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SUMMARY 

A. objectives 

1. To evaluate the nature and extent of the intake of radio- 
iodine in the Marshall Island populations, followiíiç/ the CASTLF. 
BRAVO nuclear test on March 1, 1954 (fallout from which produced 
extensive thyroid damage in most of the heavily exposed (Rongelap) 
young children), with emphasis on the possibility that inhalation 
was a maior route of entry. 

2. To estimate, on the basis of the literature on fallout 
phenomenology, the extent and rate of volatilization of iodine 
from siliceous fallout particles. 

3. To calculate potential inhalation intake of radioiodine by 
populations in shelter during and following nuclear attack and, 
based on this, the expected ionizing-radiation doses to the thy¬ 
roid, particularly for young children? to indicate the immediate 
and the long-term consequences of such irradiation of the thyroid. 

4. To evaluate the use of blocking (oral administration of 
stable iodide) as a countermeasure to the intake of radioiodine, 
particularly by inhalation? specifically, to define required levels 
and scheduling of blocking-agent administration, and to establish 
implications of side effects resulting from administration of 
iodide in large quantities. 

5. To recommend procedures for the use of blocking, if 
required, and to estimate national costs of such protection. 

B. Assumptions 

1. Arriving local (as opposed to delayed) fallout contains 
no particles small enough to be inhaled directly. Therefore, 
inhalation in shelter (on predicted fallout contours) can occur 
only if there is a significant level of volatilization of radio- 
iodine from f-llout particles, whether trapped in the shelter 
ventilation system or deposited outdoors. 
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2. In the light ot the extreme uncertainty in the major 
input variables in the assessment of inhalation intake (mainly 
in the extent and rate of volatilization of iodine from fallout 
particles), it is safe to adapt an eclectic approach in assem¬ 
bling input information for the investigation. That is, extreme 
accuracy in data and calculational models is not required; in 
fact, order-of-magnitude approximation may often be sufficiently 
accurate. Thus, convenience in finding and applying source 
data is the guiding principle, and it dictates the choice of 
most of the following assumptions. 

3. Characterization of the shelter intake of radioiodine on 
particles trapped in the ventilation system, and association of 
that intake with fallout-rediation contours, is based on the 
following assumed characteristics of the fallout: 

a. Thermal-neutron fission of U-235. 

b. No induced activities (transuranics or soil 
products). 

c. No loss (in particular, of radioiodine) by 
fractionation; similarly, no fractionation with 
particle size (however, fractionation losses are 
taken into account in interpretation of the calcu¬ 
lated results). 

d. Transport/arrival model of Clark and Cobbin (1963). 

-1 2 
e. t decay for air-ionization rate of total 

fallout mixture. 

f. Radioiodine abundance, decay, and activity 
relationship to total R/hr as given by Kochendorfer 
(1969). 

g. All particle sizes present in arriving fallout 
being swept into the shelter ventilation system, 
according to their volume concentration in the 
arriving fallout (no aerodynamic discrimination 
according to size). 

h. Log-normal activity/particle-size distribution. 

4. Inhalation intake of radioiodine, per individual, is 
independent of the shelter ventilation rate, both for particles 
trapped in the ventilation system and for those deposited out¬ 
doors . 
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5. Characterization of thyroid uptake of radioiodine and 
of the resulting ionizing-radiation dose to the adult thyroid, 
for a given intake, is based on the reported work of Mechali, 
et al. (1966), which rests on: 

a. 7f)'/, of "inhaled" intake "retained"; 25% by direct 
passage through lungs, 50% by temporary retention in upper 
respiratory passages, followed by swallowing (the other 25% 
being immediately expelled by the lungs). 

b. A simplified 3-compartment model for iodine pro¬ 
cessing in the body (3 first-order rate processes). 

c. Radioiodine mixture from fast-neutron fission of 
Pu-239. 

d. Inhalation intake including that of radiotellurium, 
especially Te-132. 

e. Total absorption of contained-radioiodine beta 
energy by the thyroid; zero absorption of contained-radioiodine 
gamma energy. 

6. The young-child's thyroid is l/10th the size (mass) of 
the adult thyroid (2 g vs. 20 g); the child's respiration rate 
is 1/3 that of the adult's (0.17 cfm vs. 0.5 cfm). The thyroid 
uptake (expressed as percent of intake) is the same for both 
age groups. Thus, for inhalation in the same environment, the 
radioiodine ionizing-radiation dose to the child thyroid is 3.3 
times that to the adult thyroid. 

7. Because of its relatively low beta energy and because 
oi the inhomogeneous structure of the thyroid, iodine-131 is 
only about one-tenth as effective as the other radioiodines 
(or as x-radiation), on a rad-for-rad basis, in producing 
damage to the thyroid. Therefore the most dangerous period is 
the first week after the nuclear explosion; after this only the 
longer-lived (and less-effective) 1-131 remains in quantity. 

F. The shelter intake of radioiodine volatilized from 
particles deposited outside the shelter is based on "sampling" 
from an outside environment characterized by one-dimensional 
upward turbulent diffusion of released iodine vapor in an 
infinite horizontal field. This is a worst-case assumption for 
both a normal atmosphere and a temperature inversion. 
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9. Shelter intake of radioiodine vapor during a tempera¬ 
ture inversion occurs in three regimes: 

a. Upward diffusion to fill the inversion layer. 

b. Uniform, constant-concentration distribution of 
released radioiodine throughout the inversion 
layer during the remainder of the inversion. 

c. Upward diffusion (dissipation) after the break-up 
of the inversion. 

C. Findings 

1. The generally accepted (literature) dosimetry, both 
whole-body and thyroid, for the Rongelap children is compatible 
with all the clinical measurements and all symptoms, early and 
long-delayed; therefore, there is little to be gained by attempt¬ 
ing to refine the intake and dose calculations. 

2. For the American military personnel on Rongerik Atoll 
at the time of CASTLE BRAVO, the high levels of 1-131 and of the 
non-volatile radionuclides found in the early pooled urine 
samples resulted from massive intake, presumably a mixture of 
inhalation and ingestion, on shot day and on D+l, before the 
men were evacuated from the Atoll. 

3. The lower levels of the non-volatile radionuclides 
found later in individual Rongerik urine samples resulted from 
the same source, and were therefore valid input data for an 
attempted correlation of body burdens with individual location 
and behavior during the first two days. 

4. No single factor (with respect to individual behavior or 
exposure) appears to account for the variation in the measured 
body burdens of the non-volatile radionuclides in the Rongerik 
men. The fallout was ubiquitous enough (even inside the buildings) 
for ingestion (or quasi-inhalation, by impaction) to have been 
a factor. Also, the high seawater solubility of the coral-type 
fallout could have led to rapid dissolution of radioiodine(s), 
followed by volatilization at the water surface. Thus, inhala¬ 
tion of radioiodine was a possibility also. Finally, the fria¬ 
bility of the dry coral-type particles could have led to the 
formation of smaller, directly inhalable, particles? thus, even 
the non-volatile radionuclides could have been inhaled directly. 
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5. l'ri the basis of limited direct information, it is con¬ 
cluded that the radioiodine volatilization rato from dry sili¬ 
ceous fallout particles is of the order of 0.00025% per day. 

6. .¿here siliceous fallout particles are exposed to water, 
radioiodine may be leached out of the particles at a much higher 
rate than the direct-volatilization rate. The apparent half- 
life for leaching of the available radioiodine may be only about 
1.5 days, but the available radioiodine may be only a fraction 
of the total radioiodine distributed through the near-surface 
layers of the particle. Once dissolved in water, iodine (even 
as iodide, which can be oxidized) is immediately available for 
volatilization. 

7. Where coral-type fallout particles are exposed to water, 
very rapid release of the radioiodine to the water is likely, 
so that the volatile-radioiodine threat may be considerable in 
such a situation. Also direct volatilization of iodine from 
such particles, even when they are "dry", may be faster than in 
siliceous particles. 

8. Nuclear weapons exploded at the surface over limestone 
or in central sections of cities, where there may be high con¬ 
centrations of concrete, may produce fallout particles contain¬ 
ing calcium oxide and related calcium compounds in concentra¬ 
tions high enough to produce more extensive and more rapid 
release of radioiodine to water (compared to that from totally 
siliceous particles) and, perhaps, more rapid direct volatiliza¬ 
tion from "dry" particles. 

9. Under worst-case assumptions, the radioiodine inhalation 
threat from particles trapped in shelter ventilating systems is 
minimal, particularly when the resulting thyroid dose is com¬ 
pared with that resulting from whole-body irradiation by pene¬ 
trating radiation (even with a shelter protection factor of the 
order of 40). 

10. It appears that the only situation in which inhalation of 
radioiodine by shelter populations can create a threat that must 
be countered is one in which: (a) a long-lasting temperature 
inversion accompanies or immediately follows the arrival of high 
levels of local fallout; and (b) there are significantly large 
areas of shallow water nearby, into which fallout particles 
(particularly if they contain significant percentages of calcium 
oxide and related compounds, deriving from limestone or concrete 
at the burst point) can deposit. 
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11. Hecaune the important variables in this specific kind 
of threat situation are almost impossible to parameterize for 
planning purposes, it is not feasible to calculate, for a given 
assumed attack, the number of individuals who will be (ultimately) 
injured if not protected, at the time of fallout arrival, against 
the effects of intake of radioiodine. Nevertheless, the threat 
of such injury appears serious enough, and the cost of the appro¬ 
priate (blocking) countermeasure low enough, that it is worth 
planning such a countermeasure. 

12. Blocking with stable iodide works by a combination of 
isotope dilution and saturation of the thyroid against further 
uptake of iodine in any form. 

13. in the civil-defense context, it appears that blocking 
will be useful only it it reduces the uptake of iodine to 1% 
of normal, or less. This implies the administration of 200 mg 
of potassium iodide just prior to, or at the start of, the arri¬ 
val of fallout, to protect against a massive intake of radio- 
iodine on the first day. 

14. Protection against continuing inhalation during the 
remainder of the first week would be provided by the administra¬ 
tion of an additional 400 mg of KI at the rate of 100 mg per day 
over the next 4 days, or spaced over the next 6 days. 

15. The cost of this first-week protection (in the form of 
a stockpile of 1.2 billion 100-mg tablets, stored in the shelters) 
for 200 million people would be, at most, $1.2 million, or less 
than a penny per person so protected. 

16. If blocking iodide is to be stockpiled, in any event, 
against the possible massive early inhalation threat, then it 
seems worthwhile to be prepared to counter the other, less- 
important or more-easily-controlled, threats (delayed fallout, 
quasi-inhalation during outdoor activities, contaminated-milk 
intake) by the stockpiling of additional iodide. 80-day pro¬ 
tection against any or all of these would require (at 200 mg of 
KI on D-day, followed by 100 mg per day for the next 79 days) 
8.1 g of KI per person, which for 200 million people would cost 
at most $16.2 million, or about $0.08 per person. 

17. Possible side effects of prolonged administration of 
blocking-iodide (iodine allergy, iodide goiter, etc.) must be 
taken into account. However, the important consideration is 
the possible outcome if blocking is not used. That component 
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of the population that is at the greatest risk (to ionizing' 
radiation-produced thyroid pathology) is the infant or very 
young child, and perhaps the fetus in utero. The general 
adult population is least at risk. 

18. For all members of the population, the administration 
of a one-time blocking dosage of 200 mg of KI appears to be 
quite safe; even administration of a total of 600 mg over the 
course of 5-7 days appears safe for the vast majority of the 
population. Administration of 100 mg daily for a period of 
say 2 months should be safe for most of the population; for 
those for whom it may be known to be risky (individuals 
suffering from renal or cardiac failure or from pulmonary 
tuberculosis), decisions would depend on circumstances. 

19. Incidence of the major known side effects of pro¬ 
longed administration of high levels of stable iodide is stati¬ 
stical, rather than deterministic; that is, predisposition to 
the effects is probably involved, but the nature of the pre¬ 
disposition is not known. However, if, for example, an unknown 
10% of a population may exhibit such side effects, it is un¬ 
doubtedly better to protect 100% of r.he population against a 
high risk of radioiodine uptake, whose consequences are usually 
irreversible, and take the risk of side effects in the unknown 
10%, particularly since most of the side effects are reversible, 
disappearing on cessation of excess-iodide intake. 

20. The most dangerous side effect for healthy members of 
the population is the occurrence of iodide goiter in some 
infants born to mothers who have ingested large quantities 
of stable iodide (500-1000 mg or more daily) over long periods 
(usually of the order of years). The rate of incidence of this 
condition for a population of pregnant women so exposed is un¬ 
known, but probably low; however, where it does occur, the risk 
of fatal respiratory obstruction in the newborn is extremely 
high. It is not known whether daily intake as low as 100 mg 
can produce the effect. If there is a known (high) risk of 
radioiodine uptake by the fetal thyroid (that is, if it is known 
that the mother is being exposed to radioiodine intake), it 
would always be wise (statistically) to administer blocking 
iodide to the pregnant woman. Where the risk of radioiodine 
intake is not certain, the picture is not as clear. However, 
the neonatal iodide-goiter syndrome is very unlikely to develop 
after only a one-time, or even a one-week, administration of 
stable iodide to the pregnant woman. Therefore, the best pro¬ 
phylaxis might be to protect her (and thereby the fetus) against 
massive earl/ intake of radioiodine, by one-week administration 
of iodide, and then take special pains to protect the mother 
against subsequent intake of radioiodine for the remainder of 



her preqnancy, so as to obviate the need for further admini 
stration of blocking agent to her. 

21. As a general rule, the nursing infant should receive 
blocking agent directly; if the mother is receiving blocking 
agent, her milk may contain more radioiodine than it would if 
she were not so protected. 

22. The philosophy of selective administration of blocking 
agent can be applied to the entire shelter population. That is, 
in the face of uncertainty at early times after attack, pro¬ 
tect everyone by first-week administration of blocking agent; 
continue administration as needed, depending on habits and on 
subsequent ingestion history, and on increasing knowledge (per¬ 
haps measurement) of the radioiodine threat. 
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(administration of stable iodide) as a countermeasure was 
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SECTION I 

INTRODUCTION 

On March 1, 1954, the BRAVO event of Operation CASTLE 

contaminated several occupied areas in the Marshall Islands 

to levels high enough to require early evacuation of the 

populations, and, for some populations, medical follow-up 

to this day (Conard, et al,, 1967 and 1970). The most 

heavily exposed group, some 64 Marshallese inhabitants of 

Rongelap atoll, received an estimated 175 rad whole-body dose 

before being evacuated on March 3. While internal contamina¬ 

tion was of concern (indeed, measurements were made of iodine- 

131 in pooled urine samples about two weeks after exposure), 

the consensus of the scientists and medical people at the 

time was that internal burdens of radionuclides were not 
★ 

likely to produce injury, even in the heavily exposed group. 

Indeed, as of 1960 it was accepted that "the Marshall Island 

people were apparently fully recovered from their accidental 

exposure to thermonuclear fallout in 1954" (Le Roy, 1969). 

However, in 1963 an asymptomatic thyroid nodule was 

discovered during routine examination of a (then) 12-year-old 

girl, and in the following years additional such cases wre 

discovered during the annual medical surveys. By 1969, 15 

of the 19 children who had been under 10 years of age at 

the time of exposure had developer thyroid nodules, and 

another 2 had severe atrophy of the gland (Conard, et al., 

1970). Fourteen of the nodule cases involved benign nodules, 

while 1 was u malignant tumor. The method of treatment of 

all 15 nodule cases was surgery, either total or sub-total 

thyroidectomy. 

* All early symptoms were due to whole-body exposure doses 
and to skin-deposited fallout particles. 
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No children in the loss-heavily-exposed populations 

(wliole-body doses up to about 70 rad) have developed thyroid 

abnormalities to date. Adults in the Ronqelap group have 

developed thyroid lesions, but the rate of incidence is less 

than one-tenth that in the children. 

It seems clear that the cause of the thyroid abnormali¬ 

ties was (b^ta) irradiation of the thyroid by the mixture of 

radioiodines concentrated in that gland after ingestion and/or 

inhalation. For roughly equal intake ol radioiodine by chil¬ 

dren and adults (and there is some evidence that this occurred) 

a 2.5 gram child thyroid would have received about eight times 

the exposure dose of the 20-gram adult thyroid. After the 

onset of thyroid abnormalities in the Ronqelap children, an 

estimate of their thyroid dose írom 1-131, 132, 133 and 135 

was made (James, 1964), based on the measurement of 1-131 in 

pooled urine mentioned earlier. The "most probable" child 
* 

thyroid dose was found to be between about 500 and 1250 rad 

from radioiodine uptake alone, to which must be added 175 rad 

of whole-body exposure. The thyroid dose in children was 

therefore taken to be about 1000 rad, including the whole- 

body exposure. 

It is likely that there is more trouble ahead for the 

Rongelapese, particularly those who were adults at the time 

of exposure, and for the less-heavily-exposed populations, 

particularly the children. If the latency period for neo¬ 

plasms in general, and cancers in particular, is inversely 

related to dose, then additional statistically expected 

neoplasms for the Rongelap adults and for the other popula¬ 

tions may occur in the future. It is known also that 

(expected) thyroid neoplasms are much more likely to occur 

* The lower limit of the range was the most probable dose if 
inhalation was the route of entry; the upper limit was based 
on ingestion. 
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during adolescence and pregnancy, periods of great metabolic 

stress, than at other stages of development; this could be 

part of the explanation of the bunching of effects for the 

Rongelap children (14 cases of nodules in a 3-year period, 

centered 11 years after exposure). 

The experience of the Marshallese children illustrates 

one combination of conditions leading to a serious radio- 

iodine threat; by its very occurrence it suggests that worse 

radioiodine threats can occur in nuclear warfare. The chil¬ 

dren were exposed, for the first two days, to all of the 

radiological effects of the fallout field ("standard" expo- 

sure rate of the order of 100 R/hr at 1 hr). They received 

whule-body exposure doses of the order of 175 rad, because 

they were essentially unsheltered. The air they breathed, 

during and after fallout deposition, was unfiltered. They 

ate contaminated food and drank contaminated water. 

Had the "standard" exposure rate at Rongelap been even 

a factor of three higher, more than half the exposed individ¬ 

uals would have died, within a few weeks to a month, from 

the whole-body gamma-radiation exposure. The survivors would 

have been seriously ill and would have experienced other long¬ 

term effects, so that the internal radioiodine problem might 

have been relatively unimportant. In nuclear warfare, a 

large fraction of the area of the continental United States 

could experience "standard" exposure rates that are a factor 

of 30 or more higher than the Rongelap figure; in such areas 

* This number is not known with any accuracy, since it is 
based on back-extrapolation from the earliest radiac reading, 
taken at H+36 (H+50?) hr, and the exponent in the decay equa¬ 
tion during the first day or so may be quite different from 
1.2. However, the exposure dose cannot be far from the 
reported value. This will be discussed subsequently in more* 
detail. 



»nor.t of the unsheltered (}>rotection factor less than 10-20) 

i»i.flvldutl.i v.’oulh tfi«* witfiin one month or so. Approve«! 

(u<.irkr*«l) .•;h«' I tors huvimi »j («r ’t«-ct. j n factor of forty 

wi-uhl i • luce the shelter-period whol*.—body qarrana-radiation 

cxi'osur«*, ev«'n in such fields, to atout what the Ronqelap 

efiildren reedved (and rut'sequerit decontamination of occupied 

areas would continue the protection after the shelter period). 

However, the radioiodine intake could be, as a first approxi¬ 

mation, a factor of 30 higher than that at Ronqelap if sur¬ 

vivors wore to eat contaminated food, drink contaminated 

water, or milk produced by cows grazing on contaminated oas- 

ture, and breathe unfiltur«*! air during and after fallout 

deposition. Thus the relative importance of the internal 

rodioicHiine threat is enhanced by improved shelter in hi«jher- 

"standard"-exposure-rate locations and by the absence of con¬ 

trols on ingestion or inhalation of fallout radioactivity. 

fomplete protection would fie provided if (1) only 

filtered air were breathed and (2) only pre-attack-packaged 

food and water were consumed, during the entire period of 

potential datger from radioiodine (roughly 30-40 days, or 4-5 

half lives of the longest-lived fission-product iodine radio¬ 

isotope, 8-day 131I). Since (vapor) filtration of air is not 

a standard procedure in marked fallout shelters, any radio- 

iodine in the «jaseous state would reach the sheltorees; 

particles stopped on particle filters or in the ventilation 

ducting could still release their rad ici o-Un« in laseous for 

over time, and thus be a continuing threat. Furthermore, 

marked fallout shelters are stocked with food and water for 

two weeks or lees of occupancy; this leaves part of the 

ingestion-threat period uncovered also. 

• Thus, in the inhalation context there are two important 
questions i (l) Are there shelter situations in which fallout 
particles themselves can he Inhaled; and (?) To what extent 
is fallout-particle radioiodine released by volatilisation? 
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For delayed (small-particle) fallout, it has been shown 

that under the exposure combination type experienced by the 

Marshallese (food, water and air all contaminated) the radio- 

iodine uptake from inhalation is minor compared to that from 

ingestion (Wehmann, 1963). Thus the major portion of the 

radioiodine threat could be countered by pre-attack shelter 

storage of additional consumables, particularly water and 

powdered milk, to take care of the special needs of infants 

and children. Nevertheless, if volatilization of iodine is 

significant one can visualize situations in which, given 

essentially complete protection against whole-body gamma 

radiation and radioiodine (and other radionuclide) ingestion, 

the youngest shelterees (and, to a lesser extent, the adults) 

might still inhale sufficient radioiodine to suffer serious 

problems 10-15 years later, and perhaps earlier than that. 

Installation of effective vapor filtration and stocking 

of additional food and water in all marked shelters would be 

a fairly expensive or cumbersome countermeasure. The suggested 

oral administration of stable ("blocking") iodine to reduce 

the thyroid uptake of radioiodine appears to be much less 

expensive. Whether such a countermeasure is needed, exactly 

what it would consist of, and how expensive it would be, were 

the subjects of the research reported here. 

In the next section of the report, the scope and emphasis 

of the study will be presented and justified, and the method 

of approach will be laid out. 
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SECTION II 

SCOPE AND APPROACH 

In the civil-defense context# as has been mentioned, the 

total problem could involve intake of radioiodine(s) by inhala¬ 

tion, and by ingestion of water and milk. However, the empha¬ 

sis in this study has been on the inhalation problem, for the 

following reasons: 

1. By and large, the ingestion problem is more 
amenable to dealing with after the fact; that is, the inges¬ 
tion threat can be delayed by use of stored products first, 
so that, at worst, ingestion of contaminated material will 
not occur until there has been some radiological decay? In 
particular, the more-dangerous short-lived radioiodines would be 
gone. 

2. From a phenomenological point of view, analy¬ 
sis of the ingestion problem is more straightforward than 
that of the inhalation problem. That is, the nature and 
magnitude of the ingestion problem are dependent primarily 
on fallout levels, to a lesser extent on the physical nature 
of the fallout, and not at all on the details of the arrival 
process. Because of the delay in the use of contaminated 
foods, only 1-131 would be of concern. Thus, calculation 
of the ingestion situation can be handled by a brief phencm- 
enological analysis of existing data (1-131 intake at low 
fallout levels) primarily for low-yield explosions on sili¬ 
ceous soil in the continental United States, followed by 
scaling up to higher fallout levels. On the other hand, 
inhalation phenomenology is complex, depending on details 
of the fallout-arrival process, ingress of particles or 
vapor into ventilation systems, and vaporization at early 
times, when the mixture of radioiodines is still rich. 

3. The ingestion problem, for phenomenological 
situations close (technically) to those in the civil-defense 
context, has been and is being examined in other studies, in 
civil defense and other contexts. 

* In any event, food production itself consumes time. For 
radioiodine ingestion, the critical foodstuff would be cow's 
milk; availability of that product would depend on a chain of 
events that would be inhibited in intense fallout fields. 



4. The blocking rountertneasure would be more 
effective against the inhalation threat than against the 
ingestion threat. A safe quantity of stable iodide* taken 
at one time, is known to provide protection for several 
days; thus, the relatively short-lived inhalation threat 
can be countered cheaply, conveniently and safely. On the 
other hand, the more-protracted ingestion threat v/ould 
require repeated administration of the same levels of 
iodide, a course that is not assuredly safe, particularly 
for infants. 

The structure of the report follows from this emphasis 

on inhalation. The first area to be discussed, in Section 

HI, is the Marshal] Island experience following CASTLE 

Bl-’AVO. Questions which are considered therein are; 

1. What actually happened to the Rongelap 
infants? That is: 

a. What was their mode of intake of 
radioiodine? In particular, could 
inhalation have been an important 
factor? 

b. What was their total intake and up¬ 
take of all the radioiodines? How 
well has their thyroid dose been 
characterized? 

c. Was the subsequent pathology consis¬ 
tent with the estimated thyroid dose? 

2. Ts enough known from the above and from 
similar questions applied to the adults to provide a basis 
for judging their prognosis? 

3. To what extent is the Rongelap experience a 
model for predicting the radioiodine threat in the CONUS civil- 
defense context? The answer to this question must include 
consideration of differences in fallout-particle phenomeno¬ 
logy in the two locations, as well as of differences in 
location, protection and habits of the people involved. 

★ Say one capsule, several hundred mg, of potassium iodide. 
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The discussion in Section III includes supporting informa¬ 

tion based on: (1) the experience of the American military 

personnel on Rongerik, also heavily contaminated by early 

fallout from CASTLE BRAVO; and (2) the history of the Utah 

children who were exposed to radioiodine intake as a result 

of Nevada Test Site detonations in the 1950's and 1960's. 

The discussion is backed up by material in several of the 

appendices to this report, whose specific content will be 

indicated later in this description of the report structure. 

However, in general this supporting information includes: 

nuclear, physical and chemical properties of the radioiodines 

in fallout particles; thyroid function (including iodine- 

uptake rate and extent); thyroid pathology, with particular 

reference to the effects of ionizing radiation; and a detailed 

assessment of the source of the measured individual body bur¬ 

dens of radionuclides in the Rongerik servicemen. 

In Section IV, the inhalation problems in the civil- 

defense shelter environment are characterized, in terms of 

two potential sources of inhalable radioactivity: (1) gaseous 

radio.iodines originating from particles trapped in the venti¬ 

lating system; and (2) those originating from particles depos¬ 

ited outside the shelter. In addition to some of the kinds 

of uncertainty already well characterized by Stocum (1968) 

for the iodine-in-milk route of ingestion, the uncertainties 

as to the extent of volatilization of radioiodines from 

siliceous fallout particles must be considered in the assess¬ 

ment of the threat of radioiodine inhalation in shelter. The 

latter uncertainties are shown, in Section IV, to dominate 

the assessment. 

Blocking (administration of stable iodide to reduce 

the uptake of radioiodines) as a countermeasure for both 

inhalation and ingestion is evaluated in Section V. Discussed 



therein ar< (JnnafjeG and r-chodulcn of administration, effec- 

tivonors in reducing j-otential beta-ray do^^ to the thyroid, 

and possible sidc-effrets of. the countermeasure. 

The work is summarised in Section VI, which contains 

conclusions and recommendations. 

Appendix A is a detailed attempted assessment of the 

source of the measured individual body burdens of radionuclides 

in the Rongerik servicemen, by means of an attempted correla¬ 

tion between those measured levels and the estimated exposures 

of the individual men to possible sources of intake. 

Appendix B is a comprehensive evaluation of the measured 

extent of volatilization of radioiodine(s) from fallout parti¬ 

cles in the SUNBEAM series at the Nevada Test Site in 1962. 

Appendix C contains the basic information on the nuclear 

and physicochemical properties of the fission-product radio¬ 

iodines in fallout particles. 

Appendix D is a presentation of the methodology used in 

the estimation of the extent of penetration of gaseous radio- 

iodine in the shelter environment, with some results. 

Appendix E is a brief summary of background information 

on normal-thyroid function, iodine-uptake modes and extent, 

and the models used to characterize the behavior of iodine 

in the thyroid and in the thyroid hormones. 

Appendix F is a brief summary of background information 

on thyroid pathology, with particular reference to that in¬ 

duced by ionizing radiation. It includes estimates of risk 

per rad of thyroid exposure dose, for both benign and malig¬ 

nant tumors. 
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SECTION III 

THE MARSHALL ISLAND EXPERIENCE* 

3.1. Introduction 

The salient features of the experience of.the Marshall 

Islanders exposed to fallout in 1954 have been presented in 

Section I of this report. In Section II, it was indicated 

that there are key questions about that experience which have 

to be answered if conclusions are to be drawn about the civil- 

defense implications of what happened on Rongelap Atoll (where 

a population of 64 received whole-body doses of about 175 rad 

from penetrating radiation), and to a lesser extent on Ailinginae 

(corresponding doses of about 70 rad). Unless it is noted 

otherwise, the discussion following will refer to the first 

group only. 

The purpose of the development that follows is to answer 

those questions, at least within the accuracy actually required 

in the present evaluation. It is anticipating a little, but 

it should be pointed out that, as the development in Section IV 

and Appendices B and D will show, the uncertainties in the 

extent of volatilization of radioiodines from siliceous** fall¬ 

out particles (in a continental-United-States (CONUS) context) 

will dominate the evaluation so overwhelmingly that large 

inaccuracies in documenting the Marshallese experience can be 

tolerated. It turns out that some of the important features 

of that experience are known fairly accurately anyway. 

* This Section includes some information on thyroid problems 
(1) in Utah children following weapon tests at the Nevada test sit^ 
and (2) in the Hiroshima/Nagasaki survivors. 

**0r particles formed by detonations over limestone or concrete 
masses. 
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The long list of references with Dr. R. A. Conard as sole 

or senior author (plus Robbins, Rail and Conard, 1967) document 

the medical history of the Marshallese, and provide some of the 

required fallout phenomenological background also. The thyroid- 

dose calculations used by Conard, et al. were made by James 

(1964), based on urine-radioiodine measurements on the Marshall¬ 

ese that had been made by Harris (1954). Supporting informa- 
★ 

tion on the phenomenology of the fallout from Castle BRAVO, 

some of which had provided input to the estimates of Conard, 

et al., can be found in Sondhaus and Bond (1955), Cronkite, 

Bond and Dunham (1956), Sharp and Chapman (1957), Cohn, et al. 

(1955/1957) and J.C.A.E. (1957). 

Figure 3.1 is a dose-contour map of the Marshall Islands 

following CASTLE BRAVO, taken from Effects of Nuclear Weapons 

(1962). The Rongelapese caught on their home atoll were on 

their home island, at the southern tip of the atoll, on D-day; 

the American station on Rongerik atoll also was at the southern 

end of that atoll. Thus, both populations were at the safest 

points in their respective atolls, and both were exposed to 

about the same fallout exposure rate. Contours are the esti¬ 

mated total doses (air exposure doses) accrued in the open 

through H+96 hr; the numbers are thus higher than the maximum 

doses actually accrued by the Rongelapese on their home atoll 

(175 rad) or on Ailinginae (70 rad), since they were all evacu¬ 

ated to Kwajalein on D+2 (Rongelap group left at H+51, Ailinginae 

group at H+54); similarly, the 28 American military personnel 

on Rongerik Atoll were evacuated to Kwajalein on D+l, one group 

leaving at H+30, another at H+34. 

* Fallout-arrival times, measured exposure rates at later times, 
fallout decay rates and average energies, etc. 
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Accrued whole-body doses were calculated by Sondhaus and 

Bond (1955), based on exposure-rate measurements in the field a* 

the time of evacuation and subsequently, and on extrapolation 

backward in time on the basis of decay rates measured by other 

projects on collected fallout samples. Their calculated doses 

were backed up by readings on dosimeters in use at Rongerik. 
-1.2 

Use of the t * law can lead to serious errors at early times, 

where the contribution of induced transuranics may be high, 

leading to slower decay. In particular, calculation of the 

so-called standard intensity, or hypothetical exposure dose 

rate at H+l hr, may be quite inaccurate. However, dose calcu¬ 

lations do not have to go back that far, since fallout did 

not start to arrive at Rongerik until about H+7 (about H+4 at 

Rongelap). 

The calculated whole-body dose of 175 rad for the 

Marshallese on Rongelap cannot be off by very much. The 

widespread early symptoms of radiation sickness (2/3 had 

nausea during the first two days; 1/10 had vomiting and 

diarrhea) and the levels of the clinical measurements imply 

that the average dose could not have been very much lower than 

175 rad (certainly more than 100 rad); conversely, the absence 

of any early fatalities (say within several months) implies 

that the average dose could not have been very much higher 

than 175 rad (certainly much less than 300 rad). Radiologists 

may argue that the demonstrated dose range is narrower than 

this. (James (1964) has put the range at 150 - 200 rad). The 

fact that the Americans on Rongerik, with a calculated whole- 

body dose averaging 78 rad (backed up by dosimeters), had no 

* True standard intensities on Rongelap and Rongerik (after 
correction for inaccuracies in instrument calibration) would 
have been about 150 R/hr if later readings had been extrapolated 
back on the basis of the t“l*2 law. A more-reasonable value 
(slower decay during first two days) is about 100 R/hr at 1 hr, 
for both places. With some reported decay constants, the number 
can be as low as 50 R/hr at 1 hr. 
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early symptoms supports a lower limit of much more than 100 rad 

on the Rongelap dose. 

3.2. Thyroid Pathology and Dosimetry 

The stimulus for the present evaluation was the late 

development of thyroid abnormalities in the Marshallese 

(Rongelap) population: the most pronounced effect was in those 

who had been less than 10 years old at the time of exposure. 

Of the 19 in this category in the most heavily exposed group 

(700-1400 rad to the child thyroid gland, all but 175 rad 

being from radioiodines taken up by that gland), 15 had developed 

benign thyroid nodules by 1968: 2 others had exhibited stunted 

growth and thyroid atrophy with almost complete depression of 

thyroid function. Thus, 17 out of 19 (89.5%) had severe thyroid 

damage. Since then (1969), one of the 15 children with thyroid 

lesions has developed a malignant lesion of the thyroid. On 

a straightforward percentage basis, the incidence of benign 

lesions in those over 10 years old at time of exposure (3 in 

34^ or 8.8%,by 1969) is about a factor of 10 below that in the 

children?* The difference is accounted for by the fact that the 

thyroid dose in the older group was much less than that of the 

children: in the teenagers and adults, roughly the same quantity 

of radioiodine was taken up and distributed throughout a much 

larger gland (ca. 20 g for adults, ca. 2.5 g for very young children). 
Two individuals in the older group have exhibited malignant 

lesions of the thyroid: one in 1965, with no prior benign lesions, 

* The basis of the calculation is the surviving population as 
of 1969. Between 1954 and 1969 there had been 11 deaths in the 
over-10-yr-old-in-1954 group. None was related to thyroid 

pathology. 

** As of the Spring, 1971 medical survey, there were no further 
changes in any of the quoted incidence numbers (Conard, 1971). 
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♦•ho othiu in 1969, with prior lx>nign 
* 

lesiona. 

The uncertainty in dosimetry for the internal emitters 

is only partially illustrated by the quoted range of 700-1400 

rad to the child thyroid (as calculated by James, 1964). The 

sole basis for that dosimetry is one urine sample (pooled over 

the entire population of 64: children and adults, male and 

female), taken on D+17. On the basis that the 16th-day urine 

output of stable iodine (or decay-corrected 1-131) is 0.1% of 

the thyroid burden 24 hr after intake, Harris (Los Alamos 

Scientific Laboratory, data cited in Cohn (1955/1957) and 

Cronkito, et al. (1956)) extrapolated the measured activity 

back to give a thyroid burden of about 11.2 >iCi of 1-131 one 

day after exposure. This is an average value for the whole 

Rongelap (on Rongelap) population. As a first approximation, 

it can be taken to be the average for the adult population. 

James (1964), in calculating thyroid doses from this one measure¬ 

ment, assumed two extremes in the mode of intake: all from 

inhalation, or all from ingestion. He calculated adult and 

child thyroid doses for each extreme, and then stated that the 

actual dose for each population must lie between the extremes, 

since intake presumably was by a mixture of the two modes. The 

range of 700-1400 rads given above for the children is the 

* The major reasons for the failure on the part of the medical 
survey team to anticipate the development of the thyroid patho¬ 
logy were: (1) the thyroid doses computed in 1954 had been in 
a region considered safe on the basis of 1-131 diagnostic dosage 
history (see Appendix F); and (2) the normal protein-bounu- 
iodine (PBI) levels of the Marshallese are high compared to 
United States levels: thus the depression in the Rongelap children's 
FBI's resulting from the early thyroid damage led to levels that 
looked normal (see Appendix E). According to Robbins, Rail and 
Conard (1967), normal Marshall Island FBI's are in the range 
3.9 - 12.0 jig%, compared to U.S. levels of 2.5 - 6.9. (The mea¬ 
sure of abnormality in the U.S. is the excess over 8. jig%). 
Later measurements and experiments showed that the elevated por¬ 
tion of the normal Marshallese FBI was extra-thyroidal, rather 
than hormonal, in origin. 

** The basis for this assumption is discussed in Appendices A 
(Section A.3) and E (Section E.5). 
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result of this scheme; however, each endpoint itself has a 

large uncertainty, as will be shown. 

First, because of uncertainty in the 16th-day 0.1% excre¬ 

tion number used in estimating the initial thyroid burden (see 

Appendix A, Section A.3 for details), James indicated that 

the adult 1-131 thyroid burden should be in the range 5.6-22.4/iCi 

(11.2 jiCi being a geometric mean value). For calculation on 

the basis of inhalation alone, he assumed that inhalation occurred 

only during fallout arrival, and that the volume of air respired 

by a 3-4 yr old girl was about 0.3 times that for an adult. 

From the second assumption, the range for the initial 1-131 

thyroid burden of such a child would be 1.7 - 6.7 >iCi, geometric 

mean 3.4 >iCi. For calculation on the basis of ingestion alone, 

he assumed that the primary source was contaminated drinking 

water; since water was being rationed, it was reasonable to 

assume that children and adults all consumed the same volume of 

water. For ingestion, therefore, both children and adults were 

assumed to have an initial 1-131 thyroid burden in the range 

5.6 - 22.4 jiCi, geometric mean 11.2 >iCi. One-third of the inges¬ 

tion was assumed to occur at H+10, two-thirds at H+30. For the 

3-4 yr old child, James took the thyroid mass to be 2.5 + 0.6 g, 

a number determined for a large population of New York children, 

so he used a range 1.9 - 3.1 g. 

He now had to compute, in addition to the doses from 1-131 

for his ranges of assumed values, the doses from the other 

radioiodines. Items contributing to the differences in dose 

from the various isotopes are; (1) the fission yields of the 

different chains (see Appendix C); (2) the average energies 

deposited in the thyroid per disintegration for the different 

radioiodines (see Appendices C and E (Section E.6)); and (3) 

radioactive decay of each isotope before inhalation or ingestion 

( see Appendix C). 
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Samming up over 1-131, 1-133 and 1-135, and tuki-uj 

account of all the ranges enumerated above, James computed the 

entries for hie exposure table, reproduced here verbatim as 

Table 3.1. 

TABLE 3.1 

Whole Body 

Radioiodine 

Total 

Summary 

Thyroid Dose (Rads) to Rongelap Girls Ages 3-4 

Inhalation Oral Ingestion 

Min Max Most Probable 

150 200 175 

200 1350 510 

Min Max Moat Probable 

150 200 175 

520 3300 1270 

350 1550 €85 670 3500 1445 

The actual intake was undoubtedly a combination of the two 
modes of intake. The most probable dose is, therefore, in the 
range 700 - 1400 rad. 

Note that while the most-probable child's-thyroid doar» (radio¬ 

iodine plus whole-body) is in the range 700 - 1400 rad (‘85 - 

1445 rad, as calculated), the possible range is 350 - 3500 tad. 

Partial resolution of the uncertainty could come from a better 

understanding of the mode of intake, which would be iiq>ortant 

in its own right in civil-defense planning. This question is 

considered later in this Secti n and in Appendix A. 

For purposes of dose/effccts evaluations, moat authors 

have used a geometric mean (close to tho arithmetic mean) o! 

the most-probable range, i.e. a dose oi 1000 tad to the child 
* 

thyroid. However, a small error has crept into the llteratuie. 

* In Appendix F, it is demonstrated that tins thyroid dose 1« 
consistent with the pathology that developed over the years. 
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in that adiw* havo «rroneoualy added the «dtole-body do»e of 

175 tad, to give a total thyroid doao of 1175 rad (for oxamplo. 

Conard, et al. (BUL 50220, 1970)). *n»ia orrot la, oí courao. 

incortsequontial in view of all the uncertainties associated 

with the dosimetry, but it can lead to confusion in comparisons 

of dose/effects numbers of different authors. 

Ry calculations like those leading to Table 3.1, James 

(presumably assuming 20 g ar the mass of the adult thyroid) 

computed that the most-probable thyroid dose for the Roi.gclap 

adults was 160 rad from radioiodines alone (approximately the 

same value for pure ingestion as for (Hire inhalation, since 

intakes were assumed the same for both modes for adults), to 

which must be added 175 rad whole-body. to give a total most- 

probable dos«' of about 335 tad. Por the adult thyroid dose, 

there would be a much narrower total range of uncertainty than 

that for the children (say over a factor of 4-5, rather than 

a factor of 8-10). 

3.3. Mo*le 9( ?I Ham^iHln.og 

In subaortiim 3.2, it was pointed out that James (1964) 

had used original-source data of Karris, on th«> 1-131 content 

in an early pooled Ronqelap urine sample, in his calculation of 

the Rongelap thyroid doses. Mhcn a copy of tlie unpublished 

Los Alamos memorandum (Harris, 1954) became available to this 

project, it was seen that there was additional information 

which might shed light on the mod«' of intake. This was the 

reported information on the American military personnel exposed 

at Rongcrik Atoll, information that raised disturbing questions. 

Hie data showed that the 28 American servicemen on Rongorik, 

who had an average tdiole-body dose of 78 rad, had a radioiodine 

burden leading to a thyroid dose of 50 "rep", while the 45 
Rongelap adults, «dio had an average whole-body dose of 175 rad, 

had a radioiodine burden leading to a thyroid dose of 150 "rcpM. 

• Jares noter that the Los Alaros (KarrIn) estimate of th- «duIt 
thyroid lose had teen 150 rad. 
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Thus, tho Rongerik/Rongelap ratio for intake is about 1/3, while 

tho corroaponding ratio for whole-body dose is about 1/2.5. 

This rough equivalence implies that either (1) the major route 

of intake of 1-131 was inhalation: or (2) the Rongerik service- 

men were eating food and/or drinkinq water that was as contami¬ 

nated as that on Rongelap; or that both events were important 

factors in tho intake. Early summaries (Cohn, et al. (1957), 

Cr^nkito, et al. (1956)) had indicated that the Rongerik food 

and water supplies consumed before evacuation of the servicemen 

on D+l were not heavily contaminated by fallout: certainly not 

to the extent se«n at Rongelap, where rainwater falling on an 

already contaminated roof on the afternoon and evening of shot 

day was diverted to a collecting cistern and drunk immediately. 

Quotations from the definitive report (Sharp and Chapman, 1957) 

indicated that the Americans on Rongerik had radiaos which 

indicated the arrival of fallout, that they covered up and took 

shelter in aluminum Butler buildings as soon as they could, and 

that they showered and changed clothing, all of which imply that 

ingestion should not have been a significant route for radio- 

iodine uptake. However, Sharp and Chapman also reported the 

presence of large quantities of fallout particles inside the 

Rongerik buildings. Furthermore, the presence of non-volatile 

radionuclides (Sr-89, Zr/Nb-95, Ba/La-140) in the individual 

urine samples of the Rongerik Americans at D+44 (Cohn, et al., 

1957) implied ingestion, or a quasi-ingestion (impaction/ 

swallowing) route. Again, these levels were roughly proportional 
* 

to those for the Rongelapese. Since the data of Cohn, et al. 

* An even more significant indicator-of ingestion, or of quasi¬ 
ingestion, was Harris' (1954) finding of roughly proportional 
(Rongerik/Rongelap) quantities of Sr-89 and Ba-140 in the pooled 
Rongerik urine sample. However, in both populations, equivalent 
fissions based on 1-131 were about a factor-of-5 higher than those 
based on the non-volatiles. 
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was obtained for the Rongerik. individuals, rather than for pooled 

samples, it could be checked against their reported movements 

and habits during the exposure period. 

Appendix A is an evaluation of the possible modes of intake 

of the non-volatile radionuclides in the Rongerik Americans, 

by means of tests of hypotheses based on measured burdens for 

specific individuals, coupled with the reported whereabouts 

and behavior of the same individuals during the critical period. 

It contains also an assessment of the possibility that the mea¬ 

sured urine levels on D+17 (1-131 and non-volatiles) and D-t-44 

(non-volatiles only) represented low-level intake of late- 

arriving worldwide fallout, rather than massive intake at 

Rongerik on D-day and D+l. The conclusions of Appendix A are 

as follows: 

1. The high levels of 1-131 and of the non-yolatile 
radionuclides found by Harris (1954) in the pooled Rongerik urine 
sample taken on D+17 (CASTLE BRAVO) resulted from massive in¬ 
take, presumably a mixture of inhalation and ingestion (or 
impaction/ingestion), on shot day and on D+l, before the service¬ 

men were evacuated to Kwajalein. 

2. The lower levels of the non-volatile radio¬ 
nuclides found by Cohn, et al. (1957) in individual Rongerik 
urine samples taken on D+44 (CASTLE BRAVO) resulted from the same 
source, and were therefore valid input data for an attempted 
correlation of "body burdens" with individual whereabouts and 

behavior during the first two days. 

3. No single factor (with respect to individual 
whereabouts, behavior or exposure) appeared to account f°y the 
variation in the measured "body burdens" of the non-volatile 
iodionuclides in the Rongerik servicemen. Fallout on Rongerik 
was so ubiquitous, apparently, that it would have been almost 
impossible for the men to avoid ingestion, to say nothing of 
inhalation (the latter being a possibility if there had been 
volât, le forms of radioiodine in the air, as a result of the 
peculiar properties of coral-type fallout, particularly when 

* Per the discussion of Section IV and Appendix B, there is no 
firm evidence that iodine associated with dry siliceous fallout 
will volatilize to a significant extent. 
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exposed to the large shallow areas of adjacent lagoon and ocean). 

In the context of the civil-defense problem, involving 

fallout from detonations primarily over siliceous soils, the 

physicochemical properties of the coral-type fallout seen in 

the CASTLE series cannot bo considered to be representative. 

CASTLE land-surface bursts produced fallout particles that, upon 

arrival at the surface, were mixtures of calcium carbonate and 

hydrated calcium oxide, both highly soluble in acid solutions, 

the latter moderately soluble in water also. Rain and/or 

surface moisture mignt have dissolved some fraction of the 

paiticulate, thus freeing the iodine; it might also be that 

the fallout which deposited in the ocean and the lagoons was 

a very large source of volatile iodine. Volume III of the 

"Fallout Data Compilation" (Kawahara, et al., 1966) contains 

some information on the chemical and physical state of the 

radioiodine in CASTLE-series fallout. For four of the high- 

yield detonations, the oxidation state of the iodine was esta¬ 

blished by a relatively insensitive nethod; the predominant 

species was found to bo iodide. In fallout from coral-surface 

bursts, (sampled in "total"-collectors which contained rain 

and/or sea spray) most of the iodine (50-80%) was found in the 

solid phase of the recovered fallout samplest In the fallout 

from water-surface bursts, collected the same way, all the 

iodine was found in the liquid phase (whereas as much as 25% of 

the total activity in the same water-surface-burst fallout 

samples would settle in ordinary centrifugation). 

Thus, even if volatilization did occur at Rongelap and 

Rcngerik (and there is only limited evidence that it did), this 

would not imply that there would be significant volatilization 

in the CONUS attack situation. 

Nevertheless, a significant fraction (20-50%) of the iodine 
from particles landing in the water would have dissolved, and 
thus been available for volatilization. 

♦♦Possible exceptions - surface detonations: (a) on limestone; 
(b) in cities with massive concrete structures. Note also that 
attacks on Hawaii and other partially coral areas create similar 
problems. 



3-13 

3.4. Marshallese Dose/Effects Results 

The dose/effoots basis of risk calculations is character¬ 

ized and discussed in Appendix F, Section F.2. Some of the 

input data for the Marshallese situation have been presented 

in Section 3.2 above, where it has been noted that Conard, 

et al. (BNL-50220, 1970) and others had inadvertently used 

1175 rad as the average thyroid dose for the children, rather 

than the 1000 rad calculated by James (1964). In the following 

discussion, incidence or risk-per-rad numbers, as calculated 

and reported by Conard, et al. will be used, to avoid confusion 

in comparisons with the literature; calculations for additional 

Marshallese populations will be done on the same (1175-rad to 

Rongelap children) basis. Strictly speaking, however, children's 

risk-per-rad numbers thus presented in this Section should be 

raised by about 20%, even though much larger errors are inherent 

in the Marshallese thyroid dosimetry and in published risk-per- 

rad data for other types of ionizing-radiation exposure. 

Conard, et al. calculate (BNL-50220, 1970) Marshallese- 

pathology incidence on the basis of surviving population at 

the time of the last medical survey; also, they do not count 

individuals who had been ln utero at the time of exposure in 

1954. On March 1, 1954 the total population exposed on Rongelap 

itself was 64, plus 3 in utero. Of the 64, 19 were under 10 

years old; all of them, plus the 3 in utero, survived to the 

time of the last reported medical survey (1969), Of the 45 

people who had been over 10 years old in 1954, 11 had died 

in the intervening years, none from thyroid-related causes. 

The thyroid pathology to date for the most heavily exposed 

group (Rongelap itself) (as of the Spring, 1971 medical survey 

there were no new developments for any of the Marshallese) is 

shown in the following table, which is a modified form of 

Conard, et al's. Table 14. 
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RONOELAP GROUP 

Aqi; at 
Exp< >3Ui e 

Thyroid Dose, 
Rad 

Nodu 1 f*s/Survi vors 
(All Kinds) 

Maliqnanci« s/ 
Survivor: 

0 - lO yrs 

>10 yrs 

1175 (1000+175) 

335 (160^175)** 

17/19 (89.5%)* 

3/34 (8.8%) 

1/19 (5.3%) 

2/34 (5.9%) 

All 635 (Wtd. avg.) 20/53 (37.6%) 3/53 (5.7%) 

The exposed Ailinginae group consisted of 18 individuals, 

plus 1 in utero. Of the 18, 6 were under 19 years old in 1954; 

all of them, plus the 1 in utero, are still alive. Of the 12 

people who hod been over 10 years old in 1954, 4 died in the 

intervening years, none Írom thyroid-related causes (although 

two had developed thyroid pathology: one a carcinoma, and 

the other adenomatous lesions discovered only at autopsy). 

The thyroid-pathology table for the Ailinginae group follows: 

* As counted, nodules include the two cases of thyroid atrophy, 
with accompanying hypothyroidism and stunting. None of the 3 
in utero individuals developed thyroid problems. It would be 
interesting, in the light of the discussion in Appendix E 
(Section E.4) on fetal uptake, to know what the fetal ages 
of the 3 individuals were at the time of exposure. Dyer and 
Brill (1969) find that the thyroid dose in a 22-week fetus is 
6 rad per *iCi of 1-131 administered to the mother. Thus a 
22-week Marshallese fetus would have received about 1000 rad 
from all the radioiodines. (If the mother had taken up 20% 
of her intake, then the 11.2 jiCi first-day burden (adult thy¬ 
roid) noted earlier in this Section implied an intake of 56.2 /aCi 
of 1-131 alone. Thus the fetal thyroid dose from 1-131 alone 
would have been about 340 rad; that from all the radioiodines 
of the order of 1000 rad, per James' (1964) factors). 

** Children 10-20 yrs old at exposure probably had about 500 
rad from radioiodines. There are no nodules in that group. 
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AILINGINAE GROUP 

Age at 
Exposure 

Thyroid Dose, 
Rad* 

Nodules/Survivors 
(All Kinds) 

Malignancies/ 
Survivors 

0-10 yrs 

> 10 yrs 

464 (395+69) 

132 (63+69) 

0/6 (0.0%) 

1/8 (12.5%) - 

All 274 (Wtd. avg.) 1/14(7.1%) - 

The Utirik group, which received about 14 rad whole-body, 

consisted of 157 individuals at the time of exposure. In 1969, 

there were 127 still alive; of these, 99 were examined in the 

1969 survey. Of the 40 children (0-10 yrs old in 1954) examined, 

none had thyroid nodules? of the 59 adults ( >10 yrs old in 1954), 
* * 

3 had thyroid nodules, one of the 3 cases being a carcinoma. 

