therefore, the d ry weig ht

of food consumed per gram of bone ash per rabbi t  per day is W I W
b 

a

100/50 a 2.0; and this ratio is l ikely to be less variable than the

ac tua l we ights of food consumed per rabbit per day and the ac tual wei );hts

of bone ash per rabbi t .

3.3.6 Fraction of tn~es ted Sr89 posited m t

As shown in Equation 6, I and F can be expressed , u si ng W / Wb = 2 ,

-29-
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as shown below.

I 2 P F / ( X _ X
b ) (10)

F I (X - X.c, )  / 2 P0 (11)

For a 2100, ~ a 30, 1 — 18 days, and Tb — 20 days , Equat ion 9 g ives

a 5.38 x l0~ ; and Equation 11 gives F a 5 .75 x 10 2
• This indicates

that only 5.757. of the Sr
89 

ingested, i1 the Sr
69 

concentrations in plants

ea ten by rabbits were the same as in the plan ts collected for radiochemical

anal y s i s, was depos ited in the skeleton.

3.4 Foed Cha in  Kinetics of Sr
90

As shown in Tab le  .
~~, 

the concentrations of Sr 9° on plants and in the

bone ash of rabbits front stations where K < 10 mr / h r  were not si~~i t i  I icantl y
0

above back ground. We can , however , tes t  the app licability of the utod~ l to p

those s ta t ions  whe re R > 10 mr/hr. The appropriate parameter values arc :

p = (83.75 K + i3~ ) ; 100

F = 0.0575 (the sante as for Sr 89 )

W / w b= 2 (the same as for Sr 89)

T 23 days (from Table 2)

Tb 
a 33 days ( fro m Sec. 3.3.4)

- 89
3.5 Comparison of l~ pothctica1 and Obscrved ConceLitralions ~I Sr -

•

and Sr 9° in K~b b it  Bone Ash

lb be of pract ical  value in exp 1ainin ~; er p r e d i e  tin :-, the ie~ d - c h t i n

-30-
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kine tics of radionuclides in a fallout field, the model should be applic-

able to different parts of the fallout field corresponding to different

initial levels of contamination. In Table 6, the observed average con-

centrations of Sr
89 

and Sr9° in the bone ash of rabbits from different

parts of the Sedan fallout field are compared with hypothetical estimates

obtained by using the parameter values described in Sections 3.3 and 3.4

to solve either Equation 2 or Equation 5. In 23 out of 28 comparisons,

the difference be tween hypothetical estimates and observed means were

less than the standard errors of the observed means .

3.6 Radiation Dose to Rabbit Bone

The total dose (D
~ 

rad) delivered, from t = 0 to t > 0, by Sr 89

to the bones of rabbits living in the Sedan fallout field can be estimated

by Equation 12.

D = ~~W_ F (i -e~~
’

L +  1 
(12)

L x~~~.c,- X )  xi,, (X
’, 

- X1,) j

Where ,

— total dose (rad — 100 ergs/g) delivered from t a 0 to t > 0

K a 3.20 x 10~ di s/day/pc
r 6.24 x ioT ~~v/100 ergs/g A

= average energy deposited in bone a 0.56 ~~V/dis

Wbf
a fresh weight of bone per rabbit = 200 g

Using the values given earlier for Wi,, 
F, and X c, , Equation 12 reduces ,

at t a infinity, to

D
00~ 6.24 ~ ~~~~ (g/pc/lOO ergs) P0 (pc/g) (13)
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Table 6. Coc~parison of observed (0) and hypothetical (H) concentrations

of Sr89 and Sr9° in the bone ash of rabbits in various parts of the Sedan

fallout field.

R
~ 

Sa~ ,ling 

/ 
B~~ — _______

(mr /hr) Stations! D4.5 D4-l5 Df30 D+60

(STRONT IUI4-89)

43.6 G-6 to R-2 0: 2003± 475 3728±1837 4912±1150 3341±1020
(n = 7) H: 2018 (15) 4037 (309) 4920 (8) 3280 (61)

17.5 G-6 to C-S 0: 863 ±252 1680 ±633 2097 ±62S 1389 ±474
(n — 20) H: 860 (3) 1720 (40) 2100 (3) 1400 (11)

4.75 P-4 to R-7 0: 224 ±33 670 ±354 742 ±340 375 ±105
(n — 8) H: 350 (l26) * 700 (30) 855 (113) 570 (205)*

3.50 P-4 to C-S 0: 249 ±61 576 ±219 580 ±215 333 ±70
(n a 13) II: 300 (51) 600 (24) 732 (152) 488 (l55)*

1.50 C-i to C-5 0: 295 ±158 427 ±109 323 ±100 280 ±86
(a — 5) H: 220 (75) 440 (13) 536 (213) * 358 (78)

(SThOIflIUW9O)

43.6 G-6 to R— 2 0: 21.4 ± 4.0 36.9±13.6 59.6±15.9 58.7±12.9
— 7) : H: 20.0 (1.4) 47.0(11.9) 63.5 (3.5) 60.0. (1.3)

17.5 G-6 to C-5 0: 13.2 ±3.0 21.5 ±5.6 31. 1 ± 5 2  29.8 ±6.9
(n — 20) H: 9.0 (4.2)* 21.2 (0.3) 27, 6 (3.5) 27.0 (2.8)

1/ See Figure 3, Table 1, and Table 2

2/ Values given for (0) are observed means and s tandard errors based on

the data in Tables 1 and 2. The numbers in parentheses following B
~

(H)

Indicate the differences between B~
(0) and B (H) . An asterisk (*) indi-

cates a differenc e greater than the standard error of the observed mean.

The me thod of calculating B
~
(H) is described in the text.

~~~~~~ 
_ _ _ _ _ _ _ _  
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For P
0 

a 1800 ± 575 pc/g , Equation 13 indicate s an average dose of

1.12 ± 0.36 rad ; but individual rabbits may have received doses

ranging from 0.11 to 9.48 rad .

Other solutions of Equation 12 indicate tha t approximately 327. of

the total dose (D
00

) would be delivered during the f i rs t  30 days , 647.

during the first 60 days, and 937. during the first 120 days after plant

con taniination.

4.0 DISCUSSION

4.1 An Evaluation of the ~tmde1’s Performance

The results given in Table 5 show that t he mode l diagrammed and

formulated in Figure 2 f un ctions satisfac torily, with parameter values

derived from the data in Tables 1 and 2, in explaining the early

quant i ta t ive-kinet ic  relationship between initial concentrations of radio-

s trontium on fallout-contaminated plants and subsequent concentrations in

the bone ash of rabbits in the Sedan fallou t field. If we suppose that

the specific values we have calculated for the basic input parameters

(i. e. P = 83.75 R + 335, W / W = 2 , F = 0.0575 , T a 18, and Z = 20)
0 o p b p

are accurate and relatively constant, the model provides the basis for a

• prediction sys tem which begins with estima tes of initial gamma dose rates

and ends wi th estimates of average Sr 89 concentrations in rabbit  bone ash

at specific times after fallout. If comparable parameter values were

known for other analogous situations, it should be possible to make

similar predictions related to any radionuclide in any number of specified

food-chain compartments.



Tt~ specific parame ter values derived from our interpre tation of

observations in ti’e Sedan fallou t field , may or may not be applicable to

the same problem in other fallou t fields. On the basis of only one case,

we can neither prove nor disprove the general validity oL specific

parame ter val ues, but we can examine some of the possible sources of

error in ob ta in ing  est imates of these values.

The inherent variability of our raw data (Tables 1 and 2) suggests

tha t we are actually deal ing wi th probabilistic rather than determin-

istic processes. The parame ters we have treated as constants are

known to vary, but the means of these variates exhLbit some of the prop-

erties of true constants. Their treat as cons tants permits a degree

of simplification which  is hi gh ly  des i rab le .  At the same time, this

approach may pe rlkli t us to make a variety of compensat ing errors which  are

quite difficult to de tect because the parameter values are interrelated

and the net results are more or less consistent with expectations .

We ar e convinced tha t de terministic models are valuable as researc h

tools which help to explain the food-chain kine tics of radionuclides,

but their practical value in predicting the biological consequences of

environmental contamination by radioactive fallout is largely unknown.

Before attempting to use such a model for making predictions, the methods

of es timating parame ter values, the possible errors in making estimates,

and the probable accuracy of the estimates obtained should be carefully

considered.



4.2 ible S rces of Error t h E a  timatin~~ Parameter Values

4.2.1 Initial Gamma Dose Rates

The precise relat ionship be tween gamma dose rates at 3 f t  above a

fallout-contaminated surface and count rates at 500 ft has not been

established. Conversion fac tors ranging from 25 ,000 to 75 ,000 counts

per second at 500 f t  = 1 mr/hr at 3 ft have been used in the past~~
3
~,

and it is possible that different conversion factors are required for

di f fe rent par ts of a fallout field, different atmospheric conditions

at the time of survey, differen t kinds of devices, condi tions of

detona tion, etc. Also, the use of t
1 2  

as a decay factor for the Sedan

fallou t field may be open to question because dosime try studies in the

cra ter area (25) 
have indicated an effective field-decay rate of t~~~

33
.

4.2.2 Initial Concentrations on Plants

Our estimates of P were extrapolated from P and based on 1 = 15.2
0 5 p

days which was obtained by comparing P
5 
and 

~~~ 
Since T~ tended to

increase with time after the detonation, T from D + 0 to D + 5 may have

been < 15.2 days; and this error would result in an underestimate of P0
.

Errors of this sort would probably be less than the standard errors of

observed means for P •
0

While the correlation and regression of initial plant contamination

(P) on estimates of initial gamma do se rates (R0) were highly significant

in relation to the Sedan fallou t field , this may not always be the case.

For example , previous studies have shown tha t plant contamination (assessed

on the basis of gross be ta ac t iv i ty)  is corre 1a~ed with  the distribution

. A~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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of fallout particles < 50 ~ in dim etsr~
32
~. Studies now in progress 

(26)
,

show tha t nearly all the radioactive particles on the foliage of plants

in the Sedan fallou t field were ( 5O~ in diameter, and about half were < 2O~i

in diameter.

Previous studies have also shown that  rabbi t  tissue burdens following

fallout from above-ground nuclear detonations were poorly correlated with

gamma dose rates but closely correlated with the dis tr ibut ion of particles
(18)

< 5~4& in diameter • In several cases following tower-supported or

balloon-supported detonations, it was found that the percentage of f al lo u t

activi ty at tr ibutable to particles < 50i~ in diame ter , the gross be ta

activity of plants, the thyroid activity, and bone ash activi ty of rabbits

were higher at intermediate distances from ground zero (and hence at

intermediate levels of init ial  gamma dose rate) than at either lesser or

(20)
greater distances

These considerations make it obvious that the unqualified use of aerial

surveys to estimate R and of linear regression equations to estimate P

could result in serious prediction errors. A more realistic me thod of

predicting P might  be based on a consideration of the following parameters:

(a) the forma tion, dispersal and deposition of fallou t particles < 50~

diameter~
28
~, (b) the radionuclide deposition rate, e. g., picocuries per

radionuclide per unit  area in the < SO~ frac tion of fa l lout  depos i ted ,

(c) the vege tational interception rate , e. g., the percentage of particles

< 50~ diameter intercepted per unit weight  of p lants  by d i f f e r e n t  kinds of

vegetation, and (4) the weight of foliage (or other edible plant parts) per

unit area of contaminated land surface.