From the Rongelap data Conard, et al. have concluded that 

the development of 3 malignant thyroid tumors in a population of 

53, coupled with the high incidence of benign nodules, "makes 

the etiological role of radiation exposure increasingly probable." 

Failure of the Ailinginae children to develop any neoplasms is 

surprising in view of their presumed thyroid dose; however, 

Conard (personal communication, 1970) believes that the food and 

water supply on Ailinginae was better protected than that on 

Rongelap, so perhaps the Ailinginae thyroid doses were smaller 

than indicated in the table. 

Conard, et al. state: "The incidence of thyroid nodular¬ 

ity it', the exposed Marshallese is considerably higher tnan 

that reported by Pincus and Hempelmann in their studies of 

* The Ailinginae thyroid dose from radioiodines was calculated 
by Conard on the basis of proportionality to that for the Ronge¬ 
lap group (in the ratio of the whole-body doses from penetrating 
radiation; the Ailinginae whole-body dose was 69 rad). There had 
been no urine measurements on the Ailinginae group. 

** A recent follow-up survey on the Rongerik Americans (Howell, 
1971 and 1972) showed no evidence of thyroid pathology in the 
12 survivors found or in the histories of the 3 known to have 
died in the intervening years. 
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populations who had been exposed to therapeutic x-irradiation 

of the neck region at a youno age. However, on a risk per rad 

basis, the incidence of 51 cases per 10 persons per rad per 

year for the Marshallese is quite comparable with 24 for one 

group and 64 for a second group calculated by Pincus and Hempel- 

mann." (Further details on earlier risk data can be found in 

Appendix F, Section F.2; that section of this report places 

the Marshallese data in the context of that other risk-per-rad 

information also.) The present autnor has attempted to confirm 

Conard, et al's. risk calculations, using the reported nodule 

incidence,a pathology-development period of 15 years (1954-1969), 

and the thyroid doses given in the above tables. For the 

Rongelap survivors of all ages (53 individuals) this calcula¬ 

tion gives 40 cases per 10 persons per ra I per year. If one 

adds in tiie Ailinginae and the Utirik survivors of all ages, 

tills calculated risk parameter becomes 37. It is only for the 

19 surviving Rongelap children alone that one can reproduce 

the value of 51 by a straightforward calculation. Perhaps the 

straightforward linear calculation is not justified, in any 

event, when the actual incidence is close to 100%. 

With respect to the risk of malignancy, Conard, et al. 

state: "Rased on the present incidence of thyroid malignancy 

in the high exposure Rongelap group, the risk of this malig¬ 

nancy developing - per 10^ persons per rad per year - is 3 

cases for the children exposed at< 10 years of age, 10 cases 

for tiie older people, and 5.6 cases for the group as a whole. 

The risk in the Marshallese children is not inconsistent with 
* 

that reported by others. The present author calculates 

* However, the higher risk for the adults is in the wrong direc¬ 
tion, if one accepts the literature conclusions discussed in 
Appendix F, Section F.2. It may be that the Marshallese children 
have not yet reached the peak latency period for malignancy; on 
the other hand, the fact that all those with benign lesions are 
on a lifelong course of thyroid-hormone administration should 
help to protect them from further pathology. 



3, 11.7, and 5.9, respectively,for the children, the older 

people, and the group as a whole. 

3.5. Thyroid Nodularity in the Utah Children 

Nuclear testing in Nevada in the early 1950's produced 

measurable levels of fallout in populated areas,particularly 

in southwestern Utah (Washington County) and in adjacent areas 

in southeastern Nevada (Lincoln County). Potential whole-body 

doses were, of course, much lower than those experienced in 

the Marshallese situation, and there was apparently little 

concern about ingestion of short-lived fission products like 

the radioiodines. Then, in 1963 the possibility of thyroid 

injury to infants and young children was raised in testimony 

before the Joint Committee on Atomic Energy; this triggered 

large-scale, comprehensive investigations, involving (1) the 

Bureau of Radiological Health of the U. S. Public Health 

Service and (2) the Utah Division of Health. The results of 

these investigations are reported by Weiss, Rallison, London 

and Thompson (1971); all findings presented in this sub¬ 

section are from that paper. 

It is generally agreed that, in a U. S. situation in 

which food production and consumption practices continue 

normally in the presence of low-level fallout from weapon 

testing, the major intake threat is from 1-131 in milk; inhala¬ 

tion of radioiodine(s) is a negligibly small contributor to 

the total thyroid dose. Therefore, in the Utah situation, 

accurate measurement of 1-131 levels in milk and of milk- 

consumption patterns is the key to accurate thyroid dosimetry. 

Unfortunately, no measurements of 1-131 concentrations in 

milk in Utah were made until 1957. Thus, estimates of the 

children's thyroid doses are somewhat speculative, involving 
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assumptions in each step of the explosion/deposition/forage/ 

mj1k-production/milk-consumption chain. 3ix separate estimates 

1er the period 1852-1835 re: 

a. All Utah children 

b. Southwestern Utah 
children 

c. St. George, Utah 
(Shot Harrv of May 
1853) 

- 5 to 50 rad? 
50 rad average 

> 100 rad average? 
120 rad average 

68 rad? 
700 rad 

The follow-up for thyroid nodularity involved several 

thousand children in Utah and Nevada (some found to have been 

living in non-fallout areas in the period of interest), and a 

roughly equivalent number of children in Graham County, Arizona, 

chosen as the control area. For each geographical area investi¬ 

gated, the sample was over 85% of the school-enrolled children. 

Examinations were comprehensive? elements of "blind" design 

minimized subjectivity in the examining and screening physicians. 

In addition to the two (effective) control populations, another 

form of control was provided by comparison of nodularity inci¬ 

dence in the faliout-area children with reported expected 

(normal) incidence of nodularity in U. S. children. 

Weiss, et al. conclude, on the basis of their three-year 

cumulative study (1965-68) that thyroid nodularity was found 

with equal frequency among children "potentially exposed" 

(1.3% incidence) and those "not exposed" (1.4% incidence) to 

fallout radiation in Southwestern Utah? the incidence in both 

Utah (incl. Nevada) groups was, however higher than that in the 

Arizona control group (0.9% incidence). For the Washington 

County, Utah group alone (1000 children), the incidence rate 

in the 1965-66 study was 1.1%, which falls within the range 

of 0.4 - 1.7% for this age group that would be calculated 
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(per Hempelmann's estimates/ quoted in Weiss/ et al.J for 

"spontaneous" or nonradiation-induced nodularity. Based on 

Hempelmann's (1968) risk parameters of 38 - 52 cases per lo 

persons per rad per year (penetrating radiation), and an 

assumed thyroid dose of 50 rad for the Washington County group, 

Weiss, et al. calculate an expected (excess) incidence of 

nodularity of 2.3 - 3.1%. Since 1-131 dose is much less 

effective than x-radiation in producing nodularity (see 

Appendix F, Section F.3) one might more accurately calculate 

an expected incidence of only 0.2 - 0.3% from 50 rad in the 

Utah situation. This would be almost impossible to detect 

with statistical confidence for a population of 1000, parti¬ 

cularly in the presence of a normal background of the same or 

greater size. 

While the study of Weiss, et al., has an important con¬ 

clusion, namely "Within the limitations of the study-there 

is no evidence that children of Southwestern Utah and adjacent 

areas of Nevada near the test site have received enough radia¬ 

tion from radioiodine to produce significant thyroid disease. , 

the results add nothing to the input required for the present 

evaluation except, perhaps,to confirm qualitatively (1) the 

assumption that inhalation of the short-lived, higher-energy 

radioiodines contributes a very small part of the total thy¬ 

roid dose in a U. S. environment; and (2) some of the risk 

concepts discussed earlier and in Appendix F. 

3.6. Thyroid Pathology in Hiroshima/Nagasaki Survivors 

There is an extensive literature, published by the Atomic 

Bomb Casualty Commission (ABCC), on the medical history of the 

Japanese atomic-bomb survivors. This literature includes many 

papers on thyroid problems; for example. Wood, et al. (1968). 

* That is, spontaneous incidence. 



oince the Hiroshima and Nagasaki detonations were air 

bursts, the radiation source was initial neutron/<jamma (pene¬ 

trating) radiation. Therefore, in terms of input for the 

present evaluation, the Japanese experience would, at best, 

confirm existing risk/rad data from medical use of x—rays. 

Dor,es to individual survivors, however, are not well charac¬ 

terized; they are usually reported as falling within broad 

ranges, since they have been reconstructed on the basis of 

reported distance from ground zero, shielding provided by 

building components, position of individual at exposure, etc., 

not all of which are known precisely. Wood, et al. report 

incidence of thyroid carcinoma as a function of age at expo¬ 

sure, sex, and distance from ground zero; they also have 

estimates of thyroid dose for those developing those carci¬ 

nomas. While they find that the distance effect (dose) is 

statistically significant for females, the muen smaller inci¬ 

dence for males provides too little data for a test of the 

effect. No estimate is made of risk/rad parameters. While 

it is known that the incidence of non-malignant thyroid 

abnormalities in the Japanese is about a factor-of-ten greater 

than that of thyroid carcinomas, the author has not been able 

to determine whether risk/rad estimates have been made for 

the larger group. 
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SECTION IV 

POTENTIAL FOR INHALATION OF RADIOIODINE IN SHELTER 

4.1. Introduction 

If there is a radioiodine-inhalation 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 shel- 
"rfr 

ter ventilation systems, or somehow entering the shelter proper. 

One estimation approach is to start with particles trapped in the 

shelter ventilation system, since all radioiodine volatilized 

from such particles will be taken up by the air available to the 

shelter occupants. In one sense, the inhalation threat from that 

source might be thought of as a measure of the upper limit of the 

radioiodine threat from particles outside the shelter, since 

volatilized iodine outside the shelter would have a chance to 

disperse upward due to vertical turbulence in the atmosphere near 
•kie 

the ground surface. 

* Arriving particles in high-level local-fallout fields are much 
too large to be inhaled themselves, or to pass through conventional 
air filters or long and angled ducting systems. Clark and Cobbin 
(1963) have shown that the minimum particle size in ground-deposited 
fallout is greater than 30 jum, for all contours out (down) to 
"standard" exposure rate of 1 R/hr at 1 hr., for all yields between 
1 KT and 50 MT (100% fission). It follows that, even for people in 
the open, direct inhalation of fallout particles in fields of signi¬ 
ficant intensity is impossible, since particles larger than 10 pm 
cannot reach the lung (Kochendorfer and Ulberg, 1967). A second- 
order effect, namely impaction of larger particles in the nose and 
mouth, followed by swallowing, is possible for people in the open 
or in particle-contaminated enclosed spaces. However, in the 
shelter context, most particles larger than 30 pm would be rejected 
at the intake, stopped by conventional filters (Strope, 1959) or 
deposited in corners, recesses and plenums of duct systems. 

** Note, however, that (as shown in Appendix D) the "outside" threat 
turns out to be orders of magnitude greater than that from trapped 
particles. This is because the relatively rapid fall of arriving 
particles permits only limited quantities to be swept inco the intake. 

I 



4-.? 

nu r .te ol .irriv.il of l.illnut U? .orriiioii it o«.. 

ir. to cr.tim.it «' uptciki <iui in<j t lj*> tullout icriotl; In 14111^11 t, 
estimation of the amount oi i .HiioicJino in (..«r '.lelo» ••ttorin*i 

a shelter vent il.it ion system rrvjiiires spoclf lest Ion of tho 

radioiodine volume concentration for the arrivin') fallmit 

in ♦■he iir at the venti 1 it ion intake (for examj'ie, in mr |«.r 

of total particle radioiodine p**r ctil.ic foot of air), ;*« .» 

function of time. With a worst-care assumption that all pat- 

tide sizer present are rwept into the intake, on«» ne«»i thtt 

sj»ecify only a ventilation rate (for «*x .mple in elm, or in 

cfm per perron) to determine intirorr of particle* rrwüol'mlln« 

into the ventilation syctum, a<jain on either a total or i 

per-person basis. Volatilization of radioiodines would the» 

depend primarily on subsequent (low of Intak* air over the 

particles. 

Appendix D is devoted largely to the d«*veloffnent ami 

application of the methodology used for estimation of the 

volume concentration of particle radioiodine In air et th» 

shelter intake during fallout arrival. One rombinatlon of 

weapon yield and downwind shelter location (a worsl-cae« 

situation) is th«-n selected# anti the ingress of 

radioiodine (per person) into the ventilation syst** in calcu¬ 

lated. For purposes of subsequent comparisun with the threat 

from gaseous radioiodine originating outside the rhelter# tie 

particle iodine ingress ic then expressed In term,: of cpifta- 

lent square feet of outsid«» fallout deposit. Finally, or« 

the basis of simplified one-dimensional turbulent-dlffusion 

considerations, an estimate (again ln t«»rr« of «quiva¬ 

lent square Íe«it oí outside fallout defoslt) of ;a, ocas 

* The implications of this ingress for human uptake and 
thyroid exposure dose, under various assumptions as to iodft« 
volatilization rate, are discussed in tie present Ser*Ion. 
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* 
ratiIoiadln«» entry into the ventilation intake la track}. 

Hie main ar* i*» of unrertainty in the inhalation-throat 

ortiiaation .»rei U) the radioi^tine loading of arriving 

fallout |^»«ticle«. In t«*r«w’ of total activity, coei|-001 f ion 

Iwitfi rerj'ect to m»*» chain), and location within the pat - 

tinea: hhI (2) the evaporation tendency of radioiodine 

«perlet from arrival onward. tadioiodlne loading ia con¬ 

trolled primarily by (tactior.ation during fallout formation 
• • 

and trantport: it io dlacutat«! Ir Appondir>*c h and C. 

Evi|<oration tteidency dependa on radial dittrltution of prc»- 

curoora within fallout lartlclet: oxidation state of reunit¬ 

ing iodine: aciaorptive capacity (chemical propertion) ol 

particle matrix: t^eiperature: and air flow over the particloa. 

There Is no body of information permitting one to 

predict evaporation ratea, even if all thoae factors wave 

t>e» n quantified. Por one radioiodine aperies deposited 

(say as Iodine) on the ssecth surface of a chemically elmple 

or inert matrix material, evaporation ratea are not high. 

Por example, recent experimental work (Norman and Wlnchell, 

l*>To) on tracer 1-1)1 surfacc-dqpMlt'd on glas« loadr ahowed 

that the rate of evaporation of iodine from the surface of 

* This la an upper-limit calculation, on the assumption of 
Instantaneous volatilisation of all tne Iodine at the moment 
of fallout cessation, for compor Ism with the threat from 
Ingress-particle radioiodine. Implication* of more-likely 
volatilisation ratos aro eonotdorod in tho prosent Section. 

•• Por close-in fallout from a low-yield surface-buret 
(Prellinq and Crocker, 1»M»). depletion oí 1-1)1 due to frac¬ 
tionation may be as much as 7** ( t)1]# as * 0«Sf) on a 

u- lasts (although some seppl«s have beer found to beññ- 
11 «■' in 1-1)1). Por the • w*. tf i>l. If lotion In porticlei 
Ui tor than 44 #«e may range ! * ) • « ®4%, while that in 
particles seal 1er than 44 pm ray range from -SciK (enrlctrert) 
t 4l<m| tom Oo « iross-seej 1 »s t r. TV-1I2/I-II2 t n t* - 
pleted to al«out the «are extent t# i-lll (r numler « factor 
of atxtut 1,1 lower)i the other iodines would be experte»! to 
bo doplotod soro. Oto df lotion incrooolng monotonie«lly with 
MM nunbor to «Mil over r • jross-sesfile basis«fur 1-1)5, 
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n'jch beads (room temperature, no air flow) ir constant with 

tine, averaging about 1% per week. Thir low a rate for sm- 

faee^deposited iodine would imply that volatilibation would 

not produce a significant inhalation threat in the civil- 

del ense context, since in actual siliceous fallout particles, 

much oí the iodine precursor activity would have penetrated 

beneath the particle surface during particle formation; alter 

solidification, such particles would be relatively impermeable 

to dilfusion to the surface at room temperature. 

Additional work by Norman and Winchell (1970a) supports 

this contention. Over a 2-hr period, the extent of evapora¬ 

tion of 1-131 volume-distributed throughout :.0-/iin Te02 parti¬ 

el* r was measured at several temperatures, the lov/est being 

110*C. Kven at this elevated temperature, the loss "rate" 

was very low. Cumulative loss varied as t¿, so that loss 

rate was a decreasing function of time; this relationship 

ir !icati*d that diffusion in the solid was the controlling 
-3 

r>*•chanlsm. A measured loss of about 7x10 % in the first two 

hours implied a loss of about 0.1% in the first week, and 

b .: per week thereafter. 

On the other hand, it is known that iodine stability 

is quite sensitive to the chemical nature of the environment; 

losses, even from dry preparations, are well known occurrences 

to rad1©chemists. In early work (Miller, et al., 1953) on 

the dev* lopment of fallout simulants for ocean-surface bursts. 

In which contaminants laid down on test surfaces were allowed 

to Ma«fc" for varying lengths of time before decontamination. 

It was found that 1-131, deposited in the iodide form in the 

• Who, for example, had to be concerned about contamination 
of ctHintlng-chaml r surfaces that had not come in contact 
with the sample itself. 
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presence of carrier iodide, evaporated from the dried sea- 

salt and hydrous-oxide deposit with a "half-life" of about 

one week (room temperature, no air flow), after correction 

for radiological decay. No ather radioelement tested ex¬ 

hibited any measurable loss, much less 50% in one week. 

While prediction of the volatilization rate of iodine 

in particles is not possible yet from first principles, one 

would hope at least to determine an order-of-magnitude esti¬ 

mate from nuclear-weapon-test measurements. Unfortunately, 

very few attempts have been made to measure directly the 

extent or rate of particle-iodine volatilization in weapon 

tests. The limited available data are presented and evaluated 

in Appendix B, in which the conclusion is reached that dry 

siliceous fallout particles release radioiodine to the air at 

a rate of about 0.00025% per day. The conclusion that such 

particles release radioiodine at a negligible rate is supported 

by some semi-quantitative measurements made at Operation 

PLUMBBOB at the Nevada Test Site in 1957 (Strope, 1959). In 

Shots Diablo and Shasta, ventilation air for a manned under¬ 

ground shelter was filtered by an M6 collective protector 

consisting of a conventional particle filter backed up by a 

charcoal filter. The system operated for the first 2 days 

on Diablo, and for the first 24 hours or so on Shasta, after 

which the filter components were returned to the Naval Radio¬ 

logical Defense Laboratory for analysis. Because the back-up 

charcoal filter for each shot was found to have no measurable 

radioactivity (stated to be at background level, and also as 

less than 1/1000 of the activity on the main filter), the 

reported conclusion was that the main filter was an absolute 

(particle) filter. However, the additional conclusion can 

be drawn that the radioiodine release rate from the trapped 

particles on the main filter was negligible, i.e., certainly 
★ 

less than 0.5% per day, and very probably much less than that 

figure. 

* 1-133 plus 1-131 represent about 10% of the total fission- 
product exposure rate at about D+2. 
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Other reported attempts to establish the volatility of 

fallout radioiodine(s) are not helpful in the present context 

(extent of volatilization from particles of diameter of the 

order of 5Qpm or greater); either (1) the measurements were 

indirect, in that another loss mechanism could have been acting, 

or (2) the source material was not representative of the total 

fallout mixture at the location or, in general, of the 

particle-size distribution of interest in "local" fallout 

from surface bursts. Martin (1963) (Supplementary Reference 

List), for example, used several approaches at Project SEDAN. 

In the first, he collected plant samples at a series of times 

post-detonation at each of several stations, measured specific 

activity of 1-131 in each sample, and plotted a curve thereof 

vs. time post-detonation, for each station. The effective 

half-life thus determined was only 5.5 d, rather than the 8.04 d 

half-life of 1-131. Martin recognized that "the difference may 

have been due to the mechanical removal of particles from vege- 
131 

tation and/or to the vaporization of I from particles re¬ 

tained by vegetation". He conceded also that "perhaps a part 
131 

of the I released from the Sedan crater was released in a 

volatile form and part was released in a non-volatile form". 

Since SEDAN was an (underground) cratering shot, it is possible 

that much of the volatile fraction of the radionuclide mixture 

rt'mained in the low-level cloud, rather than being carried aloft 

as in true surface bursts (and thus lost to the locally deposited 

fallout from the surface-burst situation). 

In Martin's second approach, he collected several plant 

samples on D+7, divided them into aliquots, and then over a 10 d 

period stored 2 aliquots of each sample under 6N NaOH while 

exposing another 2 aliquots of each sample to room-temperature 

air. Overall, there was an apparent loss of 1-131 from the dry 

* However, Lane's air-sampler measurements at SEDAN (see Appen¬ 
dix D) indicated insignificant quantities of volatile iodine 
(1-133) at his one (off-hot-line) station. 
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I , thou<jh the stcitist ics are not thoroughly convlncinq. 

The present author believes that the samples as collected were 

not representative. As fallout was depositing, the smaller 

particles would have been less likely to bounce off plant 

surfaces to the ground, and would have been retained preferen¬ 

tially by (hairy) leaf surfaces; also, originally volatile 

1-131 could have been adsorbed on plant surfaces. Six days of 
★ 

exposure to wind, sun and dew could have further altered the 

form and location of the retained 1-131. Thus the behavior of 

that 1-131 in the subsequent laboratory setting would not have 

been representative of the volatilization potential from the 

larger fallout particles of interest in the present evaluation. 

In his third approach, using additional plant material 

that had been collected on D-t-7, Martin set aside four bags of 

material on D+33. Then, at intervals of about 5 days, he 

removed 5 g subsamples from each bag and analyzed them for 1-131. 

During the first 15 days of the experiment, samples were removed 

from the top of the material in the bags, without other dis¬ 

turbance of the contents. During that period, the apparent 

loss rate of 1-131 was slightly higher than would be produced 

by theB.04d radiological half life alone. Later samples, 

each taken after thorough mixing of the contents of each bag, 

gave an apparent loss rate that was very close to the radioactive- 

decay rate. Martin recognized that this third approach gave no 

evidence of volatilization; ne concluded that the apparent 

losses during the first part of the experiment were due to 

"the settling of fallout particles toward the bottoms 

* In Appendix B, it is demonstrated that a large fraction of the 
radioiodine in even the larger particles of interest in the civil- 
defense context is susceptible to (preferential) leaching by 
water; in dissolved form the iodide is immediately available for 
oxidation and volatilization. The latter phenomenon is documented 
in, for example, Yuill, et al. (1970). 



o; the tags containing the ground \lent material". In any 

event, for our purposes the material used in this third 

a] i roach would be subject to the same reservations as that 

used in the second approach. 

Direct measurements on the physical and chemical states 

o' fallout radioiodine arc exemplified by the work of Perkins 

(1961) (Supplementary Reference List), which was, however, con¬ 

cerned entirely with world-wide (delayed) fallout. As empha¬ 

sized earlier, volatility of iodine in such fallout is not 

relevant in the context of the civil-defense problem, since 

worldwide fallout consists of: (1) predominantly sub-micron- 

sized particles produced directly in the fireball/condensation 

stage; (?) originally volatile radionuclides later associated 

with very fine atmospheric dust during cloud transport; and 

(3) volatile radionuclides scavenged by raindrops, rain being 

the principal mechanism for the return of worldwide fallout 

to the earth's surface. Thus, it is not surprising that 

Perkins found that the gaseous fraction of radioiodine in 

worldwide fallout varies from 10 to 90 percent. 

Similarly, measurements of the physical and chemical 

states of radioiodine in air downwind from nuclear reactors and 

nuclear-fuel-processing plants are not applicable to the present 

evaluation, since the iodine is released as vapor or associated 

with very small particles (Holland, 1963 and Perkins, 1963) 

(both Supplementary Reference List). It is worthwhile to 

note that both Holland and Perkins quote Lane's earlier con¬ 

clusion about the volatility of radioiodine from close-in 

SEDAN fallout, which has been demonstrated here in Appendix n 

to be unsupportable. 

Evidence of apparent volatility of radioiodine in close-in 

fallout clouds that is based on direct measurements of radio- 

iodine uptake by experimental animals exposed only in an 
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"inhalation" mode is suspect because of the existence of the 

impaction/swallowing mode for the larger particles that cannot 

be inhaled directly, and the observation (for example by Engel, 

et al., 1971) that the measured uptake of radioiodine by cows 

exposed directly to the airborne debris from venting under¬ 

ground nuclear explosions must be due at least partly to the 

known propensity of these animals to continually lick their 

muzzles. 

In the documentation of the Marshallese experience in 

Section 3.3 above, the distinctive properties of coral-type 

fallout particles with respect to iodine volatilization were 

discussed in general terms. In particular, it was pointed out 

that when such particles fell into the shallow-water areas 

around the small atoll islands, the high (measured) water- 

solubility of iodine in the particles could lead ultimately 

to significant levels of radioiodine vapor over the islands. 
★ 

Norman (1972) has recently started a series of measurements 

of the volatility of fission-recoil-loaded radioiodines in 

coral-type matrices. The first measurements were on a fused 

Cao matrix (particle-size range 105-I49pm). Preliminary 

results indicate initial release rates of the order of (cen¬ 

tering around) 1% per hour with dry or H^O-saturated room- 

temperature air. There is a slight enhancement of release rate 

when the air is saturated with water vapor. These rates are 

orders of magnitude higher than those for glass or Te02 matrices 

(Norman and Winchell, 1970 and 1970a), quoted earlier in this 

Section. While the pure coral-type particle certainly does not 

represent the particle of primary concern in the civil-defense 

framework, the most-recent results are still of some interest, 

since calcium oxide and related compounds will be present in 

fallout from surface bursts: (1) on limestone-containing soils; 

and (2) in cities with high densities of concrete in streets 

and in structural slabs. 

★ Supplementary reference list. 
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4.2. Iodine Inhalation from Partidos Trapped in Ventilation 
Syr, temo 

With respect to the trapporl-particle threat, the pheno- 

menoloqical basis for the evaluation has been stated in Section 

4.1 above and presented in detail in Appendix D, Section D.l 

(supported by Appendix C); detailed discussion of the human- 

uptake- and thyroid-dosimetry-model inputs will be found in 

Appendix E. Further aspects of the human-intake problem will 

be considered later in this Section. 

The evaluation is performed on the basis of an example 

problem that is very much a v/orst-case situation; it will be 

seen that the trapped-particle threat is minimal even under 

worst-case assumptions. However, the discussion of this Section 

provides a basis for the semi-quantitative evaluation of the 

threat of shelteree inhalation of radioiodine released in 

vapor form from fallout outside the shelter; that evaluation 

is presented in Section 4.3. 

Specifications, assumptions and calculated phenomenological 

results for the example problem (Section D.l) are as follows; 

Specifications 

Weapon Yield; 
Effective Wind Speed; 
Shelter Location; 

Shelter Ventilation Rate; 

10 MT, 50% fission 
15 MPH 
58.5 mi downwind on the hot¬ 

line. This is the location 
of the highest exposure 
rate in the fallout field. 

5 cfm per person* 

* The quantity of radioiodine inhaled (from trapped particles) 
is independent of the ventilation rate (first-order approxima¬ 
tion), so long as the ventilation rate is the same during fall¬ 
out arrival as it is during subsequent volatilization and inhala¬ 
tion of iodine (see Section D.l). 
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★ 
Assumptions 

Thermal-neutron fission of U-235. 
No induced activities (transuranics or soil products). 
No loss (in particular, of radioiodine) by fractiona¬ 

tion; similarly, no fractionation with particle size. 
Transport/arrival model of Clark and Cobbin (1963). 
Decay law for air-ionization rate of total fallout 

mixture is t"l»2. 
Kadioiodine abundance, decay, and relationship (activity) 

to total R/hr as given by Kochendorfer (1969). 
All particle sizes present in fallout are swept into the 

shelter ventilation system, according to their volume 
concentration in the arriving fallout. 

Activity/particle-size distribution is log-normal. 

Calculated Results 

Standard Exposure Rate: 

Fallout-Particle Size Range 
at Shelter Location: 

Fallout Interval: 

Exposure Rate (Hypothetical) 
(d^cay-corrected to tr|) : 

Total Ground Deposit of 
Radioiodine (Hypothetical) 
(d*‘cay-corrected to tr-,) : 

Average Particle Fall Rate 
During Arrival at Ground 
Surface: 

Trapped Radioiodine (on 
particles) per Person: 

ic ★ 
6,050. R/hr at 1 hr. 

108.6 - 240.7 pm (l%-99% 
cumulative-activity range). 

2.25 h (ta) - 5.50 h (tc). 

2,300 R/hr?** 

o* ** 
1.61 Ci/ft. 

3.9 ft/sec. 

33.0 mÇJ^decay-corrected 
to t ). * 

cl 

* While these, and other assumptions to be discussed, may 
appear arbitrary, the author is convinced that the tremendous 
uncertainty as to the extent and rate of iodine volatilization 
and the v/ide variability in dispersion of iodine vapor, once 
formed from ground-deposited fallout particles, justify an eclec¬ 
tic approach to the assembling and application of input data. 

** True air ionization rate under the hypothetical assumption 
that all the fallout is down by H+l. 

*** Under the hypothetical assumption that all the fallout is 
down by ta, which is the time of arrival of the first fallout. 

**** 11.2 mCi, decay corrected to t , which is the time of fallout 
cessation. 
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The extension ei the i hen'»menoloyical r enult s tn huin.m 

uptake itid thyroid doses in based on the model and the e ileu- 

Intions of Mechali, et al. (196t). Their basic uptake model 

for iodine is discussed here in Appendix E, Section E.5. Addi¬ 

tional details of their application of the model to inhalation 

oi the mixture of radioiodines follow. 

The basic 3-compartrnent uptake/de<jradation/retention 

model shown in Figure E.l (Appendix E) pertains to the behavior 

ol stable iodine/ starting with a quantity of newly introduced 

(fresh) stable iodine, in iodide form, uniformly dispersed 

throughout the bloodstream (Pool I, Figure E.l). All rate 

processes involved are taken as first-order. When inhalation 

is the mode of intake, the uptake model must be expanded to 

account for the extent and rate of initial introduction of 

iodide into the blood. 

For computation of thyroid dose from a radioactive iodine 

isotope, the decay rate must be incorporated in the model, to 

take into account potential dose lost during thyroid uptake, 

and to quantify dose absorbed by the thyroid during the retention 

period. The first step in the dose computation, calculation of 

iodine-isotope activity in the thyroid as a function of time, 

requires incorporation of all the first-order processes, includ¬ 

ing radioactive decay, in the original differential equation(s) 

of the model. Then, for computation of the thyroid dose from 

inhalation of the mixture of radioiodines in fallout, one must 

repeat the above calculation for each iodine isotope, taking 

into account the relative abundance of each such isotope (in 
* 

volatile form) at the assumed time, post-detonation, of 

* If an iodine precursor, such as tellurium, is assumed to be 
volatile, then its abundance also must be used as a starting point, 
and the calculation must take into account the rate at which it-j 
daughter iodine is produced by decay and then is taken up by ,ne 
thyroid (tellurium being known to have a short residence tb e in 
the body and no preferential uptake by the thyroid). Inhaiable 
(volatile or small-particle) tellurium may be a significant factor 
in reactor releases, but is not likely to be important in the 
civil-defense (fallout) context. 
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I’or the i r .iciual computation;:, Meclmli, ' 't al. nimplify 

tho ‘i- r nto-procor.y model oí l'ianre K, 1 to one iiivolvint only 

1 rute con;.tanin (nee di neu nr. j on in Gection K.b) . Tlvy pre.uent. 

a stopwise treatment of the development of the equations used 

to compute radioiodine activity in the thyroid and resultant 

dose, including both direct (iodine) and indirect (tellurium) 

intake as starting points. However, they do not give a com¬ 

plete mathematical derivation; rather, they indicate, at each 

stage, the basic assumptions used and the resulting equations 
★ 

for application. 

The context for the calculations of Mechali, et al. is a 

criticality accident in a Pu-239-fueled reactor. Fission is 

treated as instantaneous. Inhalation of the vapor and the small 

particles in the resulting cloud is considered to be non- 

selective; that is, the inhaled mixture of fission products is 

unfractionated. The discussion in Appendix C in this report 

(See also Table C.l) shows that, in the civil-defense (fallout) 

context, calculations of thyroid dose based on the radioiodine 

products of the fission of Pu-239 (as opposed to U-235 and/or 

n-238) introduce errors that are insignificant in the light 

of the overwhelming uncertainties regarding volatilisation 

rates and extents. In the present work, the calculated thyroid 

doses of Mechali, et al. were used directly (modified for the 

conditions of the example problem). The basis for the modifi- 

* A more complete mathematical treatment, including a detailed 
derivation for the tellurium-intake problem, can be found in 
Stewart and Simpson (1965). That treatment also shows calcula¬ 
tion of intermediate results for each radioiodine of interest, 
including: (1) fraction reaching thyroid; (2) effective elimi¬ 
nation constant; and (3) fraction of total_iodine activity in 
cloud (reactor release) as a function of time. Adams and onnell 
(1962) examine the same 3-compartment biological mechanism in 
even more detail, using 5 biological linear rate Processes, and 
also evaluating the implications of some possibly non-linear rate 

processes. 
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C"U'>ri, and the implications of the assumptions of the Mechali, 

et al. treatment, are discussed in the following paragraphs. 

Mechali, et al. calculate (ultimate) thyroid doses result¬ 

ing from the instantaneous inhalation of 1 mCi of fission 

products (total mixture) at each of a series of times post-fission 

ranging from 5 minutes to 6 months. The calculated doses are 

for the 20 g adult thyroid, under the assumption of total ab¬ 

sorption of radioiodine beta-ray energy and zero absorption of 

gamma-ray energy within the thyroid. This dosimetry is entirely 

consistent with the discussion and the equations of Section E.6 

(Appendix E) of this report. Thus Mechali et al's. "rem" are 

equivalent to "rad", as used here. The overall calculation 

starts with the tabulation of independent yields of the radio¬ 

iodines and their individual precursors in mass chains 130 
* * 

through 136. Then, the activity (pCi) of each inhaled radio- 

iodine at time t is calculated and tabulated, the basis being 

the inhalation of 1 mCi of fission products at that time. Inhala¬ 

tion-intake assumptions are: 

25% of the inhaled" intake reaches and is processed 
by the lungs, with zero residence time there and zero loss of 
that component between lung and bloodstream. 

50% of the "inhaled" intake deposits in the upper 
respiratory path, passing secondarily into the digestive tract. 
Residence time in the bronchi is about 2 hr (linear rate pro¬ 
cess). The subject is assumed to be fasting, so there is zero 
residence time in the stomach. Iodine is absorbed from the in¬ 
testinal tract in about 20 min; for convenience, the residence 
time here is taken to be zero, with little error. 

25% of the "inhaled" intake is immediately exhaled. 

* Clearly, the dose is a function of a complex mixture of vari¬ 
ables, starting with the proportion of each iodine isotope in the 
total fission-product mixture at the time, t, of inhalation. It 
turns out that on the (arbitrary) basis of 1 mCi FP inhaled at 
time t, the calculated thyroid dose peaks for a t of 14 days (appro 
This time has no particular significance on a threat basis, however. 

* Mass chains 130 and 136 are ignored in the present evaluation, 
for reasons given in Appendix C. 
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All tel luriur precursors are considered to lia'-e a radio looicu 1 

half-life of zero; that is, all radionuclides 01 interés*- eith.u 

arrive as Te or I or are rapidly converted to To. If this 

assumption is reasonable in the reactor-release context, it is 

even more so in the fallout situation under consideration. 

Mechali, et al. present an additional series of assumptions 

about the course of tellurium through the system, with implica¬ 

tions tor thyroid dose from the appropriate iodine daughters; 

these will not be discussed here, because in the fallout con¬ 

text (high-yield weapons) only Te-132 is important, and the 

resulting 1-132 produces a maximum (for inhalation at 3-4 days) 

of only about 20% of the total thyroid dose. The significance 

of the mass-132 chain will be discussed further later in this 

Section. 

The principal results of Mechali, et al. are presented 

m their Table 4 (not reproduced here in its entirety ). Tabu¬ 

lated therein are the ultimate adult-thyroid doses from the total 

mixture of radioiodines for each of a series of times (in the 

range 5 m to 180 d) of instantaneous inhalation of 1 mCi of the 
★ * 

total-fission-product mixture. Since the basis of the cal¬ 

culation is 1 mCi of fission products as of the time of inhala¬ 

tion, and since the ratio of total radioiodine activity to 

total fission-product activity (as well as the makeup of the 

radioiodine activity itself) is changing with time, the tabu¬ 

lated thyroid doses per FP mCi change rapidly with time of 

inhalation, rising from only 0.3 rem for inhalation at 5 min 

to a peak of 151. rem for inhalation at 14 d, and then dropping 

more slowly to 0 rem for inhalation at 6 mo. As mentioned 

earlier, this variability has no significance in terms of 

* Appropriate extracts are given later in Table 4.3 below. 

** Table 4 of Mechali, et al. contains also a breakdown, for 
each time of inhalation, of the percent contri butio of each 
iodine isotope to the total thyroid dose. This will be dis¬ 
cussed further later in this Section. 
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Midpoint of «frival int«rv»i (a||t *.l 
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A I «ti •♦««! |»t A| i •-full/ r# tl». i rtor lntrrfc»uc> I l«*/ »n*- na» 

■ *•-? th*r»il-r»-utr«*«t I4r»i^n (toiw «itfy r c »lc*ii »»«•<1 

t-*r lii-il'» 1la Inat'Tnlftcanl li th* of ratlan^l 

context. 

Tho caloilatIona of Af}f«t*ilx D for tn# wxaaifjl« frobl*nn 

(a#*4 fubaactlor d. 1. (XIX)) I#-! to a fl purr of 13.o nri 

Ccorrwctail to t^) for tha total trarfxKl ladlolodlno (on par¬ 

ticipa) per paraon. Itma« l-y »irly*ri»i »iprof rl ita rotloa In 

Indina coliípr» of Tablo 4.I« %## can calculât« th« actual 

lavóla of total trappwS radlolmilt « r*r r*raor. for all other 

Urea. T».e*., iy applylrvf th« 1.1 • lodlno (rov) ratio« of 

Tail» 4.1 to thaa« actual radtolotfln« cctlvlt|«a# %#» can cal¬ 

culate th* actUil level» of total tr»f|a*i fia»lor. producta 

peí poraor^ for all tip»« of lnter««t. The r* aulta ara given 

ln Tat 1« 4.3. 

Tabla 4.2 
• 

Trapfad riaa Ion Producta and Xadloltxllii«. par Paraon 

(Bxaaol« Iroblvp) 

t. hr. •ri ».p. (« * ii) imrt ladina (total) 

2.2' ft.) 
4.0*** 

(tc) 
12. 
24. 
k. 
4A. 
72. 
-M>. 

120. 
144. 
i*"P. 

2*4. (hypothetical) * * 
III. (hyf oth«tic»l)## 
HI. 
J7. 
IT. 
».4 
7.2 
4.3 
3.2 
2.3 
1.1 
1.00 

31.0 (hypothetical)** 
P.ft (hy: othatl».!)** 
11.2 
3.3 
7.7 
1.70 
1.17 
0.67 

0.40 
0.37 
0.2» 
0.23 

• Sh»lt«r v»fit 1 lat.on rat« turint fall sut arrival (traf pint) 
• S cfai/paraon. 

A*.tut)ly ««re »t t#. and a litt!« o*er naif the indicate I 
value it th« »I «point of th« art «val Interval. 

••• Midpoint of arrival Interval (approx.). 
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The tabulated (cono are interpolated) thyroid doses 

of Mochali, et al. (their Table 4) from inhalation of I mCi 

of fission products at the timer, of interest (those given in 

ourTables4.1 and 4.2 above) are shown in Table 4.3 following. 

Table 4.3* 

Ultimate Thyroid Doses Following Inhalation of 

1 mri of Fission Products at Specified Times Post-Fission 

t, hr. Thyroid Dose, rem 

** 
4.0 

5.5 <tc) 

12. 

24. 

36. 

48. 

72. 

9b. 

120. 

144. 

168. 

*** 
19.5 

*** 
23. 

37. 

57. 

73. *** 

06. 

107. 

122. 

133. *** 
*** 

141. 

147. 

The final step in the computation of thyroid doses 

for the example problem is the normalization of the dose 

values of Table 4.3 (for 1 mCi F.P.) to the actual available 

F.P. mTi based on Table 4.2. This produces the entries in 

the "Adult Thyroid Doce” column of Table 4.4 following!*** 

* Extract*! from Table 4 of Mechali, et al. (1966). 

** Midpoint of fallout arrival period for example problem. 

*** Interpolated Value. 

The dose entries reflect the assumption of a 0.5 cfm breath¬ 
ing rate# with a 5.0 cfm/person shelter-ventilation rate. 
Thus# "available" mCi (P.P. or iodine) are only one-tenth the 
values in Tabic 4.2. Note again that the final dose figures 
are independent of the assumed shelter ventilation rate, so long 
as it is the samv during fallout arrival as it is during subse¬ 
quent inhalation of volatilized iodine. 
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Mo'r. that Mechali et al'.a. "rem" are equivalent to "rad", as 

"''d h'.rrj. The last five columns of the Table show the per¬ 

çut contributions of the individual radioiodines to the 

total dose at each time (addinq to 100% in each row). These 

figures are taken directly from Mechali et al's. Table 4, 

except for interpolation at t = 4.0, 5.5, 36., 120. and 144 hr, 

as in Table 4.3 above. 

Fach entry in the "Adult Thyroid Dose" column of Table 

4.4 signifies the (ultimate) dose accrued, given that there 

was instantaneous volatilization of all trapped radioiodine 

at that specified time. The entry for t = 4 hr reflects that 

fact that only about half the fallout has arrived by the mid¬ 

point of the fallout-arrival interval (and it is assumed to 

volatilize instantaneously at that time). If the other half 

i; assumed to volatilize at fallout cessation (tc = 5.5 hr), 

then the total dose is about 200 rad, as indicated in the 

second footnote of the Table. Young children have about 1/3 

the respiration rate of adults, but 1/10 the thyroid size 

(mass). This combination yields the noted factor of 3.3 for 

conversion of adult-thyroid dose to infant-thyroid doset 

The assumption of instantaneous release (volatilization) 

creates a worst-case picture, especially for the early times 

(first entries in the Table). For continuous releases, adult 

doses can be estimated by an intuitive approach. For example, 

if the half-life for volatilization is, say, 1 week (release 

of ca. 10% per day), then the half that is volatilized after 

t = 168 hr will contribute something significantly less than 

26.5/2 rad to the total, and the half that is volatilized 

* Grossman (1970) uses a factor of 3.0, based on the following 

values. Adult-thyroid mass = 20g; infant-thyioid mass = 2g 
Adult breathing rate = 20m3/day (ca 0.5 cfm); 
Infant breathing rate = 6m3/day. 

** The highest literature estimates of volatilization rate 
(shown in Appendix B and earlier in this Section to be unsup- 
portable) give volatilization half-lives of the order of one week. 
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before t = 168 hr will contribute something like, say 62/2 rad. 

Thus the adult-thyroid dose would be something under 40 rad, 

the chiId-thyroid dose something under 135 rad. There is 

every reason to believe (Appendix B) that iodine volatiliza¬ 

tion from the trapped fallout particles of interest will be 

very much (orders of magnitude) slower than has been assumed 

in this approximate calculation. If the volatilization rate 

were truly only 0.00025% per day, then the infant-thyroid dose 

in the example problem would drop to less than 0.005 rad. 

It is clear from the above and from the discussion 

following that the trapped-particle threat is minimal even 

under worst-case assumptions. It has been demonstrated (for 

fallout from a single megaton-range surface burst) that the 

maximum possible child-thyroid dose from fallout particles 

trapped in a shelter ventilation system is less than 135 rad 

(about 1/8 that experienced by the Rongelap children) and 

that even this figure is unlikely to be approached in any 
★ ★ 

conceivable situation. The other worst-case aspects of 

the situation as evaluated (besides the volatilization situa¬ 

tion) are: 

a. The shelter is located at the hottest point in 
the fallout field from a 10 MT 50%-fission surface burst, 
where the standard exposure rate is 6,050 R/hr at 1 hr. At 

* Taking the 48-hr entry as an average value, to reflect 
the rapid dropoff in the dose entries with time, plus the ex¬ 
ponential nature of the volatilization (implicit in the half- 
life treatment). 

** The author is aware of only one phenomenon (other than fall¬ 
out from more than one burst) that can act to raise the calcu¬ 
lated dose. Clark, Nichols and Cartan (1970) have measured the 
permeation of I-131-tagged iodine (originating in vapor form) 
through human epidermis in vitro, and have calculated (based 
on highly variable experimental data) that the resulting thyroid 
dose, for the uncovered human body, is about 50% of that from 
inhalation in the same vapor environment. The potential 50% 
increase in calculated thyroid dose is insignificant in the 
light of the arguments following. 



such a location, even a shelter P.F. of 40 will permit a 
whole-body dose of about 150 rad, which brings that shelter 
population close to the early-sickness range, and within a 
factor-of-four of the dose for 50% early lethality. Thus, 
the planner is not likely to be concerned with the ultimate 

n tea!r frwm inhaled radioiodine at locations where: (1) with 
P.F. 40 the standard exposure rate is much above the 6,000 

™,VÍ7 i V leYei (fr°m overlapping fallout patterns from 
multiple bursts);* or (2) the P.F. is much below 40 in the 
presence of the 6,000 R/hr-at-l-hr level. 

b. The treatment of Appendix D assumes 100% effi- 

í™Cy*-f0Í4trappÍng 0f 311 Partlcle sizes, according to their 
concentration per unit volume in the arriving fallout. The 
particle sizes of the example problem (100 - 250 jum) should 
be severely discriminated against by standard ventilation- 
systern intakes, particularly mushroom and gooseneck types, in 
which intake is in the upward direction. 

. c: Me<-hali, et al. treatment assumes that, in 
addition to iodine, the tellurium isotopes are inhaled?* For 
íní\ f®?;;Lout“arfival times of interest in the example problem, 
only the mass-132 chain is overestimated significantly by 
this assumption (see chain parameters in Appendix C). If 
0[!lyijhw iodine ls available in vapor form, thyroid doses 
should be somewhat less than 80-90% of those shown in Table 
4.4; this overestimate is apparently insignificant in the 

below°f 0t^er °verestimates. However, see paragraph e 

As pointed out in Appendix D (Section D.2.), the relative 
importance of the trapped-particle threat (that is, relative' 
to the threat from outside sources of radioiodine vapor) is 
enhanced at greater distances downwind along the hot-line, in 
otS?r,Wjfds' on a Per-R/hr-at-l-hr basis the mCi of trapped 
radioiodine are greater at greater distances downwind. Thus, 

Cf, poss.-f31®'.overlapping patterns from several bursts, 
to have a thyroid dose higher than that noted above (i.e., higher 
level of trapped radioiodine) correspond to the same effective 
standard exposure of the order of 6,000 R/hr at 1 hr. How¬ 
ever, it is not very likely that this will happen to a signi¬ 
ficant extent, since most of the overlapping is likely to occur 
from crosswind overlaying of offset parallel patterns, rather 
than from downwind overlaying of collinear patterns. 

** In the context of the present evaluation, only iodine is 
assumed to be capable of volatilization from fallout particles. 
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d. The treatment of Appendix D and the calculations 
of Mechali, et al. assume no loss of the radioiodines or their 
precursors in fallout-particle formation; that is, no frac¬ 
tionation losses. As discussed in Subsection 4.1 above and 
in Appendix B, Section B.2.2., fractionation can lead to 
losses in the range 60-75% (1-131) to 90-98% (1-135)* in 
radioiodine loading of gross samples of particles from low- 
yield surface bursts; as pointed out in Appendix C, radio- 
iodine depletion in fallout from high-yield surface bursts 
is probably even more severe. Thus, thyroid doses from the 
individual radioiodines have probably been overestimated by 
factors of more than 3 (1-131) to 20 (1-135). The implications 
of this depletion on total calculated thyroid dose depend on 
the assumptions about volatilization rate; for instantaneous 
volatilization at, say, 24 hr after burst, fractionation 
would reluce the dose by a factor of about 5; for slow volati¬ 
lization, by a factor of about 3. 

e. The Mechali, et al. treatment, as exemplified 
by the form of presentation of the dose data in their Table 
4 (extracted in Table 4.4 here), assumes implicitly that the 
calculated doses from the different radioiodines are equally 
effective in producing damage to the thyroid. The work of 
Klassovskii and his colleagues^cited extensively in Appendix 
F, Section F.3, indicates strongly that 1-131, because of the 
low average energies of its two principal beta rays, is only 
about one-tenth as efficient as the other radioiodines (them¬ 
selves equivalent to x-rays) in producing thyroid damage. 
Since the dose/effect literature for thyroid damage, parti¬ 
cularly that concerned with neoplasm formation, is based on 
x-ray dose, the logical way to sum the doses for the radio- 
iodine mixture is to use the doses for 1-132 through 1-135 as 
calculated, and to add to their sum one-tenth of the calcu¬ 
lated dose from 1-131. Examination of Table 4.4 will show 
that this correction will have only a small effect ( <20% 
reduction in effective dose) where the intake is very early 
(rapid volatilization or early ingestion, as at Rongelap), 
but will reduce the calculated total dose profoundly where 
the intake is late (slow volatilization or late ingestion, 
as in the CONUS civil-defense context). For example, with 
the data of Table 4.4 and the assumption of instantaneous 
volatilization at t = 168 hr, the calculated (effective) 
dose is reduced by a factor of about 4 even if one accepts 
the total intake of Te-132, and by a factor of about 10 if 
one rules out that intake, a more reasonable decision (para¬ 
graph c above). 

* That is, retentions (as fractions of theoretical loading) 
in the range (approximate) 1/3 (for 1-131) to 1/20 (for 1-135). 
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In summary, it is difficult to coe how there can be 

any situation in which volatile radioiodine from shelter- 

trapped fallout particles can produce a thyroid dose, even in 

infants, that requires consideration in civil-defense planning. 

Any one of a number of factors (limited volatilization rate; 

preferential production of early injury or lethality; dis¬ 

crimination against shelter intake of the pertinent particle 

sizes; fractionation losses of radioiodine (and precursors) 

during particle formation; and relative ineffectiveness of 

•^■“131 in producing thyroid damage) can reduce the maximum 

possible effective thyroid doses to (almost) inconsequential 

levels. Limited volatilization alone has an overwhelming 

effect. When all likely reductions are taken into account, 

the trapped-particle threat disappears. 

4.3. Inhalation of Iodine Released by Particles Outside 
the Shelter 

While it has been demonstrated that the trapped-particle 

threat is minimal, and most likely inconsequential, it has 

been indicated (in Subsection 4.1, and demonstrated in Appen¬ 

dix D, Section D.3) that the "outside" threat (the threat of 

inhalation by shelter inhabitants of radioiodine released in 

vapor form from fallout particles outside the shelter) turns 

out to be orders of magnitude greater, and therefore be, rs 

examination. Also, it has been stated (Subsection 4.1) that 

the calculation of the trapped-particle threat provides a 

basis for the semi-quantitative evaluation of the "outside" 

threat. It is the purpose of this Subsection to review the 

common ground between the two types of threat, to summarize 

the method of extending the calculational model to the "out¬ 

side" threat, and to examine (starting with the results and 
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conclusions of the foregoing Subsection) the nature and magni¬ 

tude of that threat in several potential situations. 

The basis for comparison is the equivalent ground- 

deposition area "sampled" per person. In Appendix D, Section 

D.2, the trapped-particle radioiodine (per person) of the 

example problem is shown to be equivalent to that deposited 
2 2 * 

on only 0.02 ft (ca. 19. cm ) of (outside) ground surface. 