-36-
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For the Sedan test, at least, the regression of ini t ial  gamma dose

on the init ial  plant  contamination, P0(R ), was highly significant. The

same regression formula (P — 83.75 + 335) might apply to another de-

tonation of the same kind , but the evidence now available suggests that

— the linear regression of P on following a surface or air burs t may not

be signi f ican t and hence could not be used to predic t P.

4.2.3 Rates of Loss from Plants

Our est ima tes of T , based on the means of P~ , indi cated a tendency

for T to increase wi th  increasing time a f te r  the detonation. Consequently,

the treatment of T as a cons tant and the choice of T — 18 days were ar-
p p

bitrary decisions justified only by the fact tha t the most important

changes observed in P~ and B~ 
occurred prior to D + 30.

The loss of radiostrontium from fallout-contaminated plants can be

a t t r ibuted pa r t ly  to radioac tive decay and pa r t ly to mechan ica l d is tu rbances

such as wind or rain which remove particles from foliage or foliage from

plants 
(24) 

During the earliest period afte r fallout , the number of radio-

active particles removed by wind from foliage is probably greater than

the number removed by wind from soil and redeposited on foliage. As the

ratio of particles removed to particles redeposited approaches uni ty,

T should approach T .  Since T < Tr 
during the earliest period after

contamination, it seems reasonable to ignore the increasing value of

with  increasing time afte r fa l lou t .  By the same token, it seems reason-

able in relation to the formulation of exponential models , to treat the

early average value of T~ as a cons tant which de termines the average rate

of radionuclide intake by animals feedin g on contaminated plants.

• -37-
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(3)
Sxperimental s tudies have been made by Bartlett et al.which provide

estimates of the combined effec ts of wind and rain. Plants of various

kinds (especially grasses) were sprayed wi th solutions of d i f f e r e n t

radionuclides and then exposed to rain (as much as 1 inch per week) for

60 day s or more. The average half-time rate of loss due to all causes

(wind and rain) other than radioactive decay , was 14 days. Applying this

“environmental half-life” to Sr89, we find T~ (— 50 x 14/50 + 14) — ca

11 days. Therefore, our estima tes of T~ (Sr89) — 18 days and T (Sr 90) —

27 days are applicable only to plants in ar id regions and lower values

should be expected in more humid areas.

Other fac tom are also known to influence r .  F•r example , rugose

or pubescent surfaces are more efficient in trapping and retaining fallou t

particles than are smooth or waxy surfaces. Some radionuclides (e. g.,I
131
)

(23) (22)
may be lost by vaporization . Rap id p lan t growth may result  in

the d i lu t ion  of radionuclide concentration and thus in an apparent decrease

of T .  Loss of foliage from deciduous plants could result in an abrupt

decrease in P~. In spite of these complexities, it seems reasonable, for

most radionuclides, to estimate T — T T / T + T where T is the radio-
p r d  r d r

active half-life of a given radionuclide (in days) and Td is the ha l f - t ime

rate of loss due to environmental disturbances. The value of Td can be

expected to range from 14 days or less in humid areas to 28 days or more

in arid regions.

4.2.4 Rates of Loss from Bone

The methods discovered in this paper for est imating t0 
(20 days) arc

-38-
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logical but related to unforeseen variatiohs in T and B in relation to
p t

time after fallout deposition. Any confidence we may have in the accuracy

of these estimates is justified primarily by the results obtained (Table 5).

Whenever possible estimates of biological and effective half-lives should

be based on the results of feeding experiments.

4.2.5 Ratio of Daily Food Consun2ti to Weij~ht of Bone Ash

our estimate of t-J~ = 100 g is based on French ’s work with jack rabbits

in Idaho 
(9)
, Currie’s work in Utah 

(6)
, and Arnold’s work in Arizona~

2
~.

Our estimate of W
b 

= 50 g is based on unpublished data, accumulated by

this laboratory since 1951, which indicate that the “s tandard” Nevada

jack rabbit (adult) has a total body weight of Ca. 2000 g of which

ca. 200 g. is skeleton and that the ratio of fresh bone weight to bone ash

weight  is ca. 4 to 1.

Even if larger rabbits eat more and smaller rabbits eat less than

100 g (dry wt .)  of plan t ma terial per day, we can still assume that the

ratio, Wp
/Wb 

= 2, is more or less cons tan t in a population of jack rabbits.

4.2.6 Fraction of In~es ted Mdios trontiurn D~posited in Bone

The parameter F is probably the most complex and perhaps the most

important of all the input parameters for the mode l used in this study.

The potential assimilability of radiostrontium in a he terogeneous mixture

of fallout particles and plant material may vary in relation to the physical

and chemical properties of the particles and of the plant matrix in which

they are dispersed. Actual assimilation and metabolism may vary in

rela tion to species, age of individual animals, time of year, etc. ~ir
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estimate of F — 0.0575 is a mathematically arbitrary value which provided

a reasonable quantitative fit between the observed and the hypothe tical

data points of maximum interest .  Its physiological significance is

dubious, and i t  does not shed much light on the interaction of factors

which de termine the appropriate F-value.

There is some evidence that F-values may vary for a given species

and a given radionuclide, in relation to the different designs of nuclear

devices and the different conditions under which they may be de tonated.

Studies made during the Plumbob test series , for example, indicated marked

differences  be tween Smoky (700 ft tower) and Priscilla (700 ft balloon).

While the fission yields of these two detonations were similar (Ca. 40 kt),

Smoky deposited 52 times more beta activity from H + 1 to H + 12 than did

Priscilla, but the beta activity attributable to particles < 50~.t was only

14 times as high in the Smoky fallou t pattern as in the Priscilla pattern.

Rabbits were collected at comparable times from comparable locations in

both of these fallou t f ields, but the be ta act ivi ty of the bone as! of

rabbits collected in the Smoky fallout field was only 1.4 times as high as

that of rabbi ts from the Priscilla fa l lout  f ie ld , an order of magnitude

less than might have been expected.~~
7
~

These apparent disparities be tween levels of fallout deposition and

expected levels of beta activity in the bone ash o rabbits are probably

related to the relatively higher percentage of particles < 50~.i in the

Priscilla fallout debris and to the relatively higher water and dilute

acid so lub ili ty  of radiostrontium and radiobarium in the Priscilla f a l l o u t

- _ ___
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d.bris~~
8
~. These and similar results have led I.arson et ai .08~to

suggest that a first approximation of the potential biological avail-

ability of a given radionuclide in a given fallout field could be

ob tained by determining its water (or 0.1 N HCI) solubility in con-

taminated plant material (( 5O~ fraction), but this is not the F-value

indica ted in our model.

In the model outlined in Figure 2, the parameter F indicates only

the fraction of radiostrontium ingested by a rabbit which is eventually

deposited in the rabbit’s skeleton. The model effectively ignores the

unassimilable fraction which passes through the gastro-intestinal tract.

It ignores the frac tion which may be assimilated from the gastro-

intestinal tract but not deposited in the skeleton, and it ignores the

possibly reversible transfers between blood and bone. It ignores, in

fac t, everything about the rabbit’s metabolism of radiostrontium except

the amount presumably ingested with contaminated plants and the fraction

of that amount which appears in the skeleton. Some of the factors not

considered could have a marked influence on the actual value of F which

is appropriate for the model. -

French and van ~~~~~~~~~~~~~~~~~~~~~~~~~ found that F-values for i
131 

were

approximately twice as high for wild jac k rabbits (l6~,) as for Dutch

rabbits (87,) maintained in the laboratory. Even larger apparent differ-

ences were indicated by our own feeding experiments a~d f ie ld observa-

tions~
38
~. French 

(9) 
found that F-values estimated during the winter

• months were nearly twice as high as comparable estimates obtained during

-4].-
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the sumner. Experimental estimates of F for radiostrontium could be

expected to vary in a similar fashion; and differences related to

dietary Ca (or stable Sr) levels, age, general heal th, and other

physiological or environmental factors could also be expected. These

ambiguities and uncertainties are of obvious significance because any

dispari ty between est imates of F will be accompanied (Equation 2) by

proportional disparities be tween estimates or predictions of B
~
.

Wi thin the mathematical framework of the mode l, our estimate of F

is assumed to be valid for the estimated values (Tables 1 and 2) of

p and B , but we have no assurance that the rabbits collected had
0 t

ac tually been feeding on the plants collected for radiostrontium

determinations. Indeed , there is some good evidence to the contrary.

As menUon.d earlier, the stomach contents of rabbits represented in

Tables 1 and 2 were analyzed for radioiodine, but the samples remaining

af ter  aliquots were removed for this purpose were too small for reliable

radiostrontium analyses. The radioiodine data 
(23) 

indicate that con-

centrations in plant samples were higher in the Groom and Currant study

areas (Figure 3) but lower in the Penoyer and Railroad study areas than

concentrations in stomach contents. If, as was true in regard to radioiodine,

the average concentration of radiostrontium in all plant samples was 1.44

times as high as the average concentration in rabbit diets, the value

of F would appear to be proportionally higher than we have estimated,

i. e., 0.0828 instead of 0.0575.

4.3 Stochastic )tdels

As mentioned earlier, the variability of our data suggest that we
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~1
are dealing with probabilistic rather than deterministic processes.

Since the model we used for rabbi ts is deterministic, it provides only

a partial explanation of the processes involved.

Also , from a heal th physics point-of-view, estima tes of mean tissue

burdens in populations exposed to fallout are of only limited value. In

making realistic assessments of biological hazards, information concern-

ing the probable frequency of very high tissue burdens may be more

valuable than a single estimate of the mean or mode.

As shown in an earlier paper 
(39)

, deterministic models can be used

to derive stochastic or probabilistic models. In essence, the s tochastic
131 (39)

model for I on desert plants and in the thyroids of jack rabbits

attempts to simulate the variable feeding experiences of individuals

comprising hypothetical rabbit populations. This is done by allowing

each of the input parameters to vary independently and at random within

a specified range and frequency of values. The output of the s tochastic

model is a freq uency distribution instead of a single value; and from

this dis t r ibut ion, the s ta t i s t i ca l  properties of hypothetical populations

can be derived.

By permitting a more realistic treatment of input parameters, a

stochastic model provides more information than can be obtained from a

deterministic model. h owever, the computations are complex enough to

require an electronic computer; and , at present , the methods of generat-

ing frequency d is t r ibut ions  to represent input parameters are no more

precise than the me thods of est imating mean values for the same parameter.
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5.0 DEThRMINISTIC 14)DELS FOR THE STUDY OF HIJHAN FOOD-CHAIN KINETICS

5 • 1 General Conccpt

ri .~ hypothesis on which this and our previous studies of food-

chain kinetics (38,39) were based involves an analogy which can be

stated as follows: If the effective half-lives of a g~yen radio-

nuclide in the d i f f e ren t  c~~~~ rtment s of a food-chain are analo~ ous

to the radioactive ha l f - l ives  of the d i ff e ren t  radionuclides in a

fission produc t d~~~~ -chain , it  follows Lia t food-chain ~u d d e~-

chain kinetics are also analogous. This analogy is more or less

- (35)obvious in varLous trea~~ en ts of physiological t racer kinetics ,

but our purpose here is to i l lus t ra te  its potential application to

the quanti tat ive kinetics of radionuclides on pastyre plants, in

cow’s milk, and in human tissues following a sing le fal lout  event.

Suppose, for example, that a dairy farm is contaminated by fallout

comparable to that produced by Project Sedan, the milk produced by

cattle grazing in contaminated pastures is consumed by people living on

the farm or in a nearby village. If we know the ganua dose rate at

H + 24 or the ini t ial  concentration of Sr 89 or t
13] 

on pas ture plants or

the concentration of one or both of these radionuclides in milk pro-

duced within a few days after fallout, can we estimate the other param-

eters which must be considered in assessing the potential biological

consequences to people? The sections which follow will present the bare

outline of a deterministic model which might be useful either in future

studies of this problem or as an aid in interpreting some of the data
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which have accumulated in the open l i terature.