This fairly inefficient ventilation-system sampling of par¬ 

ticles is the result of the relatively rapid average terminal 

fall rate of fallout particles past the shelter intake (3.9 

ft/sec, or 2.7 mph). For purposes of comparison# let us 

suppose that volatilization from outside particles is instan- 
** 

taneous at the time of cessation of fallout. (this assumption 

corresponds to the trapped-particle entry for t = 5.5 hr in 

Table 4.4 above). Then# in a reasonably quiescent air atmos¬ 

phere outside the shelter, the iodine vapor produced from 

ground-deposited fallout will be much more efficiently sampled 

by the ventilation system than were the particles during 

fallout. That is# outside iodine vapor, once produced# will 

not be moving upward past the intake at a net average "velocity 

as high as 3.9 ft/sec (2.7 mph), except under extremely gusty 

conditions. If it were conceptually possible to estimate an 

average net upward "velocity" for ground-level-generated 

* Trapped-particle radioiodine activity (decay-corrected to 
fallout-arrival time) was 33. mCi/person; ground-deposited 
radioiodine activity# A (same basis)# was 1.61 Ci/ft2 (ca. 
1.7 mCi/cm2). 

** Admittedly# this is very unlikely, especially for dry fall¬ 
out# as discussed in Appendix B and earlier in this Section. 
Nevertheless, as long as volatilization rates, if appreciable 
enough to be of concern# are the same for trapped- and ground- 
deposited-particle radioiodine# the following argument should 
hold. 
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iMdioiodine vapor under normal atmospheric turbulent-diffusion 

conditions, then the potential ingress of outside vapor (on an 

equivalent-deposit-area basis) could be measured by that 

"velocity". In particular, under such circumstances the 

importance of the outside-vapor threat relative to that pcsed 

by trapped particles would simply be the ratio of the average 

terminal velocity during fallout to that (smaller) upward 

"velocity". However, net "velocity" is not a common measure 

in turbulent-diffusion theory (it is used here only to illu¬ 

strate the potential magnitude of the "outside" threat). A 

more realistic way to measure the equivalent-deposit-area for 

ingress of outside vapor is presented in Appendix D, Section 

D.3, and reviewed in the following paragraphs. 

With instantaneous volatilization of iodine from ground- 

deposited particles assumed, the resulting radioiodine vapor 

is allowed to (turbulently) diffuse upward past the shelter- 

ventilator intake, according to a simple partial-differential 

one-dimensional-diffusion equation (Equation D.l, Appendix D). 

A highly idealized situation is hypothesized. The ground 

deposit of particle radioiodine is assumed to be an infinite 

uniform field, so that (1) the effect of surface winds after 
* 

deposition and volatilization is merely to replace that 

vapor which moves downwind with an equivalent quantity from 

upwind sources; and (2) the effect of lateral turbulent diffu¬ 

sion is similarly nullified. The basic partial differential 

equation is solved in the traditional way, on the assumption 

of separability of variables, leading to a general (one-term) 

solution, which turns out to require a cosine distribution of 

initial concentration, R(0,z), vs. altitude, z, over the initial 

* Except for the creation of upward turbulent diffusion of 
iodine vapor, measured by a vertical turbulent-diffusion co 
efficient, to be discussed. 
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it 

distribution space, prior to diffusion dilution, and va 

similar cosine distribution (of exponentially diminishinn 

amplitude) over the same space as time goes on (Equation 1>,4, 

Appendix D), with all concentrations reaching zero at infi¬ 

nite time (except where the effects of temperature inversions 

are being evaluated). 

The total activity (Ci) of radioiodine (decay-corrected 

to time of fallout arrival, as for trapped-particle radio- 

iodine) in the initial-distribution column of cross-section 
2 

1 cm is simply A, the ground-deposited radioiodine activity, 
2 

in (decay-corrected) Ci/cm . This provides the initial condi¬ 

tions for the radioiodine activity concentrations in the ini¬ 

tial distribution space, already denoted R(0,z), in (decay- 

corrected ) Ci/cm , With the ventilation-system intake 

located at some point in the initial-distribution space 

(usually at ground level, for convenience and for worst-case 

estimating), and with a ventilation rate, G, of 5 cfm (ca. 

2200. cm /sec) per person, as used in the trapped-particle- 

threat evaluation, one now can compute Q, the total (decay- 

corrected) radioiodine vapor activity sampled to infinite 

time (or to 5 diffusion half-lives, in practical terms) by 

direct integration of R(t,z) from t = 0tot=* . 

* The peak is at the ground surface; the cc entration drops 
to zero at the top of the initial distribution space. 

** The author apologizes for the inconsistency in units. He 
has tried to use, in each input area of the calculations, the 
units generally accepted in that area, and to indicate both 
metric and English values for the important results. 

Usually R(t,0) 



4-28 

In the sequence of calculations, the deposited radio- 

iodine activity, A (Ci/cm ), is left in symbolic form, so 

that Q is expressed directly in equivalent ground-deposition 

area, and can thus be compared directly with the Q for trapped- 

particle radioiodine. From the point of view of inhalation, 

the direct comparison is valid as long as the shelter venti¬ 

lation rate is the same (say 5 cfm per person) for both radio- 

iodine sources; the inhalation rate (0.5 cfm per adult, ca. 

0.15-0.17 cfm per infant) must of course be applied in calcu¬ 

lation of the ultimate thyroid uptake and dose. 

Tire turbulent-diffusion computation and all the results 

to be discussed are based on the assumption of instantaneous 

volatilization of radioiodine from ground-deposited fallout 

particles, as emphasized earlier. Intuitive (approximate) 

extension of these results to the slow-volatilization situa¬ 

tion (analogous to the (intuitive) extension discussed for 

the trapped-particle threat in Subsection 4.2) is not straight¬ 

forward, since in effect two exponential decays (volatilization 

and turbulent diffusion) are occurring, the first providing a 

distributed source for the second. Thus, for example, if 

volatilization is very slow compared to upward turbulent 

diffusion, upward dissipation in the atmosphere will drasti¬ 

cally reduce the radioiodine activity "sampled" by the venti¬ 

lation intake. In addition, any factor, such as slow volatili¬ 

zation, that lengthens the effective time over which turbulent 

diffusion operates will void the bases for assumption of an 

infinite horizontal source, required for the one-dimensional 

diffusion treatment. 

Sample calculations of the effect of upward turbulent 

diffusion are made (Appendix D) for two situations: (1) up¬ 

ward diffusion in a normal atmosphere, with no lid to the 

rise of radioiodine vapor; and (2) upward diffusion during a 
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temperature inversion, v/hen there is a lid tc net upward 

motion, trapping the radioiodine vapor for periods of the 

order of days, and thus providing a continuous source of 

radioiodine vapor for the shelter ventilator intake; the 

latter is very much a worst-case situation. 

4.3.1. The Normal Atmosphere, with No Lid tc Vapor Rire 

All the calculations for the first situation 

are based on a value of the vertical turbulent-diffusion co¬ 

efficient, K , that represents approximately the "normal" atmospher* , 
¿à 

the most-stable and therefore the least-dispersing situation 

existing in the absence of inversions (i.e., a worst-case 

condition for the non-inversion situation). For such an 

atmosphere, Richardson's earlier definitions (quoted in 

Meteorology and Atomic Energy (Slade) (1968)) imply a K„ of 
2 * " 

800 cm /sec (at the appropriate scale of turbulence for these 

calculations). 

While Q, the shelter intake of radioiodine acti¬ 

vity per person, is the major variable of interest, it is 

important to know also the half-life for upward diffusion for 

each : ituation examined, since the latter determines (after 

innt antaii«-ouc volatilization) the effective time (c.i '» diflu- 

si<m half-lives) for ultimate upward dissipation ol -»11 ♦ h* 

radioiodine vapor in the vicinity of the shelter ventilation 

intake. 

B * The most-stable situation considered by Pasquill (quoted 
in the same source) is a night-time condition, with less than 
3/8 cloudiness and a wind speed of the order of 2m(eter)/sec 
(ca 4.5 mph) or less. Pasquill's definitions imply a K„ of 
530 cm2/soc for this situation. Tt turns out that 0 is inverse¬ 
ly proportional to Kz, everything else being equal, so use of 

• Pasquill's number would raise the quoted 0's by about 50%. Tt 
should be not^d that Pasquill's Kr (for this so-called O . lit! r. 
"F") refers to what he calls a "moderately stalle" situati r.; 
this is more turbulent than a true (stagnant-air) inversion. 
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Cario in. Initial distri but i hi space, a: 30 ft ( lOOlfc m) 

Results: 

Diffusion half-life: 5.3 min (315 sec)* 

Shelter intake, Q-. 1650A Ci/person** 

Case IV. Initial distribution space: As in Case I 

Diffusion coefficient, K?: 530 cm2/sec 
(per Pasquill) 

Results : 

Diffusion half-life: 53 sec*** 
JL JL 

Shelter intake, Q: 815A Ci/person 

Per Équation D.6, the half-life is proportional to a2, 
everything else being equal. 

** Per Equacion D.7, the intake, 0, is proportional to a, 
everything else being equal. What this means is that, with 
everything else equal, the shelter intake of radioiodine vapor 
(for a given total ground deposit of fallout, per unit area) 
is greater the flatter the initial vertical distribution of 
vapoi after the instantaneous volatilization. Thus, by assum¬ 
ing a fairly extensive initial mixing (even to 10 ft (Case I)), 
we may be overestimating the threat from intake of outside 
vapor. The crux of the matter is how close to the point of 
volatilisation the turbulent-diffusion phenomena take over, 

*** Per Equation D.6, the half-life is inversely proportional 
to K^, everytning else being equal. 

***★ Per Equation D.7, the intake, Q, is inversely proportional 
to K,., everything else being eque. i. 
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Initial distribution space: As in Case 1 

Initial distribution : Cosine plus sino 
(moi (j unif orm) 

Samp Iinq at S It height (peak concentration) 
rather than at ground surface. 

Results : 

Diffusion half-life: 35 sec (as in Case I) 
(Eq. D.R) 

Shelter intake, 0: 400A Ci/person 
(Eq. D.9) (as in Case II) 

For the turbulent-diffusion situations thus far 

considered, which represent the ordinarily most dangerous 

situations (outside of temperature inversions) from the point 

of view of shelter intake of radioiodine vapor in infinite 

fields, the threat (with Case III excluded for reasons there 

given) appears to be a factor of perhaps 10 to 30 times that 

from trapped particles (in the fallout and shelter situation 

of the oxample problem). However, even the factor-of-30 

increas*' does not appear to change the conclusions of Sub¬ 

section 4.2 above, particularly when the major pertinent miti¬ 

gating factors there cited (low volatilisation rate from dry 

fallout particles; radioiodine depletion in arriving fallout, 

due to Iractionation during formation; and diminished effec¬ 

tiveness of T-131 dose to thyroid in producing pathology) ar- 

taken into account. For example, if the volatilization rate 

of iodine from dry fallout particles is truly only 0,00025% 

per day, the best available figure, then the factor-of-30 

increase would change the less-thun-0.005 rad infant thyroid 

dose in the trapped-particle situation (based on data of 

Table 4.4) to the order of much leas than 0.15 rad, still in 

inconsequential dose. If the volatilization rate were of the 

order of 10% per day (volatilization half-life ca. 1 week). 
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then an upper limit for the ultimate infant-thyroid dose from 

outside radioiodine vapor would be 30 times the figure of 

(less than) 135 rad calculated in Subsection 4.2 above, or 

(less than) about 4000 rad, mostly from the less effective 
★ 

1-131. Fractionation depletion would reduce this to the order 

of about 1000 rad (again mostly from relatively ineffective 

1-131, so that the effective dose would be something over 

100 rad). More importantly, with this slow a volatilization, 

the bases for the turbulent-diffusion calculation will collapse, 

as discussed earlier in Subsection 4.3; the effect is to reduce 

the calculated thyroid doses very drastically, due to extremely 

rapid vertical and horizontal dissipation of the vapor as pro¬ 

duced, relative to the volatilization rate. The reader should 

recall also that the doses given are for the worst possible 

location in the fallout pattern. 

The outside-vapor threat can be enhanced if fall¬ 

out particles deposit in nearby bodies of water or even in 

puddles, or if rain occurs after deposition. As demonstrated 

in Appendix B, a large fraction of the radioiodine in even the 

larger siliceous particles of interest is susceptible to (pre¬ 

ferential) leaching by water; in dissolved form the iodide is 

immediately available for oxidation and volatilization. The 

latter phenomenon is documented in, for example, Yuill, et al. 

(1970). Leach rates from purely siliceous particles are slow 

(half-lives of the order of days); thus, the conclusions in 

the preceding paragraph with respect to slow volatilization 

(1-week half-life) are not likely to change very much, even 

if siliceous particles should enter water bodies. However, if 

* While there is absolutely no justification for assuming that 
instantaneous volatilization at tc (fallout-cessation time) is 
possible, the calculated appropriate (unmitigated) infant-thyroid 
dose of 18,000 rad (185 x 3.3 x 30) is noted here for the sake 
of completeness. 

** In the fallout situation, where the radioiodine will be essen¬ 
tially carrier-free (except for background levels of natural 
(stable) j Une), the driving force for volatilization may be 
lower than in the reported experiments, because the solubility 
(as iodine) will not be exceeded. 
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the fallout particles contain calcium oxide and related 

compounds, as a result of surface bursts: (1) on limestone- 

containing soils; and (2) in cities with high densities of 

concrete in streets and in structural slabs; then the more- 

rapid solubility of iodine from such particles could lead 

to significant doses from ingress of outside radioiodine vapor 

in the stable atmospheren considered in this Subsection. The 

problem can become even more important in temperature inver¬ 

sions, as discussed in the next Subsection. 

In the normal-atmosphere context, calculational 

results should not be pushed too hard, because of uncertain¬ 

ties as to vertical turbulent-diffusion coefficients, effects 

of nearby structures on vapor dissipation, diurnal variability, 

etc., as discussed in Appendix D, Subsection D.3.1 and else¬ 

where in this report. 

4.3.2. Temperature Inversions 

The calculational basis for the evaluation of 

ingress of outside radioiodine vapor in a temperature—inversion 

situation is presented in Appendix D, Subsection D.3.2.- Three 

time regimes are required: the first, as in the normal-atmos¬ 

phere situation, is the exponential dropoff within the shallow 

initial—distribution layer, essentially complete after about 

5 diffusion half-lives. At the end of this first regime, the 

iodine concentration in air at the shelter ventilation intake 

is not 2erc, however, but rather the average concentration 

with the total iodine distributed uniformly throughout the 

(thicker) inversion layer. The sample calculation is based 

* That is, A Ci (from the ground-deposition density, A Ci/ft2) 
are distributed uniformly through a column, of cross section 
1 ft2, whose length is the thickness of the inversion layer. 
Note again that instantaneous volatilization has been assumed, 
for purposes of comparison. 



I 
4-35 

on a 10—ft—thick initial do. 'tribution* as bafora; the inver¬ 

sion layer is taken to be 500 ft thick. 

The second regime, lasting for the life of the 

inversion (taken to be 24 hr in the sample calculation), is 

one in which the iodine concentration in the sampled air is 

constant, at the average (uniform) figure existing at the 

end of the first regime. The third regime starts with the 

dissipation of the inversion; it is treated as a straight¬ 

forward upward turbulent diffusion like that of the first 

regime, except that the starting average concentration is 

that of the second regime (adjusted for a cosine-plus-sine 

representation of the starting uniform distribution), and 

the starting-layer thickness is that of the inversion itself. 

All other independent variables are as in the basic calcu¬ 

lation of the noBlnai-atmosphere situation, except that the K 

the first regime is taken to be a factor—of—five lower 

than that for the "normal" situation considered earlier, to 

reflect the fact that turbulence at ground level will be some¬ 

what less during the inversion than it is in a normal atmos¬ 

phere. The results of the calculation are as follows: 

Regime It Diffusion half-life: 165 sec 
Shelter intake, Qjt 2750A Ci/person 

Thus, during Regime I alone (because of the 
factor-of-five reduction in Kz) the shelter ventilation 
system takes in, per person, outside radioiodine vapor 
equivalent to the total (decay-corrected) radioiodine 
in 2750 cm2 (3.0 ft2) of ground deposit. This is 150 
times the (per-peraon) trapped-particle radioiodine 
noted early in Subsection 4.3 (0.02 ft2 equivalent) for 
the first example problem. Note that the "infinity" 
(5 diffusion half-lives) for Regime I for this situa¬ 
tion is about 15 min. 



Regime II: The second regime lasts for the remaining 
23.75 hours of the inversion duration. The shelter in¬ 
take of radioiodine vapor is simply the product of the 
ventilation rate and the (constant) cr.icentration exist¬ 
ing at the end of Regime I. Because of the assumed 
uniformity of concentration during the inversion, the 
intake at ground level would be the same as that any¬ 
where else in the inversion. 

Shelter Intake, Qjj* 12,500A Ci/person 

Thus, during the inversion the shelter 
ventilators take in (per person) outside radioiodine 
vapor equivalent to the total (decay-corrected) radio- 
iodine in 12,500 cm2 of ground deposit; i.e., in ca. 
14 ft2 of ground deposit. This intake is about 700 
times the (per-person) trapped-particle radioiodine 
noted early in Subsection 4.3 (0.02 ft2 equivalent) 
for the first example problem. The calculation shows 
that Regime II intake is almost 5 times that of Regime 
I if the inversion lasts as long as 24 hr. Intake 
in Regime II is, of course, proportional to the length 
(duration) of the inversion (and inversely proportional 
to the inversion height) so that for every 5.3 hrs 
that the inversion persists, there is an intake equi¬ 
valent to that of Regime I. 

Regime III; Diffusion half-life: 24 hr 
Shelter intake, QjjjS 13,750A Ci/person 

The large per-person intake (equivalent to 
the ground deposition on 13,750 cm2 (ca. 15 ft2), or 
about 750 times the (per-persor) trapped-particle radio- 
iodine intake) is probably a gross over-estimate, for 
several reasons. A less-stable situation (stronger 
winds) causing the breakup of the inversion would imply 
a value of Kz higher than the 800 cm2/sec used, hence a 
shorter diffusion half-life and a lower intake during 
Regime III. The 24-hr diffusion half-life calculated 
implies an "infinite" dispersion time of about 5 days. 
Even if the atmosphere causing the inversion to break 
up were not very turbulent (whereas it is more likely 
to be gusty), this calculated dispersion time is so 
long that it is quite unreasonable to continue to invoke 
the assumption, basic to all these calculations, that 
horizontal dispersion is not operative (because of the 
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semi-infinite deposit field). Experience indicates 
that« once conditions leading to an inversion disappear« 
the breakup requires hours« rather than days (except« 
perhaps« in confined situations such as narrow valleys). 

In summary« the presence of a temperature inver¬ 

sion during the volatilization of radioiodines from deposited 

fallout particles can markedly increase the shelter intake 

of radioiodine vapor. That intake is most sensitive (directly) 

to the duration of the inversion and (inversely) to the thick¬ 

ness of the inversion layer. However« because of the reduced 

turbulence there is a significant enhancement of intake even 

during the first stage of vertical dispersion« independent of 

inversion duration and thickness. There are limits to the 

effect of an extended inversion period« in that the finite 

limits of the fallout field lead to an enhancement of the 

effect of horizontal dispersion« thus dissipating the iodine 

vapor more rapidly« as time goes on. The effect is more dras- 
2 

tic than a straightforward inverse-r reductic.. of concentra¬ 

tion« since the turbulent-diffusion coefficients for horizontal 

dispersion are about 4 times as large as thos?.< for vertical 

dispersion. 

As calculated« the total (three-regime) shelter 

intake of radioiodine vapor« per person« during and immediately 

following a temperature Inversion of duration 24 hr and thick¬ 

ness 500 ft is about 850 to 1550 times the (per-person) trapped- 

particle radioiodine noted early in Subsection 4.3 for the 

first example problem« depending on the Importance attached 

to the third regime. For purposes of thyroid-dose calculation« 

let us accept half the calculated Intake for Regime III« lead¬ 

ing to an enhancement factor of« say« 1200. Then the infant- 

thyroid doses can be estimated as in Subsection 4.3.1.« based 

again upon the values in Table 4.4. 
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With a volatilization rato (iodine iron: drv 
fallout particles) of only 0.00025% per day. the t ent- 
available fiquro. the factor-of-1200 increase would 
etiange the less-than-0.005 rad infant thyroid dose in 
the trapped-particle situation to the order of much 
less than 6 rad, which would still be a small fraction 
of the whole-body dose likely to be accrued in the 
example situation. 

If the volatilization rate were of the order 
of 10% per day (volatilization half-life ca. 1 week), 
then an upper limit for the ultimate infant-thyroid 
dose from outside radioiodine vapor would be 1200 times 
the figure of (less than) 135 rad calculated in Sub¬ 
section 4.2 above, or (less than) about 160,000 rad, 
mostly from the less-effective I-131Î Obviously this 
upper limit is so high that even the mitigating 
factors discussed earlier cannot remove the threat. 
Fractionation depletion would reduce the upper limit 
to about 40,000 rad (again, mostly from relatively 
ineffective 1-131), but at best this would still leave 
an effective dose of over 4,000 rad, which would 
destroy or at least seriously damage every thyroid 
so exposed. It is true that this slow a volatilization 
would collapse the bases for the turbulent-diffusion 
calculation, in that there would be extremely rapid 
vertical and horizontal dissipation of the vapor as 
produced, relative to the volatilization rate, so that 
the calculated thyroid doses should be drastically 
reduced. Thus, the above final effective dose of 
something over 4000 rad is very much an upper limit 
(with a one-day inversion). Nevertheless, the calculated 
doses are high enough so that the threat cannot be 
ignored, if one accepts the possibility of a volatiliza¬ 
tion rate implying a half-life of one week?* 

* For the sake of completeness, we note that, while there 
is absolutely no justificatioi. for assuming that instantaneous 
volatilization at tc (fallout-cessation time) is possible, the 
calculated appropriate (unmitigated) infant-thyroid dose is 
about 730,000 rad (185 x 3.3 x 1200). 

** The calculated doses become more realistic in, for example: (1) 
confined situations, such as narrow valleys; or (2) situations wh< k 

temperature inversions last longer than one day; or (3) situ i- 
tions where inversion layers are less than 500 ft thick. 
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As in the concluding remarks in Subsection 4.3.1., 

we note that, while an iodine volatilization half-life of the 

order of one week does not appear to be reasonable for dry 

siliceous particles, an effective volatilization rate of this 

magnitude is possible if fallout particles come in contact 

with bodies of water, and even faster ultimate release to the 

atmosphere may occur if particles thus leached contain calcium 

oxide and related compounds in significant percentages. 

4.4. Summary 

On the basis of the best available information, it 

appears that in the nuclear-attack context the only situation 

in which inhalation of radioiodine can create a threat that 

must be countered is one in whicht (1) a long-lasting 

temperature inversion accompanies or immediately follows 

the arrival of high levels of local fallout; and (2) there 

are significantly large areas of shallow water nearby, in 

which fallout particles (particularly if they contain signi¬ 

ficant percentages of calcium oxide and related compounds, 

deriving from limestone or concrete at the burst point) can 

deposit (heavy rains accompanying or immediately following 

fallout arrival would enhance iodine volatilization; however 

they are not likely to be associated closely in time with 

temperature inversions). 
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Clearly, the important variables* in this specific 

kind of threat situation are almost impossible to parameterize 

for planning purposes; thus, it is not feasible to calculate, 

for a given assumed attack, the number of individuals who will 

bo (ultimately) injured if not protected (at the time of fall¬ 

out arrival) against the effects of intake of radioiodine. 

Nevertheless, the threat of such injury appears serious enough, 

and the cost of the appropriate countermeasure (administration 

of blocking iodide) low enough, so that it is worth planning 

such a countermeasure. 

* These includes (1) particle composition (calciuir content 
and fractionation depletion); (2) iodine volatilization rates 
from dry particles; (3) iodine leach rates into water; (4) 
effects of water depths on ultimate release rates; (5) local 
area covered by different ranges of water depth; (6) tempera¬ 
ture-inversion probabilities, heights and durations; etc. The 
composite of these variables would have to be related, of course, 
to the assembly of variables used in standard evaluation of 
fallout consequences (fallout levels, shelter protection fac¬ 
tors, deaths due to other effects of nuclear weapons, etc.). 
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SECTION V 

BLOCKING AS A COUNTERMEASURE 

5.1. Introduction 

The basis for the use of blocking as a countermeasure to 

the uptake of radioiodine(s) by the thyroid is implicit in the 

mechanisms discussed in Appendix E. In this Section, "blocking" 

will refer specifically to the oral administration of stable 

(non-radioactive) iodine, in iodide form, immediately prior to 

or during an expected intake of radioiodines, or as soon there- 
★ 

after as possible. 

* Any substance that interferes with the iodine-uptake and/or 
-conversion process in the thyroid can be considered a blocking 
agent. The so-called antithyroid drugs, such as: (1) thiourea 
and thiouracil and their derivatives, which inhibit the oxidation 
step in the organification of iodide in the thyroid follicles; 
and (2) KCNS and KCIO4, which inhibit the selective absorption 
of plasma iodide by the thyroid; fit this definition. So does 
thyroid hormone itself, whose continuing administration obviates 
the need for further hormone production by the thyroid, and thus 
reduces the uptake and conversion of inhaled or ingested iodine. 
All of these are eliminated from further consideration here 
because of one or more of the following considerations* (1) 
expense and/or limited availability; (2) uncertainty as to long¬ 
term storage stability; (3) possible danger in administration to 
large populations; (4) later operation in the uptake cycle than 
for iodide, leading to potentially higher lonizlng-radlation 
dosage from retained radioiodine. In effect, there is no reason 
why other blocking agents should generally be preferable to 
iodide itself, and many reasons that argue against their use. 
Radiolodlnes firmly incorporated in the thyroid cannot be effec¬ 
tively removed by any of the inorganic or organic substances 
mentioned. However, thyroid-stimulating hormone (TSH), admini¬ 
stered i.v., can accelerate the release of such radioiodines. 
It would have its major effectiveness only against longer-lived 
1-131. Its safety in long-term administration to large normal 
populations is untested. 



. lofJirJe rir ci blocking 'Kjont in principle oper.iten rrminly 

bY ,nr'an;' °f a straightforward isotope-dilution mechanism. Th. 

exf'orimonts of Vought and London (1067) indicated that in adult 

humans there is an obligatory excretion of (at least) about 

CO jag of (stable) iodine per day, indspendent of the iodine 

intake (this^implies an obligatory intake of the same quantity, 

for balance); with intakes much higher than 60 ¿ig/day the frac¬ 

tion of intake excreted approached unity. Similarly, it is 

known (Pochin, 3965) that the output rate of thyroxine from the 

normal thyroid is constant, independent of the dietary input 

rate of iodine, within very wide limits. Thus, in the absence 

of continuing buildup of iodine levels in the thyroid, it is 

cl. - tr that the daily uptake of iodine by the gland is relatively 

constant, despite variations in the amount of circulating iodide. 

(However, on a one-time administration basis, it is possible 

that some fraction of an excess intake of stable iodide will be 

taken up by the thyroid). The results of Schneider (1964) and 

of Rosenberg, LaRoche and Ehlert (1966) indicated that iodine 

was processed by the thyroid on a "last come, first served" 

basis; that is, new iodine did not mix homogeneously with the 

old stores in the thyroid, and the freshest organified iodine 

left the thyroid earliest. 

Thus, if an unavoidable one-time intake of radioactive 

iodine (essentially carrier-free) is immediately accompanied 

by administration of a massive (say order of hundreds of milli¬ 

grams) dosage of non-radioactive iodide?* the dilution effect 

and the overloading of the thyroid-uptake mechanism will mean 

* Wolff (1969) states that the normal thyroid releases about 
no ^ig of iodine daily and that, since renal clearance is about 
twice that of the thyroid, the required daily intake is aoout 
<-00 ¿lg. others generally report the required intake at about 
1/P mg, or about 125 jug. 

** It is to be emphasized that the accepted normal thyroid 
uptakes of the order of 20-40% cf (ingested) intake are asso¬ 
ciated with the normal daily stable-iodine intakes cf the order 
of tens to l«*w hundreds of micrograms. 
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in principle that most of the total-iodine intake (and the same 

(hiqh) fraction of the radioactive-iodine intake) will not be 

taken up by the thyroid, but will be retained in the circulation 

and rapidly excreted. Ionizing radiation doses to the blood and 

to other organs irradiated during circulation of the radioiodine 

are inconsequential. 

If radioiodine is ingested or inhaled over a long period, 

then the blocking agent must be administered essentially over 

the whole period to provide complete protection. While smaller 

blocking-agent doses will probably provide good protection after 

the administration of a large initial dose, the continuing admini¬ 

stration, even of the smaller doses, may lead to side effects 

in some individuals (see detailed discussion in Subsection 5.3 

below), It is known that high doses of inorganic iodine com¬ 

pounds taken for extended periods will provoke iodism, chronic 

iodide poisoning, which is manifested by: increased respiratory- 

tract secretions; gastrointestinal symptoms such as vomiting and 

diarrhea; fever; skin lesions; mental disturbances; and occa¬ 

sional inflammatory reactions involving the salivary glands, 

pharynx, and larynx (the last being a magnification of the 

expectorant effect of iodide, commonly used in medical practice). 

Other possible effects include hypothyroidism, goiter, or even 

hyperthyroidism, in rare individuals. None of these conditions 

is believed to be irreparable. The consequences to the fetus 

of excess iodine intake in the mother represent a special case. 

The blocking effect of stable iodide is an important con¬ 

sideration in the development and application of medical diagnos¬ 

tic techniques involving radioisotopes. Inadvertent intake of 

large quantities of stable iodide would, of -ourse, compromise 

the results of thyroid-uptake (function) and thyroid-scanning 

procedures based on 1-131. On the other hand, there ar^ other 

kinds of function and scanning procedures making use of radio- 



iodine in which thyroid uptake of radioiodine would be an 

undosired effect. For these, administration of thyroid- 

blooKin.; dosai res of stable iodide is a .standard procedure! 

Thus, despite the known potential side effects from the 

administration of the quantities of iodide required for 1lockinq, 

the inherent safety of the technique (at least for a one-time 

administration) is illustrated by its widespread use in medical 

diagnostic practice. Rodden, 3uta and Woisbecker (1969, 1970) 

conducted a survey of the use of radionuclides in medicine, 

based on 1966 as the reporting year!* In that year, 1-131- 

laboled albumin was used in lung scans on some 23,000 patients; 

iodide was used as a blocking agent in 83% of those procedures. 

1-1?5/i-131-labeled fats were used in fat-absorption tests on 

about 8,000 patients; iodide as a blocking agent was used on 

67% of those tests. Similarly, I-125/I-13l-labeled albumin 

was used in placenta scans on some 4,000 patients, with iodide 

as a blocking agent on 90% of the procedures. Finally, Tc-99m- 

labeled pertechnetate was used in brain scans on about 64,000 

pat Lents, with iodide used as a blocking agent (to screen 

unstudied parts of the brain from Tc upt ike) In 65% of the 

test.::. For each procedure, many patients received more than 

on< • test In the reporting year. 

As a result of these and other indications of the general 

safe* ■/ of the administration of blocking iodide, the procedure 

lias teen recommended by scientists and civil authorities for 

* Also, fox some procedures involvinu other radioelemer.ts, 
stable iodide is used in a blocking mode. 

The very widespread use of radionuclide procedures In general 
is illustrated by the 1966 figures for the most important of 
them: (1) thyroid function (uptake), with 1-131-labeled Hal - 
300,000 patients/ (2) thyroid scan, ilso with 1-131-labeled 
Hal - 154,000 patients. 
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uso in the event of reactor accidents (such as a Windscale- 

type release) and in the nuclear-attack/civil-defense context. 

For example, Lengemann and Thompson (1963) (Supplementary 

Reference List) discuss the approach in their review article, 

stating: 

"This procedure would have particular merit for indi¬ 
viduals who may become exposed as a result of an 
occupational incident. M's' of the efforts in this 
area have investigated ti >e of stable iodine as 
the thyroid blocking agent, oecause it is usually well 
tolerated, large amounts do not materially affect 
renal clearance of 1-131 and it can act as a diluent 
of 1-131 in tissues that do not have an iodide-trapping 
mechanism." 

United Kingdom planning against the iodine-inhalation threat 

in a nuclear-power-station accident is illustrated by Holbrook 

(1965): 

1. Tn certain cases, it may be possible to postpone 
a decision on evacuation until the effects of admini¬ 
stering potassium iodide tablets to members of the 
general public have been assessed.... The tablets are 
quite safe and have no side effects and their use has 
been approved by competent medical authorities. The 
decision to issue these tablets rests with the Emergency 
Controller and the police will be responsible for their 
issue to the local population. Stocks of these tablets 
will be held at the District Survey Laboratory, together 
with appropriate instructions regarding correct dose." 

In the nuclear-explosion context, deGroot and Stanbury (1969) 

recommend the administration of potassium iodide, in a dosage 

* See also Adams and Bonnell (1962), who provide a more 
detailed rationale, in the same context (U.K. accidents). 
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of lOmg/day for persons over 10 years (including pregnant 

women), the prophylaxis to be instituted: 

".on indication of possible fallout contamination, 
and continued until environmental contamination has 
been judged safe by appropriate Civil Defense authori¬ 
ties. " 

They, too, cite the safety of the procedure for most of the 

population, while recognizing the potential dangers for some 

individuals: 

"Present widespread usage of similar quantities of KI 
in cough syrups, asthmatic preparations, and anti¬ 
septics indicates it is rarely harmful, although it 
must be noted that no published experience with admini¬ 
stration of this dose of KI to large population groups 
is available. Injections of iodinated oil (0.1 - 0.5 
gm iodine) have been given to several thousand individuals 
for control of endemic goiter without adverse effects. 
.Persons taking prophylactic KI should be advised 
to consult a physician if they develop thyroid en¬ 
largement, nervousness and weight loss, or other un¬ 
explained symptoms while on the medication." 

The remainder of this Section is devoted to: (1) a 

review of the effectiveness of blocking, as related to the 

dosage of stable iodide (Subsection 5.2); (2) a more detailed 

examination of potential side effects of the administration 

of stable iodide (Subsection 5.3); (3) a brief discussion of 

methods of administration of iodide, with associated pro¬ 

duction and application logistics and estimated costs (Sub¬ 

section 5.4); and (4) a summary of the blocking approach 

(Subsection 5.5). 

* Recommended dosages for younger persons are: 5 mg/day for 
ages 1 - 10, and 2.5 mg/day for infants. Production would be 
as scored KI tablets of 5 mg mass, or as KI solution, 50 mg/ml 
(one drop = 2.5 mg). 
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5.2. Effectiveness of Blocking 

mocking effectiveness should be viewed in the per¬ 

spective of the normal behavior of the thyroid with respect 

to the uptake of iodine. As discussed in Appendix E, the 

normal required daily intake of iodine is of the order oí 

1/8 mg, and about 20^ of this intake is taken up by the 

thyroid of the average normal adult or child, this fractional 

uptake being essentially complete within 24 hr. 

A brief review of the literature on blocking through 

19G3 has been reported in Lengemann and Thompson (1963) 

(Supplementary Reference List). The important conclusions 

are summarized in this paragraph: Experiments on rats had 

shown that administration of a large amount of iodide as 

early as 12 hr before or as late as 3 hr after intake of 

radioiodine suppressed 1-131 uptake to 1/3 or less of the 

normal uptake, the best results being obtained when the blocking 

agent was given 3 hr prior to the radioiodine. In tests on 

humans, simultaneous oral administration of 100 mg of stable 

iodide reduced the 1-131 uptake to 10% of that of the control 

group;* if the administration of the blocking agent was delayed 

* Uptakes in normal (euthyroid) adults have been reported to 
range from 6% to 45%, those for euthyroid children covering 
an equally wide, but higher, range, with some euthyroid children 
taking up substantially more than 50% of the intake. For most 
evaluations of the consequences of ingestion of radioiodine, the 
20% figure is used for both children and adults. 

** The 10% figure (based on the detailed measurements reported 
by Adams and Bonnell (1962)) was valid for both normal and hyper¬ 
thyroid subjects. The figure applies to the uptake 24 hrs after 
1-131 ingestion (and later). When blocking iodide is administered 
simultaneously with 1-131, thyroid content of 1-131 (at leant lor 
the hyperthyroid subjects —— no histories were shown for the normal 
subjects) actually peaks at about 2-4 hrs, at a level perhaps 25-5()/, 
of that for the controls at the same time. Therefore, while the 
infinity dose from 1-131 would be close to 10% of that for the 
control group in this situation, the doses from the shorter-lived 
radioiodines would be greater than 10% of those for the unpro¬ 
tected population. 



for 4 hr, the relative uptake rose to 50? . If exposure of a 

lar*je population to radioiodine is expected to be continuous 

over a long period, requiring inhibition of thyroid uptake for 

a Long time, there may be some danger in prolonged administra- 
it 

tion of the high doses recommended for the one-time intake. 

It would appear that the smallest dose possible is preferred. 

In a long-term study (Lengemann and Thompson are here quoting 

Snxena, et al. (1962)) it was found that a dose of 3-4 mg of 

iodide for adults and 1-2 mg for children was the minimal 

effective dose that could suppress thyroid uptake. At these 

levels, suppression was found to begin almost immediately 

after ingestion, with perhaps a 50% reduction in 1-131 uptake 

by 24 hr. With continued intake of iodide, a gradual decrease 

in 1-131 uptake occurred, until a minimal value of about 5% 

of intake (i.e., about a fourfold reduction in the normal 

(control) uptake of 20% of intake) was reached at 4-6 weeks. 

It was felt that these (low) levels of administered iodide could 
* * 

be sustained for long periods without ill effects. 

Here detailed information on blocking can be found in 

the literature, particularly in publications since that of 

Lengemann and Thompson (1963). The points to be considered in 

tills brief suivey include: (1) relationship between blocking 

dosage and resulting uptake, with emphasis on minimum dosages 

* For example, the dose recommended by Pochin and Barnaby 
(1962), which was 200 mg of iodine (as Kl); those authors con¬ 
sidered this dose safe for one-time administration, on the 
grounds that ".... it is of conventional sice in normal medical 
use, comparable or larger doses commonly being given several 
times daily for long periods in expectorant cough medicines, 
and rarely causing toxic effects". 

** Some implications of the results of Saxena, et al., will b^ 
discussed later in this Subsection. 



required; (2) duration of protection, possibly as function of 

blocking dosage; and (3) effects of mode of administration. 

Pochin (1965) points out that most normal-uptake measure¬ 

ments are based on intake as iodide; results can probably be taken 

as valid lor any soluble inorganic forms (or even simple organic 

forms), these being converted to iodide before pass rje through 

the thyroid or else accepted by the thyroid as received. This 

generality (interchangeability) applies to the concept of uptake 

half-life (that is, a half-life for removal of circulating 

"iodide" by the thyroid) of about 6-8 hr (see Appendix fc) for 

further discussion). Such a half-life implies that at least 

90% of the ultimate thyroid burden from a single normal intake 

is accumulated within the first 24 hr. 

One of the important results stated by Pochin is that a 

small increase in stable-iodide intake has a very small effect 
+ ★ 

on uptake. For example, if the normal daily intake of 1/8 mg 

is trebled (and this new daily dose maintained), there is a 

delay of 1-2 weeks before a new, lower uptake percentage is 

attained. On the other hand, as Pochin states, careful mea¬ 

surements have shown that with a massive dosage of 200 mg of 
ic 'k 

iodide, uptake from a one-time intake of radioiodine stops 

(cumulative uptake stops rising) v/ithin 15 minutes of the admini¬ 

stration of the blocking dose. Thus, even if the blocking proo - 

dure is delayed by 6-8 hr, there is still a saving of one-half 

* Ng (James, 1964) used a half-life of about 5 hr in his calcu¬ 
lations (See Appendix A, Subsection A.3). 

** Iodized salt contains 0.01% KI, which is about 75% I by weight. 
If the normal intake of iodine comes entirely from iodized salt, 
one would have to consume ca. 1.7 g (ca. 0.06 oz.) of iodized rail 
daily to remain in balance. 

The quantity found in about 6 lbs. of iodized salt. *** 



Mt' r.otí ritial 1 onizinq-radiation dose froin 1-131 (but less 

protection from the shorter-liv^ed raciioiodlnes). The best 

protection requires concurrent or advance administration of the 

blockinq iodide. A larqe dosage (say 200 mg) of blocking iodide 

is effective lor about 24 hr; that is, no resumption of uptake 

has been noticed in the first 24 hr after administration (the 

rebound is about 50% in 3 days). This behavior provides addi¬ 

tional protection where the intake of radioiodine is not instanta¬ 

neous, but rather occurs over, say, a 24 hr period. Longer-term 

delivery of radioiodine to the system would require repeated 

administration of the blocking agent. Finally, Pochin confirms 

the statement. (;’ee Subsection 5.1) that radioiodine already 

deposited (and "fixed") in the thyroid can be removed only by 

administration of thyroid-stimulating hormone (TSH) (he says 

intramuscularly), a procedure that he admits has appreciable 

potential hazards for a large population . 

Cuddihy (1966) investigated thyroidal uptake of 1-131 in 

seven "adolescents" (actually down to age 7) and four adults. 

Over a 14-day ingestion period (equal daily intakes of the 1-131), 

the percent uptake, with no blocking agent administered (in fact, 

with the diet strictly controlled to omit all known major sources 

■i iodiii' (iodized salt, sea food, iodine-containing medicine)), 
ic 

w.is ¡dont ¡cal tor both groups of subjects, averaging about 23%. 

The turnover rate was slightly higher in the "adolescent" group. 

A group of four individuals was continued on 1-131 intake for 

another 14 days, with low levels of blocking agent administered 

daily. Two 8-9 year olds received 1.8 mg of l” daily; their 

uptake dropped to an average of about 14% (about 60% of normal 

* Cuddihy points out that European uptakes are generally closer 
to 50%. This is ascribed to the lesser quantities of iodide 
in the European diet (leading to a long-term adaptation by means 
of higher uptake). 



upt.ike). Two ddultn ..god 22 and 23 roceived an avor in- of 4.1 

hr i ot 1~ daily; thoir uptak« dropped to an average o d>)ut ' 

(about 3^ of norm 11 uptake). Cuddihy extrapolated the::«; ro;'u I ' : 

to imply that a pharmacological dosage o£ 10 mg of iodide vr \) I 

dro: the uptake to about 4% (about 11% of normal uptake); this 

extrapolation depended partly on the quoted results (plotted 

by Cuddihy) of other authors. Cuddihy states# "It appeal 

that the maximum blocking effect can be obtained with about 1 

mg of stable iodine. Any iodine in excess of this amount will 

probably not lead to any further substantial reduction in the 

percent of uptake." This statement# while reasonable in the 

face of the apparent leveling off of uptake between about 15 

and 80 mg of blocking iodide (Cuddihy*s plot of his own data 

plus that of Hamilton and the partial results of Adams and 

Bonnell)# ignores the other (cited here) results of Adams and 

Bonnell (1962) which show only about a 10%-of-normal uptake with 

a blocking dosage of 100 mg of iodide# and also seems to side¬ 

step the potential of the combination of; (1) isotope dilution; 

and (2) the limited capacity of the thyroid; for reducing the 

uptake, without limit# us the blocking dosage is increased. 

Ramsden, et al. (1967) performed a very detailed blocking 

study on nine adult volunteers who had been on a low-iodide 

diet# such that their normal uptake was about 40%. Thyroid- 

uptake and urinary-excretion patterns were followed closely; 

measured values were compared with predictions of a four- 

compartment model, in which rate constants could be varied to 

simulate complex behavior# for example a change in the uptake 

* J.G. Hamilton (Radiology 39# 541 (1942)) had measured an up¬ 
take of ca. 3.5% with a blocking desageof ca. 15 mg; Adams and 
Bonnell (1962) had a point at ca. 3.0% uptake with a blocking 
dosage of ca. 75 mg. 
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constant, as the thyroid becomes blocked. Two versions of 

the model wem applied*. (1) a straiqhtforward dilution model, 

in which the uptake constant, k1# is a function of the daily 

dietary intake? and (?) the* Adams and Bonne*! 1 (1962) model, in 

which k1 is a function of the thyroid burden of iodine. In 

either version, ^ drops as blocking is applied. It turned out 

that the latter model provided a better fit to the experimental 

data on the recovery (rebound) from blocking. Ramsden, et al. 

point out that under normal intake conditions, i.e., at equili¬ 

brium, the quantity of iodine transferred from the iodide space 

(plasma) to the thyroid is about 70 jid/day. At equilibrium, 

this figure must measure also, of course, the obligatory in¬ 

take and the obligatory excretion, in agreement with the already 

died figures of Vought and London (19C7). Ramsden, et al. 

state further that the iodine capacity of the thyroid is quite 

limited, the normal burden of about 8.0 mg of iodine being 

raised to a maximum of only about 0.4 mg after achievement of the 

totally Mock* d state. During recovery from blocking, the trans¬ 

fer rate of iodine from the iodide space to the thyroid is fairly 

constant, ca. 3 jig/hr, or ca. 70 jrg/day. 

Ramsden, et al. considered one of the principal results 

of their investigation to be that the minimum amount of stable 

iodine needed to block thyroid uptake completely was about 30-40 

mg. Supporting evidence was that, at this level of intake, thy¬ 

roid uptake ceased within about 30 minutes of the administration 

of the blocking dose. This observation was based primarily on 

a series of measurements (Group B) in which a blocking dose of 

100 mg of I- was administered shortly (1.5-5.5 hr) after intake 

of radioiodine, and the resulting 30-hr uptake was compared 

with the known uptake (at the time of administration of the 

blocking agent) in the unblocked situation. From a radiation- 

dosimetric point of view, a more significant measure of required 

blocking dosage may come from another series of measurements 

(Group A), in which the blocking dose was administered 24 hr 



prior to the radioiodine, and 1-131 uptake was then followed for 

about 24-48 hr. The interesting measure in the Group-A series 

is the percent uptake of 1-131 by the thyroid, as a function of 

blocking dosage. The volunteer who received a blocking dosage 

of 37 mg of l" had a 30-hr uptake of 6%. With a blocking dosage 

of 124 mg of l“, the 30-hr uptake was 296. Finally, with a block 

ing dosage of 247 mg of I , the 30 hr uptake was recorded as 0¾. 

This implies that with simultaneous (or slightly delayed) admini 

stration of the blocking agent, a dosage of 200-250 mg would 

certainly drop the radioiodine uptake to (effectively) 0%, but 

a dosage of only 30-40 mg might not. 

The conclusions and recommendations of Ramsden, et al. are 

as follows: 

Í 

1 

1 

t 

I 

For a massive instantaneous intake of radioiodine, 
protection would be provided by a first blocking dose of 100 mg 
of iodide, given as soon as possible (no later than 6 hr after 
exposure). Where exposure can be anticipated, more complete 
protection is provided by administration of blocking iodide 
1 hour before exposure. In this acute-exposure situation, the 
one blocking dose is sufficient to stop further uptake by the 
thyroid. However, if any uptake has occurred, recycling and 
reabsorption of radioiodine (particularly the longer-lived 
1-131) is possible. Reabsorption can be minimized by continu¬ 
ing administration of lower dosages of blocking agent, say 30 mg 
daily for 8 days. 

For chronic exposure to radioiodine, continuing 
blocking doses are required. Regimes that can keep uptake below 
1% of normal are: 

a. 250 mg I- every 2 days; total 10.0 g 
over 80 days. 

b. 100 mg I- every day; total 8.0 g over 
80 days. 

c. 35 mg l” every 12 hr; total 5.6 g 
over 80 days. 

* The uptake for this normal subject peaked (at about 3%) at about 
3 hr after radioiodine intake. This history is similar to that 
noted earlier for the hyperthyroid subjects in the investigations 
of Adams and Bonnell (1962). Whether the effect is real or an 
artifact due to undercorrection for the extrathyroidal neck radio¬ 
activity (circulating 1-131) is not known. 
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Kor avoidance of rossible side effects, the last regime is 
recommended, in that it keeps total iodide administered to 
the lowest reasonable figure. 

Where the expected exposure is from consumption of 
contaminated milk, addition of one standard 300 mg KI tablet to 
each gallon of local milk would provide blocking for a population 
drinking about 1 pint of milk per day. Heavy use of iodized 
table salt would provide additional (or supplementary) protection, 
where water supplies (in the shelter context) were not limited. 

Blum and Eisenbud (1967) investigated thyroid uptake in a 

large population of healthy adult volunteers (37 men and 25 

women, all between the ages of 21 and 72). On the basis of 110 

control determinations on the subjects, it was found that the 

normal 24-hr T-131 uptake (no stable iodide added to a presumably 

normal diet) was 27.1 + 8.9% (std. dev.). Blocking studies were 

performed on 24 men and 17 women in the group, with dosages 

ranging from r> to 1000 mg of iodide (dissolved in cherry syrup), 

administration occurring either one hour prior to, simul¬ 

taneously with, or at specified times following administration 

of the radioiodine. 

The best statistics in the Blurn and Eisenbud investigation 

are those for simultaneous administration of blocking iodide 

and radioiodine. Thirteen subjects thus given 100 mg of l“ had 

a 24-hr uptake of 0.6 + 0.5 %; i.e., a reduction of 98 + 3 %. 

Ten subjects thus given 200 mg of l" had a 24-hr uptake of 

0.3 j_ 0.3 %; i.e., a reduction of 99 ^ 4 %. One subject thus 

given 1000 my of l” had a 24-hr uptake of 0.2 %. The authors 

conclude from this that dosages higher than 200 mg are of 

only marginal utility, and not worth the risk of side effects. 

Where blocking dosages of 100 mg or more were administered 

as late as 3 hr after the radioiodine (12 subjects), uptake 

reduction was still 60% or more; even for dosages of onlv 

25-50 mg, administered up to 3 hr after the radioiodine, all 

but one of six subjects experienced uptake reductions of 60% 
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or greater. 

The protection provided by administration of blockinq 

iodide long in advance of the radioiodine intake ic illustrated 

by sporne single-individual results of Blum and F i sen bud : 

"Age" of block- 
inn Aaent. hr 

Uptake, % 

Blocking 
Dosaae. mg 

Normal 
(Without Blocking) With Blocking 

48. 

72. 

1000. 
100. 
50. 
25. 

1000. 
100. 
50. 
25. 

27. 
28. 
31. 
24. 

28. 
22. 
35. 
24. 

0. 
6. 

10. 
24. 

10. 
16. 
14. 
25. 

Therefore, at the higher dosages, substantial protection continued 

for a few days after administration of blocking agent; thus 

continuing intake of radioiodine over a period of a few days is 

countered, at least in part. 

Those authors point out that for each of the cited results 

(all modes and times of blocking) the suppressive effect is better 

than the recorded reduction, because part of the body-counter 

reading of retained 1—131 actually comes from extrathyroidal 

iodine in the neck region, not totally corrected for. 

On the basis of all their measurements, Blum and Eisenbud 

conclude that the prophylactic administration of 100 to 200 mg 

of KI in anticipation of (or simultaneously with) exposure of, 

adults to radioiodines will largely prevent uptake by the thyroid, 

the. aby reducing the ionizing-radiation dose to that g lari i 
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of normal (unblocked) uptake). That Is, it is likely (for 

reasonable values of volatilisation rate) that,for most shelterees, 

intake of volatile radioiodine will be inconsequential in any 

event. At the other end of the spectrum of possibilities (namely, 

rapid volatilization (water-exposed calcium-oxide-containinq 

fallout particles) in an extended temperature inversion), the 

potential intake, and the resulting thyroid doses from ionizing 

radiation, may be massive indeed. Therefore, it is impossible 

to specify a desired level of blocking effectiveness. Intuitively, 

however, one feels that a 50% reduction in uptake, for example, 

would not be very valuable. Thus, the already cited daily 

blocking doser of Saxenu, et al. (1962) (1-2 mg of KI for children, 

3-4 mg for adults), which may have some utility against long-term, 

low-level intake, but which provide minimal protection against a 

one-time massive intake of radioiodine, are inadequate in the 

volatilized-iodine context in the shelter situation. It is felt 

that, on the ether hand, a reduction of 98-99% or more in the 

thyroidal uptake could provide significant protection for that 

part of the shelter population, if any, that is endangered by 

inhalation of radioiodine. This argues for a one-time admini- 

stration, even for children,of at least 200 mg of iodide (subject 

to the reservations with respect to side effects, discussed in 

Subrection 5.3 following), and for a long-term administration, 

if necessary, according (at least) to the recommended schedule 

of Kamsden, et al. (35 mg l” ever/ 12 hr; total 5.6 g over 80 

days) as noted earlier in this Subsection. 

It is unfortunate that blocking-effectiveness data for 

children are so limited, since, as often emphasized elsewhere 

in this report, the young child is the most vulnerable member 

of the shelter population, in that the ionizing-radiation dose 

to his thyroid is so much higher than the adult's for the same 

radioiodine Intake and percent uptake. This forces the recommen¬ 

dation that the child receive at least the same blocking dosage 

as the adult. Another special situation is that of the fetus 
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who:'o mother hor. inhaled the radioiodine mixture (see di neun ni on 

in Appendix l;, Sertion H.4) . The 6-month normal fetus, for 

example, is known to he thyrotoxic, in the sense that the fetal- 

thyroid uptake of iodine is almost 100% of that in the fetal 

circulation, which is about 1% of the mother's intake. Since 

the fetal thyroid is extremely small, even this 1% uptake (with 

respect to the mother's intake) leads to a fetal—thyroid ionizing— 

radiation dose that is greater than the mother's thyroid dose 

(Tanaka, etal., 1968). Furthermore, ionizing-radiation damage 

to the fetal thyroid may be disproportionately high because of 

the rapid growth of the thyroid during this period. Unfortunately 

(see discussion in Subsection 5.3 following), stable iodide 

administered to protect the mother (if blocking dosages are high 

and continue over a long period) is likely to produce very 

serious side effects in the fetus in an unknown (but possibly 

small) percent of situations. 

5.3. Side Effects 

As pointed out in the introduction to this Section, it is 

known that high dosages of inorganic iodine compounds taken 

by adults or children for extended periods will provoke chronic 

iodide poisoning, known as "iodism", which is manifested by: 

increased respiratory-tract secretions; gastrointestinal symptoms 

such as vomiting and diarrhea; fever; skin lesions (urticaria or 

iodorma); mental disturbances; and occasional inflammatory reac¬ 

tions (sialoadenitis) involving the salivary glands, pharynx 

and larynx, these inflammations being an intensification of the 

expectorant effect of iodide, commonly used in medical practice 

and in non—prescription medications. Other possible effects 

include hypothyroidism, goiter, or (in rare individuals) even 

hyperthyroidism. None of these conditions is believed to be 



irreparable. However, the consequences to the fetus of excess 

iodine intake in the mother represent a special situation which 

is extremely serious, sometimes leadirg to early death oí the 

newborn infant. 

Lengemann and Thompson (1963) review the side effects oí 

intake of preparations containing iodine or iodine-containing 

compounds? they point out that there had been no hesitation 

(prior to 1963, at least) in the use of such preparations in 

relatively large quantities for diagnosis, treatment or the 

relief of symptoms in such medical situations as X-ray visuali¬ 

zation, disinfection, syphilis, hypertension, bronchiectasis, 

asthma, and ordinary coughs. While it was known that increased 

protein-bound iodine (PBI) and low thyroid iodine uptakes may 

be produced by such intakes, persisting for days or even years, 

there had been relatively few untoward effects noted among 

large groups thus treated. Lengemann and Thompson state that 

an "allergic response" to iodine (presumably the iodism syndrome) 

may develop "in a few rare individuals" after use of small 

amounts of the element or its compounds, and note further that 

myxedema (the hypothyroid syndrome) and goiter had been shown to 

be induced by prolonged intakes, usually over periods of years, 

of hundreds of mg of iodide daily. One of the major character¬ 

istics of iodide goiter (the review of Wolff (1969) is summarized 

later in this Subsection) is that the symptoms disappear, and the 

individual returns to the euthyroid (normal) state, soon after 

cessation of excess-iodine intake. The 1963 review article 

states further that if large quantities of iodide are given to 

pregnant women, goiter can be produced in the fetus; if the 

goitrous thyroid of the infant is large enough the infant may 

not be able to breathe at birth. If the goitrous infant survives 

the initial difficulties in breathing (and other possible patho¬ 

logy) then, with cessation of excess-iodine intake, the goiter 

will usually regress and normal thyroid function will ensue. 

Another danger area is indicated by Lengemann and Thompson s 
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.T t-jt.ornent thnt long-term admi ni.''trat. Ion of iodide should be 

• ivoLdod 1 or individual.-, sufloring from chronic- renal (kidney) 

.,,1,1 cardiac failure, and in cases of pulmonary tuberculosis. 

For the healthy individual, even a one-time dosage (if largo 

enough) can load to aftereffects that are at least unpleasant, 

even if the intake does no apparent permanent damage. For 

example, in a 1959 study quoted by Lengemann and Thompson, 1.3 g 

of KI was administered orally to each of 14 adults. Within about 

12 to 48 hours, 10 of these people reported a mild to moderate 

sore throat. A few exhibited rhinitis (inflammation of the 

nasal mucous membranes), nausea, headache, acne, myalgias 

(muscle pains) and parotitis (inflammation of the parotid 

glands, as in mumps — in fact, this symptom is called "iodide 

mumps"). 3 individuals independently reported experiencing a 

metallic taste; nearly all confirmed this effect upon questioning. 

All in all, most of the symptoms were mild and subsided within 

48 hr. While it would be expected that few individuals would 

exhibit such symptoms with an iodide dosage of only 200-300 mg, 

the possibility of such symptoms in some people should be 

prepared for in the shelter situation. A final point of interest 

in the 1963 review article Is the discussion of the possible 

side effects of the administration of other blocking agents. 

It is pointed out that, at least for long-term administration. 

Iodide is probably the best tolerated ol the inorganic thyroid 

depressants (somewhat safer than '’10^ , and much safer than oCN 

arid )• The organic anti-thyroid compounds in common clinical 

use (whose main desired effect in the blocking context would be 

the mobilization and excretion of radioiodine already fixed in 

the thyroid) can produce drug fever, dermatitis, and reduction 

in numbers of white corpuscles (leukopenia) or other elements 

(granulocytopenia) in the blood. Propylthiouracil produces 

such toxic reactions in about 9% of patients thus treated for 

thyrotoxicosis (hyperthyroidism); methimazole and carb.imazole 

are probably somewhat less toxic. 
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Blum and Eisentaud (1967), in their study of 62 healthy 

àdultr., administered at least 100 mg of iodide (either 100, 200 

or 1,000 my) to 36 subjects. Only two subjects, both receiving 

1,000 mg, reported side effects, namely uncomfortable sensations 

at the angles of the jaw and headache for several hours after 

ingestion; however, they were not incapacitated. Two other 

subjects receiving 1,000 mg reported no effects. These authors, 

who strongly recommend the administration of 200-mg capsules 

of KI in areas of high risk of exposure to massive amounts of 

radioiodines, stress that a single ingestion in the suggested 

dosage range is largely harmless. They note that even for long¬ 

term use (presumably at lower dosages) untoward reactions are 

uncommon, but cite a small risk of hypersensitivity, goiter, 

jodbasedow, hypothyroidism and ioderma. Again in the long- 

term-blocking context, they suggest caution in the treatment of 

pregnant women, and advise against such treatment for people 

with renal disease, cardiac failure and pulmonary tuberculosis. 

Pochin (1965) cites the following possible side effects 

of iodide administration: 

1. Occasional skin rashes in the more-sensitive 
subjects. 

2. Occasional suppression (sometimes total) of 
thyroid activity (i.o., hypothyroidism), with 
long-continued administration at higher levels. 

3. Swelling of salivary glands, occurring commonly 
with doses of several grams of iodide (given 
at one time). 

4. Possible increase in amounts of sputum. This 
is unlikely to be important in children and 
infants, as opposed to the elderly and ill. 

* Thyrotoxicosis (hyperthyroidism), accompanied by large nodular 
goiters. 



Adams and Bonnell (1962) contains a lomj discussion ol the 

toxic effects of elemental iodine and of iodide, concludinq 

first that in iodide form the element is rarely fatal; in fact, 

the repoi ted fatal reactions in generally healthy individual:- 

from direct ingestion of both forms are extremely rare, and are 

the result of either; (1) an overwhelming intoxication following 

large doses of I2? or (2) bullous ioderma occasionally occurring 

in patients taking iodides over long periods. Acute poisoning 

(never fatal) from a single dose of iodide is rare; even after 

intravenous injections, reactions are seldom seen. There are 

no reported eases of iodi.in following the ingestion of single 

small doses o! iodide in the range (300-000 mg) recommended by 

Adams and Bonnell for blocking. They suggest that the reported 

cases of poisonina almost invariably result from repeated iodide 

administration, particularly for the treatment of hyperthyroidism 

and syphilis, or in patients suffering from advanced renal failure 

or cardiac failure. One study cited by Adams and Bonnell showed 

only 54 toxic reactions in 1100 patients receiving oral potassium 

iodide therapy, none of the cases being serious, and all symptoms 

subsiding on withdrawal of the drug. Even for; (1) patients 

suffering from chronic renal and cardiac failure (who are known 

* Per Adams uncí Donnell, few patients who attempt suicide with 
iodine are successful. For example, at Boston City Hospital 
between 1915 and 1936 there were 0 fatalities out of 327 treated, 
following such an attempt. Recorded deaths (New York City Medical 
Examiner's Office, for example) all involve local corrosive 
action of I2 on the GI tract (esophagus downward) following inges¬ 
tion of tincture of iodine. Adams and Bonnell state that since 
Strong Iodine Solution tuSP) (Lugol's solution) contains 5% 
w/v I2 and 10% w/v KI (in H2O), even one ounce (the fatal dose 
in one case) contains 1.6 g I2 and 3.2 g KI; this confirms the 
conviction that 12 is more toxic than I“ . The present author 
notes that if the fatal dose was actually 1 oz of tinctur^of 
io£¿ne, I2 is even more dangerous than stated, since the standard 
tincture contains only 2% w/v 12 and 2.4% w/v Nal in equal parts 
of ethanol and water. Thus, a fatal dose could have been only 
0.64 g I2 (and 0.77 g Nal). 
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tf) he hypersensitive to iodides and iodine# and in some of whom 

there have been fatal reactions following prolonged iodide 

therapy); and (2) tuberculous patients# in whom it is known thot 

iodides cause irritative reactions and may even activate a dor¬ 

mant lesion? Adams and Bonnell suggest that small single doses 

of iodide would not lead to any untoward effects. These authors 

discuss also the other inorganic blocking agents and the organic 

antithyroid drugs# and conclude that# because of the potential 

danger of the antithyroid drugs, especially for children# for 

whom there was no experience in their use# "the administration 

of inorganic iodide to unselected groups of the general public 

is therefore preferred to the antithyroid drugs." One exception 

to this recommendation is the nuclear—accident situation# where 

reactor personnel, for example, could have been exposed to high 

concentrations of radioiodines. With treatment possibly coming 

after massive exposure, Adams and Bonnell recommend administra¬ 

tion of the anti-thyroid drug carbimazole (neo-mercazole), under 

the supervision of the nursing staff on-site. Such treatment 

appears to be unnecessary in the nuclear—attack shelter context, 

if shelterees take iodide before or at the moment of arrival 

of fallout. 

Sensitivity to iodine-containing drugs was studied by Raj 

and Dubey (1969), as part of a larger study on allergic reactions 

to commonly used antibiotics and other drugs and sera. Sensi¬ 

tivity was assessed by intradermal (injection) skin tests (patch 

tests). The test population was a representative sample of the 

national demographic structure (India)# except for a low propor¬ 

tion of age group 51 and over. Of 292 individuals examined for 

sensitivity to (unspecified) iodine compounds, 32 (or 10.9%) 

exhibited detectable sensitivity to those compounds. Of these 

sensitive individuals# 26 (or 81.2%) could recall a previous 

history of receiving a similar kind of injection (i.e., of an 

iodine-containing compound). In fact, only one of the 32 
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sensitive people v/as certain that he liad had no such history. 

Similar results (effect of previous history) were obtained for 

sensitivity to penicillin and to anti-tetanus serum. This 

suM'josts that if people are to bo given iodide in the shelter 

context, special attention should be paid to those who report 

a history of iodide intake in any form, in response to care¬ 

fully planned questioning by the shelter staff. 

Wolff (1969) discus os in detail the so-called "iodide 

goiter", which has the following properties: 

1. It is caused by chronic ingestion of iodide 
itself, or of iodide-generating organic compounds, in amounts 
about ten or more times the daily requirements for thyroid- 
horrnone biosynthesis. 

2. It occurs in only a fraction of subjects so 
exposed; predisposing factors are uncertain. 

3. It occurs at all ages; in the fetus (placental 
intake from the mother) it may lead to fatal respiratory ob¬ 
struction. 

4. Goiter or myxedema (hypothyroidism) may exist 
independently; however, they frequently occur together. One 
exception is a form endemic in Japan, apparently due to sea¬ 
weed ingestion in large quantities in certain communities** 
where euthyroid goiter is the rule. Wolff uses the term "iodide 
goiter" to include also the other exception, those situations 
whore only myxedema occurs in response to excess-iodide intake. 

5. Upon iodide withdrawal, goiter shrinkage and 
full recovery of normal thyroid function occur. With réintro¬ 
duction of excess-iodide intake, the iodide goiter returns. 

* As well as to those otherwise expected to be sensitive to 
iodide intake, by virtue of known medical conditions. 

** In fishing communities on Hokkaido, daily intakes of up to 
200 mg iodide are likely during seaweed-consumption periods. 
The incidence of the resulting "coast goiter" is 6-12%. About 
1000 such cases had been seen by 1965. 



6. Even though the csuses of iodide goiter (in 
particular, the predisposing factors in the affected individuals) 
are not completely known, this entity is better understood than 
any of the other side effects (effects on the respiratory tract 
and on the nature of bronchial secretions, induction of or influ¬ 
ence on skin lesions (iodism), and jodbasedow), 

7. The basic mechanism is the inhibition of organic 
iodine formation in the thyroid, the so-called Wolff-Chaikoff 
effect. The resulting imbalance in the normal thyroid/pituitary 
feedback system, starting with low levels of thyroid hormone in 
the blood stream, stimulates an attempt by the thyroid ceils to 
grow and proliferate, in an attempt to produce enough hormone to 
restore the control mechanism to normal. This concept is supported 
by the evidence that administration of T. or T^ (thyroid hormone) 
will cause the goiter to shrink, oven with excess-iodide intake 
continuing. 

8. Most patients with iodide goiter had received 
large amounts of iodine compounds (from 18 mg to more than 1 gm 
per day) for prolonged periods. Many had received such quantities 
for five years or more before the goiter appeared. There are 
exceptions: in some cases, the actual goiter appeared only two 
months after onset of the intake. Generally, myxedema follows 
within one to two months after the goiter is noticed. 

With specific reference to effects of excess-iodide intake 

in children, Saxena, et al. cite extensive clinical experience 

indicating that "toxic effects of iodide are not observed with 

doses of 100 mg of iodide per day given to children over a course 

of years. Iodide goiter has been observed.to occur on iy 

following daily doses of several hundred milligrams of iodide 

administered for years." 

We turn now to the problem of iodide goiter of the newborn. 

Wolff presents a tabulation of incidents of this condition, 

including duration of iodine intake by the mother, thyroid condi¬ 

tion of the mother, symptoms in the infant, and outcome. His 

25 tabulated cases result from a search of the literature covering 

the period 1940 to 1968 (there had been no reported cases of 

iodide goiter of the newborn prior to 1940). Important conclusions 

are as follows: 



1. Iodide is readily transferred across the 
placenta; however, the mode of transport in man is not known. 
Whatever the original form of the iodine in the mother, her 
normal processes would convert much if not most ol it to iodide, 
thus making it. available to the fetus, 

2. All the mothers involved in Wolff's summary had 
chronic lung disease; all but two received inorganic iodine, 
mostly as KT or unspecified iodides. 

3. For most of the mothers, the duration of iodide 
intake had ranged from 2 to 10 years. However, in one case the 
iodide had been used for only the last 3 months of the preg¬ 
nancy (intake as Lugol's solution). Also a case has been re¬ 
ported in an infant born 4 years after the mother received 
iophenoxic acid. A search of the literature (present author) 
shows that daily intakes of KI by the mothers had generally been 
of the order of 500-1000 mg or more. (See, for example, Hassan, 
et al. (1968).) 

4. Iodide goiter in the newborn is similar to that 
in adults, except that tracheal obstruction (due to the goiter) 
is a frequent problem* (15 of 25 infants); it has proved fatal 
in 6 of 25 infants. Only immediate surgery can save the infant in 
serious cases. Controlled respiration and antibiotics are indicated 
in any event. In another review cited by Wolff it was reported that 
of 22 newborns with iodide goiter, 8 died of obstruction. 

5. Goiter need not be present in the mother (it 
was found definitely in only 11 of the 25 mothers), and hypo¬ 
thyroidism in the mother is rare (only 2 definite cases). 

6. Hypothyroidism has been reported in infants 
born with iodide goiter, but it is difficult to diagnose in 
the newborn, so reliable estimates of its incidence cannot be 

made. 

7. In those infants who survive birth, the goiter 
gradually disappears (since the source of excess iodide has 
been removed!* However, iodide in the mother is readily secreted 
into the milk (even more so when there is excess intake), so 
the mother's iodide intake must be watched carefully during 
breast feeding. 

* Respiratory obstruction has been reported on occasion in adults 
with iodide goiters, but not ar a major problem. 

** Sporadic or congenital goiter in the newborn (due to causes 
other than excess-iodide intake in the mother) requires thera¬ 
peutic treatment, in addition to that for the obstruction, if 

any. 
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Hassan, et al. (1968), cited by Wolff, present detailed 

descriptions of the condition and treatment of three infants, 

delivered by mothers (euthyroid and goiter-free) who had been 

on iodide therapy for long periods. The three infants were 

born with goiters and hypothyroidism, stated to be definitely 

non-conyenital and non-endemic. None required surgery; how¬ 

ever, all were treated with desiccated thyroid (a source of 

thyroid hormone) for several months, leading to complete 

recovery (and cessation of therapy). These authors argue that 

iodide goiter in the nev/born implies a pre-disposition to the 

condition, since it occurs in the offspring of only a minority 

of mothers exposed to iodides over long periods. In fact, 

while on the same medication that produced the neonatal iodide 

goiters,the three mothers cited by Hassan, et al. gave birth 

also to euthyroid and non-goitrous offspring. Hassan, et al. 

argue also that, despite the general feeling that remission 

of symptoms occurs spontaneously, administration of thyroid 

hormone speeds the process, and is therefore the treatment 

of choice until recovery occurs. 

Carswell, et al. (1970) report an additional 8 cases (in 

a period of 14 years in Glasgow) of neonatal goiter and hypo- 

thyroidism associated with maternal ingestion of iodide, taken 

as an expectorant and/or cough suppressant for asthma or 
★ 

bn nchitis. There were 4 deaths, 2 due to unrelated causes? 

also, 2 of the survivors are mentally retarded, presumably 

because of fetal hypothyroidism. Thyroid-replacement therapy 

was given (started immediately after birth) to 2 of the 4 

survivors, including one of those who proved to be mentally 

* One, at 56 hr age, from pneumococcal pneumonia; the other, 
at 216 hr age, with no cause of death found post mortem. 



retarded (IQ 64 at 4 yr age). Dawson (1970) reports an addi¬ 

tional such death, also in Glasgow. Carswell, et al. recommend 

that iodide-containing preparations not be used during pregnancy, 

and that they no longer be available without prescription. This 

recommendation is supported by other medical authorities (Lancet 

Editors, 1970). 

5.4. Methods of Administration and Associated Production and 
Application Logistics 

Before we consider the details of administration of block¬ 

ing agents, it is worthwhile to summarize the dosage and schedul¬ 

ing requirements. As emphasized in the concluding remarks in 

Subsection 5.2 above, the levels of intake of radioiodine via 

inhalation (and the resulting ionizing-radiation doses to the 

thyroid) are so uncertain in the shelter context that blocking- 

agent administration is probably justifiable only if uptake 

reductions of 90% or greater are feasible. As discussed in 

Subsection 5.2, the (continuing) administration of iodide at 

levels of a few mg per day does not reduce thyroid uptake 

rapidly (and certainly not immediately) to the desired 10% of 

normal or less; in fact, even at steady state (after 4-6 weeks, 

perhaps) the reduction in uptake may be only about 75% (Saxena, 

et al., 1962. See also Cuddihy, 1966). Only dosages of 100 mg 

or more, taken at one time, proviae the 90%-or-greater reduction 

in the 24-hr uptake. 

It is one-time administration that we should be most 

♦Or, to be more practical, l-to-say-5-time administration, over 
a period of several days, to prevent recycling within the body, 
and to cope with inhalation intake over a few days. 
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concerned with, since: 

(1) As discussed in Section 4 above, slow release of 
siliceous-particle radioiodine by volatilization is unlikely to 
create a real inhalation threat in shelter. The major threat 
of volatilization, if there is any, will come in the special 
situations discussed in Subsection 4.3.2, namely the more rapid 
volatilization occurring when calcium-oxide-contàAning particles 
fall into water bodies or standing water, or are leached by rain 
(or, perhaps, moistened by heavy dew); and 

(2) The major threat, in any event, comes from the short¬ 
lived radioiodines, which exert most of their influence over 

the first few days. 

Where there may be a continuing radioiodine-intake threat 

(for example, with fallout-producing explosions spread over time, 

or with unavoidable intake of contaminated water or food (esp- 

cially.milk)), early intake of several doses of iodide at the 

100-mg level, followed by continuing intake at the levels 

recommended by de Qroot and Stanbury (1969) would be a mini¬ 

mally acceptable (with respect to effectiveness) end generally 

safe approach. 

A much more effective, but still quite safe, approach to 

the continuing radioiodine threat is a modification of the ^ 

recommended approach of Raesden, et al. (1967), namely: 200 mg 

* Individuals over 10 years old (including pregnant wopjen): 
10 mg/day; ages 1-10: 5 mg/day; infants: 2.5 mg/day. Production 
would be as scored KI tablets of 5 mg mass, or as KI solution, 
50 mg/ml (one drop = 2.5 mg). The lower dosage levels recommended 
by Saxena, et al. (1962) (3-4 mg/day for adults, 1-2 mg/day for 
children) would probably not provide enough protection. 

** Per Blum and Eisenbud (1967) this alone provides a 99% reduction 
in the 24-hr uptake, if the administration of the blocking agent 
occurs at the time of, os slightly before, massive instantaneous 
intake of radioiodine. Adams and Bonnell (1962) recommend 2 100-mg 
dosages, 4 hrs apart (adults); and 2 60-mg doses, 4 hrs 
(children under 4). Their suggested mode of edminletration .is tablets 
taken by mouth, dissolved in milk or water. They point out that 
commonly prescribed dosages of KI for respiratory disorders are: 
500 mg daily for adults, and 200 mg daily for children. 
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of iodide taken on warning of fciilo‘it arrival* or aa aoon 

thereafter as possible, and from m>- 2nd day onward, a doaaga 

of 35 mg every 12 hr, for a total of about 5.6 g over 80 days 

(if protection for that long a period ia required)• H»ia 

regime would keep uptake below 1% of normal, and would thua 

make sense in the context of the uncertainty as to intake* 

particularly from inhalation. Also, per Raawden, at al.• 

where the expected exposure is from ccnaumption of contaminated 

milk, addition of one standard 300 mg KX tablet to each gallon 

of local milk (instead of the uae of the individual 38 mg 

dosages) would provide blocking (99% protection) for a popula¬ 

tion drinking an average of about 1 pint of sdlk per day. 

This ruggested regime appears to be required for children 

as well as adults: in fact, it is more important to provide 

blocking protection for the children, because of their tenfold- 

higher ionizing radiation dose to the thyroid for the same in¬ 

take of radioiodine. As suggested in Subsection S.3 above* 

there is no reason to believe the regime is unsafe for children. 

The nursing infant should receive its blocking dose directly* 

since blocking in the mother reduces uptake oi radioiodine by 

her thyroid but probably increases secretion of radioiodine in 

her milk. 

It has been stated earlier in *hia Section that pregnant 

women taking substantial quantities of iodide (ca 900-1000 mg 

Oi. KI) daily over periods of the order of years for tbs relief 

* For convenience in production, stoiaoe and afkainietration* 
the continuing dosage might better be 100 mg every day* starting 
on the second day, for a total dosage of 8.1 g in 80 days. Ibis 
is the second preference of Ramedrn, et al.* from tbs point of 
view of the total intake of iodide. 
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Of symptoms in Mthmstic snd othsr rs.pir.tory di«,r<Jers some- 

*r^“rr in,*nt« -lth Obstructing ^it.r. „d hypothyroidism 
(the iodide goiter syndrome) snd that the resulting infsnt- 

fatsiity rate i. extremely high. Only a minority of women on 

such (very high) dosages deliver such infants: in fact, the 

-other of «ich an infant often ha. delivered, or later delivers, 

•»«ral normal infanta While on the same medication. There is 

no ev nee that iodide intake by the pregnant woman at the 

levels recommend* here (averaging only 100 mg/day for at moat 

a few months) will produce iodide goiter in the fetus, further¬ 

more. since without administration of blocking agent to the 

mother the 6-month fetus, for example, would receive a thyroid 

ionising-radiition dose greater than that of the unprotected 

mother, possibly with pathology di.proportionately high for 

that ionising-radiation don (bnaun of the rapid ongoing 

development of the fetal thyroid), it ia judged that pregnant 

women Aould receive the sane blocking don. as the rest of the 

population, particularly the initia 200 mg dosage. fhy,lci,n. 

•hould be prepared for possible nriou. complication, in some 

infant, born after prolonged «lmini.tr.tion of blocking agent 

to P«V«nt women during the shelter period and subnquently. 

Hie most convenient form of potassium iodide for production 

and storage (in ti*tly Melad container.) is as tablets; the 

following estimate, of coste (blake, 1971) are based on 200 mg 

tablets, which are the proper sise for one-time protection 

•gainst • massive instantaneous intake of radioiodine, for 

administration to infant« and young children (or for those with 

difficulty in mellowing pill.), the tablet, can be easily 

dissolved, as needed, in a measured quantity of water, and an 

appropriate aliquot (fraction) aO^nl.tered in the diet! If the 

¡n’StoSirisim" 'îïïy.'îoîiis: in 
longer um<! m S Jwp^ïSinî ™ wfîî!* ië no 
had a reasonahl* «ElîiTïm ieüî « however, it 
glees bottles (under 3i*cí tiÿ*îly »oolod brown 
solution of 1* ♦ KZ). Aqueous solution^«? ÍiLÍS?10? ^ •th*noHc 
under the sm conditions^îÎïîîîüfi ^lí001?* Äre »tsblo 

to concMtrat. on the toiet for. iSf Si ^üíeí^Ucí^"' 
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tablets are scored, they can be split at the proper time to 

provide the 100-mg dosages for continuing daily administration. 

A Ix'tter approach is to produce only 100-mg tablets, with 2 

taken by each shelteroe for the initial dosage. The cost- 

estimate range given below is wide enough to cover both modes 

of production. 

Per Dr. Blake, tabletting would provide a storage-stable 

form of KI and would be a great deal less expensive than encap¬ 

sulation. Proper storage would be important; i.e., in tightly 

sealed containers to exclude moisture. Dr. Blake indicated that 

there should be no difficulty in swallowing a KI tablet, and no 
★ 

associated unpleasant effects. He tried a KI tablet and reported 

that it tasted salty, but not overpoweringly so, and had no after¬ 

taste. The experience was something like taking the conventional 

salt tablet. There appears to be no need to mask the taste of 

the iodide tablet by "coating" or "press coating", which would 

increase the cost significantly. In Dr. Blake's opinion, admini¬ 

stration in milk or orange juice would be the best route for 

infants; again, it is suggested here that some such mode might 

be required for young children who cannot swallow pills. 

Dr. Blake's Laboratory purchases pharmaceutical-grade 

"raw-material" KI powder in 25-lb containers at about $3.50 per 

lb (October, 1971 prices). Thus, one can obtain about 2000 

200-mg doses for about $3.50. On this basis, Dr. Blake esti¬ 

mates the cost of 1000 200-mg tablets (produced in very large 

* Per Dr. F. H. Meyers (Meyers, 1971), tabletted Nal and KI 
are still used sometimes as expectorants in the treatment of 
asthma. The standard dose is in the order of 300 mg or more 
(coated tablets). Thus it is possible that some individuals 
taking 100 mg at a time would exhibit cold-like symptoms. 
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quantities) would be in the range $1.50 to $2.00? This takes 

into account price reductions on raw material in quantity, 

which would tend to compensate for the cost of tabletting and 

of packaging (presumably in large sealed brown-glass bottles, 

or possibly in sealed metal containers). Presumably 2000 100-mg 

tablets (produced in very large quantities) would also cost 

. $1.50 to $2.00. 

We may now estimate total costs for blocking protection 

of a population of 200 million people, for each of several 

assumed levels of protection: 

1. One-time protection: that is, one administra¬ 
tion of 200 mg. - This requires 200 million 200-mg tablets (or 
400 million 100-mg tablets). Estimated cost: $300 - $400K¥. 

2. One-week protection; that is, a 200-mg tablet 
(or 2 100-mg tablets) on the first day, followed by daily 
administration of 100 mg for the next 4 days, or perhaps by 
400 mg spread out over 6-7 days - This requires the equivalent 
of 600 million 200-mg tablets (or 1.2 billion 100-mg tablets). 
Estimated cost: $900 - $1200K. 

3. Eighty-day protection ( ten half-lives of 1-131); 
that is, a 200-mg tablet (or 2 100-mg tablets) on the first day, 
followed by daily administration of 100 mg for the next 79 days. 
- This requires the equivalent of 8.1 billion 200-mg tablets 
(or 16.2 billion 100-mg tablets). Estimated cost: $12.2 - 
$16.2 M. 

* More refined cost estimates would require the efforts of 
pharmaceutical manufacturers engaged in tabletting operations: 
those estimates would depend on the buyer's specifications as 
to purity, stability, quantities, packaging, etc. 

** Modified recommendation of Ramsden, et al. (1967), for pro¬ 
tection against intake by ingestion, particularly of milk. 

I 

É 
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5.5. Summary 

Methods and costs of administration of blocking agents 

depend on the expected circumstances in which they would be 

required, the extent of protection desired, and the possible 

side effects of administration of iodide, in quantities of 

hundreds of milligrams to grams, to large populations. Because 

the uncertainties as to potential intake of radioiodines are 

so great, it appears that once the decision to stockpile 

blocking agents is made, it is reasonable to plan for suffi¬ 

cient quantities to provide a reduction of at least 99% in 

the uptake of iodine by the thyroid. This means an initial 

administration of 200 mg of KI per person, followed by daily 

intake of 100 mg of KI for as long as protection is required. 

The giavest threat, if it exists at all, is the inhalation 

of the total mixture of radioiodines at very early times (the 

first few days after the attack). For a shelter population 

breathing filtered (or at least ducted) air, this can occur 

at significant levels only if there is extensive and rapid 

volatilization of iodine from fallout particles deposited out¬ 

side the shelter and there is a prolonged (order of perhaps 

days) temperature inversion. While rapid-enough volatilization 

is extremely unlikely for totally siliceous fallout particles, 

it may occur with particles containing calcium oxide or related 

compounds (resulting from surface explosions over limestone or 

in central sections of cities, where there are high densities 

of concrete), particularly where fallout particles in the 

vicinity of the shelter deposit in bodies of water or in 

standing water (or snow), or are wetted extensively by heavy 

rainfall! In view of the great uncertainty as to the extent 

* It is recognized that heavy rainfall is generally incompatible 
with the required temperature inversion. However, heavy dew my 
moisten particles sufficiently to accelerate volatilization. 
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of this potentially major early threat, it seems worthwhile 

to be prepared for it. Of all the possible unavoidable radio- 

xodine intake modes, it is the most conveniently and cheaply 

countered, since it requires at most the administration of a 

total of about 600 mg of KI per person over the course of the 

first week, (2 100-mg tablets on, or shortly before, arrival 

of fallout, the remainder over the next 4-6 days: for those who 

cannot swallow pills, the tablets can be dissolved in fluids), 

at a cost (for 200 million people) of at most $1.2 million? 

Intake of the mixture of radioiodines by a quasi-inhala¬ 

tion (impaction) route is possible: (1) for people forced to 

work outdoors (presumably for very short periods) at early 

times, either during fallout arrival or afterwards (in the 

latter case, only if fallout particles are resuspended in the 

air by winds or by human activities): or (2) where significant 

quantities of fallout enter shelter spaces, for example through 

broken or open windows or by being tracked in. in either such 

situation, the controlling factor will most likely be the 

whole-body ionizing-radiation dose (including its impact on 

the thyroid, which cannot be countered by blocking). The later 

such intakes occur, the less dangerous they are, since the long- 

lived 1-131 is only about one-tenth as effective as the other 

radioiodmes, rad for rad, in producing thyroid damage. 

It may seem that another direct inhalation threat would 

come from the (delayed) arrival of world-wide fallout from 

perhaps thousands of megatons of fission spread over the North 

be/certain «»at the inhalation threat existed 
for only one day (most importantly the day of fallout arrival 1 
only one administration of 200 mg of KI per person woulri 1 ' 

at * t0t#1 °f “ ^ S™«- 
f«o i» protection because of recwlira If 

take ¿!íadesti£llhníSe b0dy! h°T!ver the "* reduction in up- axe would still hold, even with the one-time administration. 
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American and Eurasian land nasses. Hero, over, air bursts 

contribute to the threat. Dry particles in such fallout a:c 

small enough to be inhaled directly: iodine in rainfall xs 

susceptible to volatilization after arrival. Delayed tropo¬ 

spheric fallout may be almost entirely deposited after only 

one pass around the world (say within 2-4 weeks). Stratospheric 

fallout has a retention half-life long enough that most of the 

iodine will have decayed before deposition. Generally, the 

radioiodine will be almost entirely 1-131 by the time of arri¬ 

val, providing some safety. In addition, extrapolation of the 

Tripler and Walter Reed 1-131 urine burdens (ca 0.3 nCi) (See 

Appendix A, Table A.3) from a few tens of megatons upward to 

the nuclear-attack assumptions of a few thousand megatons still 

leaves levels of intake of 1-131 of only a few tens of nano 

Curies, not enough to be of major concern. 

Intake of radioiodine (almost entirely 1-131) by the 

forage/cow/milk route has not been quantified in this report, 

for reasons stated in Section II. It is being investigated 

as part of a study on criteria for use of food in the post¬ 

attack situation. It is assumed for the moment, however, that 

with adequate stockpiling of powdered milk (and/or with stored 

forage), consumption of contaminated fresh milk can generally 

be held off until such milk is safe to drink (say between 5 and 

10 half-lives of 1-131, or between 40 and 80 days, preferably 

closer to the latter). Where consumption of contaminated 

fresh milk at early times is unavoidable (and this assumes that 

cows will have survived the whole-body and other doses implicit 

in their grazing on contaminated fields), then protection can 

be provided by administration of 100 mg of KI (one capsule) 

daily as long as the contaminated milk is being consumed, or, 

per the suggestion of Ramsden, et al. (1967), by addition of 

300 mg of KI to each gallon of local milk (with daily consumption 
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of 1 pint of milk per person assumed). 

If blocking iodide is to be stockpiled, in any event, 

against the (possible, but not very likely) massive early 

inhalation threat, then it would seem worthwhile to be prepared 

to counter the other, less important or more easily controlled, 

threats (delayed fallout, quasi-inhalation (impaction), milk 

intake) by the stockpiling of additional iodide. Eighty-day 

protection against any or all of these would require 8.1 g 

of iodide per person, which for 200 million people would cost 

at most $16,2 million. 

Possible side effects of blocking-iodide administration 

must be taken into account; however, the important consideration 

is the possible consequences if blocking is not used. For a 

given radioiodine environment, that component of the population 

that is at the greatest risk is the infant or very young child 

(and perhaps the fetus in utero), because for a given intake of 

radioiodine, the small size of the young thyroid implies a dis¬ 

proportionately high ionizing-radiation dose. Furthermore, the 

young thyroid is growing rapidly, so that a given thyroid dose 

may be disproportionately effective in (ultimately) producing 

a pathological state. Children should therefore receive the 

same dosage of iodide as adults; there is no reason to believe 

they are more vulnerable to side effects. Adolescents and 

pregnant women are in a metabolically stressful state, so that 

a given ionizing-radiation dose to their thyroids may also 

produce a disproportionately high effect. The general adult 

population is least at risk; also, because of the long induction 

period for the onset of ionizing-radiation-induced thyroid patho¬ 

logy (except where doses are so high as to produce early ablation), 

* To maintain the assurance of reduction of radioiodine intake 
by 99% would require the addition of 800 mg of KI per gallon at 
this consumption rate. 



the oldest menibers oi the population may be at the least risk. 

For all members of the population* the administration of 

a one-time blocking dosage of 200 mq of KI appears to be quito- 

safe; even administration of a total of 600 mg over the course 

of 5-7 days appears safe for the vast majority of the population 

Administration of 100 mg daily for a period of say 2 months 

should be safe for most of the population; for those for whom 

it may be risky* decisions would depend on circumstances. 

For several of the known occasional side effects of pro¬ 

longed administration of high levels of iodide (iodism* iodide 

goiter) the incidence of effects is statistical, not determi¬ 

nistic; that is* predisposition to the effects is probably 
★ 

involved, but the nature of the predisposition is not known. 

If an unknown 10% (or less) of a population may exhibit such 

side effects, it is undoubtedly better to protect 100% of the 

population against radioiodine uptake* whose consequences are 

usually irreversible, and take the risk of side effects in the 

unknown 10%, particularly since most of the side effects are 

reversible, disappearing on cessation of excess-iodide intake. 

Minor effects, such as the possible appearance of cold-like 

symptoms (sniffling, eye-watering) in some individuals taking 

a 100 mg dose of iodide, should be expected, but are tolerable. 

Long-term administration of iodide is contra-indicated 

for individuals suffering from chronic kidney and/or cardiac 

failure, and in cases of pulmonary tuberculosis. Medical 

judgment on the spot would be required to decide on blocking 

* However, people with strong allergic reactions in general 
are mere likely to show allergy to iodide; those known to have 
been sensitized to iodide are most likely to react. 
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administration to such individuals; however, it is only realistic 

to point out that such individuals would be at great risk in 

any event in the shelter and the postattack environment. 

The most dangerous side effect for healthy members of the 

population is the possibility of iodide goiter in infants born 

to mothers who have ingested large quantities of (stable) iodide 

for long periods. The rate of incidence of this condition, 

given a population of mothers so exposed, is unknown, but pro¬ 

bably small; however, where it does occur, the risk of fatal 

respiratory obstruction in the newborn is extremely high. Again, 

with a known (high) risk of radioiodine uptake by the fetal 

thyroid, it would always be wiser (statistically) to administer 

blocking iodide to the pregnant woman. Unfortunately, in the 

shelter situation the decisionmakers would be in the dark about 

the actual long-term radioiodine threat; thus, in some circum¬ 

stances the "cure" might be worse than the "disease". However, 

the neonatal iodide-goiter syndrome is very unlikely to develop 

after only a one-time, or even a one-week, administration of 

iodide to the mother. Therefore, the best prophylaxis might be 

to protect the pregnant woman (and thereby the fetus) against 

massive early intake of radioiodine, by one-week administration 

of iodide, and then take special pains to protect the mother 

against subsequent ingestion of radioiodine, so as to obviate 
★ 

the need for further administration of blocking agent to her. 

* This same philosophy can be applied to the entire shelter 
population: that is, in the face of uncertainty, protect every¬ 
one by first-week administration of blocking agent; continue 
administration as needed, depending on habits and subsequent 
ingestion history, and on increasing knowledge (perhaps measure¬ 
ment, by surviving laboratories) of the radioiodine threat. 
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SECTION VI 

SUMMARY AND CONCLUSIONS 

In the years 1963 through 1969, severe thyroid pathology, 

requiring surgical removal in most cases, developed in 17 of 

the 19 Rongelap children exposed to the highest levels of fall¬ 

out experienced in the populated areas of the Marshall Islands 

following the CASTLE BRAVO nuclear explosion of March 1, 1964. 

Despite the facts that: (1) intake of fission products (in 

particular, of iodine-131) had been measured in the Rongelap 

population shortly after exposure; and (2) all the Marshallese- 

exposed to significant levels of fallout had been carefully 

examined over the years since the event; the ultimate develop¬ 

ment of the thyroid pathology was totally unexpected. It seems 

clear that the cause of the thyroid abnormalities was beta 

irradiation of the thyroid by the mixture of radioiodines concen¬ 

trated in that gland after ingestion and/or inhalation, and that 

the children would have had a much higher thyroid dose than 

adults taking in the same quantities of radioiodines, in view 

of the smaller size of the child thyroid. 

The experience of the Marshallese children illustrates one 

combination of conditions leading to a serious radioiodine 

threat; by its very occurrence it suggests that worse radio- 

iodine threats may occur in nuclear warfare. These could 

become important where people in shelter are well shielded from 

penetrating-radiation (whole-body) exposure, but vulnerable to 

inhalation of radioiodine vapors. Subsequent ingestion of large 

quantities of radioiodine in milk is another possible threat. 

The inhalation threat is considered to be the potentially-more- 

serious one, because if it develops at all, it will be at its 

most dangerous level on the first day of attack; this means 

that dealing with it will require planning and preparation, as 



well as action during the prohahly-nost-disomani wi porKni at 

the attack situation. On the other hand, the milk-ingestion 

problem is to a large extent amenable to after-the-fact consi¬ 

deration and action. 

The purpose of the effort reported here was therefore to 

evaluate the nature and extent, if any, of the threat of inhala¬ 

tion of radioiodines (in situations where other weapon effects 

would not control the outcome) and to evaluate and recommend 

reasonable countermeasures, where required. The first approach 

to the threat question was to examine what happened in the 

Marshall Islands. The native Marshallese lived under fairly 

primitive conditions in the context of protection from fallout; 

even if radioiodine did not vaporize from fallout particles, the 

Rongelap children could have received massive intakes of radio- 

iodine by direct ingestion of fallout particles on food, and by 
★ 

quasi-inhalation by nasal impaction of larger particles during 

play outdoors, followed by swallowing. However, a group of 

exposed American military personnel on Rongerik atoll, who also 

had high measured intakes of radioiodine, were protecting them¬ 

selves as best they could from fallout contamination, so that 

direct ingestion, and even quasi-inhalation of fallout particles, 

were much less likely routes of entry of radioiodine. Therefore, 

a major part of this reported effort was to examine later- 

measured individual body burdens of longer-lived (non-iodine) 

radionuclides in the Rongerik men (the iodine-131 levels had 

been measured (early) only in one pooled sample for the entire 

Rongerik population? the same situation obtained for the Rongelap 

population also), and to attempt to correlate these body burdens 

with the reported movements and activities of the individual 

* Particles small enough to be inhaled directly could not have 
existed in the arriving fallout. This is generally true in 
the nuclear-attack situation also. 



Homierik personnel in an effort to establish whether inhalation 

was the probable route of entry of radioiodine for them. An 

important consideration in extrapolating from the Marshall 

Islands situation to the nuclear-attack situation in the con¬ 

tinental United States is the obvious difference between the 

coral-type fallout from Pacific Proving Ground tests and the 

expected predominantly siliceous particles from surface bursts 
★ 

in the continental United States. 

Since direct exposure to the intake of fallout particles 

per se is usually ruled out in the shelter situation (at least 

where ventilating air is ducted, and usually filtered against 

dust ingress), a major question is whether radioiodines in fall¬ 

out will volatilize from fallout particles. Therefore, the 

weapons-effect literature was reviewed, and an evaluation of the 

possible extent of such volatilization was made. Then the 

inhalation problems (measured as the ultimate ionizing-radiation 

doses to the thyroid) in the shelter environment were charac¬ 

terized in terms of two potential sources of inhaleble radio- 

iodine: (1) gaseous radioiodines originating from particles 

trapped in the ventilating system; and (2) those originating 

from particles deposited outside the shelter. 

The next part of the reported effort was an examination 

of possible countermeasures to radioiodine intake, whatever its 

mode or form (but with emphasis on the inhalation threat). 

Vapor filtration of air in shelters, not a standard practice, 

would be an expensive countermeasure, and has not been evalu¬ 

ated. Administration of stable iodide, as a so-called block! j 

agent, is fairly inexpensive, and has therefore been looked at 

carefully. Considered in this evaluation were: (1) blocking 

effectiveness, as related to dosage and scheduling of blocking 

agent; (2) potential side effects of the administration of 

blocking agent; (3) modes of administration; and (4) costs for 

protection of the total U.S. population, based on recommended 

* Detonations on limestone or on urban targets may create fallout 
with coral-like or intermediate properties. 
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quantities and schedules. 

Supporting evidence, examined in s're iotail In appendix ;; 

to the report, iridudes, in addition to that already mentioned 

in this Summary: 

Basic information on the nuclear and physicochemical 
properties of the fission-product radioiodines in fallout par¬ 
ticles . 

A methodology for the estimation of the extent of 
penetration of gaseous radioiodine in the shelter environment, 
and for the calculation of the resulting ionizing-radiation 
dose to the thyroid. 

A summary of background information on normal- 
thyroid function, iodine-uptake modes and extent, and the models 
used to characterize the behavior of iodine in the thyroid and 
in the thyroid hormones. 

A summary of background information on thyroid 
pathology, with specific reference to that induced by ionizing 
radiation. It includes estimates of rick per rad of thyroid 
exposure dose, for both benign and malignant tumors. 

The important results and conclusions of this investigation 

are as follows: 

The Marshall Island Experience. 

1. The high levels of 1-131 and of the non¬ 
volatile radionuclides found in the early pooled Rongerik urine 
samples resulted from massive intake, presumably a mixture of 
inhalation and ingestion, on shot day and on D+l, before the 
servicemen were evacuated from the Atoll. 

2. The lower levels of the non-volatile radio¬ 
nuclides found later in individual Rongerik urine samples re¬ 
sulted from the same source, and were therefore valid input 
data for an attempted correlation of body burdens with individ¬ 
ual location and behavior during the first two days. 

3. No single factor (with respect to individ¬ 
ual behavior or exposure) appeared to account for the variation 
in the measured body burdens of the non-volatile radionuclides 
in the Rongerik men. Fallout on Rongerik was so ubiquitous. 
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api' irently, that it would have be«in almost !• for th« 
men to avoid ingestion (by nasal Impaction and Mllovlm of 
fallout particle«, at lon«t), to aay nothing of tru* inHal *tl 
(the latter being a possibility if there had leen volatile fore 
oi radioiodine in the air, as a result of the peculiar projectl«e 
(relatively high solubility) of coral-type fallout). 

4. Th« generally acceptai (literature) » #1- 
metry for the Ron« io lap children, IncludlrMi the whol^body 
from penetrating radiation, as %w*il as the thyroid 'lose trop 
radioiodine uptake, is coopatible with all the clinical n«*a- 
sur* montr. and symptoms, early and del lyedi therefor*, there If 
little to be •taint'd by attempting to refine the doe« calcula¬ 
tions. If om accepts recefit assertions It th^ Soviet litera» r«* 
that rad for rad a thyroid exposure d«se from 1-1)1 is only 
about 1/loth ns effective as that from x-rt>dlaUon (or fr ^ 
the more-energetic betas of l-l)2, 1-1)) *nd I-DS, «s»erte*l 
to be equivalent to x-radiation, rad for rad), then the thyrol I 
pathology in the Ronnelap children le consist«*!« ultf MIS 
calculated tnyrold dose. Thla is tru« for both the statt tloat 
incidence of pathology and the severity In a given Indlvl Vial. 
Another important conaaquence of the Soviet assertion. If v«*i» I. 
is that any future masalve uptake ol 1-1)1 only (It nucleer 
war) will be less important than has been assured, fol!«arl»j 
the development ol the Harehallese pathology. 

1. from limited dirset waaaurenewt informée 
tlon available from nuclear tests In the »amfah e«rtes« It I 
concluded that the radioiodine volatilisation rate free (dty) 
siliceous fallout part idea is of order of o.ono)» pm» d • 

2. Where si lice jus fallcx.t |«artlcl*s ar* 
oxioaod to water, radioiodine will b* leaded wit f the par- 
tides at a «mich higher rate» the apparert half-life fn» l-ed- 
im of the available radioiodine may I« only •wait l.t 4*y, 
lui the total Mount of leeched radioiodine may »«!•** **•--* 
the tot^ 1 contained In the partiel». One-! dl*<» i|v* I I« - • ». 
ioiin- (even as iodide, idtich ean be unldlsed) Is l^e-iiat^ly 
available for volatilIsailer• 

). Where coral-type fallout torti«lee *$* 
xi îi to water, very rapid relearn# of t»o redloitelina • th- 
water is likely, so that th» volâtli*-rau|ol**»|ne thrmnt may I 
cot niderable in such a situation. Direct volatilI1 «tien f 
let I n«> I rum such particle* even «dien múgym» he fastet •’ * 
in illc»!us particles. 



4. Nuclear weapons exploded at the curiare 
ov**r limestone or In central sections oí cities, whore there 
may be high concentrations ol concrete, may produce fallout 
partición containing calcium oxide and related calcium compounds 
In concentrations high enough to produce more extensive and m* it 
rapid release of radioiodine to *ater and, perhaps, moro rapid 
direct volatilization from HdryH particles. 

Potential lor Inhalation of Radioiodine in »Shelter. 

1. Under worst-case assumptions, the inhala¬ 
tion threat from particles trapped in shelter ventilating systems 
is minimal, and in any event, is only a small fraction of the 
whole-t^dy penetrating-radiation throat (even with a shelter 
protection factor of the order of 40)• 

2. On the basis of the best available informa¬ 
tion, it appears that the only situation in which inhalation of 
radioiodine by shelter populations can create a threat that 
must be countered is one in which* (a) a long-lasting tempero- 
ture inversion accompanies or immediately follows the arrival 
of high levels of local fallout* and (b) there are significantly 
large erees of shallow water nearby, in which fallout particles 
(particularly if they contain significant percentages of cal¬ 
cium oxide and related compounds, deriving from limestone or 
concrete at the burst |>oint) can deposit. Heavy rains accom¬ 
panying or inmediately following tallout arrival would enhance 
iodine volatilization* however, they are not likely to be asso¬ 
ciated closely in time with temperature inversions. The forma¬ 
tion of dew on deposited fallout particles could lead to limited 
leaching of radioiodine, and therefore a possible volatilization 
threat in the temperature-inversion situation. 

3. Clearly, the important variables in this 
specific kind of threat situation are almost impossible to 
parameterize for planning purposes* thus, it is not feasible 
to calculate, for a given assumed attack, the number of individ¬ 
uals who will be (ultimately) injured if not protected, at the 
time of fallout arrival, against the effects of intake of radio- 
iodine. Nevertheless, the threat of such Injury appears serious 
enough, and the cost of the appropriate countermeasure (admini¬ 
stration of blocking iodide) low enough, that it Is worth 
planning auch a countermeasure. 

As compared to totally siliceous particles. 
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The Blocking Countermeasure. 

1. Blocking with stable iodide works by a 
combination of isotope dilution and saturation of the thyroid 
against further uptake of iodine in any form. 

2. In the shelter situation, under the 
tremendous uncertainties as to the quantitative measure of the 
inhalation threat, it appears that blocking will be useful only 
if it reduces the uptake of iodine to 1% of normal, or less. 
This implies the administration of 200 mg of potassium iodide 
just prior to, or at the start of, the arrival of fallout. 
Protection against continuing inhalation during the first week 
would be provided by the administration of an additional 400 mg 
of KI at the rate of lOO mg per day over the next 4 days, or 
spaced over the next 6 days. The cost of such protection (in 
the form of a stockpile of 1.2 billion 100-mg tablets, stored 
in the shelters) for 200 million people would be, at most, 
vl.2 million, or less than a penny per person so protected. 

3. If blocking iodide is to be stockpiled, in 
any event, against the (possible, but not very likely) massive 
early inhalation threat, then it would seem worthwhile to be 
prepared to counter the other, less-important or more-easily- 
contioiled, threats (delayed fallout, quasi-inhalation during 
outdoor activities, contaminated-milk intake) by the stockpil¬ 
ing of additional iodide. 80-day protection against any or 
all of these would require (at 200 mg of KI on D-day, followed 
by 100 mg per day for the next 79 days) 8.1 g of KI per person, 
which for 200 million people would cost at most $16.2 million, 
or about $0.08 per person. 

4. Possible side effects of prolonged admini¬ 
stration of blocking iodide (iodine allergy, iodide goiter, 
etc.) must be taken into account. However, the important 
consideration is the possible outcome if blocking is not used. 
That component of the population that is at the greatest risk 
(to ionizing-radiation-oroduced thyroid pathology) is the 
infant or very young child (and perhaps the fetus in utero). 
The general adult population is least at risk. 