5.2 Estimation of Radionuclide Concentrations on Pas ture Plants in Cow ’s

Mt 1~~~ and in Human Tissues Followi~~~ Fallout from a Single Detonation

~.s s~entioned in an earlier paper 
(39)

, there are no dairy herds in

the area contaminated by fal lout  from Project Sedan (Figure 3), and the

few family milk cows in the area are maintained on irrigated pasture and

stored feed instead of desert range. Since we have collected no data con-

cerning the concentrations of radionuclides on pasture plants, in cow’s

milk , or in human tissues, our consideration of the problem is purely r

hypothetical.

The model diagranzned and formulated in Figure 5 is based on the

analogy stated above. To illustrate the kinds of information required for

and potentially available from such a model, we have used the parameter

values listed in Table 7 to calculate the concentrations of Sr
89 

and ~
13l

on pasture plants, in cow’s milk, and in human tissues following fallout

from a single nuclear detonation. The results of these calculations are

given in Figures 6 and 7. (N. B. lb avoid unwarranted inferences i t

should b~ remembered that the fallout, the pastures, the co~’s, and th~

people represented in Figures 6 and 7 are all hypothetical.)

Except for P and T , the inpu t parame ter values used in making these

calculations (Table 7) are based on experimental results  reported in the

open literature. When more than one estimate was found for a given

parameter , we usually selec ted the one which would r esu l t  in a hi~ hcr

estimate of the concentrations in milk or human tissues.

-
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Where ,
t = t i me, in days, after p lant contamination

89 131N.= a given radionuclide (e. g., Sr or I )

~~~ = pcN~/g (dry wt .)  on pasture p lants  at t = 0

I~ peN /s (dry wt .)  on pasture plants at t > 0

M
t= PeN~

fnl ( f r e s h )  in m i l k  pruduced at t > 0
H
~
= pcN

1
/g (fresh) in human tissue at t > 0

w =  dry wt . (g) of plants con~~ in~ ih pcr cow per day

F = f r ac t ion  of inges ted N secret ed  in  ml ft
m i

V =  volume (ml.) of m i l k  produced per co~
Vh= volume (ml.) of milk consusied pcr pers~n pci day

f raction of ingested N~ dcp~ si Lcd i n  uri ~~ n t i s s u e

W
h
= fresh wt. (g) of human or?’aI~ ~ r t i s~;n~-

0.693/I effective dei.ay  ct ’i~~;1~i n t

T r- effective }~a1 f—life (days)  of N , on ~~~ ore

1= effective ha lf—li fe (days) of N . in  i ‘ s ‘u I k pr~uJue Li t~~ii

effective hal f— i if c (days) of N . in hunan I s sue of re c renee

e 2. 718 ... (basc of natura l  logan t i tu s)

Figu re 5. A food—chain Kinetics model for  e s t i m a t i n ~. ra d ’T ’ltu ch idc e’u c- ~
t rat lons on pasture p lan t s , in cow ’s m i l k , and i n  hu t i  t I ssue ; f~’ 1 t ’~ T i

environmental contamination by a s i n ~;ie f a l l ’~u t  event,,
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Table 7. Values of
8~
nput p

~~~
meters used to estimate the hypothetical

concentration of Sr and S on pasture plants, in cows’ milk, and
in human tissues (bone and thyroid) following fallout from a single
nuclear detonation. -

* 89 131Parameter Sr I References

p 100 pc/g 400 pc/g arbitrary values

14 l .4x10
4
g l.4x10

4
g 19

F 0.02 0.06 5.4

V 1.0 x ml 1.0 x ~~~ ml 19

1.0 x l0~ ml 1.0 x l0~ ml arbitrary values

F 0.21 0.30 14n

Wh 
700 g 20 g 14

T 18.0 d 5.5 d 24.23p
T 2.5 2.O d 5

50,4 d 7.5 d 14

*Parame ters are described in Figure 5. Results of calculation babe l
on these va lue s and the equations in Figure 5 are given in Figures 6
and 7.
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Pt pc Sr 89/kg ON PASTURE PLANTS
- 

N, • pc Sr 89 /10 L IN COW ’S M I L K
- It t • pc Sr 9(TOTA L) IN H UMAN ’S SKELETON

—

U, - 
T

H,
U
0
U

102 1 1
0 20 40 60 80 100 120 140

DAYS AFT ER FALLOUT

Figure 6. )~ypothetical concentrations of Sr89 following a single fa l lou t
event.
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P~ • pc 1 131 / k g  ON P A S T U R E  PLANTS

M~.pcI
’31/l IN COW S MILK

• H~ apc iI3I (TOTAL) IN HUMAN ’S THYROID
Pt

IO~ 
—

‘I,

U
0

I0~ 
— I

O 5 tO IS 20 25 30

DAY S AFTER FALLOUT

Figure 7. Hypothe t ica l  concentra t ions  of i131 fol lowing a single
fallout event.
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In order to use Equations 14-17 in predicting the possible bto-

logical consequences of fa l lout  from a given nucelar detonation, it

would be necessary to begin by predicting the in i t ia l  concentrations of

radionuclides on pasture plants. These predictions of P might  be

based on predic ted dose rates or else on dose rate estimates derived

from aerial surveys on D + 1. We have already discussed (Sections 4.2.1,

4.2.2, and 4.2.3) some of t he uncertainties involved in predicting P.