5. For all members of the population, the 
administration of a one-time blocking dosage of 200 mg of KI 
appears to be quite safe; even administration of a total of 
600 mg over the course of 5-7 days appears safe for the vast 
majority of the population. Administration of 100 mg daily 
for a period of say 2 months should be safe for most of the 
population; for those for whom it may be known to be risky, 
decisions would depend on circumstances. 

I 
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6. Incidence of the major known side effects 
of prolonged administration of high levels of stable iodide is 
statistical, rather than deterministic; that is, predisposition 
to the effects is probably involved, but the nature of the pre¬ 
disposition is not known. If an unknown 10% (or fewer) of a 
population may exhibit such side effects, it is undoubtedly 
better to protect 100% of the population against a high risk 
of radioiodine uptake, whose consequences are usually irrever¬ 
sible, and take the risk of side effects in the unknown 10%, 
particularly since most of the side effects are reversible, 
disappearing on cessation of excess-iodide intake. 

7, The most dangerous side effect for healthy 
members of the population is the possibility of iodide goiter 
in infants born to mothers who have ingested large quantities 
of stab e iodide over long periods. The rate of incidence of 
this condition, given a population of pregnant women so exposed, 
is unknown, but probably small; however, where it does occur, 
the risk of fatal respiratory obstruction in the newborn is 
extremely high. Again, with a known (high) risk of radioiodine 
uptake by the fetal thyroid, it would always be wiser (statisti¬ 
cally) to administer blocking iodide to the pregnant woman. 
Where the risk of radioiodine intake is not certain, the picture 
is not as clear. However, the neonatal iodide-goiter syndrome 
is very unlikely to develop after only a one-time,or even a 
one-week, administration of stable iodide to the pregnant woman. 
Therefore, the best prophylaxis might be to protect the pregnant 
woman (and thereby the fetus) against massive early intake of 
radioiodine, by one-week administration of iodide, and then 
take special pains to protect the mother against subsequent 
ingestion of radioiodine for the remainder of her pregnancy, 
so as to obviate the need for further administration of blocking 
agent to herí 

8. This same philosophy can be applied to the 
entire shelter population. That is, in the face of uncertainty 
at early times after attack, protect everyone by first-week 
administration of blocking agent; continue administration as 
needed, depending on habits and subsequent ingestion history, 
and on increasing knowledge (perhaps measurement) of the radio 
iodine threat. 

* As a general rule, the nursing infant should receive blocking 
agent directly; if the mother is receiving blocking agent, her 
milk may contain more radioiodine than it would if she were not 
so protected. 
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ArrniPTx a 

HCOr or INTAKE OP lAPIOXODXNE AND (miER 

kATi!« WUIIif . IN AMaNXCAU MILITARY PERSONNEL ON RONOI HXP 

A.i. 

It I u> Lmh M^lMalcod In t»*« text of tihla report the» 

tiM t<r««l «•»»»•»»t of Inte*« of retfloftoltne In the Anrriren 
oilU *t\f pmi miv X «e» Konger Ik In Kerch of lOW ««en «ncw»alouely 
hi h, (iierrla. P. 3.# I *S4>. It hed been ^ttcipeted (tt4»ed 

In r 1« it# « t«*r the event} the*, tneir lut eke of rertio«**» ivit / 
Wil.i i- |ui«» lov# coMpervá to tuet of the Her ehe Mee* t»» 

Ro*^|t lep, el»cei (I) t!w Anerlcem.' he4 tied rediece tl^et li»dl- 

c«t*ei the errlve! of xellovtr (7) they hed covered up end hed 
teken In elvodt^m Hitler lolldir»ie ea eoon ee pneslhl^i 
lit they hed ehoeorod end chenged clothlngi end (41 their 

food en-i drink ned been peckeged or othenrle# protected free 

emite*! net S'**. the other Lend* the KareheMeee or kootfeUi» 

h*i etei ¿ood eepoeed directly to fellout (Including fleh 

divin i n reck» In thn open}« hed 4r««k ueter fren e clrtetn 

«hit onllert«d V •.*«eter t>»et hed teilen on en alreedy con* 

t * l»«dt i rool# end hoi bo«» e«t<**ed to I«I|cki* per«In 

th» tfn for t«n« deye. (ft wee hi***» Utet the Hirehelln « 

r' *l"*t«o i leyliKf in the tend hed been t*i*relly rollim in 

«• tilleetl* tievertheleoe» the per-oaplte rodlolodlne 
h+»d^e *n the Anerleone In—oi In ene pooled uri«e ee^plv 
«*»eo «* tore etuut «he nene retío to their whole- 
*4My den« ee did the per am Ite redioi«»dlne Lerden 
I» th» >%«#• • I len* lelnn ere peeled eoeple* token en the 
• ««' »*f*l te «dtole-bedy date. In Hh^r «le» 
** i* d» et»—re dnnn for the (Mnoelepeo* mm %»*%« l.t 



tiroes that oí the Anoricans, while the Rongelap per-capita 

tadiolodine intake was about 3 times the American. This 

rough •tjuivalence implied to the present author that either 

(1) the major route of intake oí 1-131 had been inhalation, 

o» (2) the Romjerik st-TVicemen had somehow been ingesting 

radioactivity to the same extent as the Rongelapese (or that 

both routes had been important factors in the Rongerik intake). 

Information on the protection, movements and habita of 

the individual Rongerik Americans during and after the arrival 

of fallout is available (Sharp and Chapman, 1957). The pool- 

ini oí t lelr urine samples for determination of radioiodine 

precluded an attempt here to correlate individual radioiodine 

burdens with personal histories. However, Cohn, et al. (1957) 

had beta-ray counted individual urine samples, taken on D+44 

(rom both the Rongerik Americans and the Rongelapese. Essen¬ 

tially, this counting determined the presence oí non-volátil' 

radionuclides (predominantly Sr-89, with smaller quantities 

of 2r/Nb-95 and Ha/ba-140). Again, the intake ratio, on an 

average (per-capita) basis, t#as about three times as high for 

the Ronjelspese ss for the Rongerik Americans. Since both 

groupe lived in the same radiological environment after their 

evacuation to Ktrajsleln end up to the time of Cohn's sampling, 

the constancy of the intake ratio supports the contention that 

the measured activities resulced from Intake (either ingestion 

or Impactlon/swellowing) during the first few deys on Rongelap 

• Also, Harris had determined Sr-8*» and Ba-lto in the D+17 
I «led serf les. The avare te Rongerik Sr-89 level was alout 
1/5 that for Ror lelap; for Be-140, the corresponding ratio 
«ras ebnut 1/1.1, with poorer counting statistics. 
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or Rongerik, rather than from inhalation or ingestion of 
★ 

delayed fallout. 

On that assumption, Cohn's data could be checked against 

the reported histories (shot day through D+l) for the indi¬ 

vidual Americans in an attempt to correlate body burdens of 

the longer-lived activities with those histories. If correla¬ 

tions were found, they might explain the source of the radio- 

iodine also. 

The next section of this Appendix presents an examina¬ 

tion of eleven hypotheses as to the route of internal contam¬ 

ination of the Rongerik Americans, based on Cohn's data, as 

well as on data of a similar nature reported by Brennan (1954) 

(based on somewhat later sampling)• 

In addition to the longer-lived radionuclides, 1-131 

was found by Brennan in the urine of the Rongerik servicemen, 

in samples taken almost two months after Castle BRAVO. The 

final section of this Appendix presents an evaluation of the 

source of that radioiodine, the consequences of that evaluation 

with respect to the origin of the radioiodine found originally 

by Harris (1954), and the reason why Brennan's radioiodine 

data were not used in the tests of hypotheses. 

* The large particles (order of 100 jun diameter) in the fall¬ 
out on Rongerik and Rongelap could not have been inhaled di¬ 
rectly (that is# have passed directly to the lung)• However, 
some could have impacted in the nasal passage and then have 
been "swallowed-, leading to the same uptake mode as in true 
ingestion. The much-smaller particles in delayed fallout 
(order of 1 urn diameter) could have been inhaled directly. 
In either s&uation, radionuclides of elements such as stron¬ 
tium, tirconium and niobium (unlike those of iodine) could 
not have existed as true vapors. Therefore, the only way they 
could have reached the urine if taken up by 041 was via Inges¬ 
tion or impaction/ewellowing. 



A.2. Tests of Hypotheses on Ingestion of Non-Volatile Radio- 
Nuclides 

The pertinent data of Cohn# et al. (1957) are individual 

body "burdens"# in beta dis./min in 24-hr urine samples taken 

on D+44. The predominant activity was found to be Sr-89 

(ca. 42%); lesser quantities of Zr/Nb-95. and Ba/La-140 were 

present also. Data were presented (by name of individual) 

for only 23 of the 28 Rongerik Americans. Ten of the 23 had 
* 

reported levels of 0 dis./min. That fact suggested that the 

histories of those ten might have a common element, or at 

least lead to an explanation of the source of the intake. A 

descriptive investigation of their histories and# by contrast# 

of those with measurable "burdens"# gave no clue as to what 

might have causeci or contributed to the intake. The next 

step was to postulate hypotheses as to the source(s) of 

intake, and for each hypothesis, calculate the average "burden" 

for all the men who could have been subjected to that source# 

and then compare the result to the average "burden" for all 

the others. 

Each of the 11 hypotheses involves an element of exposure 

to fallout or else is based on another measurement that is 

correlated with exposure. The hypotheses are in the form: 

"Intake is caused by# or correlated with: 1. Being in the 

open.A listing, with comments, follows: 

* Cohn did not state the size of the aliquot used# nor did he 
quantify the background level. Also# his counting efficiency 
was probably only about 5-10%. If the aliquot was small, and 
the gross count close to background, he may have arbitrarily 
called the net count zero; this would have scaled up to a total 
count (activity) of zero also. Therefore, the reported zero 
activity for the whole 24-hr sample for any one individual may 
be suspect. One would still, in any event, have confidence 
in the average count for the Rongerik Americans# since that 
figure, as discussed earlier, was about 1/3 that of the Ronge- 
lapese, and was therefore consistent with the iodine measure¬ 
ments of Harris (1954). 

É 
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1. Being in the open at least 2 hr. on March 1 (during 

The assumption here is that a man in the open during 
fallout is exposed to the impaction/swallowing route, and also 
to contamination of the whole body, leading to a subsequent 
ingestion threat. 

2. Being in the open (or in non-Butler building*) most 
of March 1 (during fallout) . - 

The assumption of hypothesis ¿ applies here also. 

3. Doing outdoor decontamination of anv kind. 

Even after the cessation of fallout, the process of 
decontamination may stir up the radioactive particles and thus 
expose the individual again. Hosing down of buildings is an 
example. 

4. Not having a shower or full washup during the two 
days on Ronaerlk. 

If whole-body external contamination implies a sub¬ 
sequent ingestion threat, then failure to remove the contamina¬ 
tion early may maximize the threat. 

* Butler buildings were 24' x 8' steel quonsets. They had 
screened windows, which could be closed, along the sides. 
Quarters for the Air Force men were Butler buildings, as 
were the mess hall, the rawinsonde building, the dispensary 
and supply building, and 4 smaller buildings housing the 
refrigerators. The 5 Army men were normally quartered in a 
tent, with no screening; tent flaps were always elevated, 
even on March 1-2. Other facilities in which men spent time 
during and after the fallout were; (1) an air-conditioned 
radio equipment van (air-conditioning turned off after fall¬ 
out started); (2) a radio shack "about the size of a piano 
crate. Could not completely close door."; and (3) various 
tents, including those used for the water-distillation plant, 
the QIC's work area, supplies, latrines, and rawinsonde 
equipment. 
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5. Consumption of water and/or coffee. 
* 

If the water supply was contaminated, this would be 
a major route of ingestion. 

6. Consumption of solid food (either day). 

Since fallout particles were known to have accumu¬ 
lated in visible layers on horizontal surfaces inside buildings 
(even the buttoned-down Butler buildings), food could have 
been contaminated during preparation or consumption. 

7. Consumption of solid food (March 2). 

This more restrictive hypothesis is included because 
all but 2 of the 28 men ate the evening meal on March 1. How¬ 
ever, only 12 men ate solid food of Rongerik origin on March 2. 

8, Having ’ess-than-full body cover on March 1. 

Again, the body-contamination/ingestion route. 

9. Wearing no cap or T-shirt (or other shirt) on Marc! 1. 

Same route. This more restrictive hypothesis is 
included because all but 5 of the men were in Status "yes" on 
Hypothesis 8 (at least partially uncovered). 

10. Having external contamination greater than 6 mr/hr 
(lust before first shower after evacuation to Kwaja- 

Another attempted correlation with external contamina¬ 
tion. 

* The Rongerik report (Sharp and Chapman, 1957) states that 
the water distillation unit was housed in a tent, and that 
drinking water was stored at housing areas in covered 5-galIon 
cans. The report states elsewhere that the unit was a 300- 
gallon Badger type, the vapor-compression system being under a 
tarpaper roof with 2 sides of the shelter closed and 2 sides 
open. The report fails to say whether any of the water drunk, 
or used in cooking, was distilled after fallout had started. 
Also, there is no information on the water-intake point; that 
is, the depth at intake, and whether intake was on the lagoon 
or the ocean side. Sharp's recollection (1971) is that all 
drinking and cooking requirements on March 1 and 2 were met by 
previously produced water. 
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11. Having external contamination greater than 25 mr/hr 
(just.before first shower after evacuation to Kwaja- 
leln).» 

A more restrictive hypothesis than 10, for comparison 
purposes. 

The tests of the 11 hypotheses are presented in Table A.l. 

Numerical entries under Status "Yes" are measurements for those 

individuals who were exposed as stated in the hypothesis. Cohn's 

data are in the first two columns of entries; additional data 

of Brennan's (1954) are in columns 3 and 4. Brennan took indi¬ 

vidual 24-hr urine samples on about D+63, and measured (his 

Table 3, Appendix IV) total beta-plus-gamma counts per minute 

(thin-window G-M counter) in two fractions from wet-ashed 

urine specimens (one containing zirconium, niobium and rare 

earths, the other containing strontium and barium). The present 

author combined Brennan's count rates for the two fractions to 

produce beta-plus-gamma count rates for individual samples 

corresponding to those of Cohn, et al. Brennan's aliquots 

were never smaller than one-half the total 24-hr collection 

for the individual. His net count rates averaged about 30% 

of background, and his stated precision on the individual net 

count rates was about ±20%. Thus, his data, although he consi¬ 

dered them insignificant in terms of permissible body burdens, 

may be more reliable on an individual basis than those of 
* 

Cohn, et al. Nevertheless, both sets of data fail to support 

any of the 11 hypotheses strongly. 

Table A.2. is a summary for all the hypotheses. Note 

that the direction of the correlation (anti-correlation) is 

* Further evaluation of the significance of Brennan's beta- 
pi us -gamma count rates will be presented in the next section 
of this Appendix. 
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TABLE A.l 

TESTS OF HYPOTHESES ON ROUTES OF INTERNAL 

CONTAMINATION OF RONGERIK SERVICEMEN 

HYPOTHESIS 1. Beina in the ooen for at least ? hr on Mannh i 

(during fallout) causes significant intake. 

Individual 
(Cohn, et 

* 
fcctivities 
ll., 1957) 

'k'k 
Individual Count Rates 

(Brennan, 1954) 

Status "Yes" Status "No" Status "Yes" Status "No" 

0 d/m 
820 

78 ë 
No measurement^ 

385 
0 

965 
438 

0 
0 

353 
750 
187 
323 

Nu measurement 

0 d/m 
0 

248 
0 

1260 
No measurement 

830 
No measurement 

0 
466 

No measurement 
0 
0 

4.4 c/m 

Incompl. meas. * 
Incompl. meas. 

6.1 
Incompl. meas. 
Incompl. meas. 

10.0 
9.2 
4.9 
7.0 
9.4 
11.7 
7.9 
16.5 

6.7 c/m 
Incompl. meas. 

9.2 
5.9 
8.3 

Incompl. meas. 
12.1 
8.8 
7.3 

10.5 
3.8 
3.4 
8.8 

4299/13 

= 331 d/m 

2804/10 

= 280 d/m 

103.0/11 

= 9.4 c/m 

84.8/11 

= 7.2 c/m 

Overall average = 309 d/m Overall avei rage = 8.5 c/m 

* Cohn's "individual activities" are individual body "burdens", 
in beta dis/min in a 24-hr urine sample taken on D+44. These 
activities are chiefly Sr-89 (ca. 42%), plus lesser quantities 
of Zr/Nb-95 and Ba/La-140. 

** Brennan's "individual count rates" are individual body 
"burdens", in beta-plus-gamma counts/min (in a specified G-M 
counter geometry) in a 24-hr urine sample taken on about D+63. 
The same radionuclides are involved, except that Ba/La-140 are 
even less Important than in Cohn's data. 

# Cohn et al. had no measurements for 5 of the 28 Rongerik 
servicemen. 

## Brennan had Incomplete measurements for 6 of the 28, 2 of 
the 6 being missed In Cohn's measurements also. Thus only 19 
of the men had measurements in both groups of data. 



A-9 

TABLE A.l (continued) 

HYPOTHESIS 2. Beino in the open (or in non-Butler Elder.) 
most of March 1 (during fallout) causes 
significant intake. 

Cohn Brennan 

Status "Yes" Status "No" Status "Yes" Status "No" 

820 d/m 
78 

No measurement 
965 
438 

0 
187 

0 d/m 
0 
0 

248 
0 

1260 
No measurement 

385 
0 

830 
0 

No measurement 
0 

466 
0 

353 
No measurement 

750 
323 

No measurement 
0 

15.9 c/m 
Incompl. meas. 
Incompl. meas. 
Incompl. meas. 

10.0 
3.4 

11.7 

6.7 c/m 
4.4 

Incompl. meas. 
9.2 
5.9 
8.3 

Incompl. meas. 
6.1 

Incompl. meas. 
12.1 
9.2 
8.8 
7.3 
10.5 
4.9 
7.0 
3.8 
9.4 
7.9 
16.5 
8.8 

2488/6 

» 415 d/m 

4615/17 

« 272 d/m 

41.0/4 

» 10.2 c/m 

146.8/18 

= 8.2 c/m 

Overall averr age ■ 309 d/m Overall av< srage = 8.5 c/m 
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TABLE A.l (continued) 

HYPOTHESIS 3. Doing outdoor decontamination of any kind 
causes significant intake. 

Cohn Brennan 

Status "Yes" Status "No" Status "Yes" Status "No" 

0 d/m 
0 

248 
1260 
385 

0 
0 

No measurement 
323 

No measurement 

820 d/m 
78 
0 
0 

No measurement 
No measurement 

0 
965 
438 
830 

0 
No measurement 

466 
353 
0 

750 
187 

0 

2216/8 

» 277 d/m 

4887/15 

» 326 d/m 

6.7 c/m 
4.4 
9.2 
8.3 
6.1 
7.3 
4.9 
3.8 
7.9 

16.5 

15. 
Incomp1. 
Incompl. 

5. 
Incompl. 
Incompl. 
Incompl. 
Incompl. 

10. 
12. 
9. 
8. 

10. 
7. 
3. 
9. 

11. 
8. 

9 c/m 
meas, 
meas. 

9 
meas. 
meas, 
meas, 
meas. 

0 
1 
2 
8 
5 
0 
4 
4 
7 
8 

75.1/10. 

«7.5 c/m 

112.7/12. 

= 9.4 c/m 

Overall average * 309 d/m Overall average ■ 8.5 c/m 
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TABLE A.l (continued) 

HYPOTHESIS 4. Not havina shower or full wash-uo on Ronoerik 
causes significant intake. (Status "Yes" means 
"Not having.") 

Cohn Brennan 

Status "Yes" Status "No" Status "Yes" Status "No" 

0 d/m 
0 

820 
78 
0 

1260 
No measurement 

0 
No measurement 

466 
323 

No measurement 
0 

248 d/m 
0 

No measurement 
385 
0 

965 
438 
830 

0 
0 

353 
No measurement 

0 
750 
187 

6.7 c/m 
4.4 
15.9 

Incompl. meas. 
Incompl. meas. 

8.3 
Incompl. meas. 

9.2 
8.8 
10.5 
7.9 

16.5 
8.8 

9.2 c/m 
5.9 

Incompl. meas. 
6.1 

Incompl. meas. 
Incompl. meas. 

10.0 
12.1 
7.3 
4.9 
7.0 
3.8 
3.4 
9.4 
11.7 

2947/10 

= 295 d/m 

4156/13 

» 320 d/m 

97.0/10. 

■ 9.7 c/m 

90.8/12. 

« 7.6 c/m 

Overall average ■ 309 d/m Overall avei rage =» 8.5 c/m 

I 
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TABLE A.l (continued) 

y * 
HYPOTHESIS 5. Consumption of water and/or coffee causes 

significant intake. 

Cohn Brennan 

Status "Yes" Status "No" Status "Yes" Status "No" 

0 
820 
78 
0 

248 
385 
965 
438 
830 

0 
0 

466 
353 
0 

750 
0 

d/m 0 d/m 
0 

1260 
No measurement 
No measurement 

0 
No measurement 

0 
No measurement 

187 
323 

No measurement 

6.7 c/m 
15.9 

Incompl. meas. 
Incompl. meas. 

9.2 
6.1 

Incompl. meas. 
10.0 
12.1 
9.2 
7.3 
10.5 
7.0 
3.4 
9.4 
8.8 

4.4 c/m 
5.9 
8.3 

Incompl. meas. 
Incompl. meas. 
Incompl. meas. 

8.8 
4.9 
3.8 

11.7 
7.9 
16.5 

5333/16 

- 333 4/m 

1770/7 

« 253 d/m 

115.6/13 

■ 8.9 c/m 

72.2/9 

■ 8.0 c/m 

Overall average ■ 309 d/m Overall average «8.5 c/m 

* Status "Yes" Includes unspecified "liquids". Status "No" 
includes juices only (presumed to be canned), or "status of 
liquid consumption unspecified". 
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TABLE A.l (continued) 

HYPOTHESIS 6. Consumotion of solid food toifehor Any) mum. 
significant intake. 

Cohn Brennan 

Status "Yes"* status "No" Status "Yes"* Status "No" 

0 d/m 
0 

820 
78 
0 

248 
0 

No measurement 
No measurement 

385 
0 

965 
438 
0 

No measurement 
0 

466 
0 

353 
No measurement 

0 
750 
187 
323 

No measurement 
0 

1260 d/m (No 
info, on food) 

830 

6.7 c/to 
4.4 
15.9 

Inoompl. mees. 
Inoompl. mass. 

9.2 
5.9 

Xncompl. meas. 
Incempl. meas. 

6.1 
Inoompl. moas. 
Inoompl. meas. 

10.0 

8.8 
7.3 
10.5 
4.9 
7.0 
3.8 
3.4 
9.4 
11.7 
7.9 
19.5 
8.8 

8.3 (No info. 
12.1 

501V21 

• 239 4/ti 

8090/2 

• 1049 d/to 

187.4/20. 

■ 8.4 0/a 
80.4/2. 

• 10.2 c/to 

Overall average • 30* 4/W Overol1 ever age • 9.1 c/« 

• Everyone on tie tits too* Hot oto evening noot on VI. 
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TABLE A.l (continued) 

HYPOTHESIS 8, Having less-than-full body cover on March 1 
causes significant intake. 

Cohn Brennan 

Status "Yes" Status "No" Status "Yes" Status "No" 

0 d/m 
0 (Before 

1630) 
820 

78 'Ï9S8P 
248 
0 

1260 
No measurement 

385 (Before 
1700) 

0 
965 
438 

0 (Through 
P.M.3/2) 

466 
0 (Before 

1630) 

353 
No measurement 
(Before 1700) 

0 
750 (Before 

1730) 
187 
323 

to measurement 
0 

0 d/m 
No measurement 

830 
0 

to measurement 

6273/20 

= 313 d/m 

830/3 

= 277 d/m 

6. 
4. 

15. 
Incompl. 

9. 
5. 
8. 

Incompl. 

6. 
Incompl. 
Incompl. 

10. 
7. 

10. 
4. 
7. 
3. 
3. 
9. 

11. 
7. 

16. 
8. 

7 c/m 
4 (1630) 
9 
meas. 
(i;oo) 

meas. 
(1700) 

meas. 
meas. 

° '5/2) 
5 
9 (1630) 
0 
8 (1700) 
4 
4 (1730) 
7 
9 
5 
8 

157.7/19. 

= 8.3 c/m 

Incompl. meas. 
Incompl. meas. 

12.1 c/m 
9.2 
8.8 

30.1/3. 

= 10.0 c/m 

Overall average = 309 d/m Overall average =8.5 c/m 

* Everyone had full clothing coverage, including cap, after 
1530 3/1, unless otherwise indicated in table. 
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TABLE A.1 (continued) 

HYPOTHESIS 9. Wearlna no cao or T-shirt (or other shirt) on 
March 1* causes significant intake. 

Cohn Brennan 

Status "Yes" Status "No" 
(Head and Upper 
Torso Covered) 

Status "Yes" Status "No" 

0 d/m 
0 (Before 

1630) 
820 
78 (Before 

1700) 

248 
0 

1260 
No measurement 

385 (Before 
1700) 

438 
0 (Through 

P.M.3/2) 
466 

0 (Before 
1630) 

No measurement 
(Before 1700) 

0 
750 (Before 

1730) 
187 
323 

No measurement 

0 d/m 
No measurement 

0 
965 
830 
0 

No measurement 
353 
0 

6.7 c/m 
4.4 (1630) 
15.9 

Incompl. meas. 
(1700) 

9.2 
5.9 
8.3 

Incompl. meas. 
6.1 (1700) 
10.0 
7.3 (P.M. 

3/2 Î 
10.5 
4.9 (1630) 
3.8 (1700) 
3.4 
9.4 (1730) 

11.7 
7.9 

16.5 

Incompl. meas. 
Incompl. meas. 
Incompl. meas. 
Incompl. meas. 

12.1 c/m 
9.2 
8.8 
7.0 
8.8 

4955/16 

= 310 d/m 

2148/7 

= 307 d/m 

141.9/17. 

= 8.3 c/m 

45.9/5 

= 9.2 c/m 

Overall average = 309 d/m Overall average = 8.5 c/m 

* Everyone had full clothing coverage, including cap, after 
1530 3/1, unless otherwise indicated. 
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TABLE A.l (continuad) 

HFPTî^I? IP» Having external contamination > 6 mr/hr (before 
first shower on Kwajalein) is associated with 
significant intake. 

Cohn Brennan 

Status "Yes" Status "No" Status "Yes" Status "No" 

0 d/m 
78 

No measurement 
No measurement 

385 
0 

965 
438 
830 

No measurement 
0 

466 
0 

353 
No measurement 

0 
750 
187 
323 

No measurement 
0 

0 d/m 
820 

0 
248* 

0* 
1260 

0 

6. 
Incompl. 
Incompl. 
Incompl. 

6. 
Incompl. 
Incompl. 

10. 
12. 
8. 
7. 

10. 
4. 
7. 
3. 
3. 
9. 

11. 
7. 

16. 
8. 

7 c/m 
meas, 
meas, 
meas. 

1 
meas. 
meas. 

0 
1 
8 
3 
5 
9 
0 
8 
4 
4 
7 
9 
5 
8 

4.4 c/m 
15.9 

Incompl. meas. 
9.2* 
5.9* 
8.3 
9.2 

4775/16 

= 299 d/m 

2328/7 

= 333 d/m 

134.9/16. 

= 8.4 c/m 

52.9/6. 

8.8 c/m 

Overall average = 309 d/m Overall average = 8.5 c/m 

* But had had shower on Rongerik. If these are moved to "Yes" 
column, new averajes (Cohn et al.) become "Yes": 279 and "No": 
416; and (Brennan) "Yes": 8.3 and "No": 9.5. 



A-|m 

TAntr A.l (concluded) 

HYPOTHESIS 11. Having external contamination > 25 mr/hr (belorr* 
first shower on Kwajaleln) is associated with 
significant intake. 

Coh n Brennan 

Status MYes" Status "No" Status "Yes" Status "No" 

0 d/m 
78 

No measurement 
965 
438 

0 
466 

0 
187 

No measurement 
0 

0 d/m 
820 
0 

248* 
0* 

1260 
No measurement 

385* 
0* 

830* 
0 

No measurement 
0* 

353* 
No measurement 

750* 
323 

6.7 c/m 
Incompl. meas. 
Incompl. meas. 
Incompl. meas. 

10.0 
7.3 

10.5 
3.4 

11.7 
16.5 
8.8 

4.4 c/m 
15.9 

Incompl. meas. 
9.2* 
5.9* 
8.3 

Incompl. meas. 
6.1 

Incompl. meas. 
12.1* 
9.2 
8.8 
4.9* 
7.0* 
3.8* 
9.4* 
7.9 

2134/9 

= 237 d/m 

4969/14 

= 355 d/m 

71.9/8. 

= 9.4 c/m 

112.9/14. 

= 8.1 c/m 

Overall average = 309 d/m Overall average = 8.5 c/m 

* But had had shower on Rongerik. If these are moved to "Yes" 
column# new averages (Cohn# et al.) become "Yes"s 276 and "No"î 
401; and (Brennan) "Yes"s 8.3 and "No": 9.1. 
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TABLE A.2 

SUMMARY OF TESTS OF HYPOTHESES ON ROUTES OF 

INTERNAL CONTAMINATION OF RONGERIK SERVICEMEN 

HYPOTHESIS 

Intake la caused by, 
or correlated wlthi 

AVG. ACTIVITY IN 24-HR URINE SAMPLE 

Cohn,et al.(1957) 

Status 
"Yea" 

Status 
"No" 

Brennan (1954) 

Status 
"Yes” 

Status 
"No" 

1. Being in open at least 2 
hr. on Mar. 1 (during 
fallout). 

2. Being In open (or In non- 
Butler bldg.) most of Mar. 
1 (during fallout). 

3. Doing outdoor decontamin¬ 
ation of any kind. 

4. Not having shower or full 
washup on Rongerik. 

5. Consumption of water 
and/or coffee. 

331 d/m 

415 

277 

295 

333 . 

280 d/m 

272 

326 

320 

253 

9.4 c/m 

10.2 

7.5 

9.7 

8.9 

7.2 c/m 

8.2 

9.4 

7.6 

8.0 

6. Consumption of solid food 
(either day). 

7. Consumption of solid food 
(Mar. 2). 

8. Having less-than-full 
body cover on Mar. 1. 

9. Wearing no cap or shirt 
on Mar. 1. 

10. Having external contamin-' 
ation > 6 mr/hr (before 
first shower on Kwajalein), 

239 

268 

313 

310 

299 

* 
045 

335 

277 

307 

333 

8.4 

7.9 

8.3 

8.3 

8.4 

10.2 

8.9 

8.5 

9.2 

8.5 

11. Having external contamin¬ 
ation > 25 mr/hr (before 
first shower on Kwajalein)! 237 355 9.4 8.1 

Overall Overall 
Average = 309 d/m Average = 8.5 c/m 

* 2 individuals, one of whom may have eaten solid food 
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the same for both sets of data in 7 of the 11 hypotheses. 

This is (weak) support for the contention that both investi¬ 

gators were at least measuring the same phenomenon. Also, 

a plot (not reproduced here) of Brennan's count rates against 

Cohn's activities (for the 10 men for whom both had complete 

data) shows a weak correlation between the individual measure¬ 

ments of the two investigators. 

A.3. Radioiodine in Individual Rongerlk Urine Samples Taken 
at Late Times 

Toward the end of April. 1954 the Rongerik servicemen 

were moved from Kwajalein to Tripler Army Hospital. Honolulu, 

for further study before return to duty. It was at Tripler 

that the (Brennan) samples discussed in the previous section 

of this Appendix were taken. During the same period (on or 

before May 5). 24-hr urine specimens were taken for radio- 

iodine determination (Brennan. 1954); the levels found were 

about 10% of permissible concentrations, and decay and beta- 

absorption (aluminum-absorber) measurements confirmed that the 

recovered iodine was all 1-131. In a supplementary report, 

Brennan (1954a) pointed out that all measurements made at 

Tripler on the Rongerik men were backed up by control measure¬ 

ments on local servicemen with no known exposure to radio¬ 

activity. In working up those data, Brennan was surprised to 

find that the controls had the same levels of urine iodine-131 

as the Rongerik men. This finding was later confirmed by 

* The chemistry and counting were done later, at Walter Reed 
Army Hospital, Bethesda, Md. 

** Rongerik: 219 x lo”6 /iCi per average (individual) 24-hr 
sample (May 5), based on 7 samples. 

Controls: 172 x 10“6 /iCi per average (individual) 24-hr 
sample (May 5), based on 5 samples. 

Later measurements were even closer together; in some, the 
control levels were higher than the Rongerik levels. 
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the- pooling of soveral control samples at Tripler on Hay 9, 

anrl by the taking and pooling of more control namplos (from 

a new population) at Malter Reed Army Hospital, Bethesda on 

May 12, According to Brennan, "these data indicate that the 

l*Hiy turdons of 1-131 are about the same for Hawaii and 

Wai-hingt'»n, l). C. residents. This at least suggests a world 

wide equilibrium as iar as 1-131 is concerned," Every mea¬ 

surement pointed to the Bikini/Eniwetok test series (which 

had continued into about mid-May, 1954) as the source o£ the 

1-131. Pooled urine samples taken at Walter Reed in mid-June 

had almost negligible levels of that radionuclide. It is of 

interest that pooled tapwater samples taken in early- and 

mid-May at both Tripler and Walter Reed contained no 1-131. 

The fact that the relatively high levels of 1-131 found 

in Tripler/Walter Reed urine specimens were clearly the result 

of delayed tropospheric fallout suggested the possibility 

that the earliest 1-131 measurements on the Rongerik urine 

specimens (sampling at Kwajalein on March 18) might have been 

misinterpreted. The argument went as follows: Harris (1954) 

had assumed that the 1-131 excreted in the urine on D+17 
"tc 

(March 18) had all been ingested (or inhaled) on shot day. 

It is known that a very small fraction of the iodine taken 

into the body on a given day will be excreted on any subse¬ 

quent day, since: (1) only 20-30% of the stable-iodine intake 

is retained in the thyroid (70-80% is excreted in the urine on 

day 1); and (2) the rate constant for release of organic iodine 

from the thyroid to the bloodstream for metabolic control is 

* J. C. Greene, OCD Postattack Research, personal communi¬ 
cation, June 22, 1971. 

** This assumption was the basis for his own calculations of 
thyroid dose in the Rongerik servicemen (as well as the 
Rongelap adults) and had also been accepted by James (1964) 
in his calculations of thyroid dose in the Rongelap children 
and adults. 



A-22 

low, as? is the rate constant for turnover (released of extra- 

thyroidal iodine (thyroxine)• Thus, the burden of radioiodine 

on the day of intake, which was the basis for the thyroid-dore 

calculations, had been calculated by back-extrapolation from a 

v^ry small measured quantity (scaling up by 3 orders of magni¬ 

tude). If the D+17 Rongerik urine radioiodine actually came 

from another source, then the true intake was grossly over- 

•»sLimat'id. 

On the basis of unspecified kinetics, Harris had stipu¬ 

lated that 0,1% of a first day intake of iodine (stable, or 

radioartlve-decay-corrected) would be found in a 24-hr urine 

specimen taken between the 15th and 17th days thereafter. 

(With i idionctive decay taken into consideration, about 0.025% 

oi a first-day intake of 1-131 would be found in a 24-hr speci- 

mon on about the 16th day.) Harris' number is consistent with 

an uptake (retained portion) of 20%, a biological half-life of 

about 60 days, and the assumption that, of the iodine released 

when extrathyroidal thyroxine is degraded, half appears in the 

urine. If the assumption is made that all the (degraded) iodine 

appears in the urine, then the 0.1% figure is consistent with 
h 

a biological half-life of about 130 days. 

* Ng (see James, 1964) used a slightly different approach, based 
on the peak 1-131 content of the thyroid in /iCi, rather than the 
total intake of stable iodine. He used three first-order rate 
constants. That for uptake was 3.7 day"!/ that for release of 
(thyroxine) iodine from the thyroid was either 4.85 x 10-3 or 
17.15 x 10-3 day"1; that for turnover of extrathyroidal thyroxine 
was either 7.2 x 10"2 or 13.8 x 10”2 day“1. Finally, he assumed 
that, of the iodine released when extrathyroidal thyroxine is 
degraded, 60% was excreted in the urine. Depending on which 
combination of the rate constants he used, the percent of peak 
thyroid content of 1-131 excreted in the urine on the 15th day 
after intake ranged from 0.05 to 0.21, with an average value of 
0.12%. It can be seen that this number is consistent with Harris' 
0.1% of stable intake, since radiological decay to the 15th day 
would provide a factor-of-3.4 reduction in Harris' number, while 
conversion of Ng's basis to.total intake would provide a factor- 
of-5 reduction in his number (for 20% uptake). Thus Ng's and 
Harris' final percentages are closer together than 1/2 the range 
of uncertainty in Ng's second or third rate constants. 
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In Harris' work# the actual quantity of 1-131 in the 

average 24-hr Rongerik urine specimen on the day of sampling 

(Ih17) was only 4.0 nCi. This implied to Harris a peak 

thyroid burden (on shot day) of 3.5 jiCi of 1-131 (intake of 

17,1) the latter# together with the associated quantities 

of the other radioiodines (assumed not to fractionate with 

respect to 1-131)# led to a calculated thyroid dose of 50 

"rep" (Harris' calculated intake of radioiodine# in so-called 

1-131 equivalents, was 1.9 mCi)î Thus# a measured urine 1-131 

level of the order of nanocuries implied an original intake# 

in 1-131 equivalents# of the order of mlllicuries. 

Therefore# in quantitative terms# the argument against 

Harris' interpretation would be that the measured Rongerik 

urine content of 4.0 nCi on D+17 might have actually repre¬ 

sented the 80% rejection of an intake of 5.0 nCi on that da^ 

(at Kwajalein)# a level that might have been compatible with 

a delayed-tropospheric-fallout source. If accepted# this 

argument would then imply that the same quantity was taken 

in by the Rongelapese (at Kwajalein) on D+17# so that their 

ingestion/inhalation burden on shot day was only 2/3 of what 

was originally calculated. A similar argument would apply 

* The corresponding numbers for the Rongelap adults were: 

13.1 nCi 

11.2 /iCi 

5.1 mCi 

150 "rep". (James' (1964) 
calculated thyroid dose for 
the Rongelap infants was about 
1,000 rad# the higher value 
arising from the smaller size 
of the infant thyroid.) 

** Qualitatively, the same argument would be made for the 
non-volatile radionuclides (Sr-89, etc.) found in the urine of 
the Rongerik men by Harris. 

Urine on D+17: 

Peak thyroid 1-131: 

Original radioiodine intake# 
in 1-131 equivalents: 

Calculated thyroid dose: 
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aleo to the later urine levels of the non-volatile radio¬ 

nuclides (Sr-89, ate.) (Cohn, et al., 1957), if it could be 

shown that the measured urine levels on D+44 were consistent 

with rejection of a major fraction of the intake from delayed 

tropospheric fallout on that day (at Kwajalein). 

Resolution of the uncertainty was attempted via three 

approaches, all based on measured (or calculated) average 24-hr 

urine-sample levels of 1-131 in Rongerik servicemen: 

1. Convert measured levels to 24-hr 1-131 excre¬ 

tion, in nanocuries per individual, at time of sampling. 

Compare results for different times and locations of sampling, 

to see if all outputs were of about the same order of magnitude. 

2. Accepting Harris' assumption of a massive intake 

of 1-131 on shot day (17.5 pCi per individual on that day), 

calculate the expected urine output of 1-131 from that source 

on the day of Brennan's sampling (D+63). Compare with Brennan's 

measured average value. If the calculated value turned out to 

be much higher than the measured value, this would cast great 

doubt on Harris' assumption. On the other hand, if the cal¬ 

culated value was much lower than the measured value, this 

would confirm the already accepted conclusion that Brennan's 

results were a measure of delayed-tropospheric-fallout arrival, 

but would neither confirm nor deny the validity of Harris' 

assumption. Finally, if the calculated value was about the 

same as the measured value, this would lead to confusion, 

since it would imply the validity of both Harris' assumption 

and Brennan's conclusion, taken separately, but would at the 

same time say that both could not simultaneously be valid. 

3. Starting with known shot dates in the CA3TLE 

series, and with accepted rates of (eastward) travel of upper 



tropospheric debris, investigate whether the finding oí 1-131 

in urine on each of the sampling dates is compatible with the 

arrival of delayed tropospheric fallout at the sampling point 

on the sampling date, preferably on the first pass around the 

glol>o. 

The overall results of all three approaches are presented 

in Table A. 3. Backup data for the third approach are presenteei 

in Table A.4. 

With the first approach, it appears that all measured 

24-hr 1-131 outputs are of the (roughly) same order of magni¬ 

tude. While the measured level in the Harris samples runs 

10-20 times the levels in all the others, it is not entirely 

inconceivable that the Harris levels are the result of delayed 

fallout on D+17 rather than of a release from a massive intake 

on :hot day. That is, the case cannot be proven either way on 

the basis of the first approach alone. 

Prom the second approach, we see that the calculated 

output of 1-131 on May 2 is lower by a factor of about 7 than 

the measured output. This result provides further confirmation 

for the conclusion that Brennan's samples resulted from the 

arrival of delayed fallout on May 2, but neither confirms nor 

denies the validity of Harris' assumption about the source 

of the 1-131 in the March 18 samples. 

Consideration of the results of the third approach will 

be deferred pending further discussion of that approach: 

All 6 shots in the CASTLE series at the Pacific 
Proving Ground occurred between March 1 and May 14, 1954 
(Effects of Nuclear Weapons, 1962). No United Kingdom nor 
Soviet Union shots occurred between October 1953 and October 
1954, and no other powers had yet started testing in 1954. 
Therefore, the 6 CASTLE shots must be examined as the only 
potential sources of the 1-131 found by Harris and by Brennan. 
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TABLE A.3 

T-131 OUTPUT OF AMERICAN MILITARY 

PERSONNEL (RONGERIK) AND CONTROLS 

Measured and Calculated 1-131 In Urine 

(24-hour collection# activity per individual) 

Measured activities in groups 2 and 3 are consistent with arrival, 
on the day of sampling, of first-pass delayed tropospheric fall¬ 
out from Pacific Proving Ground megaton-range tests. On the other 
hand# the Harris-measured activity (group 1) cannot possibly 
be due to delayed fallout (the BRAVO cloud was half-way around 
the world on the day of sample collection# and no other shots 
had occurred yet). See text and Table A.4 for details. 

* Rongelap samples contained 3.1 times this activity. 

** Actual sampling date was not specified. Counting was done 
on May 5# but sampling could have occurred on any date between 
April 29 and May 5. Errors introduced by this uncertainty do 
not affect the basic arguments (the activity on sampling date 
must have been in the range 0.22-0.37 nCi) 

*** Local (Tripler) controls had roughly the same levels 
(0.22 nCi May 2, 0.43 nCi May 9). 

**** Based on Harris' working hypothesis that 0.1% of iodine in¬ 
take appears in urine (per day) about 14 days after intake# which 
apparently follows from the assumptions: (1) thyroid uptake- 
20% of intake; and (2) (biological) half-life of iodine in thyroid 
= 60 days# 1/2 of released iodine appearing in urine. The calcu¬ 
lation here was therefore based on assumptions (1) and (2). 
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According to Effects of Nuclear Weapons (1962) 
(ENW), delayed tropospheric fallout is important for up to 
several months after a megaton-range detonation. For the 
smaller particles originally reaching the upper troposphere, 
the half-residence time is 2-6 weeks. The chief mechanism 
for return of the radioactivity to the earth's surface is 
scavenging by rain and snow, but return in a dry form also 
occurs. Transport is by west-to-east winds; according to 
ENW, Pacific Proving Ground fallout takes perhaps 1 month to 
circumnavigate the globe, the bulk of it in a belt that 
"spreads to a width of about 30® of latitude", originally 
centered on about 10° N Lat. The 1-month circumnavigation 
implies an effective wind speed of about 35 mph, or 800 miles 
per day, for fallout originating near the equator? An ideal¬ 
ized version of the reduction in fallout with downwind dis¬ 
tance shows that the decay-corrected activity (or long-lived 
activity), averaged over a belt ca. 2000 mi wide around the 
downwind axis, has a "half-distance" of about 6500 mi from 
ground zero. The drop-off for point locations along the 
downwind axis itself is much steeper, decay-corrected fallout 
levels in relative units being 40 at 1000 mi, 20 at 2500 mi, 
10 at 4500 mi, 5 at 7000 mi, and 2.5 at 10,500 mi; i.e., imply¬ 
ing "half-distances" of 1500 mi at 1750 mi, 2000 mi at 3500 mi, 
2500 mi at 5750 mi, and 3500 mi at 8750 mi. 

Distances parallel to lines of latitude are as 
follows: 

Bikini to Kwajalein: 
Bikini to Honolulu: 
Bikini to Bethesda: 

ca. 170 mi 
ca. 2500 mi 
ca. 8000 mi 

First-pass times of arrival are therefore: 

Kwajalein: 
Honolulu: 
Bethesda: 

** 
1/4 day 

3 days 
10 days 

with second-pass arrival, if any, delayed another 30 days for 
each location. 

* Later data on arrival from Chinese detonations (and some 
Soviet Semipalatlnsk shots) imply a circumnavigation time of 
only about 15 days for fallout originati.ig at about 40® N Lat. 
(Machta, 1968 and Machta and Telegadas, 1970). 

** Since the north/south distance between Bikini and Kwajalein 
is also about 200 mi, the cloud could not have dispersed enough 
to have covered Kwajalein on the first pass. Also, none of the 
CASTLE detonations produced a local fallout pattern whose hot 
line had a southerly (to-the-south) component. 
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Table A.4 is a presentation of possible arrival dates, 

at each of the three sampling locations, for delayed fallout 

from each of the CASTLE detonations that occurred before the 

(last) sampling at that location. Estimated arrival times can 

be compared with sampling dates, also shown in the Table. Note 

that estimated arrival times pertain to the cloud front. Since 

the (delayed) cloud may be several thousand miles in diameter, 

cloud passage may take 3 days or more at a given sampling 

location. 

Thus, absolute coincidence between arrival of front 

and sampling date is not required for a match. Only if the 

front could not possibly have arrived by the day of sampling 

is a match ruled out. For example, fallout from Shot 5 (May 4, 

Honolulu time) would have had to travel 2500 mi in 1 day to 

reach Honolulu by the first sample-counting date. May 5, a 

very unlikely event, but could easily have arrived there by 

May 9, the second sampling date. Possible matches become 

more likely for more-distant sampling points and for later 

circumnavigations, simply because of the increased uncertainty 

in front-arrival time and the longer time for cloud passage. 

It can be seen from Table A.4 that measured 1-131 urine 

outputs (in the Rongerik servicemen and the controls) at 

Tripler and Walter Reed Hospitals during the month of May are 

each consistent with deposition, on the day of sampling, oi 

first-pass delayed tropospheric fallout from some CASTLE detona¬ 

tion. Second-pass deposition provides further possible matches. 

* Second- and third-pass (circumnavigation) arrival are included, 
but it must be remembered that arrival times are much more hazy 
for the later times, and fallout levels much weaker, as a con¬ 
sequence of decay, dispersion and loss by deposition during 
transport. 
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The weaker 1-131 levels found in June 15 samples at Walter 

Reed are compatible (on an arrival-time basis) with second- 

pass deposition, but cannot be associated with first-pass 

deposition from any shot. The low levels themselves confirm 

this conclusion. 

Perhaps the most Important implication of the Table is 

that the 1-131 in the Harris samples (taken March 18 on 

Kwajalein) could not have resulted from delayed fallout, 

since the Shot-l (BRAVO) cloud was halfway around the world 

on the date Of sampling, and no other detonations had vet 

occurred. 

A.4. Possible Implication of Delayed Fallout in Intake of 
Non-Volatile Radionuclides. 

There is no reason per se why the non-volatile nuclides 

(Sr-89, etc.) found in urine could not have been inhaled (on 

micron and sub-micron particles) during the passage of the 
* 

delayed cloud. Unfortunately, Brennan's results, discussed 

earlier in this Appendix, did not include any control measure¬ 

ments for such nuclides. Therefore, the question of their 

source in the Rongerik servicemen is still open. However, 

Cohn's measurements (1957) can be checked on an arrival-time 

basis. He sampled on D+44 (April 14) on Kwajalein. As 

explained in Table A.4, first-pass deposition was never a 

possible explanation for intake on Kwajalein. However, second¬ 

er third-pass deposition is a possibility, which can be examined 

* However, inhalation of the non-volatile nuclides would have 
been less likely if deposition had occurred in rainfall. 
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I 
by means of a table similar to Table A.4: 

I 

I 

SAMPLING LOCATION: Kwajalein 

SAMPLING DATE : April 14 (Bikini/Kwajalein Time) 

Shot Date 
(Bikini/ 
Kwajalein 

Shot No. Time) 

Approximate Arrival Date 

Pass dumber 

12 3 

1 March 1 

2 March 27 

3 April 7 

4 (April 26) 

(March 1) 

(March 27) 

(April 7) 

March 31 

April 26 

May 7 

April 30 

May 26 

June 6 

There appears to be no second-pass fit for the D+44 samples, 

and third-pass arrival is too late# even for the first shot. 

Finally# Harris' findings of substantial quantities of Sr-89 

and Ba-140 in the pooled Rongerik urine sample taken on D+17 

(March 18) (discussed earlier in thie Appendix)# coupled with 

the finding here (conclusion of Section A.3) that delayed- 

fallout arrival could not have been a factor on that date# 

further support the conclusion that there had been a massive 

intake of non-volatile radionuclides in the Rongerik service¬ 

men on shot day and D+l for the BRAVO detonation# and that 

this same intake was the source of the non-volatiles found 

by Cohn on D+44# and used in the analysis here in Section 

A.2. 

» 
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A.5. Summary 

On the basis of all the evidence presented and discussed 

in this Appendix, it seems reasonable to conclude that: 

1. The high levels of iodine-131 and of the non¬ 

volatile radionuclides found by Harris in pooled Rongerik 

urine samples taken on D+17 (Shot 1) resulted from massive 

intake, presumably a mixture of inhalation and ingestion, on 

shot day and on D+l, before the servicemen were evacuated to 

Kwajalein. 

2. The lower levels of the non-volatile radio¬ 

nuclides found by Cohn in individual Rongerik urine samples 

taken on D+44 (Shot 1) resulted from the same source, and 

were therefore valid input data for an attempted correlation 

of "body burdens” with individual behavior during the first 

two days. 

3. No single factor (with respect to individual 

behavior or exposure) appeared to account for the variation in 

the measured "body burdens" of the non-volatile radionuclides 

in the Rongerik servicemen. Fallout on Rongerik was so ubiqui¬ 

tous, apparently, that it would have been almost impossible 

for the men to avoid ingestion, to say nothing of inhalation 

(the latter being a possibility if there had been volatile 

forms of radioiodine in the air, as a result of the peculiar 

properties of coral-type fallout). 

4. All of Brennan's measurements were consistent 

with intake (late) from delayed tropospheric fallout, but 

none of Brennan's results compromise the first 3 conclusions 

of this summary. 
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APPENDIX B 

ASSESSMENT OF THE VOLATILI'TY OF 

FISSION-PRODUCT IODINE IN FALLOUT PARTICLES 

B.1. Introduction 

In the body of the report, it has been emphasized that 

the locations of interest in this work are the downwind hiyh- 

exposure-rate areas in fallout fields from strategic nuclear 

weapons. In such areas, inhalation of radioiodine(s) is 

possible only if iodine volatilizes from deposited fallout 

particles. The well-studied initial cloud of radioiodine 

vapor, moving downwind near ground level, that is associated 

with an accidental reactor-release or with a venting deep- 

underground nuclear explosion simply does not exist in the 

civil-defense context. 

The purpose of this Appendix is, therefore, to present 

the results of a survey of the literature on volatility of 

fallout-particle radioiodine(s) and to provide a critical 

review of the limited pertinent information thus found. 