In order to avoid a lengthy consideration at this time of the variable

re la t ionship  be tween plant  contamination and gamea dose rates in a

fallout field, we have based our hypothe tical calculations on arbitrary

levels of plant contamination. The values selected for P (Table 7)--

100 pc/g for Sr
89 

and 400 pc/g for i
131 

--could be expec ted to occur

in areas where the gan~~a dose rate at H + 24 is less than 1.0 mr/hr;

and they preserve the theoretical initial ratio (~~.4:l) of 1
131 

to

Sr
89 in unfract ionated f a l lou t .

In addition to the assumption of various parameter values (Table 6),

Equations 14-17 imp ly several other assumptions which should be considered.

For example, these equations are applicable only to the assumption that

pre fallout concentrations of are zero in all three compartments. When

only short-lived radionuclides are considered, this is probably a safe
90 137

assumption. For long-lived radionuclides (e. g., Sr or Cs ) whose

prefailout .~oacentrations may be considerable, it would be necessary to

add correction factors for background. Equations 14-17 also assume tha t

the loss of radionuclides from pas ture plants, the consumption of plants

and production of milk by cows, and the consumption of milk by people

-50- 
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are continuous processes. Since the practical time intervals for these

processes are relatively short (Ca. 0.5 -1.0 day), the error introduced

by treating them as continuous processes is probably small. Finally, the

model assumes that radionuclide transfers from plant to cow, fro. cow to

milk , and from milk to man are irreversible and occur at exponential

rates.

Within the framework of these assumptions, the model outlined in

Figure 5 could be used to study the plant-cow-human food-chain in much

the same way as we have used similar models to study the desert shrub-jack

rabbit food-chain. In the absence of field test and experimental data

we cannot judge how well this model might function in explaining or pre-

dicting radionuclide concentrations in milk and human tissues following

pasture contamination by fallout. Probably such predictions should not

be undertaken until better methods have been developed for predic ting

initial radionuclide levels on fallout-contaminated pasture plants, and

for estimating the other parameter values which are most appropriate in

a given situation.

Even though such a model may not yet be useful for making predictions,

it can still be useful as an aid in assessing the possible biological

consequences of observed levels of radionuclides on plants or in ~~~~~~

milk. James 
(15) for example, has derived some very similar equations

in an attemp t to exp lain the food-chain kine tics of il31
. By assuming

various parame ter values and calculating an integration constant, James

has used th e  maximum observed concentrations of i
131 in milk to estimate

-51-
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i n i t ial  con centra t ions  on pas ture p lants , subseque n t  con centra t ions  itt

milk and human thyroids , and the total  dose de l ive red  to hum an ihyroids.

5.3 Est imat ions  of Dose to Human Tissue

The dose delivered by N . to human t i ssue is related to the energy

depos i ted pe r disin tegra tion of and to th~ area under the cut -c

generated by Equation 16. There fore , the cumulat ive dose rem)

imp l ied by the parame ter values l isted in Table 6 is given by Equation 17.

1~ -}~~t -X t
D~~~~ K ~~~~~~~~~~ — 

( l - e  (l-e m ) 
_ _ _ _r VmW

h L ~~~~~~~~~~~~~~~ 
Xm~~p m ) i~~~~ ~~~~~~~~~~~ 

(17)

Where ,

DH — cumulative dose in rem (based on rem rad x RBE , rad 100 erg/g,

and RBm~ 1)

K
r 

_ 3.20 K 10~~Ii1J,~AX&a ~ E(RBE)
6.24 x 10 Zbv/lOO erg/g

E (RBE) average energy (~~v/dis) deposited by Ni 
in tissue of reference

multiplied by the relative biological effectiveness

By way of contrast, the annual dose (D
i
) resulting from the ingestion

of a given amount (A) o~ N~ each day is given by Equation 18.

D — 365 A K F HI
’X.
~
Wh (18)
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In our hypothetical example (Figures 5—7 and Table 7) the total

dose 0~, — rem) delivered by Sr89 
to the 700 g skeleton of a child

131
would be 0.82 rem; and the total dose delivered by I to the 2.0 g

• thyroid of an infant would be 14.6 rem. These total doses, based on

• Equation 17, are equivalent to the annual doses, based on Equation 18,

which would resul t from an average intake of 720 pc/day of Sr89 and

2100 pc/day of i~
31
.