The definitive publication on fallout and on fallout 

fields is the 5-volume DASA-1251 Series, "Local Fallout from 

* During fallout formation in the fireball of the megaton- 
range surface burst, radioiodine produced in vapor form and 
untrapped by the soil matrix will become part of the delayed 
tropospheric or the stratospheric fallout. Most of the 
former will normally return to the earth's surface in greatly 
diluted quantities, after th^ loss by decay of most of the 
radioactive iodine isotopes. The latter, in even-more-diluted 
quantities, will return long after the decay of all the radio- 
iodine of concern. Large quantities of tropospheric iodine 
vapor can be trapped in thundershowers, leading to an early 
return, but that is generally unpredictable. 



Nuclear Test Detonations/' based on an extensive survey of 

the U. S. weapons-test (WT and ITR) literature. Volumes 

III and IV (Part 1) are relevant to the radioiodine problem; 

they appear in the reference list for this report as Kawahara, 

et al. (1966) and O'Connor and Crocker (1968), respectively. 

DASA-1251 covers all U. E. nuclear weapons tests through 

(including) 1958. Nowhere in Volume III (physical and chemical 

properties of fallout) nor Volume IV, Part 1 (radiochemical 

and radiation characteristics of fallout) is there any infor¬ 

mation or discussion on volatility of iodine in fallout par¬ 

ticles. 

Because of the 1958-1961 test moratorium and the atmo- 

spheric-test-ban treaty of 1963, the only surface or near¬ 

surface tests after 1958 that could have produced the desired 

information on radioiodine volatility were those in the 1962 

operations at the Nevada Test Site: i.e., the Sunbeam Series 

shots SMALL BOY, JOHNIE BOY and DANNY BOY; and the Ploughshare 

cratering shot SEDAN. W. B. Lane attempted to measure the 

extent of radioiodine volatility in fallout particles from 

SEDAN (Lane, 1964) and from SMALL BOY (La Riviere, et al., 

1963 and Freiling, et al., 1964). The remainder of this 

Appendix will be devoted primarily to a presentation of Lane's 

approaches, interpretations and claimed results; a critical 

review thereof; and the author's assessment of the implica¬ 

tions of Lane's work in the civil-defense context. Some indirect 

measurements of iodine volatility are discussed in Section IV, 

B.2. Shot SEDAN 

B.2.1. Introduction 

SEDAN was the more thoroughly documented test, 

in that two experimental approaches to the iodine-volatility 

assessment were attempted, both at the same sampling/collecting 

station, and backup information on other properties of the fall 



out at that point in the field was also available. SEDAN 

fallout cannot be considered to represent true surface-burst 

fallout in all respects. In particular, material from a 
5 

cratering burst* may be as much as a factor of 10 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 al., 1966). Also, 

fractionation behavior and radial distribution cf specific 
* * 

chains may not be the same as in surface-burst fallout. 

Nevertheless, much useful information can be gleaned from 

the SEDAN data; in fact, because the SMALL BOY investigations 

on iodine were not as complete, it turns out that SEDAN pro¬ 

vides the only directly useful information. 

B.2.2. Iodine-Gas-Samplinq Experiment 

The best way to describe the experiment is to 

quote directly from Lane (1964) (unless it is stated other¬ 

wise, all references to SEDAN information will be based on 

that report): 

"A gaseous iodine collection was made in the 
field. The devices employed two intakes; one intake sampled 
the airborne iodine, the other sampled the airborne iodine 
plus the iodine which was liberated from fallout deposited 
in a 1 foot diameter funnel. A funnel was connected to an 
Anderson Aerosol Sampler (a five stage impaction device with 
a millipore filter) so that any gaseous products evolved 
from the fallout would be carried through the system by the 
3.8 liter/min air flow. In the first case the entrance to 
the Anderson Sampler was covered with a hood to exclude all 
particulate fallout, and an identical flow rate was used. 
A gasoline driven motor generator powered a vacuum pump which 
drew 3.8 liters of air per minute through each of two meter¬ 
ing orifices. The orifices were connected to bubble columns 
containing 75 ml of 0.05M sodium thiosulfate solution. The 
bubblers were in turn connected to the Anderson Samplers. 
The millipore filters insured that no particulate matter 
reached the thiosulfate." 

* SEDAN had a yield of 100 KT; it was fired at a depth of 635 ft. 

**See Appendix C for fundamental information on chains. 



The qat;-sampling experiment was performed at 

Station 1'J, which was about 2 miles from ground zero (radial 

distance) and about 1 mile off the hot line. About 4 hours 

before shot time, the equipment was put in place and th< motor 

generator started. The gas sampler, together with three oth'r 

collectors, was recovered from the station at H+31 hr. 

"The radioiodine from the gas sampler in the 
field was determined by oxidizing the iodide in sodium thio¬ 
sulfate solution with nitrous acid, extracting with carbon 
tetrachloride, reducing back into sodium thiosulfate and pre¬ 
cipitating as silver iodide. The silver iodide precipitate 
was placed in a calibrated geometry and its gamma spectra 
measured with the 100-channel pulse height analyzer. Both 
samples showed only the 0.53 Mev peak characteristic of 1-133 
." at H+59 hr. 

The chemical yield of the recovery procedure 

was presumably high (say greater than 70%) and the decontamina¬ 

tion efficiency was clearly high. The principal gamma ray 

of iodine-133 (half-life 20.8 hr) is at 0.53 Mev, with a 

yield of 1 photon/dis. There are no other photons of impor¬ 

tance. 

The total debris on the millipore filter of the 

covered (hooded) sampler was 0.1 g, presumably in very small 

particles. The 1-133 activity in the associated thiosulfate 

absorber (corrected to shot time, and under the assumption of 

loo% chemical yield) was 95 photons/sec, or 2.5 nCi. On the 

other hand, the millipore filter of the uncovered sampler 

held 95.8 g of particulate debris; the 1-133 activity in 

the associated thiosulfate absorber, on the same basis as 

before, was 283 photons/sec, or 7.6 nCi. 

* As delineated in Vuillemot (Í963). By back-extrapolation 
from the (H+24)hr exposure rate at this point, as given in 
that report, it was found that the (H+l) hr exposure rate at 
Station 19 was of the order of 50 R/hr. 
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From these measurements. Lane concluded, "Air- 

l)orne iodine fission products were found in the contaminated 

field downwind from ground zero," Partly on the basis of 

these measurements, he stated further, "It was found that 

iodine fission products volatilize and are released from 

particulate fallout." These statements are somewhat mislead¬ 

ing, in that the quantities of iodine involved are insigni¬ 

ficant in the hazard context. The following discussion will 

be an attempt to put this assessment into quantitative terms. 

Lane recognized that, if the quantity of iodine 

vapor trapped by the thiosulfate absorber of the unhooded 

sampler (associmted with 95.8 grams of collected fallout 

particles) was only about 3 times as much as that trapped 

by the absorber of the hooded sampler (associated with 0.1 

grams of debris, or about 0.1% of the collected fallout in 

the unhooded sampler), then 

(a) a substantial fraction of the gaseous 
iodine came from the field, rather than from the collected 
debris, and 

(b) the release rate from collected particles 
was low. This combination implied to Lane that the fallout 
"cloud" passing over the station contained radioiodine in 
vapor form, in fact (Lane, November 1971) that the bulk of 
that radioiodine was independent-yield 1-132, 1-133, 1-134 
and 1-135, all but 1-133 then decaying to negligible activities 
by the time of counting. 

Corrected to zero time, the 1-133 activity 

released per gram by the collected particles was (283 - 95)/ 

(95.8), or 1.96 photons/sec per gm. This is based on the 

assumption that, in each thiosulfate absorber, 95 photons/sec 

came from "field" iodine vapor. The total 1-133 loading of 

the collected particles, on the assumption of unfractionated* 

* In his Abstract, Lane stated, "Gamma decay measurements 
showed no evidence of radionuclide fractionation in debris 

(Footnote continued) 
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(Footnote continued) 

from different locations, nor among different particle-size 
fr ictionr. Pulse height distributions also indicated no 
significant fractionation of gamma emitting radionuclides." 
H< also presented radiochemistry results for the major fission- 
product radionuclides, expressed in "f" numbers. For example, 
£ 131 represents the equivalent fissions in the sample, based 
on 1-131. If Zr-95 is taken to represent the refractory 
nuclides, then 95 (= ^131/^95) is a measure of iodine 
fractionation (in tfie 131 chain). Similarly, Ri 32,95» based 
on Te-132 measurements, is a measure of iodine fractionation 
in the 132 chain. R values for several sieve fractions for 
each of several stations (including Station 19, where the 
gas-sampler was installed) are as follows: 

Station Particle-size Range Rl3l,95 R132,95 

19 
19 
19 

> 2830 pm 1.25 
177 - 710 pm 0.69 
<44 pm 2.0 

1.32 
0.48 
2.1 

14 
14 
14 

710 - 1410 pm 0.46 
177 - 710 pm 0.14 
< 44 pm 3.4 

0.34 
0.32 
2.5 

12 177 - 710 pm 0.80 0.42 
12 < 44 pm 3.0 0.38 

It appears that the smaller particles are somewhat enriched 
in the 131 and 132 chains (R values greater than 1.0), while 
the larger particles are depleted in these chains. This is 
to be expected on the basis of particle-formation thermo¬ 
dynamics and kinetics. The total sample at a station, 
having a weighted average of these R numbers, would probably 
appear to be unfractionated. This is supported by Lane's 
further finding, based on specific-activity distributions with 
respect to particle size, that the radionuclides are asso¬ 
ciated with the volume of the particle rather than with its 
surface area. Finally, the R131 95 values are, more often 
than not, greater than the R132 95 values. Samples from 
JOHNIE BOY, another cratering sfiot, also showed Riji 95 
values somewhat greater than the R132 95 values (Clatk, et al., 
1963a). This would imply a somewhat greater escape of the 
132-chain precursors during particle formation, a result 
which would be expected, based on the following analysis 
(Crocker, 1968): If particle condensation, per J. H. Norman, 
occurs as high as 2000*K, then the chain precursors Sn and 
Sb may be taken as volatile, but the even-earlier precursors 
Cd and In would still be taken as refractory. As one proceeds 
from the 131-chain through the 135-chain, independent yields 
shift to the later (daughter) members in the chain (Kochendorfer, 
1969). That is, in the 131-chain, the peak independent yield 

(Footnote continued) 
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(Footnote continued) 

occurs between Sn and Sb and the independent yield of I is 
essentially zero; in the 132-chain between Sb and Te, but 
close to Sb; in the 133-chain about half-way between Sb and 
Te, with a substantial independent yield already for I; in 
the 134-chain between Te and I, but close to Te; and in the 
135-chain between Te and I, but close to I, the independent 
yield of 1-135 being almost 45% of the chain yield. As a 
result of these considerations, for surface-burst fallout the 
131-chain is only about 60% volatile during particle forma- 
tion; 132 ca, 70% volatile; and 133, 134 and 135 over 98% vola¬ 
tile. Fractionation data for the most volatile chains measured 
for SEDAN indicated that the actual extent of fractionation was 
nowhere near as great as would be predicted for such particle- 

formation volatilities. (Footnote concluded) 

debris, was estimated by Lane on the basis of: (1) 41T- 

ionization measurements of Station 19 debris; (2) predicted 

total ionization per fission, from Miller and Loeb (1958); 

and (3) expected activity of 1-133 per fission, from Bolles 

and Ballou (1956). The debris was thus found to contain 
12 

1.1x10 fissions/gm., leading to a zero-time 1-133 specific 
c: 

"activity" of 6.6x10 photons/sec per gm. It follows that, 

in the 31-hr period of air flow through the collected particles, 
5 

no more than (1.96)/(6.6xlO ), or 0.00030%, of the radioiodine 

actually volatilized. Taken by itself, that result would 

certainly rule out inhalation as a threat in the shelter 

situation (see argument in text). 

There are some inconsistencies, which will be 

discussed further, in the data from the gas-sampler experiment. 

Nevertheless, one can put upper limits on the amounts of radio- 

iodine that would have been inhaled in the Station 19 environ¬ 

ment, regardless of how one interprets the data, so long as 

one accepts an efficiency of close to 100% in the trapping 

of iodine vapor and the recovery of iodine from the thiosulfate 

absorber. 

The total 1-133 collected in the unhooded sam¬ 

pler (environmental gaseous 1-133 plus that, if any, from 

collected particles) was ca. 7.6 nCi (corrected to zero time). 
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If, contrary to the interpreted result of the experiment, 

tl.i:: was all environmental gas, collected at a uniform rate 

(3.8 liter/min, or 0.134 ft3/min) over the 31 hours of col¬ 

lection, then it implies an average concentration in ambient 

air of the order of 0.03 nCi/ft3 (zero-time basis). Note 

that this is a very low concentration, in a civil-defense 

context. 

The adult-human breathing rate is about 0.5 

ft3/min, or ca. 14 liter/min. Thus an adult in that presumed 

environment would have inhaled, over the 31-hour period, 

(14./3.8)(7.6), or about 28 nCi (zero-time) of 1-133. If 

the total 7.6 nCi in the experiment was actually collected 

during cloud passage, then an adult in that environment 

would have inhaled the same 28 nCi during that shorter period. 

This intake is a factor of the order of a thousand below that 

of the Rongelapese* yet it (SEDAN) must include a substantial, 

if not dominant, contribution from radioiodine vapor in the 

passing cloud, a contribution impossible in the Rongelap 

situation. 

The first potential inconsistency in the gas- 

sampler experiment results from the relative quantities of 

iodine vapor trapped by the two absorbers. Lane's calculation- 

by-difference implicitly assumed two simultaneous phenomena: 

(1) a relatively high contribution from release from the 

particles collected by the unhooded sampler; and (2) a rela¬ 

tively low contribution from environmental iodine vapor, includ¬ 

ing that released from fallout particles in the surrounding 

field. It has been emphasized in the text that, in the shelter- 

ventilation-system context, a relatively small contribution 

The Rongelapese had 1-131 intakes of over 50 jiCi. The (H+l) 
hr exposure rate at Rongelap was of the order of 100 R/hr, com¬ 
pared to a SEDAN Station 19 rate of about 50 R/hr. 
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is to ix; expected from particles trapped in intakes and duct- 

in<j# oven if the iodine release rate per gram of fallout is 

the same inside and outside the shelter. Therefore, other 

things being equal, it would be expected that both samplers 

would have roughly the same quantities of radioiodine trapped 

in the thiosulfate absorbers. The only apparent explanation 

for the factor-of-three ratio between the two samplers is 

that air flow over the collected particles substantially 

enhanced the release of iodine vapor, as compared to the pre¬ 

sumably more quiescent conditions for particles reaching the 

ground and perhaps partially "buried" within the surface soil 

structure. In the latter situation, exchange of ionic radio¬ 

active species (such as iodide) with local soil is also a 

possibility. 

A second inconsistency in the gas-sampler experi¬ 

ment results from the fact, already mentioned, that "both 

samples showed only the 0.S3 Mev peak characteristic of 1-133" 

when counted (pulse-height spectrometry) at H+59 hr. At that 

time, a significant contribution from the 0.364 Mev photon of 
if 

1-131 (0 day) should have been seen. Lane's first interpre¬ 

tation of this result was that the thiosulfate absorber trapped 

only early-arriving ("cloud") independent-yield radioiodine. 

Iodine-131, with essentially zero independent yield (actually 

about 1/20 of the 1-133 independent yield), could come only 

via volatilization (as a daughter nuclide) fromparticleo. 

* By H+59, 1-135 (6.7 hr) and 1-134 (53 min) would be gone, 
while 1-132, the 2.3 hr daughter of 78 hr Te-132, would have 
decayed to insignificance (in the thiosulfate) in the 28 hours 
!*?tween sampler recovery and counting. However, the ratio of 
0.364 Mev 1-131 photons to 0.53 Mev 1-133 photons would have 
l>een about 1*2. 

** If the recovered iodine could have resulted only from 
independent-yield iodine, then the photon ratio (1-131:1-133) 
at time of count would have been about 1:45. 
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Unfortunately# this argument, if accepted# would rule out the 

apparent extent of volatilization (from collected particles) 

already discussed extensively in this section# and it would 

be even more damaging to the claimed results of the second 

"volatilization" experiment (performed at a later time post¬ 

detonation)# to be discussed in the next section. Furthermore# 

if only the independent-yield 1-133 in the passing cloud was 

collected# both samples should have recorded the same amount 

of activity. 

A more reasonable explanation of the absence 

of 1-131 in the pulse-height spectra is that the precursors 

in the 131-chain penetrated deeper into the particles than 

those of the 133-chain# so that the daughter 1-131 was less 

available for subsequent release than the daughter 1-133. 

This behavior would be consistent with the higher volatility# 

during particle formation# of the 133-chain (as predicted 

in the earlier discussion of fractionation). 

H*2*3* ^Volatilization" ("Air-Exposure") Experiment 

Lane conducted a second experiment# designed 

to measure iodine loss by air exposure over a 10-day period. 

It was performed as follows: 

"In a concurrent iodine study# ten 20 gram 
portions of fallout from station 19 were placed in petri 
dishes and exposed to normal air currents and sunlight. One 
of the 20 gram samples was added to a test tube containing 
50 ml of 0.05 M sodium thiosulfate". at H+35 hr, . 
"thus effectively trapping any iodine which would be released 
[thereafter] from the particles. Each day thereafter one 
of the portions was added to a thiosulfate solution. After 
ten days".... on D+ll .... "the radioiodine was extracted 
from the mixture and measured in the following manner: Each 
test tube was measured initially in the 4-1T ionization chamber. 
The slurry of thiosulfate solution and fallout was transferred 
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irom the tost tube* to a bubble column. The Iodine was oxi- 
-K^ed with nitrous acid and the Iodine transferred to another 
bubble column eontaininq sodium thiosulfate by drawing a 
stream of air through the system. The Iodine was extracted 
(torn the second thiosulfate solution by again oxidizing with 
nitrous acid and extracting into carbon tetrachloride. The 
carton tetrachloride fractions were then measured in the 4-lf 

^ ionization chamber to determine the radioiodine." 

The stated approach of this experiment was 

determination of radioiodine remaining in fallout particles 

^ after varying periods of air exposure, the ultimate objective 

being to determine the rate of release of radioiodine from 

particles in the field. The proper technique, as Lane recog¬ 

nized. would have been application, immediately at the end 

^ of each air-exposure period, of standard radiochemical proce¬ 

dures (involving destructive analysis of the particles) to 

determine 1-131 remaining in the particles. However, this 

was not feasible under the circumstances in the field, so the 

^ thiosulfate-trapping approach was used as an expedient. 

The procedure used precluded the use of gamma 

spectrometry, since the slurry in the test tube (which had to 

! be assayed before iodine separation) contained the complete 

fission-product mixture. Therefore, the purity of the iodine 

product was not determined. However, the chemical separation 

procedure used on iodide in the thiosulfate was essentially 

I identical to that used in the earlier gas-sampler experiment, 

where the purity of the resulting iodine had been demonstrated 

by gamma spectrometry. 

I The main difficulty in interpreting the results 

of the experiment arises, as Lane recognized, from the fact 

that the iodine recovery (from immersed particles) by the 

thiosulfate-immersion technique was not known. Furthermore, 

I as will be indicated, use of this technique introduced major 

questions about the validity of the experiment, which were 

not considered at the time. In fact, evidence will be pre- 
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sented that the claimed volatilization during air exposure 

did not occur# and that the apparent loss of radioiodine over 

time was really an increased leaching of radioiodine into the 

thiosulfate solution with higher leaching times (shorter air 

exposures). 

Lane's results appeared in his Table 3.6, pre¬ 

sented here in slightly modified form as Table B.l, and in 

his Figure 3.4, redrawn here as Figure B.l. He stated: 

"Iodine loss by air exposure over a 10 day 
period is reported. The progressive decrease in the 
observed iodine/total fraction with time indicates a loss 
oi iodine during the oeriod. [Miller and Loeb (1958)] 
show that at all days [j the radioisotopes of iodine 
contribute 25.0 percent of the gamma radiation (by 4-1T 
ionization chamber) from normal U-235 thermal fission pro¬ 
ducts. Dividing the observed iodine/total fraction by the 
expected fraction (0.25) yields the percentage of the theoret¬ 
ical iodine actually recovered!*^|. The most apparent reason 
for the low initial percent.... [32.0 percent] . was the 
inability of the analytical procedure to remove iodine 
which might have been trapped within the insoluble particles. 
In addition, the iodine may have been depleted from the out¬ 
set due to fractionation in the fallout formation process." 

Lane recorded no data for the so-called 1-day, 

2-day and 10-day iodine samples, though he did for the corres- 

pondirm total samples. The missing data might have provided 

key ini ormat. ion tor much of the evaluation that follows. In 

* In particular, on D+ll, the day on which all counting was done. 

** This operation is misleading; most of the iodine ionization at 
11 days is from 1-132, which because of its short half life and of 
its being in secular equilibrium (in the particles) with its much- 
longer -lived parent, Te-132, will not be seen in the thiosulfate 
in significant quantities. This fact does not affect the arguments 
of the present author, however, since calculations can be made on 
the basis of the observed iodine/total ratio. 
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UMÆ B.l 

APPARENT LOSS OP XODXMi PION PARTICULATE CEBU RT AIR EXPOSURE 

Suple 

Duration 
of Air 
Exposure, 

Days 

4-pl Activity at D»U 
Total Iodine 

Iodine fcteT 
Obserrsd) 

(I/Total)obs. 
Duration 
of Leach, 

Days (l/Total)*exp. 

1 
2 

2 
5 
6 
7 
8 
9 
10 

1 
2 

2 
5 
6 
7 
8 
9 
10 

180 a 10T9 
185 * Wg 
195 * 10‘9 
170 X 10rJ 
170 X lor9 
165 X KT9 
165 * 10rJ 
160 X 10r9 
160 X NT9 
165 * 10r9 

SB 

SB 

15.6 X 1<T9 
13.0 X 10-9 
13.2 X 10-9 
11.5 X 10"9 
10.5 X 10r| 
8.0 X 1Ö"9 
6.¼ X 10*9 

0.0800 
0.076¼ 
0.0776 
0.0697 
0.0636 
0.0500 
O.ObOO** 

32.0** i 
30.5 
31.1 
27.9 
25.¼ 
20.0 
16.0 

9 
8 
7 
6 
5 
¼ 
3 
2 
1 
0 

* Proa Millar and Loab (1958): 

At IHU, 
Kaa) 

KüíTJ.im) 0.25 axpaetad 

Corrected for error in original table. 
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IIACH AUK A? ION [»AYS] 

• A 4 t o 

FIGURE B.l 

APPARENT LOSS OF IODINE FROM PARTICULATE DEBRIS BY AIR EXPOSURE 
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the 3-day sample, 32.0% of the theoretical (available) indite* 

ended in the thiosulfate. By the 9th day, only 16.0% of th« 

total available iodine was recovered. Thus, if bane's inter¬ 

pretation was correct, and volatilization was really boinq 

measured, then 16% of the total radioiodine was released be¬ 

tween days 3 and 9 of the experiment (or between D+4 and D+10), 

implying an average volatilization rate of 2.7% per day. This 

rate is a factor of more than 10^ higher than that represented 

by the vaporization of 0.00030% in 31 hours in the gas-sampler 

experiment. There is no apparent reason why this should 

occur, especially since both experiments involved fallout from 

the same station. The evidence indicates that the lower rate 

is the valid one. 

It is understandable that "iodine trapped within 

the insoluble particles" would be very slow to be taken up by 

water or aqueous solutions (one would expect it to vaporize 

even more slowly); however the argument that "iodine may have 

been depleted from the outset due to fractionation in the 

fallout formation process" is in conflict with (1) the reported 

radiochemistry data that indicate 22 depletion of iodine in 

the fallout at the station under investigation; and (2) the 

stated conclusions that gamma decay measurements showed no 

evidence of radionuclide fractionation in debris from differ¬ 

ent locations, nor among different particle-size fractions, 

and that pulse-height distributions also indicated no signifi¬ 

cant fractionation of gamma-emitting radionuclides. 

The most important consideration is that the 

experiment, as carried out, must have included some contri¬ 

bution from (variation in) leaching of iodine. In fact, it 

* Since the counting was done on D+ll, it is clear that the 
iodine involved was almost entirely 1-131. The iodine members 
of the 133, 134 and 135 chains would have decayed away, and the 
79 hr—^2.3 hr Te-132—^1-132 pair could have contributed no 
iodine in the experiment as performed. 
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is likoly that it was leaching variation that was being mea¬ 

sured, rather than volatilization. If the amount leached 

increased with duration o£ immersion, with an expected satura¬ 

tion effect, then this would account for the shape of the 

curve in Figure B.l, with leach (immersion) duration plotted 

from right to left on the upper abscissa scale*. That is, 

if leaching is the controlling phenomenon, then saturation 

occurs after about the fourth day of immersion; i.e., at 

initial immersion times earlier than day 6 of the experiment, 

or D+7. This behavior is reasonably consistent with the 

(limited) results of Lane's total-ionization (4 If ) leaching 

experiments**, in which the percent leached did not increase 

between day 3 and day 8 of immersion, these being the only 

times measured (Lane's Tables 3.7 and 3.8, not reproduced 

here). Since other supporting information results from the 

separate leaching experiments, they will be discussed here 

in some detail. 

"The leaching of gamma emitting radionuclides 
from fallout particles by HC1 solutions of pH 1.0 and 4.0, 
distilled water of pH 6.0 and NaOH solution of pH 10.0 was 
determined. Two grams of particles from the 42, 150, and 
325 mesh and pan fractions were added to 25 ml of solution 
in 40 ml centrifuge tubes" . on d+1*** ."After 3 

* On the other hand, the concave-downward shape of the 
curve is not consistent with the air-exposure explanation, 
since in that case it would imply a release rate that increases 
as time goes on. 

** An independent set of experiments, not connected with the 
iodine investigation, but (fortunately) duplicating some of the 
conditions of that investigation. 

*** This experiment was started on the same day as the "volatili¬ 
zation" experiment. The material used was also from Station 19; 
thus physicochemical and ionizing-radiation properties of the 
particles were identical in the two experiments. Note that the 
particle-size ranges involved in the leaching experiment were 
3^0-710 /m, 104-124 pm, 44-62 pm, and 0-44 pm. On a weighted basis, 
this meant that the leaching experiment used 53% of the mass of 
the fallout mixture and 52% of the 100-hr activity, the total 
sample thus being representative with respect to specific activity. 
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days the tubes were centrifuged, the liquid decanted into 
clean tubes and the gamma activity of the solid and liquid 
fractions measured in the 4-1f ionization chamber, A dupli¬ 
cate set of samples," .also started on D+l. "was 
tested in ft days," 

A concurrent similarly performed experiment 

on exchange between fallout particles and (inactive) clay or 

adobe soil (in distilled water) was related, though not by 

specific intent, to the already mentioned problem of inhibi¬ 

tion of vaporization of iodine from fallout particles "buried" 

within the surface soil structure in the field. 

Lane's general conclusions for the leaching 

experiments were: 

"The acidity or basicity of the solution 
apparently has little effect on the leaching result. Small 
particles with their much greater surface area do leach a 
larger fraction of the radionuclides than large particles," 
. There is . "little increased leaching in the addi¬ 
tional five days of contact," 

The present author has extended Lane's reported 

individual-sieve-fraction leaching percentages to expected 

percentages for the total fallout mixture at Station 10, by 

weighting the before/after "counts" for each sieve fraction by 

that fraction's mass percent in the mixture. The results are 

presented in Table B.2. The grand average of total (all- 

fission-product) leachability for all 8 samples (2 times, 

4 pH's) is 10.8%, The apparent slight redaction in leach¬ 

ability from 3 days to 8 days was probably an artifact; 

ilrnost half the leachate counts at 8 days were less than 

twice background. 
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TABLE B.2 

l.EAOITN'l PERCENTAGE FOR TOTAL FALLOUT MIXTURE AT STATION 10 

Solution Percent Leached 

3 days 8 days 

pH 1.0 

pH 4.0 

pH 6.0 

pH 10.0 

Average 

13.7 % 

14.6 

14.0 

7.3 

12.4 % 

10.4 % 

8.7 

8.4 

8.7 

9.1 % 

The fact that equilibrium leachability is of 

the order of 11% for the Station 19 fallout is quite siqnifi- 

cant in the context oi the true mechanism in the "volatiliza¬ 

tion" experiment. The maximum "% iodine recovered" in the 

"volatilization" experiment (Table B.l and Figure B.l) is 

32% (for immersion time of 7 days). Since at all times in 

the interval 3 days to 10 days post-detonation the radioiodines 

in the gross-firsion-product mixture contribute about 25% of 

the total 4If ionization (Lane's figure)# this maximum 

"recovered" (iodine) ionization of 32% in the "volatilization" 

experiment represents 8% of the total-fission-product ioniza¬ 

tion in the sample (before immersion). Therefore, if during 

* Or, note in Table B.l, in the entry for Sample 3 (7-day leach), 
that the observed ratio of recovered-iodine 4F ionization to 
total 4F ionization is 0.0800 (8%). Thus, the previously dis¬ 
cussed ambiguity of the 32% figure (or the 25% basis figure), 
arising from the lack of a Te-132î1-132 contribution, does not 
affect the argument of the present author. That is, the observed 
8% recovery has been first divided by 0.25 (by Lane) and then 
multiplied by 0.25 (by the present author). 
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the time period of interest iodine is the major contributor 

to the gamma-emitting soluble fraction of the total-fission- 

product mixture*, then the 8%-ionization figure in the 

"volatilization" experiment is consistent with the Unioniza¬ 

tion figure (all leached radionuclides) in the leaching experi¬ 

ment, and thus could have represented leaching of iodine 

rather than volatilization. It is known that leaching of 

iodine is a much more rapid process than volatilization; 

the former requires only that the iodine be in the iodide 

(or any other soluble anionic) form, while the latter requires 

oxidation of the (thermodynamically preferred in particle ^ 

formation) iodide to elemental iodine, followed by sublimation. 

Furthermore, the leachant solution "attacks" the particle 

surface, and thus renders available more iodide than can be 

susceptible to true volatilization. 

An additional piece of evidence for the leaching 

of iodine comes from Lane's gamma spectre, of the liquid frac¬ 

tions in the 3-day total-mixture leach experiment (his Figure 

3.6, not reproduced here). Though the spectra have not been 

unfolded, there appears to be a strong peak at about 0.37 Mev 

in both liquid fractions (pH 4 and pH 6), but a continuum in 

the same region in the corresponding solid fractions. The 

chief 1-131 photon is at 0.364 Mev; the spectra were run on 

D+4, before 1-131 would make its peak contribution to the 

total ionization. 

* At 10 days post-detonation, 1-131 alone constitutes between 
C and 10% of the total-fission-product ionization, depending 
on the fissionable element and the neutron spectrum. 

** Any iodine in the iodate or periodate form would be stable 
(with respect to reduction to the elemental-iodine form) in 
the air environment. 
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JOHNIE BOY, like SEDAN a cratering shot, pro¬ 

vided some supporting information (Clark, et al., 1963a, 

plus original data files) for the leach interpretation of 

the results of the SEDAN "volatilization" experiment. In 

the leaching experiment, performed exactly as in the SEDAN 

work, 3 size fractions in the range ól-SBljum (all from the 

same station) were each leached fot 1 and for 3 days, measure¬ 

ments being made in leachants of pH 1, 6 and 10. In every 

case (Clark's Table 3.12 plus original (raw) data), the 

percent of ionization that leached increased by a factor of 

3 from day 1 of leaching to day 3. This tends to support 

the presumed shape of the leach equilibration curve in 

Figure B.l, this work. 

Another JOHNIE BOY experiment involved a gross 

sample from another station, and 3 individual particles, each 

of a different type, from that station. Each sample was 

leached for 1 hr in pH 1 solution, starting on D+2. The 

percent leached, on a 4 If -ionization basis, was determined 

immediately, and then the liquid and solid fractions were 

followed in the ionisation chamber for 3 days. If, for a 

given sample, both the liquid and the solid fractions were 

to contain the same mixture of radionuclides, then the (apparent) 

percent leached would be the same at all measurement times. 

However, it turned out (Clark's Table 3.11) that all samplet 

exhibited a rising percent leached during the three days of 

measurement, the increase being a factor of 1.5 for the 

gross sample, and ranging from ..4 to 3.4 for the individual 

particles. Therefore, there is apparently a preferential 

leaching of an activity that is relatively long-lived com¬ 

pared to the total-fission-product mixture. This result 

is consistent with a preferential leaching of 8-day 1-131 

(t“1*2 decay implies an apparent fission-product half life 

of ca. 1.6 d starting on D+2). 
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Finally, the extent of leaching for the gross 

sample just described (leached for 1 hr) was about a factor 

of 10 lower than those for the 1-day leach measurements on 

the other JOHNIE BOY samples. This provides further support 

for the presumed shape of the leach equilibration curve in 

Figure B.l, this work (very rapid increase during the first 

few hours, saturation by about 3 days). 

Some comments on the effect of the nature of 

the leaching solution are in order. In the "fallout data 

compilation" (Kawahara, et al., 1966) there is some pertinent 

information on partly siliceous fallout from another Nevada 

Test Site series. Teapot. Particles of size 0-5Aim from five 

tower shots gave the following solubilitiest 

Percent Solubility 
Leaching Medium (Activity Basis) 

Average Maximum 

Distilled Water 

0.IN HC1 

0.1N Thiosulfate 

pH 7.6 Buffer 

2.4 % 

22.H 

4.2 

5.7 

6.4 % 

36.2 

9.0 

15.0 

However, on the predominant-size samples (tens through hun¬ 

dreds of micrometers), solubilities were not entirely con¬ 

sistent. The order of solubility was not always the same. 

Nevertheless, more often than not the order was as given for 

the small particles above; in particular, the solubility in 

thiosulfate was usually higher than that in distilled water. 

Whether the* enhanced solubility in thiosulfate was due' pri¬ 

marily to enhanced leaching of iodide in particular or to a 

general effect of ionic strength (see entries for pH 7.6 

buffer) is not known. 
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In the concurrent SEDAN experiments on exchuiun 

(ff the fission-product mixture) from fallout particles to 

ijnely divided soil materials, the c^xchange materials were 

from two to seven times as effective as the straight leach 

environment, the extent of exchange depending on fallout- 

particle sise and on the nature of the exchange matrix. As 

has been stated above, this phenomenon has implications for 

the inhibition of iodine volatility from fallout particles 

deposited on soil, particularly where there is organic material 

in the soil in the fallout field. 

B.2.4. Summary (SEDAN) 

Based on the results of the gas-sampler experi¬ 

ment, which appear to be unequivocal when all apparent incon¬ 

sistencies are accounted for, it is concluded that the iodine 

volatilization rate from SEDAN fallout particles is of the 

order of 0.00025 percent per day, a rate that cannot produce 

a radioiodine-inhalation threat. 

The "volatilization", or "air-exposure" experi¬ 

ment, which produced an apparent iodine volatilization rate 

of about 2.7 percent per day (for material from the same 

sampling station), has been shown to be a leaching experiment, 

in which the apparent volatilization really reflects the effect 

of duration of immersion on the percent of ionic species 

leached. That is, even with zero prior volatilization of 

iodine from the air-exposed particles, the changes in iodine 

recovery in the 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 
* 

immersion of such particles in the thiosulfate solutions. Lane 

concurs with this interpretation (Lane, December 1971). 
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Thoroforu, .> vol.itUiz.ition ,.,t., ... 

Of 0.00025 .*rc..n, l'or d.,y i„ ,cco,.to,l t,„. .. 

• KOAN fjlluut partlclen. lt ls r,.coqr,ized , haL ,,,,,. 

r un. 
ffeld («hero the 1-hr exposure rate was about 5o H/hr) 

Newerthelesa, since the rate is ne.li.iMe, there is no 

re,,„o„ to , lleve that measurements at other points in the 

-^¡Tt “°'d]™U,d ”aVe the conclusion that for 
oEDAN-type fallout, volatilization of iodine could create 

„ - - --halation threat in the shelter environment 
in the civil-defense context. 

n*3» ¿hot SMALL pny 

B.3.1. introductinp 

Mnce 3Ena;, fallout cannot be considered to 
■ •■ire.-ent true surfacu-bu.st fallout In all respects, the 

Z,'CC tarCt SMALL 1,0Y CtJ,ld h«ve Provided definitive infor¬ 
at ion on the extent of iodine volatilization from fallout 

particles, unfortunately, the oas-aampler experiment was 
»0 Performed on SMALL Buy, of the two SEDAN experiente. 

' y "* 'oUtlMs:dtlon", or “air-exposure” experiment, 
w ilch has subsequently been , hown to provide no useful ininr- 

■ , on on volatilization, was done. However, some less-det.ll 
icxjhi*? mo^rurements were mado »rui 1 1 . . 
rrrvii 1 , , total-leaching expirimer.tr 
pro i JrHi additional pertinent information. 

in ¿>MALL pc»Y Project 2«lof concorri.*.» wlrh physlco- 



El-2 4 

Chemical and radiochemical behavior of fallout particle«, 

another kind oC iodine investigation was attempted by KawaEiura 

(Freiling, et al., 1964): 

"Concern over the vaporization of fission 
product iodine (1-131) from fallout samples led to the col¬ 
lection of some fallout by trays containing fresh 0.1N thio¬ 
sulfate solution. At NRDL these samples were separated 
into solid and liquid fractions, and analyzed spectrometrically." 

The only statement about this experiment in the RESULTS section 

of the Project 2.10 report was: 

"Visual comparison of the gamma-ray pulse- 
height distributions for samples of fallout collected in 0.1N 
thiosulfate with those of gross fallout samples did not indi¬ 
cate a greater abundance of 1-131 in the former." 

It appears from the latter statement (and from the absence of 

a reported comparison of the liquid with the solid fraction) 

that: (1) the slurry of particles and thiosulfate was kept 

intact until the moment of counting; (2) the only thiosulfate- 

collection measurements made were on unseparated slurry mix¬ 

tures; and (3) the conventionally collected "gross fallout 

samples" referred to were exposed to air at least while in the 

field before recovery on IH1, and perhaps thereafter also. 

With the advantage of hindsight, one can say that this would 

have been a crude experiment at best. If the only air expo¬ 

sure of the comparison samples was that prior to recovery, 

say for one day or less, then even with claimed iodine release 

rates of about 2.5% per day* (shown here to be much too high) 

the experiment as performed could not have verified depletion 

of iodine in the conventionally collected particles, since at 

* From the SEDAN "volatilization" experiment, already discussed 
(2.7% per day claimed), and the SMALL BOY "volatilization" 
experiment, to bo considered shortly (2.4% per day claimed). 
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best the iodine contents would have differed by only 2.5%; 

.■ach a dif ference could not have been seen by the comparison 
★ 

spectrometry us< ■(!. 

Ü.3.3. "Volatilization" ("Air Exposure") Experiment 

Lane modified the SEDAN air-exposure experiment 

slightly at SMALL BOY (Project 2.9) (La Riviere, et al., 1963). 

3 samples (3 air-exposure times) were taken from each of two 

stations (H+l hr exposure rates about 20 and 75 R/hr). The 

first sample from each station was immersed in thir.sulfate 

solution at the start of the experiment on D+2. The remaining 

two samples from each station were held in petri dishes in 

sunlight anu normal air currents. Sample 2 from each station 

was immersed in thiosulfate on D+6, sample 3 on D+12. CounHng, 

filtration, chemistry and final counting were done on D+13. 

Thus, the immersion durations, in inverse order, were 1, 7 and 

11 days. On a 4IT-ionization basis, the observed ratios of 

recovered iodine to total activity, in the same inverse order, 

were < .025-0.03, 0.05-0.055, and 0.07-0.08. Thus the maximum 

(equilibrium) fraction of iodine recovered was about the same 

as that for SEDAN (0.08). 

* There is another reason why the experimental procedure 
actually used is not known with certainty. The thiosulfat- 
trays had been set out and recovered by Project 2.9 (La Riviere, 
et al., 1963) whose prime responsibility was fallout collection 
and gross-sample analysis. Their report states, with respect 
to collections in distilled water, 0.1N HC1 and thiosulfates 
"The liquids were simultaneously filtered and transí- .od to 
polyethylene bottles at recovery time. The solid fractions 
on the filter were also sent to Project 2.10." This separa¬ 
tion in the field was confirmed by Lane, at least for the 
thiosulfate collection (Lane, 1972). It means that the result¬ 
ing separated fallout particles could have been losing iodine 
rjy volatilization (if volatilization occurred at all), thus 
rurth- r vitiating the experiment. 
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Following tho same kind of calculation performed 

on SEDAN, Lane concludeds 

"Measurements made on fallout samples exposed 
to air showed a continuing loss of iodine over a period of 12 
days following the burst. The fraction of activity associated 
with the particles due to iodine was lower than expected, 
which may have been due to initial fractionation and inability 
of the analytical procedure to remove iodine trapped within 
insoluble parades." 

The present author believes these conclusions to be unjustified, 

for exactly the same reasons discussed previously under SEDAN. 

However, a thorough study of the implications 

of the (separate) SMALL BOY total-4 IT -ionization leaching 

experiments for this rebuttal could not be made, because those 

experiments were not as complete as the corresponding ones on 

SEDAN. In particular, the SMALL BOY Project 2.9 leaching 

experiments : 

(1) Covered only the larger particle sizes, 

88/im - 1410/im, in 5 groups, and were thus less representative 

on a specific-activity basis, and also ignored the particle 

sizes which should have given the highest leach percentages. 

(2) Never included more than one immersion dura¬ 

tion for a given sample (station); thus trends with immersion 
h 

duration could not be examined. 

* However, SMALL BOY Project 2.10 reported some trends, pre¬ 
sumably for samples from stations other than those used in 
Lane*s"volatilization" experiment. Freiling indicated that, 
in a total-fission-product leach experiment, water leachates 
took 2 to 5 days to reach equilibrium, while acid leachates 
took 2 to 8 days. 



Nevertheless, the SMALL BOY Project 2.9 leaching results 

indicated that for sizes less than about 17f:>/im, leaching 

extent rose as particle size was reduced, so that the 

percent leached (by water) in the SMALL BOY particle sizes 

corresponding to those examined in SEDAN could have be<n 
★ 

L-10%, as in the latter fallout. 

Finally, in the SMALL BOY Project 2.9 report 

there is confirming gamma-spectral evidence for the preferen¬ 

tial leaching of iodine, similar to that discussed earlier 

under SEDAN. Again the filtrates from the total-mixture 

leach experiments (and either the residues, or the gross 

samples before separation) were examined on the spectrometer. 

ic if 
Figures 3.12 and 3.13 are spectra, taken at 

about H+12 hr, of the gross sample from one station (203) and 

the water filtrate thereof. The filtrate spectra appear to 

be very much enriched in 1-133? a peak at about 0.f>3 Mev is 

the predominant one in the spectra. The same peak is much 
*★* 

less important in the gross-sample spectra. There is no 

* One difference between SMALL BOY fallout (Project 2.9) 
and JOHNIE BOY/SEDAN (cratering event) falluut was that in 
the latter, leach extent was independent of pH, over the 
range 1-10, while in the former, leaching percentage in pH 1 
solutions was more than a factor of 10 higher than that in 
solutions of pH 6-10, being as high as 60% for some samples. 
The reasons for the difference are not clear, but the effect 
is not relevant to the interpretation of the "volatilization" 
experiment, in which the results for pH 6 and 10 are the 
important ones. 

** None of LaRiviere's spectra are reproduced here. 

*** Conversely, peaks at about 0.65 Mev and 0.75 Mev, asso- 
citted with Nb-97 and Nb-97m, respectively (both short-lived 
daughters of 17-hr Zr-97), are prominent (predominant) in the 
gross-sample spectra, but missing in the water-leachate spectra, 
a result that is consistent with the known insolubility of 
Zr/Nb in water. 
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evidence of the 0.364 Mev peak of 1-131 In any of the spectra; 

that peak should be absent (hidden) at times as early as H+12 

hr. 

Figures 3.15 and 3.16 are spectra, taken at 

about D+1.2,of pH 1.0 filtrates from seven size fractions 

from the same station as above (203). All seven spectra at 

each spectrometer gain setting are strikingly similar, in 

terms oC peak locations and relative intensities. In particu¬ 

lar, all the spectra appear again to be enriched in 1-133; 

the predominant peak (fairly sharp) is again at about 0.53 

Mev. As in the earlier spectra, there is no evidence of the 

0.364 Mev 1-131 photon. Gross-sample or residue spectra were 

not measured. 

The remaining spectra (Figures 3.17-3.22) were 

all taken at about D+9, by which time 1-133 would have decayed 

av/ay arid 1-131 would be a major contributor to the total 

activity. The discussion following will therefore be keyed 

to the 0.364 Mev peak of 1-131. Spectra were run for filtrates 

of pH 1.0, 6.0 and 10.0 and ior the corresponding solid resi¬ 

dues. Most of the samples examined (from a different station 

(403) than that of the earlier spectra) were from a sieve 

fraction in the 350-710pm range; a few were in the 710-1410 pm 

range. 

With the 350-710pm particles, the pH 6.0 and 

10.0 filtrates were highly enriched in 1-131. The peak at 

* In this acid filtrate, a contribution from Nb-97 and Nb-97m 
can be clearly seen; this is an indication that the acid tends 
to dissolve or leach a representative fraction of the total 
activity, whereas water alone is much more selective. 
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about 0.3C Mev v.as intense and sharp; in fact, it v.as clonrly 

the predominant peak in the spectra. In those neutral and 

alkaline solutions, the same pe-ik from the larqor particles 

was much less intense, but still clearly present. In the 

spectra of the solid residues from all these samples, the 

1-131 peak could not be distinguished. 

When the 350-710/am particles and also the larger 

particles were leached in pH 1.0 solutions, the 0.36 Mev peak 

was greatly reduced in intensity; in fact somewhat displaced, 

so that perhaps some other photon or mixture of photons was 

being seen. Again, the spectra of the corresponding solid 

residues appeared ambiguous in the region of 0.36 Mev. 

B.3.4. Summary (SMALL BOY) 

No direct measurement of the volatilization 

rate of iodine from fallout particles was made for the 

SMALL BOY event. The Indirect measurements (volatilization 

or air—exposure experiment) were subject to the same kinds 

of error discussed in detail under SEDAN; for exactly the 

same reasons, the claimed volatilization rates of about 

2.4% per day are unsupportable. Total-mixture leach experi¬ 

ments in SMALL BOY support the conclusion that the claimed 

extent of volatilization during air exposure was really a 

differential extent of leaching, resulting from variation 

in thiosulfate-immersion duration during the iodine-recovery 

process. 

It is not possible to state what the extent 

of volatilization from SMALL BOY particles actually was. 

Certainly, the upper limit is 2.4% per day, but this number 

(air—exposure experiment) could easily be as much as a factor 
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ot IO4 lower# as it actually was in SEDAN. Since the extent of 

release of the total-fission-product mixture# and the nature 

ol release of individual radionuclides# were the same- for 

SMALL BOY, JOHNIE BOY, and SEDAN particles in water-leach 

experiments# there is no reason to believe that the true 

volatilization rate of SMALL BOY particles was any higher than 

the 0.00025% per day determined for SEDAN particles. 

B.4, Overall Summary 

Based on the limited direct-measurement information 

available from the SEDAN event, and on supporting data from 

that event and from JOHNIE BOY and SMALL BOY# it is concluded 

that the iodine volatilization rate from (dry) siliceous 

fallout particles is of the order of 0.00025% per day. Even 

if this estimate is low by a factor of 1000, the rate would 

still be negligible (see discussion in text) in the context 

of a radioiodine inhalation threat in the general civil- 

defense shelter environment. 
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APPENDIX C 

FUNDAMENTAL PROPERTIES OF IODINE ISOTOPES 

For the five iodine radioisotopes of interest in this 

evaluation# all the important properties are shown in Figures 

C.l through C.5 (1-131 through 1-135# respectively). 

The chain parameters are taken from Kochendorfer (1969). 

Chain yield# a function of the type of fission# measures the 

total number of atoms of the particular radioiodine ultimately 

produced (instantaneously and by decay of precursors)# and is 

thus a first-order estimator of time-integrated activity in 

the thyroid. Note from the recorded chain yields that the 

second peak in the bi-modal mass-distribution curve for 

"thermonuclear"-neutron fission of U-238 occurs at mass 134# 

and is fairly flat. Thus all five of the radioiodines con- 
h 

sidered here are produced in significant yield. Note also 

that for each mass chain# the chain yield (through iodine) 

is the sum of the indicated independent yields. 

The half-life of the iodine isotope itself is a measure 

of the period during which that isotope is a threat# parti¬ 

cularly when all its precursors have much shorter half-lives. 

* No other radioiodines need be considered. 1-128 and 1-130 
are shielded nuclides (that is# their tellurium "precursors" 
are stable) and they themselves are produced in insignificant 
independent yield. All the radioiodines of mass 126 and below 
are in the same category? that is# they are all shielded either 
by (1) stable tellurium "precursors"? or (2) earlier "precursors", 
with intervening nuclides produced in insignificant independent 
yield. 1-127 is# of course# stable. 1-129 has a half-life of 
1.6 X 10' years# so is no threat. All the radioiodines of mass 
136 and above have half-lives measured in seconds and all their 
precursors are extremely short-lived also# so none of these can 
survive long enough to be fallout threats. 
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Thus 1-131 is ii portant for aiout tho first 40 days« 1-113 for 

atout b days« ami 1-115 for about 36 bourn. 1-134 with Its 

53 min half-life« precede«! by 42 min To-134, Is im|*>rtaiit 1« r 

perhaps 6 hours. The 112-chain presents a more romp! irat»-»! 

picture« in that the decay in this transie it equilibrium is 

controlled by the 78-hr Te-132 parent* so that at any liven 

time (say where inhalation of Iodine vapor is betmj evaluated) 

only a small fraction of the ultimately available iodine exists 

as iodine. Thus* for 1-132 to produce a significant internal 

threat, compared to the other radioiodines« it must be taken in 

the form of the tellurium parent« ami that tellurium must 

remain In the system for a time of the order of its own half 

life, at least. Thin problem is considered in more detail 

in :;t<*wart .ml rimpson (l‘»f>5) and In Hecha 11« et al. (1065 «ar. 

I‘»6< ). 

As indicated in the above paragraph« the independent 

yields of the Iodine isotopes measure the extent to which 

decay of precursors is Important in defining the ultimate 

iodine threat. In particular« as will be seen later in this 

Appendix« they have a profound impact on the phenomenon of 

t ractlonatlon. 

The beta «*nergles and relative atundances are taken 

fror Piller (1Q,*7), In the context of radioiodine uptake, 

i-t.i-i »y absorption is tho predominant contributor to • xposure 

doiie (n the thyroid. V. 1thin the limits of accuracy required 

in th» present study, it Is generally safe to ignore the much 

smaller (additional) gamma exposure dose, particularly since 

it comjensates to some extent for the loss of beta doc< arli Jr | 

* Tiie Independent yield of the 2.3 hr 1-132 is very aralli 
this, coupled with the short half*iife, reinforces the importare* 
of the transient equilibrium. 



from the escnpe of beta rays originating near the surface of 

the thyroid! Again because of the limited accuracy required 

(in the tace of the groat uncertainties with respect to vola¬ 

tilisation and vapor diffusion* discussed in Section IV/Appen- 

dlx P and in Appendix D# respectively)« no attempt was made 

to obtain more recent decay-scheme data than that of Miller. 

The 50%-doso radius is defined* for a point source in 

tissue* as the distance within which 50% of the dose* for that 

beta energy* is distributed. The data are from Loevlngcr, 

et al.* in Hina and Brownell (1956). The significance of this 

parameter lies in the claim of Klassovskii* et al. (discussed 

ln Appendix P) that the relatively weak betas of 1-131 

are not absorbed uniformly in the (vulnerable) parenchymous 

tissue of the thyroid* and therefore that 1-131 is much less 

effective than the other radioiodines* on an Mev-for-rev basis* 

in inducing pathological states in the thyroid. 

It has been emphasised in this Appendix and elsewhere in 

the report that the tremendous uncertainty ao to the extent 

and rate of volatilisation and the wide variability in disper¬ 

sion of iodine vapor* once formed from ground-deposited fallout 

particles* Justify an eclectic approach to the assembling of 

other input data. Thus* in Section IV of the main report* the 

calculations of Mechali* et al. (1966) for thyroid doses re¬ 

sulting from inhalation of the gross-flssion-product mixture 

have been applied to the present evaluation. Those calcula¬ 

tions had been based on fission of plutonium-239 by fast neu¬ 

trons. Table C.l* retyped from Table Z of Kochendorfer (1969)* 

shows the variability in the various radioiodine activities 

(dls/sec basis) for a range of fission types* the basis of 

comparison being fission of U-23S by thermal neutrons. Note 

• The simplest calculation of beta dose assumes that all the 
emitted beta energy is absorbed in the thyroid. 
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that for the four radioiodines of major interest (1-131, 132, 

133 and 135), and for all times after about 1 hr after fission, 

any kind of fission can be substituted for U-235TH with an 

error never worse than 67%, and usually no worse than 20%. 