The Federal Radiation Council~
8
~ has recommended several Radiation

Protection Guides (RPG ’s) which are said to represent “... a reasonable

balance between biological risk and benefi t to be derived from useful

app lications of radiation and atomic energy.” The RPC’s for human bone

and thyroids are 1.5 rem per year “... for individual s in the general

population •..“ and 0.5 rem per year as an average “... to be ap p lied

to sui table samples of an exposed population group. ” An average annual

intake of > 2000 pc/day of Sr89 
or of > 100 pc/day of i

131 
~~ased on a

2 g thyroid) ”.., would be presumed to result in exposures exceeding the

D~
,

~~~~~~~~~~ •

Using Equation 18 and the parameter values given in Table 7, we find

that  au average annual intake of 2000 pc/day of Sr 89 would resul t in a

dose of 2.28 rem to a 700 g skeleton; and an average annual intake of 100

pc/day of i131 would result  in a dose of 0.695 rein to a 2 g thyroid.

Using Equation 17 and the paratne~ er values given in Table 7, we f ind  tha t

similar  doses could resul t, accordin~ to the model out l ined in Figure 5,

frot ~m a sing le fa l lou t event producing in i t i a l  cou tat~iination levels
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of about 280 pc/g of Sr89 or only 20 pc/g of 1131 
on pasture plants.

The initial concentratinn of Sr89 
on desert shrubs in the vicini ty

of Currane,Nevada (Figure 3) was approximately 400 pc/g, The initial

concentrati on of i131 on the same plants was approximately 1000

If equivalent levels of contamination had occurred in our hypothetical

pas ture, the total dose delivered by Sr89 to 700 g skeleton would have been
1313.28 rem, The hypothetical total dose delivered by I to a 2 g thyroid

would have been 365 rem.
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Table A . ~ccu1 r at ion~. (pc/~.) ut 3r~~ and in the bone ast u~ rabbi L ;
cullec ted, belorc (13Kt ;D) and at  various cin~~ after (1)fS,1)flO, 1)415, c t c . )

• the d~- Loiiut ion , a t  dittercat locations (See Figure A) in the SED~\N t a l l o u t
t i e l d. ([~ cay cor rect ions  we re made to the ti~~ s ol. c o l l e c t i on .

1__— — ----- -•.— —-— ~~ - - - -———~~~~——-- — - —  — 

LOCATION - TDES OF C 1)LLECTION

STA . BKC I) 1)f 1)410 1)415 D+20 D+25 I)÷30 D+60
;- - - - - -- - — --- —---~~--- - - -- - — — -~~

~(STRON TIUM-89 , pc/ g)

~R&>O I 1 SL 45 640 454 457 NS 166 330
2 SL 55 11.8 187 259 97 51
3 5 734 NS 2234 7332 3565 4783 2 114
4 69.7 9 473 15 243 62 99 251
e 76.7 1400 SL [2598 22169 12127 4395 1503
7 23.6 1347 573 ~332 893 939 8316 6804
8 NS 3745 932 1061 823 754 7400 7235

‘ENOYERS 1 99.6 3396 1736 4492 150 3630 7441 1168
2 NS NS 5620 7122 580 2729 4335 674
4 SL 273 843 2995 2868 2141 280 448
5 49.0 308 Si. 409 3678 179 293 188
7 N~ 152 359 1161 214 247 3012 172
9 NS 1623 403 21 2594 5170 3145 174

10 NS 574 52 598 573 934 103 2386
14 Ns NS 111.2 4161 2993 729 468 3522
15 42.4 2686 962 1064 5508 310 388 782
16 NS 4071 315 356 244 326 593 1257
20 115 NS 1034 19559 611 783 8248 4859

LAILROAD 1 EL. 2070 1013 1434 692 2412 NS 1590
2 140.0 714 489 2317 2013 2050 1663 3781
3 21.0 1.80 455 226 3566 NS 310 425
4 75.0 195 619 123 172 161 876 212
5 NS 161 1165 249 214 189 298 1.10
6 75.6 224 341 211 3633 342 871 1053
7 79.0 359 1196 221 NS 76 194 243

U RKAN T 1 Si. 522 669 381 414 625 280 265
2 59.0 81! 220 586 193 237 710 39
3 33.2 67 73 489 424 357 121 350
4 21.0 62 582 27 160 116 266 189
5 18.0 15 307 650 478 514 237 556

(STROt4TIUM-90, pc/g)

ROOM 1 8.2 814 20.4 14.4 Si. NS 8.2 15.4
2 6.4 3.8 6.5 14.5 12.5 10.6 9.7 6.4

(Continued)

_________..— — 
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Table A. (continued)

LOCATIOM TI~ES OF COLLECTION

ARU STA. BKGD. Ds-5 Ds-10 Ds-15 D+20 DI-25 1)1-30 1)4-60

ROOM 3 4.6 10.1 NS 24.0 St 44.5 52.9 40.9
(cont.) 4 21.5 5.6 20.3 6.4 9.9 7.0 8.6 1.3.6

6 6.1 22.4 6.5 113.8 184.9 104.5 81.1 72.5
7 30.8 14.2 1.2.2 22.0 11.5 13.8 123.2 95.0
8 NS 34.0 11.7 12.5 8.6 10.4 72.0 1.11.8

‘ENOYER 1 21.2 27.7 69.3 45.1 6.9 35.8 74.7 17.2
2 NS NS 49.9 67.4 7.7 31.4 50. 1. 41.4
4 9.4 4.7 23.3 37.4 37.6 27.2 6.3 10.3
5 3.4 4.9 6.4 7.9 41.4 16.1 6.6 6.2

NE 4.7 6.7 19.8 6.0 5.4 35.2 6.1
9 NS 22. 4 7.6 6.0 32.2 53.5 39.8 1.4.3

10 NS 16.5 4.4 26.3 13.5 17.5 4.0 44.5
1.4 NS NS 16.7 39.7 32.3 8.0 9.7 48.2
15 3.9 33.1 11.6 1.2.6 61.8 10.3 6.7 18.3
16 NE 47.3 8.2 4.1 4.8 6.3 11.6 25.9
20 N~ NS 12.1. 161.4 8.0 12.0 78.4 72.3

f1tAILROA.D 1 5.4 20.4 12.8 12.6 9.4 30. 6 NS 28.5
2 SI. 8.4 6.7 28.3 44.3 22.4 6.3 55.1.
3 8.9 6.3 8.7 5.1 52.7 N.~ 7.3 29.2
4 3.3 6.2 12.7 4.4 8.0 4.3 11.5 9.8
5 NS 4.5 32.4 5.6 6.5 5.6 7.5 5.6
6 7.6 7.4 8.3 5.7 47.8 7.8 14.5 28.8
7 7 .2 1.0.4 23. 1 5.7 NS 2.4 12.]. 5.6

CURRANT 1 23.3 23.2 20.3 15.6 15.0 16.7 1.4 .9 12.5
2 4.1 20.2 19.5 20,9 13.5 17.9 32.7 4.9