Of particular interest with respect to the use of Mechali's 

results, the (derived) ratio Pu-239fi/U-238TN ranges from 1.03 

to 1.25, over all times. 

The chain parameters shown in Figures C.l through C.5 

have a profound effect on the radioiodine loading of arriving 

fa1lout particles, in terms of total activity, composition (with 

respect to mass chain), and location within the particles; the 

last, in turn, determines the extent of volatilization, as dis¬ 

cussed in Appendix B, Section B.2.2. Radioiodine loading is 

controlled primarily by fractionation during fallout formation 
* 

and transport. The physical states of the very-short-lived 

tin and antimony precursors of iodine during particle formation 

are quite sensitive to the condensation temperature of the 

* There is a rich literature on fractionation. In the list of 
references, see entries under Adams, C.E., Crocker, Freiling, 
Kawahara, Korts, Miller, C.F., Norman and Pascual (as sole or 
senior authors). Miller developed a model based on thermo¬ 
dynamics in the condensing fireball, extent of condensation 
of chains depending on Raoult's Law constants for the pertinent 
chain members. For application to the prediction of exposure 
rates, Freiling*s group depended primarily on the systematics 
(correlation) of field data on fractionation parameters. Their 
predictions were based on 3 groups of mass chains: volatile, 
intermediate and refractory, and their approach to prediction 
involved parameterization of key fractionation variables for 
the volatile group. Norman and his colleagues adopted a kinetic 
approach, the output being a computer model which specifies not 
only quantities of each chain condensed, but also radial pene¬ 
tration of key chain members into particles of specified size. 
While that model provides a starting point for estimation of 
the reverse process, namely the volatilization of iodine from 
such particles, there appears to be no useful theoretical 
method for following the outward migration processes at ambient 
temperatures. 



fallout-particle matrix in the range 1600-2000#K (Crocker, 

, 1968). (The earlier precursors, cadmium and indium, are con¬ 

sidered to be refractory in the formation process). Thus, 

radioiodine loading depends strongly on independent yields 

of tin and antimony (and, of course, of the much-more-volatile 

I tellurium and iodine) in each of the four mass chains (131, 132, 
* 

133 and 135) of concern. Furthermore, to the extent that 

volatilization (after condensation) occurs at all, some of the 

radioiodine formed by decay during fallout transport may be 

> lost to the upper atmosphere before arrival of fallout on the 

ground. 

In its formation-fractionation properties, iodine 

» (affected mainly by its precursors) is intermediate in its be¬ 

havior between the so-called volatile chains, such as the 

137-chain, culminating in Cs-137, and the so-called refractory 

chains, such as 95 (Zr-95/Nb-95) or 99 (Mo-99). Fractionation 

I is measured by the R-number (defined in Appendix B, Section 

B.2.2). For Small Boy, a low-yield surface detonation on 

siliceous soil, R-L37 for close-in fallout was about 0.0757 

that is, Cs-137 was found in close-in fallout particles to 

) about 7.5% of the extent predicted if it were to follow the 

reiractory 95-chain, taken as the reference chain. In gross 

samples of close-in fallout from the same event, R10, r.r 

ranged from 0.25 to 1.65? that is, some samples were "depleted" 

> of T-131, others "enriched". In sieve samples from the same 

locations, the larger sizes were depleted of 1-131, the smaller 

sizes (relatively) enriched. Specifically, 

Larger than 44 /xmt Ri3i 95 = - 0.90 

Smaller than 44 pm* Ri3i 95 = 0.53 - 1.50. 

* Five, for early arrival from kiloton-yield bursts, where the 
134-chain also may have to be taken into account. 
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The 131-chain in close-in fallout from megaton-range explosions, 

with their much higher condensation temperatures, would be 

expected to be much more "volatile" (in the formation process) 

than that from the low-yield Small Boy event. Therefore, in 

the civil-defense context, calculation of particle iodine load¬ 

ing on the basis of the unfractionated mixture is almost certain 

to overestimate the threat. 

More subtle implications of formation fractionation, 

such as its effects on the relative loadings of the radioiodine- 

containing chains, are examined in Appendix B, Section B.2.2. 



D-l 

APPENDIX D 

LEVELS OF RADIOIODINE VAPOR IN SHELTER. 

A METHODOLOGY AND SOME RESULTS 

In Section IV, it has been emphasized that the main 

potential sources of gaseous radioiodine within a shelter 

are: (1) fallout particles trapped in the particle filters 

or ducts of the ventilation system (these trapped particles 

may then release iodine vapor into the intake air subsequently 

flowing over them); and (2) fallout particles deposited out¬ 

side the shelter (volatilization from these particles will 

depend on the action of sun and wind; the gaseous radioiodine 

so produced will be dissipated to some extent by turbulent 

diffusion in the atmosphere before reaching the shelter 

ventilation intake). 

In this Appendix, the trapped-particle source will be 

considered first; the threat from the outside source will 

then be treated as an extension of the "inside" threat. 

D.1. Particle-Iodine Loading of Ventilation System 

Estimation of the amount of radioiodine in particles 

entering a shelter ventilation system requires specification 

of the radioiodine volume concentration for the arriving 

fallout in the air at the ventilation intake (for example, 

in curies of total particle radioiodine per cubic foot of 

air), as a function of time. With a worst-case assumption 

that all particle sizes present are swept into the intake, 

one need then specify only a ventilation rate (for example 

in cfm, or in cfm per person) to determine total ingress of 

particle radioiodine (including hold-up on conventional 
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filters)« again on either a total or a per-person basis. 

The radioiodine-vapor threat to shelter occupants can then be 

assessed by means of assumptions as to the volatilization 

rate of iodine in the subsequent air flow. As it turns out, 

the combination of limited ingress of particles and low vola¬ 

tilization rate once they are trapped means that the "inside" 

threat is almost inconsequential. However« the methodology 

developed to evaluate that threat provides a direct means for 

evaluating the "outside" threat« which under some circumstances 

may be considerable. 

D.1.1. Methodology 

The methodology developed for computation of 

particle-radioiodine volume concentration in arriving surface- 

burst fallout vs. time was based on the unclassified report 

literature on fallout phenomenology (Clark and Cobbin« 1963) 

and on fission-product radioiodines (Kochendorfer« 1969). 

The former provided: (1) data on stabilized-cloud parameters 

and on "standard" exposure rate as a function of distance 

downwind along the hot-line; and (2) a basis for determining 

minimum and maximum particle sizes on the ground« and arrival 

time as a function of particle size« at the corresponding 

locations; all as functions of weapon yield. A 15 mph effec¬ 

tive wind speed was the basis for the "standard" exposure rates 

and particle-sizes/arrival-times on the ground. The latter 

report provided data on the time dependence of the activity 

of each individual radioiodine and of the total radioiodine 

mixture« as related to the "standard" exposure rate. For 

worst-case considerations« the unfractionated radioiodine 

mixture was used in the calculation. Fractionation as a 

* The author is indebted to Mr. Samuel C. Rainey (present 
address: Naval Ship Research and Development Center« Carderock« 
Md.) for this work (Sequences I - XVIII below). 
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factor in reducing the threat, if any, could then be handled 

semi-quantitatively, since the uncertainties in volatiliza¬ 

tion rate override all other uncertainties by far. 

A schematic picture of the methodology appears 

in Figure D.l. The following discussion is keyed to the 

Roman-numeral sequence in that Figure. The equations used 

are presented without derivation. At appropriate points, 

intermediate calculations! results for an example problem 

are presented. 

in the example problem, the location of interest was a 
point, P, on the hot-line, 58.5 mi downwind from ground zero 
for a 10 MT detonation at the surface; the predicted maximum 
"standard" exposure rate of 9,060 R/hr at 1 ^ oecurs at 
point. Per Clark and Cobbin, this is for a lOOfc-fission 
detonation; for the more-reasonable 50%-fission detonatio 
the megaton-range yield, the corresponding W°“e 
be 4.530 R/hr at 1 hr. Furthermore, the recorded fj^es are 
based on "....the AN/PDR-39 (TIB) portable radiac which has 
a geometric and photon energy response very close to 0.75 of 
the true air ionization rate 3 feet above a plane source of 
fission products uniformly distributed on(the area . There¬ 
fore, the true (air-ionization) "standard exposure rate is 
4,530/0.75, or 6,050 R/hr at 1 hr, for 50% fission. 

II 
The cloud geometry is shown in Figure D.2, in which: 

h is the height of the (stabilized-) cloud 
° center, the idealized cloud being an 

ellipsoid of revolution. 

a and b are the semi-major and semi-minor axes of 
the cloud, respectively. 

V is the (effective) wind speed, always 
w 22 ft/sec (15 mph). 
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Vf is the "offeetive terminal velocity" (i.c., 
the average falling velocity) for a partiel«' 
of a given size, starting at a particular 
elevation (in ft/sec). 

p is the distance from ground zero to the loca¬ 
tion of interest. 

For convenience, particles of a specified size, origina¬ 
ting at a specified altitude, are treated as having a constant 
falling velocity, thus a straight-line trajectory. This intro¬ 
duces no error in arrival time at a location on the ground, 
since an effective (average) fall velocity for the total verti¬ 
cal travel is used. The two tangent trajectories shown in the 
figure are those for the largest particles to arrive at point 
P (from altitude h^) and the smallest (from altitude h2). 
Note that these are not the earliest and the latest arrivals, 
respectively; the earliest particles to arrive come from the 
leading edge of the cloud, while the last to arrive come from 
the trailing edge. 

With the yield, W, in KT, we haves 

a = 2.45 X 103 W0,431 = 129,800 

b = 1.40 X 103 W0,300 = 22,200 

h = 1.68 X 104 W0,164 = 76,100 
o 

Thus, the 10 MT cloud is about 50 mi 
mi high (thick) centered at an altitude of 

In the example problem, p was chosen 
58.5 mi. 

A useful parameter in the characterization of a tra¬ 
jectory is a , defined as Vw/Vf, or the reciprocal slope of 
the trajectory. Each relevant combination of particle size 
and originating altitude has associated with it a value of 
a . For all situations considered here, « = 22./Vf . 

problem) 

II 

II 

across and about 8 
about 15 mi. 

as 307,600 ft, or 

ft (example 

ft 

ft " 

III 

In particular, the maximum and minimum particle sizes 
encountered at point P (each coming as it does from only one 
altitude) are characterized by « min and ttrnax * respectively. 



where: 
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^max 

-h p 
cr V b p 2 /,2 

a (b 

and O t is qiven by the same expression, with the negative 
value orthe radical. 

The maximum and minimum particle sizes at P are then 
found by the following procedure: 

amax 
and 

1. Having determined a, b, h and p, compute 

^min* 

2. 
tangency shown 

Determine the z_ coordinates of the points of 
in Figure D.2. For each of the two values of a. 

where 

* 

/Jtang 

A 

-b2B/A 

,2 , , 2, 2. 
b + (a /a ) 

and b = ho - (p/a ) . 

Thus, 
h~ by 

1‘1 
(h 

(Fig. 
+ z 

D. 2) 

tang( a 

is 

max 

given 

))* 

by ( h + z 
o Jtang ( 

^min^ 
), and 

3. Based on tabulated information in Clark and 
Cobbin, make a plot of 22/Vf** (ora) vs. particle size, for 
heights h^ and h2. By interpolation, find the particle sizes 

* As calculated, Ztang t,le vertical distance between the 
point of tangency and the cloud vertical center line (plane). 
Therefore, the actual altitude is (h0 + ztang)• Note that 
lztang| <k* For the extremes in the altitudes of origin 
of intermediate-size particles, the vertical displacements 
from the center plane will be designated by z. 

** Values of Vf are found in Clark and Cobbin's Table A.l. 



conforming to «min and Ämax* respectively. These ere then, 
respectively, the largest ana the smallest particle 8lr.es 
arriving at point P. 

4. Note that, for many specific situations of 
interest, Clark and Cobbln provide data directly on the maxi¬ 
mum and minimum particle sir.es arriving at a surface location 
(and on related parameters) (their Table C.2). 

In the example problem, the key values aret 

EsrUslsg 
Size 

vf 

®min 

hl 
t(arr.) 

240.7 urn 

9.93 ft/sec 

2.22 

84,030 ft 

8,465 sec 

gmnim EatUfijj» 
Size 

vf 
«w 

t(arr.) 

108.6 jim 

3.33 ft/soc 

6.60 

59,490 ft 

17,860 sec 

H 

The first step in determining highest and lowest cloud- 
origin points is to compute, for a series of values of « in 
the range nmln— «W 

-bJB ♦ (afc/a ) V*-B: 
Z ■ 11 .......... 

A 

in which all symbols have been defined. Ttien, plot (ho ♦ z) 
vs. a . Since z is double-valued for each value of di (except 
a min and flrr.ex)« a plot of height of origin (ho + z) vs. ® 
will be a cloned (ovoid) figure, bounded by (ho ♦ b), (ho - b), 
a min and aRlax* 71)18 plot, for the example problem, is shot n 
in Figure D.3. 

* Note that the time of arrival for the earliest particles to 
arrive (ta) is given by (p - a)/Vw , and that for the last 
particles to arrive (tc) is given by (p ♦ 2a)/Vw . For the 
example problem, ta is 8,080 sec, tç is 19,870 sec. The 
corresponding sizes are 238.4 jam and 114.1 jam (both original in j 
at altitude ho (vertical center plane of cloud). In Figure 1.1, 
ta and tc are denoted t* and tf^, respectively. 





IMO 

Next# for each of a aeries of particle sizes In the 
range arriving at point P# determine (from Table A.l in Clark 
and Cobbin) the value of tt (or 22Vf)associated witn each of a 
series of altitudes of origin in the range (h0 - b) to 
(h0 + b). For each such particle size# plot height of origin 
vs. at , on the plot of Figure D.3. The points of intersection 
of each such curve with the closed (ovoid) figure represent the 
lowest and highest altitudes of origin of the corresponding 
particle size. Again# the family of superimposed curves 
shown in Figure D.3 is for the example problem. 

1 

For each of a range of particle sizes of interest# the 
initial and final deposit times can be determined from the 
information in Figure D.3. The procedure follows* 

For each particle size# minimum and maximum 
altitudes of origin have been determined as points of inter¬ 
section# in IV above. Call these zm¿n and zmax* respectively. 
Since values of a for these heights may be read from Figure 
D.3# recompute Vf at the points of intersection (as 22/ei ). 
Then# for each particle size# start and finish are given by 

9 ^in/^ftmin) 

tf " Zmax/Vf(max). 

Finally# plot the pair of time extremes vs. 
particle size; this again produces a closed figure# this time 
banana-shaped. The plot# for the example problem# is shown 
in Figure D.4. Note that a vertical cut through the figure 
gives the time range over which a particular size is arriving# 
while a horizontal cut gives the range of particle sizes arriv¬ 
ing at a particular time. 

If# for a given time# sa represents the smallest 
size arriving and Sb represents the largest size arriving# then 
sk is the minimum particle size that is all deposited by that 
time. That is# all particles larger than Sb are down; in 
addition# some fraction of each size between s. and s, is 
already down also. 
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ARRIVAL DURATION AS A FUNCTION OF PARTICLE SIZE 



D-12 

vi* vu AND VIII 

The activity/particle-size distribution plot is cjener- 
ated on two-cycle log probability paper, with the largest size 
arriving plotted at the 99% (cumulative) point, the smallest 
at the 1% point, and a straight line connecting these points. 
The distribution for the example problem (not shown) was 
generated in this fashion. For that problem, the distribution 
used implied a "range" (1% to 99%) of 108.6 pm to 240.7 pm, 
with 50% of the activity contained in particles smaller than 
160 pm; 

The calculation of percent of activity down (on the 
ground) as a function of time since t is based on the results 
of V and VIII. At each time, the activity already down is made 
up of two components: (1) that associated with sb, the mini¬ 
mum size that is all deposited; and (2) that associated with 
the range of sizes depositing at that time, namely sa through sv,. 
The activity associated with group (1) can be read directly 
from the log-normal distribution curve; the activity associated 
with group (2) is determined by linear interpolation in Figure 
D.4 and in the distribution curve. For convenience, activity 
can be decay-corrected to the time of arrival of the earliest 
particles, ta. The decay-corrected activity-deposition plot 
for the example problem is presented in Figure D.5. 

X 

As mentioned in the discussion under V, horizontal sec¬ 
tions of Figure D.4 give the ranges of particle sizes arriving 
at time points of interest. 

2£ 
As shown in the discussion under I, the 1-hr true-air- 

ionization ("standard") exposure rate in the example problem 
is 6,050 R/hr (50% fission). The value is now compatible with 
Kochendorfer's formulation. 

* Implicit in the treatment is the assumption that there is no 
fractionation with particle size (at least that all sizes arriv¬ 
ing at point P contain the same mixture of the fission-product 
radionuclides). 



P
E
R
C
E
N
T
 
A
C
T
I
V
I
T
Y
 
(
D
E
C
A
V
-
C
O
R
R
E
C
T
E
D
)
 
D
E
P
O
S
I
T
E
D
 

LV 

Pn 

TIME, 10 SEC. 

FIGURE D.5 



D-14 

m 
Calculation of the exposure rate at ta is based on the 
decay law. In the example problem, with ta = 8,080 sec 

(2.24 hr), the (hypothetical) exposure rate at t is 2,300 R/hr. 
Si 

mi jxyjj 
"Total curies" of iodine at ta (and during the fallout 

period) is a hypothetical measure, like "standard" exposure 
rate. It represents the deposited iodine activity, per square 
foot, calculated as if all the fallout eventually deposited 
had actually arrived by It is determined as follows: 

Kochendorfer gives factors for converting R/hr 
at given times after burst to curie/ft2 of total radioiodine. 
Prom his Figure 24, the appropriate values for thermal-neutron 
fission of U—235 are obtained. At ta = 8,080 sec, the factor 
is 7.0 X 10” curies/ft2 per R/hr. Thus, for an exposure 
rate of 2,300 R/hr at ta, the "total curies" are 1.61 Ci/ft2 
(at ta). 

If actual curies during fallout arrival are 
needed (only so if dose during fallout arrival is to be calcu¬ 
lated), then the decay information in Kochendorfer's Figure 1 
can be used to generate a correction-factor curve for total- 
iodine decay, normalized to 1.0 at ta. In the example problem, 
the decay factor at tc is 0.34. 

XIV 

Actual curies of iodine (per ft2) deposited by time t 
during fallout arrival are of interest only where dose during 
fallout arrival is to be calculated. Otherwise, the only 
time point of interest is tc. For each time, t, curies depos¬ 
ited (per ft ) are obtained by multiplication of percent of 
available activity deposited (from IX) by total curies avail¬ 
able (per ftZ) (from XIII). Since arrival and decay are com¬ 
peting functions, the curles-deposited function peaks during 
the fallout-arrival period. In the example problem, the "peak" 
is fairly flat, covering the range 15,000 - 18,500 sec. 

If the only calculation to be made is of the ultimate 
ventilation-system loading (i.e., dose calculations to start 
after fallout cessation), then it is more convenient to use a 
decay-corrected (normalized) value for the curies per ft2, in 
this case, the decay function generated in XIII is not used; 
i.e., the results of IX (plus the one conversion at ta) are 
applied directly in this and succeeding steps. 
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XV 

The rato of deposition (in Ci/ft2 per sec) is obtained 
by differentiation of the deposit curve of XIV. Where the 
actual Ct/ft2 (the peaked curve) are used, the rat«s peak and 
then become negative toward the end of the arrival procer.«. 
On the other hand, where the decay-corrected Ci/ft^ (monotonic- 
increasing deposit curve) are used, the rates peak and thon 
approach zero, but never go negative. In either case, piecewise 
differentiation is used; that is, 4(activity)/ 4t is computed 
for a series of (discrete) time increments. 

XVI 

See discussion under XIII. 

XVII 

The time base for the average-falling-rate calculations 
is the series of intervals used in the4A/4t calculations 
under XV. For the center of each such interval, t., the parti¬ 
cle size range being deposited at that time is obtained (from 
X, or Figure D.4, as an example). Then, Table A.l in Clark 
and Cobbin is used to provide values of Vf (for the final 
10,000 ft of fall, as opposed to the average Vf for the whole 
trajectory) for the smallest and the largest particles reach¬ 
ing the surface at point P at tf. The two fall velocities 
are then averaged to provide an average terminal velocity for 
the "parcel" of particles reaching the ground at point P dur¬ 
ing the interval centered on tf. If the intervals are short 
enough, this averaging process provides an excellent approxi¬ 
mation to the continuous-arrival phenomenon. 

* In the example problem, ground-level fall rates range 
2.55 ft/sec for the smallest particles to 6.40 ft/sec for the 
largest. The average fall rate at a time half-way 
the arrival period is 3.65 ft/sec. For the time at which 50/. 
of the ground deposit is reached (Figure D.5) the average 
fall rate is 4.08 ft/sec. A suggested overall-average fall 
rate for the example problem is therefore 3.9 ft/sec, for a 
simplified form of the calculation. 
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mu 
In an interval centered on ti# the deposition rate 

(¿A/^th (in Ci/ft2 per sec) results from the depletion, 
at an average particle fall rate (Vf)¿ (in ft/sec), of radio- 
iodine-loaded particles from ground-level air whose radio- 
iodine (volume) density is Ri (in Ci/ft3). Therefore, in 
each interval for which ( ¿A/4t)i and (Vf)i have been deter¬ 
mined (in XV and XVII, respectively), R, can be determined 
by s 

R 
i 

Depending on how ( dA/ dt)i has been computed, R¿ can be 
expressed in terms of true activity per unit volume, or in 
decay-corrected activity per unit volume. In the remaining 
discussion, the latter basis will be used. 

For the example problem, with activity decay-corrected 
to ta, the radioiodine volume density ranged from 0.7 x 10-= 
to 6.0 x 10“5 Ci/ft3, with the highest values occurring over 
a fairly wide range near the center of the arrival period. 

XIX 

With the particle radioiodine density in the air at the 
ventilation-system intake known (as a function of time), and 
with the worst-case assumption that all particle sizes present 
are swept into the intake, all that is needed is to specify 
a ventilation rate (most conveniently in cfm per person) and 
then the ingress of particle radioiodine into the ventilation 
system can be calculated. The extent of radioiodine inhalation 
by individuals then depends on the rate of volatilization of 
iodine from the trapped particles and on the individual breath¬ 
ing rate. If ventilation air is not recirculated, the calcu¬ 
lation is straightforward, and the threat from trapped particles 
is minimized. 

Shelter ventilation requirements and systems have been 
studied extensively. Ventilation rates are generally controlled 

* See, for example, Allen (1970 and 1970a); Anderson, Jago and 
Friedman (1970); Baschiere and Lokmanhekim (1967); Kapil, Sitko 
and Buday (1969); Kapil and Rathmann (1971); Office of Civil 
Defense (1969); Rathmann (1969); Spiegel (1968); Strope (1965); 
and Wright, Hill and Sawyer (1970). 
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by environmental considerations (cooling, dehumidification 
and removal of COj) rather than by normal breathing rates, 

I The mean value of the breathing rate for adults, averaged 
over a 24-hr period, is 2.31 x lO“*1 m3/sec (International 
Commission on Radiological Protection, 1959/1900), which 
translates to 0.49 cfm. Spiegel (1968) has pointed out that 
3 cfm per person are required to keep the CO2 concentration 
below dangerous levels in a shelter situation; he recommends 

» a ventilation rate of at least 5 cfm per person for emergency 
operation centers (EOC's), where alertness is required. Most 
codes for normal building occupancy specify ca. 10-15 cfm 
per person. Baschiere and Lokmanhekim (1967) have indicated 
that in hot and humid CONUS regions, ventilation rates as 
hiqh as 40 cfm may be needed in shelters during the summer 

I months. 

In the example problem, a ventilation rate of 5 cfm has 
been used for calculation of the ingress, per person, of radio- 
iodine on particles into the ventilation system. In the cal¬ 
culation of subsequent inhalation of volatilized radioiodine, 

» it has been assumed that the ventilation rate remains at 5 cfm 
and that the adult breathing rate is 0.5 cfm. Note that as 
long as the ventilation rate per person remains the same after 
fallout cessation as it was during the arrival period, the 
potential inhalation of radioiodines per person is independent 
of that rate (except insofar as a higher flow rate may enhance 

I percent volatilization per unit time)• That is, a higher 
ventilation rate will introduce more particle radioiodine (per 
person) into the ventilation system, but the fraction of vola¬ 
tile radioiodine subsequently inhaled will be correspondingly 
reduced by dilution, at least where there is no air recircula¬ 
tion, 

i 
In the calculation of total ventilation-system loading 

of particle radioiodine, the average volume density of radio- 
iodine (decay-corrected Ci/ft3) in each arrival increment is 
multiplied by the length of that interval and by the ventila¬ 
tion rate, to give decay-corrected curies of total radioiodine 

* deposited in the ducts, etc. during the interval. Summation 
over all arrival intervals gives the total loading, in decay- 
corrected Ci/person. That is. 

Incremental Particle 
Loading 

(Ci/person) (Ci/ft3) 

dt, x Ventilation 
1 Rate 

(min) (cfm/person) 

and 

Total Per-person 
Loading 

cessation 

£ (Incremental per-person 
i=l loading)^ 
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For the example problem, the total per-person I loadinq so 
calculated was 33.0 mCi (decay-corrected to ta)? The shape of 
the trapping history (decay-corrected) for that situation is 
shown in Figure D.6. The non-decay-corrected trapping history 
can be determined by point-by-point multiplication by the decay 
function generated under XIII. 

The total per-person loading calculated for the example 

problem represents a worst-case situation for the trapped- 

partlcle threat, at least for fallout from a single detonation. 

The inhalation implications of that and related situations are 

considered in Section IV of the main report. 

* For the example situation, at least, a simpler approximation 
method gives a total loading very close to that calculated 2 
above. From XIII, we have a total ground deposit of 1.61 Ci(I)/ft 
(decay-corrected to ta)• The arrival interval is 19,870 - 8,080, 
or 11,790 sec (from III). The overall-average fall velocity is 
3.9 ft/sec (from XVII). Therefore, the time-averaged volume 
concentration of particle radioiodine in ground-level air is: 

1.6 

11,800 X 3.9 
3.5 X 10"5 Ci/ft3 (decay-corrected 

to ta> 

35 ¿iCi/ff* (decay-corrected) 

With a ventilation rate of 5 cfiVperson, the total per-person 
loading of particle radioiodine in the ventilation system is: 

35 X (5/60) X 11,800 » 34 x 103 ¿»Ci, or 34 mCi 

(again decay-corrected to ta) 

This value is close enough to the more-exact value to warrant 
simplication of the procedure, especially in view of the major 
uncertainties discussed in Section IV in the text. 
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D.:’. Knuiv-ilent Ground-deposition Area "Sampled" by Venti¬ 
lation System 

The relative importance of particle trapping can be 

visualized in another way; namely, by calculation of the 

equivalent ground-deposit area for the total radioiodine 

trapped in the ventilation system, per person. In the 

example-problem situation, the question is: In a fallout field 

with a "standard" exposure rate of 6,050 R/hr at 1 hr, how much 

ground area contains the same amount of particle radioiodine 

as the ventilation system traps per person? 

With all activity measurements decay-corrected to ta, we 

have: 

a. On the ground by t : 1.61 Ci/ft^ (from XIII, 
c Sec. D.l) 

b. In ventilation system by t : 33 mCi/person 
c (from XIX) 

Therefore, the per-person trapped radioiodine is equivalent 
2 

to that deposited on 33/1,610 or 0.02 ft of ground surface 

(or, for a 100-man shelter ventilated at 5 cfm per person, 

the total trapped-particle radioiodine is equivalent to that 

deposited on 2 ft of ground surface). The reason for this 

inefficient scavenging of particles (at best; that is, even 

under the assumption of total acceptance of all available 

particle sizes) is the relatively rapid average terminal fall 

rate of 3.9 ft/sec (range of 2.55 - 6.40 ft/sec) (from XVII, 
. * 

Section D.l). 

* The implications of the terminal fall velocity on trapping 
can be seen by reference to a second example problem, in which 
the shelter is at a point on the hot line 106 mi downwind from 
the same 10 MT (50% fission) detonation considered earlier. 
For the new situation, the "standard" exposure rate is 2,110 R/hr 
at 1 hr, a factor of almost 3 below the earlier value. Key 
parameters for the new situation are: 

(Footnote continued) 
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(Footnote continued) 

Size, ^im 

Effective V^, ft/sec 

Terminal V^, ft/sec 

Largest 
Particles 

112.8 

4.03 

2.71 

Smallest 
Particles 

73.4 

1.90 

1.52 

Actual t 
a 

Actual t 
c 

Arrival period 

Exposure rate (hypo¬ 
thetical) at t 

O 

Total ground-deposit 
radioiodine Ci/ft2 
(corrected to t_) 

O 

Overall average 
terminal Vf 

= 21,100 sec = 5.85 hr 

= 32,900 sec 

= 11,800 sec as before (no 
dispersion in model) 

= 254 R/hr 

= 0.220 

= 2.1 ft/sec 

Using the simplified calculation, we haves 

Average volume concentration 
(during arrival period) 

With a ventilation rate of 5 cfm/person, ao uciutc, «.ne uw«.ox 
per-person loading of particle radioiodine in the ventilation 
system is then: 

8.9 X (5/60) X 11,800 = 8.8 x 103 jiCi, or 8.8 mCi (again 
corrected to t_) 

O 

If this last figure were decay-corrected (by means of the 
iodine-decay curve) to the ta of the first example problem, 
for direct comparison, it would be 27 mCi, compared to the 
34 mCi for that situation. Thus the halving of the terminal 
fall rate in the seoond problem, which has had a doubling 
effect on the trapping, comes close to compensating for the 
reduction of a factor of three in the "standard" exposure rate. 

(Footnote continued) 

0.22 

11,800 x 2.1 

8.9 x 10~6 Ci/ft3, or 

8.9 juCi/ft3 

a o -a 1 
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(Footnote continued) 

To see the effect in another way* we calculate the erfiilvalent 
ground-deposit area per person. With all activity nwMisurepents 
decay-corrected to actual t , we have« from abovei 

a. On the ground by tc i 0.22 Ci/ft*# or 220 iCi/ft* 

b. In ventilation system 
by tc t 8.8 mCi/person 

Therefore, the per-person trapped radioiodine is equivalent 
to that deposi _d on 8.8/220 or 0.04 ft2 of ground surlece« 
just double the 0.02 ft? of the first exasiple problem. 

(Footnote conclud'd) 

The result implies that the ventilation-system trapped* 

particle radioiodine may not represent an upper limit of the 

inhalation threat. Suppose, for example, that volatilisât loi» 

is quite rapid; in particular, for purposes of comparison, 

suppose that volatilisâtion is essentially instantaneous at te! 

Then, in a relatively stagnant air atmosphere outside the shel¬ 

ter, the vapor produced from ground-deposited fallout will be 

much more efficiently sampled by the ventilation system than 

were the partióles during fallout, that is. outside iodine 

vapor, if any, will not be moving upward past the intake at 

a net average "velocity” as high as 1.9 ft/sec (2.7 nph). 

except under extremely gusty conditions. Xf it were concep¬ 

tually possible to estimate an average net upward "velocity" 

for ground-deposit-emitted vapor under atmospheric turbulent- 

diffusion conditions, then the potential Ingress of outside 

* Admittedly, this Is very unlikely, especially for dry fallout, 
as discussed in Section XV and Appendix 9. However, as tong 
as volatilisation rates, if appreciable, are the samo for trappmu 
and ground-deposited particle radioiodine, the following argu¬ 
ment should hold. 
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wi*4 «to atollo« ia torotod. 
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Th« basic ono-fj imana i onal diffusion «quation for this 

situation is 

H 
òt 

(D.!) 

In which 

R is th« volume concentration, decay-corrected 
radioiodine Ci/cm3 

K is the vertical turbulent-diffusion coefficient, 
1 assumed here to be invariant (PicXian), aa^/aec 

t is distance above the ground surface, cm 

and t is time, sec* 

The basic equation is solved in the traditional way, on 

thn assumption of separability of variables! 

R(t.s) • T(t) • Z(s) <D.?) 

which leads to the general (one-term) solution! 

a • e *** * 1 (Ceos kz ♦ Dsin As) (D.3) 

wt^tre A* C and D are constants of integration, to be determined 

positive number* 

« imnelly, the solution is an infinite series of terms of the 
f«>tm* each with its own set of velues of A, C and D, thus 

permitting Inpoeitlon of a variety of boundary conditions» for 
«Mpte, a uniform initial distribution over a specified range 
of «• A/(Other limitation of the sinale-tena, positive-A restric¬ 
tion is that the hletory oan be followed only far s smeller 
then (nr equal to) the upper boundary of the original distri¬ 
bution* and that the history at every elevation In this region 
Is an exponential with the seme "decay* constant, finally* v.< 
treatment essunee an 1 finite slnfc (infinite helrtt) for ultl^at* 
U •Persian* Act«*«) **•»•«•» elsl*«i deft1»« er« ileit«*d, in t **. •• 
the •’OMuery «vorogs over the oiuntry is ino-ino *» t!«e uly */« r ■> »* 
Is ee m lurTfCP^ viv am a- cm' KIWPnY (IfM)« fl i. f.ii}. 
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In a vertically symmetrical situation, in which upward 

an<l downward diffusion from a source plane or slab are possible, 

n Iw'com«':; v.rro. Tu out situation, it cart still be taken au 

zero it the ground surface is considered as a mirror (with n 

doubled source strength, which is taken into account when the 

boundary conditions are introduced, in any event). 

Thus, the simplest form of the solution for our purposes 

is 

(D.4) 

which, however, forces a cosine function as the vertical distri¬ 

bution at each time? and in particular at t = 0 
l 

The constants of integration are obtained directly. If 

at t * 0 we define 

R « the peak initial volume concentration, at 
P z = o 

then C 
f 

R (0, z) - Rp COS Xz and 

R (0,0) « Rp cos 0 ■ "p or 

If wu now let z ■ a be the upper limit of the initial distri¬ 

bution, requiring that 

I R (0,a) * 0 (i.e., cos a X" 0) 

• A closer approach to a uniform initial distribution is to use 
Equation D.3 as is, with C • D. This is done in Case V below. 
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thon Xa = Tí/2 

so X n/2a 

and Equation D.4 becomes 

2 2 
R = Rp e "Kz n t//4a cos ( irz/2a) (D.5) 

We can then determine Rp on the basis of our known value of 

the deposited radioiodine activity* A, in Ci/cm2. That is, 

if at t = 0 A is cosine-distributed between z = 0 and z = a, 

then 

Rp cos (IIz/2a) dz = A 

from which 

Rp = IIA/2a 

so the final form of the solution is 

2 2 
R * (IIA/2a)e “n Kzt'4a cos ( nz/2a) (D.6) 

Given a ventilation rate, G, in cm^/sec per person, we 

can computa 0, the total (decay-corrected) radioiodine sampled 

to infinite time (or to 5 concentration half-lives, in practical 

terms), as 

0*0 JÇ™ R dt 
0 * (2aGA/nKz) cos (nz/2a) (D.7) 

* Earlier in this Appendix, we used units of Ci/ft2 for A. it 
is convenient here to convert to metric units, co conform to 
the literature values of K_. 

m 
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Representative values of the vertical turbulent-diffusion 

coefficient, K , can be obtained from Meteorology and Atomic 

Energy (Slade) (1968). Table 3.2 (based on Richardson's earlier 

definitions) of that reference gives values of the horizontal 

eddy diffusivity, K^, ‘for various scales of turbulence. For 

example, under low-level wind-shear conditions, for a turbulence 

scale of 1.5 x 10 cm (ca. 50 ft), the smallest-scale and 

therefore the least-dispersing situation considered by Richardson, 

3 2 
Ky = 3.2 x 10 cm /sec . 

On the basis of related information from Slade* we calculate 

= 0.8 x 10^ cmVsec 

for the same conditions. 

D.3.1. Upward Diffusion With No Lid (Normal Atmosphere) 

We may now examine the effect of normal atmospheric 

turbulence, with no lid to the rise of ground-surface-originating 

vapor, on the ingress of radioiodine vapor: 

Case I 

Let a = 100 Hem («10 ft). 

That is, consider the instantaneously vaporized radio- 
iodine to be initially cosine-distributed within the first 

* If c represents the dispersion of a point-source plume after 
travel for time t, then 

a » (2Kt)^ 

or 

K * c2/2t 

2 
i.e., K goes as 9 • For early times, and therefore limited 
travel of the plume, Slade's Figures 3,10 and 11 show, for the 
"tslightly stable" or "moderately stable" atmos, .ere, that 0y is 
approximately equal to 2ez. Therefore, Ky «4 k.. Note that the 
value of Ky used here represents a regime .* omewhere between "slightly" 
and "moderately" stable (Pasquill's conditions K an 1 F, respectively); 
i.e., a "normal" lapse rate. 
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10 ft above the ground surface. Then, for Kz = 0.8 x 103 cm¿/sec 
("normal" lapse rate), Equation D.6 leads to 

R = (A/200) e ”t/5° cos(z/200) 

which implies a concentration half life, at each value of z, 
of about 35 sec. 

At the ground surface, 

R(t,0) = (A/200) e ^/50 

For a ventilation rate (intake at the surface) of 5 cfm/person 
(« 2,200 cm3/sec per person), the total (decay-corrected) radio- 
iodine sampled there to infinite time, Q, is then, from Equation 
D. 7 

Q = (2) (100 n) (2200)A/800n 

or 

Q = 550A 

That is, under all the assumptions of the derivation, the 
shelter ventilation system takes in (per person) outside radio- 
iodine vapor equivalent to the total (decay-corrected) radio- 
iodine in 550 cm2 of ground deposit; i.e., in ca 0.6 ft2 of 
ground deposit. This is 30 times the (per-person) trapped- 
particle radioiodine calculated earlier (0.02 ft2 equivalent) 
in the first example problem. 

Case II 

With a «10 ft, as before, sample at the 5 ft height 
rather than at the ground surface. Then 

Q = 550A cos n/4 

« 400A 

or the per-person shelter vapor intake is equivalent to a 
ground deposit of about 0.4 ft2, in our terms not significantly 
different from that of Case I. Clearly, the ground-surface 

* The units of 0 are (cm) (cm3/sec per person) (Ci/cm2) 
(sec/cm2), or Ci/person. For the Case I situation, "infinity" 
(or about 5 concentration half lives) is about 3 min. 



intake is the highest possible intake for any situation follow¬ 
ing the cosine law* 

Case III 

Return to ground-level sampling, but let a = 300II cm 
(ca 30 ft). 

Then 

Q = 1650A 

or the per-person shelter vapor intake is equivalent to a ground 
deposit of about 1.8 ft2. In general, then (see Equation D.7), 
with everything else equal Q is proportional to a; that is, 
for the same total deposit, the infinity intake is greater the 
flatter the original distribution1?* Thus, by assuming a fairly 
extensive initial mixing (even to 10 ft (Case I)),we may be 
overestimating the threat from intake of outside vapor. 

£ase^¿ 

Another series of atmospheric situations (based on work 
of Pasquill) is presented in Slade's*** Figure 3.11 and Table 
3.3 . For the "moderately stable" situation (night-time condi¬ 
tion; less than 3/8 cloudiness; 2 m/sec wind) the value of a 
for 100 m downwind is given as 2.3 m. z 

Thus, t = 100 m/(2 m/sec) = 50 sec 

an<* Kz = az2/2t = (2.3 X l02)2/(2)(50) 

2 
= 530 cm /sec 

which is not far from the value of 800 cm /sec used in the first 

* In general, no matter how many terms are used in the general 
solution of the diffusion equation, the maximum intake will occur 
at the point of highest initial concentration, for reasonable 
initial conditions. 

** The concentration half-life goes as a2, per Equation D.6. 
Thus, for the Case III situation it is about 315 sec, or 
"infinity" is about 30 min. 

*** Meteorology and Atomic Energy (1968), op. cit. The most- tafclt 
situation considered there is the so-called "moderately staoie" 
regime. This is still considerably more turbulent than a true 
(stagnant-air) inversion. 
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fjiro»; curses, ronverting the result of Case I by the ratio of 
the K./'s, for ground-level sampling with a = 100U (ca 10 ft) 
we have 

Q = (550A) (530/800) *350A 
2 

or about 0.4 ft equivalent. 

Case V 

Finally, we examine a more-uniform initial distribution, 
obtained by addition of a (Dsin Xz) term; that is, we return 
to Equation D.3 and specify that 

R (0,0) = R (0,a) = Rext 

so that R (0,a/2) is higher than theçoncentrations at the 
extremes of the range (in fact, is V2 • • 

The resulting equation for R is 

R = ( IlA/4a)e” n^z^43 [cos ( IIz/2a) + sin ( nz/2a)], (D.8) 

and the corresponding equation for Q is 

Q = (aGA/IIK2) [cos ( IIz/2a) + sin ( Ilz/2a)] . (D.9) 

If, as in Case I, we let a = 100II cm, 

K = 800 cm2/sec 
z 

and G = 2200 cmVsec per person 

and sample at z = a/2, where the peak concentration occurs, then 
the peak value of Q is (275A) (V2 ) *400 A. Note that this is 
the same Q we had at the same z(*a/2) in Case II, everything 
else being the same except the shape of the initial distribution. 

For the turbulent-diffusion situations considered, which 

generally represent the ordinarily most dangerous situations 

from the point of view of shelter intake of radioiodine vapor 

in infinite fields, the threat appears to be a factor of 

perhaps 10-30 times that from trapped particles (in the fallout 

situation of the example problem). However, as pointed out in 

* Outside of temperature inversions. 
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Slade (his Section 4-12), "The vertical spreading of material 

released from a continuous source has received comparatively 

little attention in diffusion experiments owing primarily to 

the difficulty and expense of adequately documenting this fea¬ 

ture. Common practice has been to estimate the vertical diffu¬ 

sion from measurements of the ground-level crosswind spread 

and concentration distribution, a technique prone to some degree 

of error because of the effects of deposition. For release 

within a typical radiational inversion, it can be stated with 

considerable assurance that the vertical spreading will cease 

after some short travel from the source and the diffusion pro¬ 

cess will be dominated by the lateral spreading and the as 

yet not fully accounted for effects of vertical gradients of 

the horizontal wind. Under unstable conditions the plume will 

spread rapidly until some vertical lid to mixing is reached. 

Tho existence of such a lid is common. 

Also, as pointed out in Slade (his section 5-5), "The 

use of conventional diffusion formulas for the calculation of 

concentration fields produced by sources on or near buildings 

often gives misleading answers. It should be understood 

that the study of diffusion near buildings is in its infancy 

and much work is needed to validate and refine the material"... 

... available. 

For very-low-lying inversions, it is possible that the 

very rapid concentration decay exhibited in the calculations 

above will slow down eventually, or perhaps not occur at all, 

particularly under stagnant conditions near the ground. This 

can have a profound effect on Q, even if the peak values of 

R are not changed very much. The inversion situation is treated 

in the next Subsection. 

* Meteorology and Atomic Energy (1968), op. cit 
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D.3.2. Upward Diffusion With Lid (Temperature Inversion) 

In the preceding Subsection, the intake of iodine- 

vapor-loaded outside air in a stable atmosphere was assumed to 

occur in one time regime. That is, after an instantaneous 

volatilization of iodine from fallout particles on the ground- 

surface, assumed to fill a narrow surface layer (say about 

10 ft high) with iodine vapor at time zero, the iodine in 

that layer was then assumed to diffuse (turbulently) upward 

without restriction; i.e., towards infinite height at infinite 

time. With the shelter air-intake vent taken to lie within 

the initial layer, usually at the ground surface, the iodine 

concentration in the sampled air was thus dropping exponentially 

to zero at infinite time; this exponential dropoff was a feature 

of all the calculations throughout Subsection D.3.1. Since the 

source was assumed to be an infinite-plane field, there was no 

horizontal dispersion in the time frame of interest. 

The simplest possible model for an inversion situa¬ 

tion, in which there is a ceiling for upward turbulent diffusion, 

requires three time regimes after the initial instantaneous 

volatilization to a cosine distribution. The first, as in the 

simple situation, is the exponential dropoff within the narrow 

surface layer, essentially complete after about 5 diffusion 

half-lives. However, at the end of this regimo, the iodine 

concentration in air at the shelter intake vent is not zero, 

but rather the average concentration with the total iodine 

(per square foot of deposit) distributed uniformly throughout 

* The initial vertical concentration distribution usually being 
a cosine function, with its maximum at the ground surface, and 
zero concentration at the top of the layer. 
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the inversion layer (say about 500 ft high). The second 

regime, lasting for the life of the inversion, is one in which 

the iodine concentration in the sampled air is constant, at the 

aforementioned average figure. The third regime starts with 

the dissipation of the inversion, and is treated as a straight¬ 

forward upward turbulent diffusion like that of the first 

regime, except that the starting average concentration is that 

of the second regime, and the starting layer thickness is 

that of the inversion itself. 

For a sample calculation of iodine intake during 

and after a temperature inversion, we make the following 

assumptions: 

Inversion thickness = 5,000 TTcm ("«500 ft) 

Inversion duration = 24 hr 

Other conditions as in Case I, Subsection D.3.1: 

Initial-layer thickness, a, 
(volatilized iodine) ” = 100ircm( ~10 ft) 

3 
Ventilation rate, G, *2,200 cm /sec per 
person (5 cfm/person) 

2 
Deposited radioiodine activity, A, in Ci/cm 
is left in symbolic form. 

Also, we let the initial K (Regime I) be a factor-of-five lower z 
than that for the "normal" (low-level wind-shear) situation 

considered in Subsection D.3.1, to reflect the fact that turbu¬ 

lence at ground level will be somewhat less in the inversion 

* For continuity (matching concentrations at the interface be¬ 
tween Regimes I and II), one would have to make Regime I last 
longer than 5 half-lives if the inversion-layer thickness '• 
more than about 32 times the initial-layer thickness (i.e., 
half-lives for a thickness ratio of about 65, 7 for 130, etc.; 

++ The uniform concentration distribution at the start of the 
third regime can be approximated by a cosine-plus-sine function, 
as in Case V of Subsection D.3.1. 



D-34 

situation than it is in a "normal" atmosphere. In calculating 

th*> upward diffusion in Rocjinin ill, we revert to the original 

value of K . ?. 

Regime I: 

Equation D.6 shows that, for equal values of a, the 
"thickness" of the original dispersion layer, the diffusion half- 
life goes inversely as K,. Therefore, where in Case I of Sub¬ 
section D.3.1 we had "infinity" (say 5 half-lives) as about 3 min, 
the "infinity" for Regime I here is about 15 min (Kz here is 0.16 
X lo3 cm2/sec, compared to 0.8 x 10^ for Case 1)? 

★ ★ 
The "infinity" intake, Qj (in decay-corrected Ci), is given 

by Equation D.7; with every other parameter fixed (in particular, 
¿), 0 goes inversely as Kg, Therefore 0 for Regime I is 5 times 
that of Case I, or Qj = 2750A;that is, during Regime I under the 
assumed conditions, the shelter ventilation system takes in 
(per person) outside radioiodine vapor equivalent to the total 
(decay-corrected) radioiodine in 2750 cm2 of ground deposit; 
i.e., in ca. 3.0 ft2 of ground deposit. This alone is 150 
times the (per-person) trapped-particle radioiod4ne calculated 
in the first example problem of Section D.l. 

Regime II: 

The second regime lasts for the remaining 23.75 hours of 
the inversion duration. For this whole period, we have a uni¬ 
form, constant iodine-vapor concentration, resulting from the 
dispersion (during Regime I) of the total deposited iodine 
throughout the inversion layer. The intake is therefore the 
product of the ventilation rate and the (constant) concentration. 
During Regime II, the intake at ground level would, of course, 
be the same as that anywhere else in the inversion. 

As in Subsection D.3.1, we define R as the iodine vapor 
concentration (decay-corrected curies per cm3). Thus, Rji is 
given by A/ajj, where ajj is the thickness of the inversion 
layer, so that 

QII * RXI X 0 * ^inversion " 

* Actually it would take about 5.5 half-lives during Regime I 
for the ground-level concentration to drop to the expected start¬ 
ing level for Regime II; the small error is ignored in the cal¬ 
culation of the duration and the intake of Regime II. 

**Intakes and other key variables are given subscripts denotlr. i 
the Regime. 



Under the assumed conditions for Regime II, Otj turns out 
to be 12,500A; that is, during the duration of the Inversion, 
the shelter ventilators take in (per person) outside radio- 
iodine vapor equivalent to the total (decay-corrected) radio- 
iodine in 12,500 cm2 0f ground deposit; i.e., in ca, 14 ft2 of 
ground deposit. Thus, Regime II intake is almost 5 times that 
of Regime I, if the inversion lasts as long as 24 hr; intake 
in Regime II is, of course, proportional to the length (dura¬ 
tion) of the inversion (and inversely proportional to the inver¬ 
sion height), so that for every 5.3 hrs that the inversion 
persists, there is an intake equivalent to that of Regime I. 

Regime III 

The third and final regime is that of the ultimate 
dispersion (to infinite height at infinite time) of the uni¬ 
formly dispersed mixture of Regime II, under the Influence of the 
normal atmosphere that is assumed to follow the break-up of the 
inversiont As indicated earlier, we return to the Kz of Case 
I of Subsection D.3.1, but now a is about 500 ft (*jtx * aj*), and 
we invoke the initial vertical distribution of Case v of Sulv 
section D.3.1, the cosine-plus-sine function, to more closely 
approximate the uniform distribution than a simple cosine func¬ 
tion would. 

The intake, Qm, is given by Equation D.9, The only 
difference from the calculation for Case V (Subsection D.3.1) 
is that the value of a (that is, axxi) i* higher by a factor 
of 50, and we calculate here for sampling at ground level, 
rather than at the midpoint of the layer. Equation D.9 show* 
that, everything else being equal, 0 is proportional to 
Therefore, Ojh is 275A x 50, or 13,750A. Note that Oxtt Is 
about the same as Qxx? this result implies that Regime III can 
be the most Important of the three, particularly where the 
inversion is of duration shorter than 24 hr. 

In a way, the apparent Importance of Regime III is an 
artifact, resulting from an impossibly long dispersion time, 
as can be seen from the following argument. First, we note 
from compariron of Equations D.6 and D.8 that the exponerte 
in both have the same form, so that for a given set of Ks an«l 
1 values, the dispersion half-lives are the same in both situ¬ 
ations. We may therefore compute the Regime Ill half-life by 
suitable modification of the 35 sec half-life of Cace 1 ( bi¬ 
section D.3.1). Equation D.8 (or Equation D.6) shows that the 
dispersion half-life, everything else being «quel, is propor¬ 
tional to *2. Therefore, the Regime Ill half-life 1st 

* This is e worst-case assumption for Intake, A •cre-unst*’ le 
situation (stronger winds) after th# breakup >t t».« Inver si 
would imply a higher value of K . hence e lower Intake 1011111 
Regime XXX. * 
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D.3.3. Summary 

The coupling of (1) the wide possible variation 

in the overall effects o£ turbulent diffusion on ingress of 

radioiodine vapor, once formed, with (2) the even greater 

uncertainty as to the rate and extent of volatilization of 

iodine from fallout particles; creates a situation in which 
★ 

accurate prediction of the inhalation threat is impossible. 

Further discussion of this problem, and recommendations for 

action, appear in Section IV of the main report. 

* It must be emphasized again that if volatile radioiodine is a 
threat at all, the outside-particle source is more important by 
orders of magnitude than the (shelter-) trapped-particle source. 
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I 

APPENDIX E 

I 

THYROID FUNCTIONS IODINE UPTAKE AND RETENTION 

Î 

E.1. Introduction and General Description 

It is well known that the thyroid gland plays a major 

role in metabolism and growth, and that iodine is the principal 

ingredient in the thyroid-produced hormones that regulate or 

otherwise participate in the control and feedback (homeostatic) 

mechanisms involved. Some understanding of this functioning 

is needed in the present evaluation, because: 

1. The normally occurring processes determine 
the rate and extent of uptake of introduced radioiodines 
and the extent of their retention by the thyroid; and there¬ 
fore the ultimate ionizing-radiation dose delivered by them 
to the thyroid. 