3 3.6 6.2 6.4 14.8 16.6 19.3 19.2 17.5
4 19.8 6.6 19.1 5.4 12.6 14.5 17.5 16.5
5 19.2 7. 1. 19.9 23.9 21.9 21. 1 1.9.4 24.6

NS a No sample collec ted
Si — S~mp1e los t
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Figure A. Preshot and pos tshot sampling stations in and near the Sedan
fallou t field.
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TECHNICAL REPORTS SCHEDULED FOR ISSU ANCE

BY AG EN CIES PAR TICI PA TING IN PR OJECT SE DAN

AEC R EPORTS

AG ENCY PNE NO. SUBJECT OR TIT LE

USPHS 200F Off-Site Radia t ion  Safety

USWB aQIF Analysis of Weather and Surface Radiation
Data

SC 202F Long Range Blast Propagation

REECO 203F On-Site Rad-Safe

AEC USP M 204F Structural Survey of Private Mining Opera-
tions

FAA 205F Airspace Closure

SC Z I I F  Close-In Air Blast From a Nuclear Event in —

NTS Desert Alluvium

LRL-N 2 12? Scientific Photo

LRL 214? Fall out Studies

LRL 215F Structure Response

LR L 2 16P Crater  Measurements

Boeing 217P Ejecta Studies

LRL 218? Radioactive Pellets

USGS 21 9F Hydrologic Effects .  Distance Coeff ic ients

USGS 221P Infiltration Rates Pre and Post Shot

UCLA 224P Influences of a Crater ing Device on Close-In
Populations of Lizards

UCLA ZZSP Fallout Character is t ic s
Pt. I and II
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I ECHNICAL REPORTS SCHEDULED FOIl ISSUANCE
BY AGENCIES PARTIC IPATING IN PROJECT S E [)A N

- 

AGF:N(: V PNE NO. S1114J i:~~-i (~l( I’IT I .E

B Y U  ( 1 1 s e — I f l  F . I t e t -t s  o l .1 Su h s u r i • i i - - Nut- h-_ t v
I) et Ot1~t t j O l l  O i l  Sifl.t 11 MI 113 133.11$ .111(1 ~ I et ted
1nv~ rt.~br.~t (~~3t

tI& I A  22811 l.t -olog ic.tl I ’ : l t e t - t s

1,11 L 2 I F’ RId—ChenI An~tI ysi $

LR L 2 42 P Yield Me . i s ur e m e nt s

LGG 2 4 ;  P Tinting m d  Firing

W ES 2341’ St.ihility • ‘t ‘ r .mt e red SIopeM

LII I 2 i~ F Seis niic Velot’ Ity Studies

DOD REPOR TS

~~ AGENCY PNE NO. SUB JECT OR TITLE

USC— C S 2 1 IP “Seismic Ef f e c t s  From a 1-u gh Yi e ld  N t i t I e . t  i•

C r~tte ring Expi. rinient in Dc Sc’ rt Al tnt iun~’’

Nil DL 22’)’’ ‘‘Some Radiochemic.~ I .mnd Pity sic .tl Mc~msurt- -ntent s ot Debris from mn U nde rg round N uclc~m r
Explosion ’’

N R DL 2 W P N . m v . m l  Aert.mI Photogrmt phit- An.~tv sis

_ _ _ _  _ _ _ _
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ABBREVIATIONS FOR TECHNICAL AGENC IES

STL Space Technology Labora tor ies ,  Inc. .  Redondo Beach , Calif.

SC Sandia Corporation . Sandia Base, Albuquerque , New Mexico

USC&GS U. S Coast and Geodetic Survey . San Francisco, California

LII L Lawrence Radiation Laboratory, Livermore. California

L R L-N  Lawrence Radiation Laborato~y, Mer cury, Nevada

Boeing The Boeing Company , Aero-Space Division , Seattle 24 , Washington

USGS Geolog ical Surv ey .  Denver , Colorado , Menlo Park,  Cal i f .,  and
Vicksburg. Mississi pp i

~VES USA Corps of Engineers. Waterways Experiment Station , Jackson ,
Mississipp i

EGG Ed ger ton . Germeshau sen , and Gr ier , Inc . .  Las Vegas. Nevada ,
San ta  Barbara , Calif. , and Boston , Massachusetts

BYU Brigham Young University, Provo, Utah

UCLA UCLA School of Medicine , Dept. of Biophysics and Nuclear Medicine ,
Los Angeles, Calif.

N R D L  Naval Radiolog ical Defense Laboratory,  Hunters  Point , Cal i f .

USPHS U . S. Public Health Service , Las Vegas,  Nevada

IJSWB U. S. Weather  Bureau.  Las Vegas , Nevada

USBM U. S. Bureau of Mines , Washington ,  D. C.

FAA Federal Aviation Agency, Salt Lake City, Utah

REECO Reynolds Electrical and Eng ineer ing Co. ,  Las Vegas,  Nevada
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SUPPLEMENTAR Y DOD DISTR IBU TIO N FOR PROJECT SE DAN

S

PN E NO. DIST. CAT. PNE NO. DIST. CAT. PNE NO. DIST. CAT .

200 26 , 28 2 14 26 22 6 42

201 2 , 26 215 32 228 42
202 12 2 16 14 22 9 26 , 22

203 28 217 14 230 100

204 32 218 12 , 14 231 22

205 2 21 9 14 232 4
21 1  12 221 14 233 2

21 2 92 , 100 224 42 234 14

21 12 , 14 22 5 2 6 235 14

In addition , one copy of reports 201 , 202, 203, 2 11 , 214, 215 , 2 16 , 2 17 ,
218 , 2 2 1 , 2 2 S , 2 2Q , 230 , 2 4 2 , 234 , and 235 to each of the following :

The Rand Corp . Mitre Corp.
1 700 Main St. , Bedford , Massachusetts
Santa Monica , Cal ifornia
Attn: Mr. H. Brode General American Transportation Corp.

Mechanic s Research Div.
U. of Illinois, 750 1 N. Natchez Ave. ,
Civil Eng ineering Hall Ni les 48 , Illinois
U rbana , Ill ino i s

Attn : Dr. N. N ewmark Attn : Mr. T. Morrison ; Dr. Schiffman

Dr. WhitmanStanford Research Institute Massachusetts Institute of TechnologyMenlo Park, California Cambrid ge, Massachusetts
Attn: Dr. Vaile

E. H. Plesset Associates
1281 Westwood Blvd. ,
Los Angeles 24 , California
Attn : Mr. M. Peter

S
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