2. The effects of ionizing radiation (particularly 
where there is a long latent period for appearance of the final 
pathology) depend presumably on subtle disruptions of the normal 
control mechanisms. 

3. The application of countermeasures, either 
those that prevent thyroid uptake of newly introduced radio- 
iodine or those that force release of already stored radio- 
iodine, depends upon "tinkering" with those processes and 
mechanisms. 

Again, as in Appendix C and in the main text, it must be noted 

that an eclectic approach to the gathering of the pertinent 

' input data is acceptable in view of the tremendous uncertainties 

in other phenomenological areas, chiefly in the extent of 

iodine volatilization from fallout particles. 
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Useful descriptions of the human thyroid and its func¬ 

tion can be found in textbooks such as Carlson, Johnson and 

Cavert (1961) and Langley and Cheraskin (1965); a brief 

summary of the iodine chemistry involved appears in Compre¬ 

hensive Biochemistry (1971). 

The fundamental functional units of the thyroid are 

the numerous tiny hollow sacks, called follicles, which are 

essentially round, with diameters varying from about 0.05 to 

about 0.5 mm (or about l/500to 1/50 in.). The shell of each 

follicle is made up of cells closely packed together; it is 

wrapped in a thin membrane, which in turn is covered with a 

dense mesh of blood capillaries, plus some lymph vessels and 

nerves. The capillaries ensure a steady and abundant supply 

of fresh plasma to the cells, the thyroid being in fact one 

of the most highly vascularized organs. The space inside the 

follicle is filled with a viscous fluid called colloid. 

The follicles produce thyroid hormone, store it, and 

then release it as needed to the blood stream. The hormone 

is made up of two related compounds* L-thyroxine (chemically 

L-tetraiodothyronine), designated T4; and triiodothyronine, 

designated T3. Normally, thyroxine is the major constituent 

of the hormone. T4 is 6556 iodine by weight, T3 5856. 

Iodide diffusing from theblood capillaries into the 

cells is concentrated in them, and then, at the edge of the 

cells next to the colloid, is taken up into organic compounds 

by a sequence of reactions to form thyroxyl and triiodothyronyl 

radicals, these consisting of T4 and T3, respectively, attached 

to a large protein called thyroglobulin. The hormones thus 

stored in the colloid have a fairly low turnover rate. Their 

release into the blood stream is controlled by the pituitary 

gland. 



When the level of T4 in the circulating blood in reduced 

below the control level by utilization in the tissues or by 

degradation, the pituitary senses the change and releases 

the so-called thyroid-stimulating hormone (TSH), known also 

as thyrotrophic hormone or thyrotropin. TSH, on reaching 

the follicles, first induces the release of the stored thyroid 

hormone/ the mechanism involves stimulation of the release of 

a thyroid-produced enzyme into the colloid. This enzyme then 

accelerates the breakdown of thyroglobulin into its amino- 

acid components. The T4 and T3 molecules freed by this process 

are now small enough to enter the blood stream to restore the 

balance. 

Under normal conditions, the control mechanism is finely 

balanced/ glands and blood are operating close to the equili¬ 

brium (steady-state) conditions. However, where overstimula¬ 

tion by the pituitary occurs (for any of several reasons, 

including thyroid, pituitary or metabolic abnormalities), 

the breakdown of thyroglobulin in the follicles may be exten¬ 

sive. Under prolonged stimulation, the amount of colloid in 

the follicles may diminish to the point of near disappearance. 

The thyroid cells increase in size by protruding inside the 

follicle, and also divide, in order to increase their capacity 

to produce the hormone in an attempt to restore the balance. 

An extreme result of this kind of imbalance is the formation 

of neoplasms, both benign (such as goiters) and malignant. 

* In a normal adult, mitosis is a rare occurrence (Conard, 
1970). In children, normal growth of the thyroid is rapid, 
from ca. 2 gm at age 1 to ca. 17 g at adulthood. Thus, in 
children mitosis of the thyroid cells is a natural pheno¬ 
menon. 
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The adenomatous (benign) lesions of the thyroid in the 

Marshallese children were presumably the result of this kind 

of process, starting with the killing or the incapacitation 

of some of the thyroid ceils by ionizing radiation at the 

time of uptake and retention of the radioiodines in fallout. 

Total destruction (atrophy) of the thyroid gland by. say. 

a massive dose of ionizing radiation leads to a safer result, 

in some respects, for while regular administration of thyroid 

hormone (desiccated thyroid extract or synthetic hormone) 

is required for the rest of the victim's life, there is no 

danger of thyroid neoplasms, in particular the malignant 

ones. 

In the blood, T4 and T3 bind loosely to plasma proteins, 

particularly to alpha-globulin. The level of protein-bound 

iodine (PBI) is a measure of the concentration of the thyroid 

hormone in the blood. Inorganic iodine (iodide) is also 

circulating continuously. It is added to the blood by diges¬ 

tion of iodine-containing foods and by degradation of T4 and 

T3, and is depleted from the blood by excretion (mostly in 

urine) and by uptake by the thyroid. The disposition of a 

given intake of iodine (whether radioactive or stable) depends, 

therefore, on the size of the intake (mg of iodine), the 

current blood levels of iodide, and the over-all state (normal 

or pathological) of the thyroid/pituitary/metabolic system. 

In the normal state, the individual is said to be 

euthyroid. Total iodine in the blood is of the order of 

6 jag/lOO ml (range 4-7.5 jig/100 ml), of which only 0.6 /ig/100 ml 

is inorganic; the remaining 5.4 jjg/100 ml is about 96% protein- 

bound, only 0.2>ig/100 ml consisting of free thyroxin. Only 

about 1 mg cf intake iodide (iodide is the digested form, 

regardless of the chemical state in food) is required per 

* The figures given here are from Langley and Cheraskin (1965). 
¿ig/100 ml are also known as >ig percent. 
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week to maintain the balance (that is# about 1/8 mg per day)• 

Por a given individual# the basal metabolic rate (BMR) varies 

by no more than 1 or 2% from day to day. 

When the PBI drops well below say 3 jig/100 ml, often 

close to zero# the individual is said to be hypothyroid. His 

thyroid gland is underfunctioning# or hardly functioning at 

all. His BMR is about 30% lower than normal# and a range of 

symptoms follow: 

in vouna children: Stunted growth; mental back¬ 
wardness; dry# wrinkled skin. The combination is known as 
cretinism; advanced stages are almost extinct because of 
removal of the primary causes (iodine deficiency# by addition 
of iodide to drinking water or salt; other causes# by thyroid- 

hormone therapy). 

in adults: Dry skin; falling hair# obesity; 
lassitude and failure to function intelligently despite 
retention of basic intelligence; and myxedema# which is a 
puffiness# especially around the eyes, that results from 
the deposition of a semifluid albuminous material in the soft 
tissue beneath the skin. The name mvxedema is applied to the 

whole complex of symptoms in the adult.to° b® eff®5” 
tively treated by thyroid medication# usually in the form of 
oral administration of desiccated thyroid extract. 

Conversely# in hyperthyroidism# in which the thyroid is 

overactive# PBI can range up to 15 or even 20 jig/100 ml. The 

BMR can go up to 30% above normal. Hyperthyroid individuals 

have an accelerated heart rate and moist skin; seem to require 

very little sleep; are hyperirritable; and are "drivers". The 

condition is often accompanied by exophthalmos, a bulging of 

the eyes due to edema, lipid deposition and cellular infil¬ 

tration in the eye muscles. Advanced cases may go blind from 

damage to the optic nerve# or at least experience drying and 

irreversible changes in the cornea, because of inability to 

close the upper eyelid over the bulging eyeball. 
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The treatment of choice in hyperthyroidism is partial 

extirpation of the thyroid, either by surgical renoval of 

part of the gland (partial thyroidectomy) or by treatment with 

massive (therapeutic) doses of 1-131, which concentrates in 

the thyroid, delivering a large dose of beta radiation locally 

and thus killing part of the gland. In either case, reduction 

of functional thyroid tissue decreases the output of T4 from 

then on, thereby restoring PBI and BMR to the normal range. 

Sometimes antithyroid drugs such as thiourea and thiouracil 

and their derivatives (which inhibit the oxidation step in the 

organification of iodide in the follicles) are used, in con¬ 

cert with thyroxine. 

One test of thyroid function is measurement of the up¬ 

take by the thyroid, in a 24 hr period, of an orally admini¬ 

stered small (diagnostic) dose of 1-131. Langley and Cheraskin 
*★ 

give 15-45% uptake as the range for the euthyroid adult. In 

older children, the normal range has sometimes been taken as 

25-50% (Tompkins, 1970). Uptakes higher than 50% in this age 

group are associated with hyperthyroidism, uptakes lower than 

25% with hypothyroidism. The subject of uptake extent will be 

developed further later in this Appendix. 

Pathology has been discussed thus far mainly in terms 

of function. It can also be considered in terms of gland 

* What is measured is the percent of the administered activity 
(decay-corrected) that is found in the thyroid 24 hr after 
administration. Most of the remainder has been excreted by 
this time; some is still circulating. 

** Strictly speaking, the numbers in the normal range apply 
only if the total body store of iodine is in the normal range 
also (a euthyroid individual who for some time has been on a 
reduced iodine intake may exhibit abnormally high uptake in 
the test.) 
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structure, (size and deformity) (or in general, in terms of 

morphology). Such consideration will bo deferred until 

Appendix F following, where the sequence: (1) unseen radia¬ 

tion damage to the thyroid; (2) apparent functional impairment; 

(3) irreversible morphological changes in the thyroid; will 

be discussed. It should be pointed out in passing that while 

most of the visible (palpable) morphological damage seen In 

the thyroid follows, rather than precedes, hormonal imbalance 

(for instance in endemic (iodide-deficiency) goiter), thyroid 

damage can occur also from causes unrelated to thyroid-hormone 

levels, for example from viral inflammation of the gland; 

generally, however, the behavior of the thyroid becomes im¬ 

paired at some point in the sequence because of the homeostatic 

nature of the normal functioning. 

E.2. Uptake in Adults 

In a recent study,(Nelson, Renschler and Dowswell, 1970) 

the authors point out that "The thyroidal uptake of radioactive 

iodine in persons without thyroid disease varies with geographic 

location, . and may change in the same location from one 

decade to the next." and find that ".in the San Bernar¬ 

dino Valley region of California . uptake in our patients 

without thyroid disease did not correspond with the usual 

"normal ranges" of 20 to 50 percent or 15 to 45 percent.". 

Their study showed that in that region of Southern California 

the "normal range" is 6 percent to 33 percent in euthyroid 

subjects, which is lower than in other areas of the United 

States, while urinary iodide excretion and the absolute iodine 

uptake (stable iodine intake, on a weight basis) are higher 

than those in other U. S. areas. Géographie variation in 

iodine abundance in food is considered to be the reason for 

the differences. 
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Vought and London (1967) conducted a comprehensive long¬ 

term measurement program on 3 normal adult subjects, in which 

uptakes and clearances on an absolute basis were determined. 

They reported that there appeared to be an obligatory excretion 

of 67 pg of iodine per day, which was independent of the iodine 

intake, and that with intakes higher than 57 jug/day the frac¬ 

tion of intake excreted was approximately unity; i.e., that the 

iodide "compartment" appeared to be in a steady state. 

Schneider (1964) and Rosenberg, LaRoche and Ehlert (1966) 

were able to show, by double- or triple-tracer experiments 

on rats, that thyroidal iodine exhibited a "heterogeneous" 

turnover. That is, the most recent intake of iodine did not 

mix uniformly with the previously deposited iodine in the 

thyroid; in fact, it was disposed of first by the thyroid 

(after having been present in it for some time). Apparently, 

tho thyroid degrades or secretes recently formed organic iodine 

before it releases older stored iodine, and thus essentially 

handles iodine in a "last come, first served" mode. This 

result supported earlier observations that the thyroid was 

structurally (and functionally) heterogeneous, manifested by 

(1) a more rapid 1-131 turnover by the smaller follicles and 

(2) the fact that the specific activity of radioiodine leaving 

the gland was higher shortly after 1-131 administration than 

it was after a longer time. 

In a metabolic-behavior studybased on fallout 1-131 in 

milk consumed on a regular long-term basis by a euthyroid adult. 

Boni (1965) found that for each day's intake, a constant 25% 

of the 1-131 remained in the thyroid, 68% being excreted in the 

urine and the remaining 7% presumed to be distributed elsewhere 

in the body or excreted in the feces. 



E.3. Uptake ia Children, ParticularIv Infants 

Uptake in infante is an important consideration in the 

present evaluation. Early in the history of uptake measurement: 

it had been considered that infant uptake was much hitjhei than 

that of adults. Oyborn, Waqtjener and Van Hove (1960) summarize 

earlier work in this area and report new results of their own. 

For example, they include data of Van Middlesworth (A.M.A. J. 

Dis. Child. 439 (1954)) on 7 normal newborn boys# 2-3 days 

old. The uptake range was 46-97%. with a mean of 69.7%; this 

had been taken to be "within the range of values which would 

be found in hyperthyroid adults". They continue with data 

of Martmer et al. (1956) on 65 premature infants and 5 full- 

term Caesarean deliveries, whose age at time of testing had 

ranged from 1 to 63 days. The uptake range was 7 to 61%. with 

a mean of 32.4%. This range had been taken to be within the 

limits of normal as recorded in studies of adults. Finally, 

the work of Ogborn. et al. themselves was on 26 newborn infants 

age range 72-18C hr (mean 90 hr), of whom 15 were male, 11 

female. The uptake range was 6.3 to 36.4%. with a mean of 

20.3% + 8.5% (std. dev.). 54% of the cases were within 1 S.D. 

of the mean, and all were within 2 S.D. of the mean. 

Wellman, et al. (1967) used fallout 1-131 in milk as 

their tracer in a long-term balance study or a group of 10 

normal older children; their measured thyroid burdens (whole- 

body counting) were compatible with an uptake of 15-20% and the 

generally accepted effective retention half-life (1-131) of 

7.6 days. They noted that, if the actual retention half-life 

for children were lower (and there is some basis for this 

possibility), the results might then have been compatible with 

the generally accepted uptake of 30%, but pointed out that 

there was literature support for an uptake of 15-20% also. 
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In view of the variations and the uncertainty in the 

literature, and because of the limited accuracy required for 

inputs in the present evaluation, it appears that infants and 

children can be assumed to have the same percent uptake as 

adults. This was the working assumption of Ng and James 

(James, 1964) in their calculation of the uptake and the 

thyroid dose of the Marshallese children? 

E»4. Fetal Uptake 

Useful input information appears in two studies, both 

made possible when pregnancies had to be terminated for 

medical reasons. In the first, Czerniak, Soferman and 

Chajchik (1969) made extensive measurements on a 4.5»month 

and a 6-month aborted fetus, after administration (1-3 days 

pre-abortion) of tracer doses of 1-131 to the mothers. Both 

mothers had uptakes in the range 42-44% in 20-24 hours. It 

is known that the placental barrier permits iodide and free 

T3 and T4 to pass easily, but stops most of the globulin com¬ 

plexes of the thyroid hormones. The free maternal T3-T4 seems 

sufficient for the fetus during the first 3 months, but is 

insufficient thereafter. Therefore, at about 3 months into 

the gestation period the fetal thyroid starts to synthesize 

FBI compounds. Of the dose of 1-131 given to the mothe-. 

* Karhausen, Pages and Ermans (1970) in a more elaborate study 
of the fate of radioiodine in infants and adolescents used the 
following scheme for their models* 

Adults* 
Adolescents (10-15 yr)* 
1-2 yr olds* 
6-12 mo old* 
0-6 mo old* 

40% uptake at 24 hr 
ca 50% at ca 22 hr 
M 50% " M 12 hr 
" 45% " " 18 hr 
" 55% " " 18 hr 
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0.0i% is taken up by the 4.5-month fetus (this low figure 

implies hypofunction), but 1.1% is taken up by the 6-month 

fetus. The latter figure is one data point indicating that 

the 6-month fetus is thyrotoxic (hyperfunctioning), since, 

according to the authors, it implies that iodine uptake in 

the fetal thyroid at 6 months is about 2.6 times that of 

the mother (i.e., ca 100%). Further support comes from the 

measured results, among others, that (1) the conversion rate 

of 1-131 to FBI is 3 times higher in the 6-month fetus than in 

the mother and (2) the 1-131 concentration in (6-month) fetal 

blood is 1.5 times higher than that in the mother. The authors 

conclude that the 6-month old norrosi fetus can be expected to 

be thyrotoxic in the sense described, and that there is an 

increasing level of thyroid activity to that point in all 

fetuses, at least up to 6 months post-conception. 

Dyer and Brill (1969) were able to make careful measure¬ 

ments on 9 aborted fetuses, again after pre-abortion admini¬ 

stration of 1-131 to the mothers. Fetal age at abortion ranged 

from 9 to 22 weeks. The authors were able to show that during 

the first 13 weeks of gestation there is no accumulation of 

1-131 in the fetal neck region; 13 weeks is the first point 

at which one can identify a fetal thyroid gland. There 

appears to be a steady rise in fetal thyroid uptake of iodine 

between 13 and 22 weeks. The percentage of the mother's intake 

of 1-131 that was taken up by the fetus was about the same, for 

corresponding fetal age, as that reported by Czerniak, et al., 

op. cit., and the apparent fetal uptake percent was in the 

range 55-75% at gestation age 14-22 weeks, as compared to 

Czerniak's figure of about 100% at gestation age 6 months. 

* Presumably not all of the mother's circulating iodide is 
.vailable to the fetus in a given 24-hour period. 
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In view of the high uptake and the extremely small sire 

of the fetal thyroid, it appears that fetal thyroid dose may 

be extremely high where the pregnant mother has had a substan¬ 

tial intake of radioiodine; combined with the fact that the 

fetal thyroid cells are dividing rapidly, this creates a special 

problem where pregnant women are exposed to high intakes of 

the radioiodines in the civil-defense context. 

E.5. Models for Uptake and Retention 

Computation of ionizing-radiation dose to the thyroid 

from deposited radioiodines depends on a knowledge of iodine 

uptake rate and extent and of iodine retention in the thyroid. 

Both depend in turn on the complicated homeostatic system 

described briefly in Section E.l. There is an extensive 

literature on models for iodine transfer through that system. 

Basic data used in model development appear in works (op. cit.) 

like Vought and London (1967), Schneider (1964) and Rosenberg, 

LaRoche and Ehlert (1966). Generally, rate processes for 

uptake, degradation, release, etc. are taken to be first- 

order. For the adult, at least, rate constants are based 

on the assumption of equilibrium (with respect to stable iodine) 

in a steady-state situation* that is, daily intake is equal 

to daily excretion; the quantity fixed by the thyroid per unit 

time is equal to the quantity released by the thyroid in the 

form of thyroid hormone per unit time, etc. 

The so-called three-compartment model used for the dose 

calculations reported in Section IV is that of Mechali, et al. 

(1966), which was a modification of an earlier model. Mechali's 

model is shown in Figure E.l. The rate constants from which 

* Riggs, D.S., Pharmacol. Rev. 4,, 284 (1952). 
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tlv’ lialf-livoa shown w«jro calculated (an 0.693/k) arcs 

and 

k1 = 0.0389 hr 

k2 = 0.0800 hr"1 

k3 = 0.000364 hr' 

k. = 0.00222 hr" 
4 

kc = 0.000208 hr 
D 

Whore the sole interest is in the uptake by the thyroid and 

the extent of retention therein (for computation of thyroid 

dose during the first few radiological half-lives), the 

model can be simplified by removal of the 0 compartment; that 

is. k4 and k5 can be taken as zero, and the k3 path can be 

assumed to go directly to excretion. This simplification to 

a 2-compartment model was done by Mechali for his calculations 

of thyroid dose, as used in Section IV of the present report. 

By straightforward calculation, it can be shown that the 

values of k^ and k2 shown in Figure E.l imply (with no other 

assumptions) a peak thyroid uptake of 32.9% for stable or 

decay-corrected iodine, associated with an effective uptake 

half-life of 5.8 hr. (The low value of k3 means that that 

route plays no part in the uptake calculation. At the same 

time, it means that the effective half-life of 1-131 in the 

thyroid, once deposited, is only slightly less than the radio¬ 

logical half-life. 8.05 day.) 

A slightly different set of rate constants was used by 

Ng (James, 1964) for the estimation of the Marshallese uptake 

(see discussion in Appendix A, Section A.3 of this report). 

For example, Ng's effective uptake half-life was 4.5 hr, 

compared to Mechali's 5.8 hr. As was shown in Appendix A, 

Ng's estimates of percent of radioiodine intake released in 

urine about 2 weeks after intake were consistent with Harris' 
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(lfj54) earlier estimates for the Marshallese. Mechali's 

model leads to similar results for release. 

It is possible, of course, to produce more elaborate 

models, in which intermediate steps, such as conversion of 

iodide to organic iodine in the thyroid, are added, but these 

have no application in the present evaluation. In passing, 

it may be mentioned that Adams and Bonnell (1962) used a so- 

called 3-compartment model in which 9 paths were characterized, 

includinj intermediate steps and other excretion paths, and 

that Ramsden, et al. (1967) used a so-called 4-compartment 

model, in which the "iodide space" consisted of two compart¬ 

ments, #1 for inorganic iodine in plasma, and #2 for an in¬ 

organic diffusion volume. 

As already mentioned in Section E.3, Wellman, et al. 

(1967) have discussed the possibility that iodine-retention 

times in children's thyroids may be lower than those in the 

thyroids of adults. Karhausen, et al. (1970), whose elaborate 

scheme for variation of uptake with age has also been presented 

in that Section, assumed that the effective thyroid retention 

half-life for 1-131 was about 8 days for adults and adoles¬ 

cents, but only 4 to 5 days for infants of age 6 months to 2 

years. 

E.6. Dosimetry 

The basic equation for beta-radiation-energy absorption 

is given in International Commission on Radiological Protection 

(1959/1960). More recent information covering special situa¬ 

tions can be found in M. I. R. D. (1968, 1969); the most com¬ 

plete discussion of the background information on dosimetry 
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is that of Mine and Brownell (1956). The I.C.R.P. equation gives 

the beta energy absorbed in an organ when the energy source is 

uniformly distributed throughout that organ, and absent every¬ 

where else. Its claimed accuracy is 5% for most cases of 

interest. It assumes implicitly that energy losses from emit¬ 

ters close to the surface are negligible compared to the total 

energy absorbed from interior emitters. For the adult thyroid, 

this is an excellent approximation (conservative in the sense 

of safety), especially if one has ignored the gamma-energy 

absorption in the calculation. The assumption is still accept¬ 

able for the child's thyroid, considering the limited accuracy 

required in the present evaluation. It undoubtedly leads to 
★ 

a poor approximation in calculations involving the fetal thyroid; 

however, the calculated fetal doses discussed in Section IV 

are based on more exact dosimetry. 

For a particular beta radiation whose maximum energy 

(conventionally E ) is E . the I.C.R.P. equation is: 
max m 

* Klassovskii, Vasilenko and Terekhov (1971) have calculated 
fractional absorption of the beta energy for the four most 
important radioiodines, in thyroids of different sizes. In a 
1.2-g dog thyroid the fractions absorbed are: 

1-131 0.93 

-132 .87 

-133 .88 

-135 .91 

Thus, a 2-g child's thyroid would presumably absorb over 90% of 
the beta energy for each of the 4 principal radioiodines, and 
addition of the iodine gamma energy would bring the figures 
closer to 100%. Even in the 0.02g rat thyroid, the lowest beta 
absorption fraction (1-133) is 0.62, with an absorption fraction 
of 0.84 for 1-131 as the highest. 
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where 

E = energy absorbed (Mev) per disintegration 

Z = atomic number of emitting nucleus (for iodine, 
Z = 53) 

Em = maximum energy for the particular beta ray (Mev) 

f = fraction of disintegrations producing betas with 
maximum energy Em 

so for iodine, 

The 1959 I.C.R.P. document ascribed a relative biological 

effectiveness (RBE) of 1.0 to beta radiation of energy greater 

than 0.03 Mev. The 1971 N.C.R.P. version of this concept is 

the quality factor (QF), but the implication for dose effective¬ 

ness is unchanged. 

For conversion of absorbed energy to dose in an infinite 

homogeneous medium (the assumed total absorption in an organ 

is equivalent to this situation), M.I.R.D. (1968) gives, for 

the dose in rad from a particular beta radiation: 

C 4 i 

where 

C is the cumulated (time-integrated) concentra¬ 
tion of the emitter, in )iCi-h/g 

and A* is the energy emitted (absorbed) per disinte- 
1 grâtion, in the form of i-type beta radiation. 

It has the units g-rad/>xCi-h, and is given by 

* Aside from the units, which are associated with the constant 
2.13 in the defining equation for which follows. 
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= 2.13 

Is the t of the I.C.R.P. equation 
(i.e.# number of i-type beta particles 
per disintegration) 

is the mean energy per i-type beta 
particle 

is identical to the E in the I.C.R.P. 
equation. 

The constant 2.13 is equal to the product of 

dls/sec 

jiCi 
) X 3.60xl03(—■ 

and has the units of g-rad/CpCi-h) (Mev/dis). 

Application of the dose equation in the thyroid-uptake 

situation (for calculation of the dose accrued after peak uptake 

has been attained) requires specification of each isotope involved? 

summation over all its beta rays; and specification of thyroid 

mass, uptake percent, and effective retention half-life. Loevinger 

(in Mine and Brownell, 1956) presents the appropriate equation 

for 1-131 uptake* 

AUT 
Thyroid dose (rad) = 15 

M 

where A = (instantaneous) intake of 1-131 (>iCi) 

U *= fractional uptake 

T = effective retention half-life (days) 

M = mass of thyroid (g) 
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Pendleton, Lloyd and Mays (1963) used this simplified 

equation for 1-131 intake by the infant or young child, with 

U = 0.3 (30% uptake), T = 7.6 days, and M = 2 g. in this 

situation, the thyroid dose per ¿jCÍ of 1-131 intake is 17 rad. 

Basically the same approach was used by James in computing the 

Marshallese children's thyroid dose from 1-131 plus the other 

radioiodines. 

If the individual is exposed to whole-body penetration 

from external sources, such as deposited fallout, the appro¬ 

priate "external" dose must be added to the "internal" thyroid 

dose to give a total dose to the thyroid. The concentration 

factor for available radioiodine in the child and the adult is 

so large that thyroid-dose contributions from other internal 

sources, in particular from circulating radioiodine, are usually 

negligible. Even for the early fetus (13-22 weeks), less than 

0.1% of the 1-131 thyroid dose comes from outside the thyroid 

(Dyer and Brill, 1969). 
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APPENDIX F 

lONIZING-RADIATION INDUCTION OF THYROID PATHOLOGY 

F.l. Nature and Mechanism of Pathology 

In many respects, the mechanism for the induction of 

pathological states in the thyroid gland by ionizing radiation 

(together with the associated end points) is similar to that 

resulting from a low-iodine diet or from administration of anti¬ 

thyroid drugs such as methyl thiouracil (MTU). Iodine is nor¬ 

mally received by the thyroid in the form of iodide ion; it is 

there organified to T4 by a sequence of chemical reactions. 

Iodide intake, transport, uptake and organification must all 

be normal if the thyroid is to function. The first effect of 

a low-iodide diet is to reduce the thyroid output of T4, 

because of insufficient raw material. The same effect is pro¬ 

duced by anti-thyroid drugs, which interfere with the iodide- 

oxidation or subsequent organification step in the production 

of T4 by the thyroid. The first effect of ionizing radiation, 

on the other hand, is to kill or at least inhibit the function 

of some thyroid cells. The initial result of this is the same, 

however; namely, the release of sub-normal quantities of T4 

to the blood stream. 

In order for long-term effects to appear as a result of 

the low-iodide diet or the administration of anti-thyroid 

drugs, the stimulus must continue. On the other hand, once 

the ionizing radiation has done its damage to the thyroid cells. 

* 
The basis for this discussion is chiefly the work of Conard 

and coworkers, particularly Robbins, Rail and Conard (1967) 
and Conard (1970), and the discussion of thyroid function in 
Appendix E preceding. 
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the stage has been set for the long-term effects. For all 

three Initial stimuli# however# the course following serious 

reduction in output T4 is about the same. 

Lowered T4 levels in the blood lead to pituitary pro¬ 

duction of TSH# resulting next in (over-) stimulation of the 

thyroid. If thyroid stimulation is not severe or long-lasting 

(i.e., long-term overstimulation)# this may solve the problem. 

In a "borderline" gland# however# a cycling effect may ensue. 

Some cells or areas of the thyroid may atrophy, while those 

cells that respond to the continuous TSH stimulation grow 

selectively and form separate nodules or a diffuse growth of 

the gland (generalized hyperplasia# or goiter). The continuing 

overstimulation may also lead to a mutant form (clones of cells) 

that is malignant. 

lonizing-radiation-induced functional pathology of the 

thyroid can be in: (1) iodide (intake) transport within the 

gland; or (2) organification to hormones; or (3) both 1 and 2. 

If the failure is in organification alone# then the gland may 

still take up iodide, but not convert it. Standard uptake 

tests on humans may therefore still indicate normal functioning# 

even though there is trouble. Even if both functions are 

apparently unaffected (no symptoms and no clinical-test abnor¬ 

malities)# late onset of hypothyroidism may en^ue# due to 

grave but undiscovered injury to some thyroid cells. One poss¬ 

ible mechanism for this is lethal mutations in chromosomes of 

thyroid epithelial cells# unaccompanied by damage to the limited 

number of genes regulating thyroid-cell function. 

* Where thyroid function has been reduced or lost completely# 
continuing administration of the appropriate quantity of T4 
(lifelong# if necessary) provides a sufficient replacement for 
the lost function, and thus turns off the overproduction of TSH 
by the pituitary. In this manner# the pathology mechanism is 
inactivated, and no further damage ensues. 
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A body of information on the long-term effects of 

ionizing radiation has been built up as a result of medical 

use of radioiodine in diagnostics and therapy (Robbins, et al., 

1967). In therapeutic applications to be described, massive 

dosages of 1-131 have been used (since the first availability 

of 1-131 in large quantities in the mid 1940's) for destruc¬ 

tion of part or all of the thyroid. This is made possible by 

the selective uptake of iodine in the gland; for example, the 
* 

circulating 1-131 may deliver only 10 rad to the blood, while 

the deposited radionuclide delivers more than 50,000 rad to 

the thyroid. For the cure of intractable angina pectoris, 

or for the destruction of a potentially metastasizing thyroid 

carcinoma, thyroid doses of 50,000 to 75,000 rad have been 

used to destroy the thyroid completely. The sequence of events 

here is: (1) acute radiation injury; (2) inflammation of the 

gland; (3) tissue destruction; and (4) fibrot^c healing, with 

no retention of function. Lesser dosages of 1-131 have been 

used in the treatment of hyperplastic thyroids in hyperthyroidism; 

for example, thyroid doses of the order of 10,000 rad from 

deposited 1-131 have been used to destroy only a fraction of 

the thyroid cells, leaving sufficient function to achieve 

euthyroidism. Patients given such treatment have developed an 

observed accrual of hypothyroidism at a rate of ca. 2% per 

year. This could be the result of cumulative cell death 

resulting from the lethal mutations mentioned above, in concert 

with the normal cell-division rate in growing children or the 

very slow cell-division rate in adults. 

According to Robbins, et al., "In the spectrum of radia¬ 

tion dosage to thyroid cells, one might expect to find the 

situation in which the cell's function is partially impaired but 

its growth potential is not. Alternatively, unequal damage to 

cells in the same gland may result in some with impaired function 

and growth potential and others with less severe injury. The 

net result could be the development of mild hypothyroidism, or 

^ In a study involving a very large population, Saenger, et al. 
(1 68, 1971) found no excess incidence of leukemia in hyperthyroid 
patients treated with 1-131 (over those treated surgically). 



the maintenance of euthyroidism only as a result o^ continued 

overstimulation by TSH. Under such circumstances# those cells 

capable of responding may grow and multiply. Furthermore# 

if the radiation has produced a non-lethal mutation, the progeny 

of the cell may be abnormal....Radiation injury in general may 

be expressed as the product of the degree of cell damage times 

the mitosis rate of the cells.” 

This suggested mode of development is compatible with 

known results of intentional or accidental uptake of radio¬ 

iodines or of delivery of penetrating ionizing radiation to 

the thyroid# namely: 

(1) Long latency period for appearance of 
h 

neoplasms. 

(2) Enhanced effects in children with their 

high mitosis rate. " 

The importance of the homeostatic mechanism in determining 

the time of appearance of the final damage is evidenced by the 

relatively high rate of appearance of damage during puberty or 

pregnancy# when metabolic demands are high. (The importance 

of the homeostatic mechanism in general is indicated also by 

the observations of Vasilenko and Klassovskii (1971)# who found 

in studies on rats that damage to the thyroid from uptake of 

radioiodines was accompanied by benign lesions (adenomas) of the 

pituitary gland. This result# seen over a wide range of thyroid 

doses# cannot be due to direct irradiation of the pituitary# 

which is insignificant# but can result only from functional 

* However, Kalinin# Odinokova and Talantov (1971) have shown# 
by means of observations on autopsied small experimental animals 
(mice# rats# rabbits) that biochemical changes can be seen in the 
thyroid within seconds after uptake of 1-131 in the therapeutic ¡ 
range (but well below dosages for total destruction), and that 
morphologic changes in the thyroid can be noted within hours. 
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overstimulation of that gland following unbalancing of the 

homeostatic mechanism.) Again, continuing administration of 

suppressive doses of thyroid hormone in humans or experimental 

animals prevents both goiter (adenoma) and carcinoma in a hypo¬ 

thyroid situation. 

As has been indicated, both benign and malignant thyroid 

neoplasms can be produced by ionizing radiation. In both humans 

and experimental animals, the rate of incidence of malignant 

tumors, per rad to the thyroid, is lower than that for the benign 

tumors. This will be examined quantitatively in the next 

section. The benign tumors in humans are usually generalized 

hyperplasia (diffuse adenomatous goiter) or localized adenomatous 

nodules, single or multiple. The malignant tumors are almost 
* 

always carcinomas. 

The medical history of the Marshall Island children and 

adults who developed benign thyroid neoplasms indicates that 

the treatment of choice in children with even benign neoplasms 

is surgery (partial or total thyroidectomy)• The success rate 

following surgery for benign nodules is very close to 100,». In 

a recent review of thyroid carcinoma mortality risks (Otway and 

Erdmann, 1970), time of incidence and mortality risks for differ¬ 

ent types of thyroid cancer are presented. Papillary carcinoma, 

which peaks in the third and fourth decades of life, accounts 

* Vasilenko and Klassovskii (1971a) have investigated the 
pathology induced by uptake of the radioiodines in rats and 
dogs (see also Vasilenko and Klassovskii (1971) and Klassovskii 
(1971)). They found that some of the benign tumors (adenomas) 
were hormonally active, others hormonally inactive. Most 
adenomas of the follicular and papillar structure of the thyroid 
were active, while all adenomas of the parenchymatous structure 
were inactive. The malignant tumors, consisting of adeno¬ 
carcinomas and adenopapillar and undifferentiated cancer, were 
all invasive, metastasizing to the larynx and to the muscles 
and veins of the neck; 30% of them metastasized to the lung also. 
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for half of the adult thyroid cancors and 70% of those found 

In children. It may exist for several decades without apparent 

harm to the victim. About 10% of the papillary cancers aro 

fatal. Follicular carcinoma, peaking in the fifth decade and 

representing about 25% of the thyroid cancers, has a mortality 

rate of about 33%. The undifferentiated (anaplastic) tumors, 

which are found mostly in individuals past 60 years, are of 

the rapidly growing, invasive variety, and are fatal in about 

76% of the cases. The higu fatality rates for thyroid cancer, 

coupled with the possibility that benign nodules will transform 

into malignant varieties, argue for surgical treatment of benign 

nodules« especially because of the high success rate for such 

surgery. 

P.2. Rlak oí HmbIm. PotMtlon 

Accurate prediction of late thyroid casualties in the 

civil-defense context requires a reasonably accurate method of 

predicting bothi (1) dose to the thyroid; and (2) dose-vs.- 

effect relationships, the latter for late development (10-15 

years later) of both benign and malignant nodules. These 

dose-vs.-effect relationships are the subject of this section. 

The recent medical history of the Marshallese themselves, parti¬ 

cularly the children, provides some Information on risk (dose/ 

effects); however, as the dis tubsion in Section III of the main 

renort shows, the thyroid-dose data are not very reliable. 

The moot useful literature data, as summarised by Conard, 

et al. (Mb-50220) (1970). is on the incidence of thyroid nodules 

and cancer following therapeutic x-lrradlatlon of the nock 

region; this development, particularly when the irradiation 

occurs in infancy and childhood, is wall documented? in the 

* Sineus. R.A.. Reichlin« S. and Hampelmann. L.H.. Ann. Intern. 
Nad. £6. 1154 (1967); Toyooka. E.T., Pifar, J.M. and Hampelmann. 
L.H.. J. Mat. Cancer Inst. J1« 1379 (1963); and Hampelmann. L.H.« 
Science 160. 159 (1968); see also Pifer and Hampelmann (1964). 
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days betöre the delayed consequences of thyroid irradiation 

were known, very young children were treated by x-irradiation 

of the cervical region, for disorders like thymic hypertrophy 

and even tonsillitis (Robbins, et al., 1967), 

Development of thyroid lesions from radioiodine uptake 

has been noted in animals, but much less frequently in humans. 

Conard, et al. summarize the results of Sheline, et al. (Sheline, 

0. E., Lindsay, S., McCormack, K. R. and Galante, M., J. Clin. 

Endocrinol. Mctab. 8 (1962)), who reported 8 cases of nodular 

goiter in a follow-up study of 250 individuals thus treated 

for hyperthyroidism. Of the eight, 6 had been given the 

radioiodine (1-131) therapy before 20 years of age, and of these 

4 h*.] had the treatment prior to age 10. if one considers that 

therapeutic doses to the thyroid from radioiodine administration 

are in the order of thousands of rads, sometimes tens of thou¬ 

sands, Sheline*s reported incidence rate appears low (compared, 

for example, to the extremely high incidence in the Marshallese 

children who received of the order of 1000 rad, mostly from 

radioiodine uptake)• Possible explanations for the apparent 

discrepancy will be developed later in this Appendix. 

Risk per rad Is usually expressed on the basis of measured 

or expected Incidence of neoplasms per 10® persons per rad per 

jrear, a basis that is reasonable in the medical or public-health 

* Conard, et al. note that the medical profession has generally 
considered radioiodine exposure to be less effective than 
x-irradiation in producing thyroid neoplasms, primarily because 
few thyroid tumors have been seen following radioiodine therapy 
(they quote L. W. Sloan and V. K. Prantz, "Thyroid cancer* clini¬ 
cal aspects," in "The Thyroid," 2nd Ed., s. C. Werner, Editor, 
Harper and Row, New York, 1962). 

** Use of the concept means implicit acceptance of a linear dose/ 
effect response, with no threshold. Such an approach is gener¬ 
ally accepted as a conservative basis for assessment of the con¬ 
sequences of exposure to even low levels of ionizing radiation. 
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context, where a large population is receiving doses that are 

spread over time, with onset of pathology also spreading over 

time. This rtsk-per-rad-oer year (per 106 persons) statistic 

may be less useful in the nuclear-explosion context, where 

(1) the dose is received by the entire affected population at 

about the same time; and (2) the onset of pathology may be 

bunched in time after a long delay, as it was for the Marshallese 

children. In such a situation, it may be more realistic simply 

to talk about (ultimate) risk per 1C6 persons per rad. Either 

basis, however, can be calculated easily from a given set of 

dose/effects data (if the period of observation embraces the 

appropriate latency period). 

We consider first the risk for benign tumors. Pincus, 

et al., and Hempelmann (op. cit., as quoted by Conard, et al.) 

determined risk per rad per year for two groups of patients 

who had been exposed when young to x-irradiation of the neck 

region. For one group they found an incidence of thyroid 

nodularity (benign lesions) of 24 cases per 106 persons per 

rad ^ea£; for the other the figure was 64. If the average 

value of 44 is applied to an average thyroid dose of 1000 rad 

(that experienced by the Marshallese children under 10 years 

of age at the time of exposure ) and multiplied by the 15-year 

period during which nodularity in the Marshallese children 

was observed^* the predicted total incidence is 660,000 cases 

per 106 persons so irradiated,or 66%. This compares to an 

* Conard, et al. and other authors interpret James' (1964) dose 
calculation to be 1000 rad (close to the geometric or the arith¬ 
metic mean of the extremes of the 700-1400 rad range estimated 
by James) from radioiodines plus 175 rad whole-body; the present 
author, however, interpret's James' average of 1000 rad to 
include the 175 rad whole-body (see Section 3.2). The differ¬ 
ence is not significant in the evaluation; however, it is 
pointed out here to prevent confusion between the two resulting 
sets of predictions. I 

** Even though development of palpable nodules was bunched 
toward the end of the period. 

_ 

*
 * 
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observed incidence of 17 out of 19# or 90%. (The upper risk- 

per-rad-per year figure of 64 leads to prediction of an inci¬ 

dence of 96%). 

The risk of thyroid cancer is much lower than that of 

benign nodules. For example, Robbins, et al. (1967) (op. cit.) 

present information (three earlier reports) on thyroid carcinoma 

in children, resulting from x-irradiation of the cervical region 

for thymic hypertrophy or tonsillitis. Thyroid doses in the 

range 90-1300 rad were involved. 0.5% of the subjects developed 

malignant tumors; the average latent period for tumor develop¬ 

ment was 11 years. If the average dose is taken to be 700 rad, an 

approximate value for the risk is 0.65 cases per 10 persons per 

rad per year. Otway and Erdmann (1970) (®p. cit.) present several 

estimates of thyroid-carcinoma risk. Specific quoted estimates 

for x-irradiation of children, in (ultimate) carcinomas per 10 

persons per rad, are: 

1. 35 

2. 10-30 (20 years at risk) 

3. 10-20 (same basic data as in No. 2) 

4. 60 (25 years at risk). Here, the authors 
cited by Otway and Erdmann had estimated 
tissue dose rather than air dose. The 
2,878 children in this prospective study 
had all been irradiated before 6 months 
of age, when the thyroid may be at its 
most sensitive. 

5. 100 (same data as in 4, interpreted by new 
authors). 

Thus, thyroid-carcinoma risks for children were in the range 

0.5 - 4. cases per 106 persons per rad per year, or factors of 

10 to 100 below the risks for benign lesions of the thyroid. 

The risks for many kinds of cancer, including leukemia, result¬ 

ing from ionizing-radiation doses to the appropriate organs 

are in the i-o*«e-per-lo6-persons-per-rad-per-vear area. 
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Otway and Erdmann interpret some limited additional data 

to mean that thyroid-carcinoma risks for x-irradiated adults 

are lower than those for children; the cited data imply a ratio 

of about 1/8. They state, "It appears that the child's thyroid 

is considerably more radiosensitive than the adult's - perhaps 

by a factor of 5 for equal radiation exposures." 

F.3. Apparent Discrepancies Associated with Radiation Type 

It has been noted in the previous section that radioiodine 

(1-131) exposure has generally been considered by the medical 

profession to be less effective than x-irradiation in producing 

neoplasms?* Conard, et al. (BNL-50220 (1970)), noting that 

thyroid tumors had been seen in large numbers following 

administration of therapeutic dosages of 1-131 (5,000 - 10,000 

rad in treatment of hyperthyroidism) in the past, concluded 

that such doses are "probably so destructive that they preclude 

proliferative activity and malignant transformation." Such an 

argument is consistent with known dose effects in skin-cancer 

and breast-cancer production in rats, sheep and other experi¬ 

mental animals, in which there appears to be an optimal dose 

for cancer; i.e., an incidence-probability vs. dose function 

* On the other hand, Sampson, Key, Buncher and lijima (1969), 
in an examination of Hiroshima/Nagasaki data, could find "no 
indication that dose-prevalence relations differed between the 
youngest and oldest age groups"; however, their dose-effect 
difference statistics for the younger-than-20 age group did not 
reach significance (p <0.14), because of the small number of 
cases. 

** Some authors (for example, Hempelmann (1968)) have accepted 
the concept that beta radiation ¿n general is only 1/15 to 1/10 
as efficient as x-irradiation in producing thyroid neoplasms, 
and therefore they (and others, including Conard (1970a) and 
LeRoy (1970)) found the extent of the pathology in the Marshall¬ 
ese children to be inconsistent with the (relatively low) 
reported dose from radioiodines. 
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that rises, perhaps linearly, to a maximum at some fairly 

high dose, but then drops steeply with further increase ■'n dose, 

because cell destruction becomes so severe that there is no 

focus for mutation. Further support is provided by the work 

of Vasilenko and Klassovckii (1971 and 1971a) who found, 

in experiments on rats, that a thyroid dose of 5000 rad from 

1-131 intake led to the peak tumor-production rate of 94%, 

50% of these tumors being malignant (doses of 150,000 rad from 

the same source producing massive atrophic and dystrophic 

changes in the thyroid, but no tumors). 

Another possible explanation is that therapeutic dosages 

are designed to reduce hyperthyroid function to the euthyroid 

state? if successful, they have restored homeostatic balance, 

and therefore further overstimulation by TSH, presumably the 

trigger for neoplasm induction, does not occur. Continued 

administration of thyroid hormone provides further protection. 

E. A. Tompkins (1970) has unpublished data in support of this idea. 

However, neither of these explanations accounts for the 

fact that there is no recorded association of neoplasm develop¬ 

ment with earlier administration of diagnostic dosages of 1-131 

(to patients who were obviously not all hyperthyroid). With 

modern techniques, dosages of the order of 1 }iCi (leading to 

doses of the order of 17 rad to the child thyroid) are suffi¬ 

cient for uptake tests. However, in the earliest days of 

radioiodine diagnostics, dosages of tens of /iCi or more (lead¬ 

ing to thyroid doses of hundreds of rad, or more) were common. 

Furthermore, as Bizzell pointed out recently (Mann and Garfinkel, 

1970), activity calibrations in hospitals up to about 1950 were 

quite inaccurate? in 1949, Manov found variations by factors of 

3 to 4 in activity measurements. It was only following these 

intercomparisons that administered 1-131 activities v/ere brought 

* LeRoy (1970), for example, has estimated that tens of thousands 
of children received diagnostic doses in the 20-50 /iCi range. 
E. A. Tompkins (1970) quotes the early-day dose range as 4-2500 rad. 
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into better agreement with NBS calibrations. Thus, it is not 

inconceivable that some early patients received close to or 

more than 1000 rad from diagnostic dosages of 1-131. 

A closer approach to resolution of the discrepancy is 

provided by Otway and Erdmann (1970): "The 13lI is deposited 

in the thyroid and therefore delivers an unevenly distributed 

dose at a low rate. An externally delivered X-ray dose is 

spatially well distributed and is delivered at a higher dose 

rate. Because of these differences X rays are more effective 

per unit dose in producing thyroid malignancy. 

The final answer appears to have been given by Klassovskii 

(1971)?* Klassovskii starts with a statement to the effect 

that it is established that the "RBE" for x- and gamma-rays 

in the thyroid is 10-20 times higher than that for incorporated 

1-131, and that up to now the reason for this has been obscure. 

He then claims that his experiments on rats show that the dis¬ 

crepancy is due to the uneven dose distribution from the 

(relatively soft) beta rays of 1-131, and that no such discrep¬ 

ancy exists for the other radioiodines, with their harder beta 

emissions. The experiments were done with 1-131 alone and with 

a radioiodine mixture in which 80% (basis unspecified, but 

presumably activity, in Ci) was 1-132 plus 1-133. The beta 

energies of the latter two nuclides are said to be about 2.5 

times that of 1-131, the ranges to be about 3-4 times greater 

than that of 1-131. (See Appendix C for details of energies 

and ranges of the radioiodines). 

* While it is well known that dose rates are important in 
determining the early effects of a given total dose, it is not 
clear that such an importance has been established for late 
effects, such as neoplasms. 

** This reference, like the other 1971 references to the work of 
that author and his colleagues (Vasilenko and Kalinin as senior 
authors), is a recent translation of a Soviet literature refer¬ 
ence from an earlier period, in this case 1967. 
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Klassovskii used historadiography and quantitative auto¬ 

radiography to determine the spatial distribution of the radio¬ 

iodines in the thyroid. He found that iodine concentrates 

almost entirely in the colloid of the follicles and that, 

because the distances between the follicles are from tens to 

hundreds of micrometers, the dose from the weaker betas of the 

1-131 is concentrated almost entirely in the follicles, whereas 

that from the stronger betas of the other radioiodines is more 
* 

uniformly distributed throughout the thyroid. He then measured 

(or calculated) "coefficients of inequality of dosage distri¬ 

bution" (undefined, at least in the translation), and stated 

that those for 1-131 were 3-5 times higher than those for the 

80% I-132/1-133 mixture. (In another report (Klassovskii, 

Vasilenko and Terekhov, 1971) he points out that 1-131 has an 

average beta energy, Ê, of about 0.2 Mev, and proposes a 

"coefficient of distribution of dose" (something like an "RBE") 

that is 1.0 for ¥ >0.2 Mev, and 0.1 for E <0.2 Mev). 

Pathological effects on the thyroid were characterized 

by histological changes, uptake-capacity measurements over 

time, degree of atrophy, and tumor effects, the latter in the 

pituitary gland as well as the thyroid. The over-all results 

showed the 80% mixture to be 10-25 times more effective than 

1-131 for the same thyroid-averaged dose. 

The effect of non-uniform dose distribution in limiting 

the effectiveness of a given dose from 1-131 was explained, 

finally, on the basis that the follicular colloid, where that 

dose is primarily absorbed, is much less radiosensitive than 

the parenchymatous formations of the gland and also, in con¬ 

trast to those formations, is not significant in the regenera¬ 

tion of the gland. 

* Anspaugh (1965/1966), on the other hand, has calculated that 
the 1-131 dose, even in a 1.7 g child's thyroid, .is uniformly 
distributed. While the basis for the disagreement has not been 
investigated here, the experimental results of Klassovskii appear 
to support the argument for inhomogeneity. 
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Supporting information for this claim appears in Vasilenko 

and Klassovskii (1971), reporting experiments on dogs, with a 

radioiodine mixture that was 12% 1-131, 38% 1-132 and 50% 1-133, 
h 

and on rats, with this mixture and with 1-131 alone* 

Klassovskii (Klassovskii, Vasilenko and Terekhov, 1971) 

cautions the reader against unwarranted extrapolations from ani¬ 

mal experiments to man, but points out that if allowance is 

made for the known differences in (1) organ size and level of 

differentiation; (2) metabolic rate; (3) life span; and (4) 

latency period for neoplasm induction; then reasonable extra¬ 

polations can be made. For example, a 1-yr latency period in 

the rat implies a 25-yr latency period in the adult human. 

Examination of Appendix C of this report, which presents 

the characteristics of the radioiodine mixture likely to be 

found in fallout (more specifically, in inhaled iodine in a 

fallout field), will show that Klassovskii's experimental mix¬ 

ture has radiological properties very close to those of the 

fallout threat, particularly at the very early times post¬ 

fallout, when 1-131 has not yet reached its peak relative 

contribution. Thus, the pathology in the Marshallese children 

is now explicable; with a thyroid dose of about 1000 rad from 

the radioiodine mixture (as calculated by James), they were 

actually exposed to a thyroid dose equivalent to perhaps 

10,000 rad from 1-131 alone. (Or, to put it another way, 

a 1000-rad dose from mixed radioiodines is equivalent to a 

1000-rad dose from x-irradiation, so that the Marshallese 

tumor-incidence rates should be expected to fall on the 

straight-line curve of incidence vs. x-irradiation dose, as 

presented by Hempelmann (1968) (as they indeed do)). 

* NOTE ADDED IN PROOF: Somewhat earlier, Saenger and his col¬ 
leagues had reported the possibility that the apparently reduced 
effectiveness of ingested 1-131 in producing thyroid carcinoma 
was due to uneven distribution of 1-131 beta dose in thyroid 
tissue (SAENGER, E.L., SELTZER, R.A., STERLING, T.D. and KEREIAKES, 
J.G. (1963)# "Carcinogenic Effects of I131 Compared with X- 
Irradiation - a Review," Health Physics 9, 1371). 




