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PREFACE

The purpose of this report is to document the detail and data used to esti-
mate thyroid absorbed dose to persons exposed to high levels of early fallout.
The scope of the work was defined by historical records containing environmental
measurement results and testing data for detonations in the Marshall Islands,
particularly reports concerning the Castle BRAVO detonation. The records were
scrutinized and data were subjected to a variety of analyses. The results of
this work show agreement between measured radiological results and the required
radiobiological projections. The new estimated thyroid absorbed dose and the
medical factors relating to health effects in the Marshall Islands may be used

to estimate potential health effects in other populations exposed under similar
conditions.
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SUMMARY

A study was undertaken to reexamine thyroid absorbed dose estimates for
people accidentally exposed to fallout at Rongelap, Sifo, and Utirik Islands
from the Pacific weapon test known as Operation Castle BRAVO. The study

“included: 1) reevaluation of radiochemical analysis, to relate results from
pooled urine to intake, retention, and excretion functions; 2) analysis of
neutron-irradiation studies of archival soil samples, to estimate areal activi-
ties of the iodine isotopes; 3) analysis of source term, weather data, and me-
teorological functions used in predicting atmospheric diffusion and fallout
deposition, to estimate airborne concentrations of the iodine isotopes; and 4)
reevaluation of radioactive fallout, which contaminated a Japanese fishing ves-
sel in the vicinity of Rongelap Island on March 1, 1954, to determine fallout
components. The conclusions of the acute exposure study were that the popula-
tion mean thyroid absorbed doses were 21 gray (2,100 rad) at Rongelap, 6.7 gray
(670 rad) at Sifo, and 2.8 gray (280 rad) at Utirik. The overall thyroid cancer
risk we estimated was in agreement with results published on the Japanese
exposed at Nagasaki and Hiroshima. We now postulate that the major route for in-
take of fallout was by direct ingestion of food prepared and consumed outdoors.

We believed urine bioassay results for 1311 excreted from people exposed
at Rongelap to be accurate. We extrapolated our thyroid dose estimates from.
measured and derived quantities which were related to urine bioassay results.

The facts which related were 1) fallout arrival and observation times, 2) size
and nuclide composition of BRAVO fallout (also known as Bikini ash), 3) Rongelap,
Utirik and Sifo Island exposure-rate measurements and 4) diet and living pattern
observations. The 1311 intake, which we estimated from 1317 measured in urine,
was used by us as a normalization point to link related facts. This allowed us
to estimate the intake of other iodine isotopes and the intake of
radiotelluriums.

Studies used by us to deduce the amount of 129y deposited at Rongelap and
Utirik as a result of the BRAVO detonation revealed a much greater level of 1294
in soil than could be derived by using other methods. Additionally, the uncer-
tainty associated with soil measurements was very great. We concluded that
other weapons tests may have influenced the soil concentrations of 1297 and that
isobars rather than isotopes of 129y may have exhibited similar behavior. Thus,
using I to derive the intake of other radioiodines was not possible.

The meteorological approach used to assess thyroid dose did not result in
agreement with relatable quantities. The value for predicted increase in expo-
sure rate based on meteorology, or the meteorological-based estimate of whole-
body dose, duration of fallout, or airborne activity concentration were not con-
sistent with values obtained by measurement or estimates derived by different
methods. ‘

The composition, specific activity and particle size of BRAVO fallout
(Bikini ash) were in agreement with other observed facts. Based on BRAVO fall-
out composition and specific activity studies, surface activity results which we
derived for varous locations downwind of the detonation site were in agreement
with directly measured surface activities made at these same locations shortly
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after the -accident. In addition, fallout duration and fallout arrival estimates
derived from BRAVO fallout studies were in agreement with the observed fallout
duration and arrival times. Our estimates of surface activity were transformed
into estimates of surface exposure and exposure rate on an individual nuclide
basis. The measured exposure and exposure-rate results reported in the litera-
ture were used to develop surface activity at locations and times of interest.
Once the surface gctivity was derived, the intake pathway and estimate of intake
were evaluated using the average I excreted by Rongelap adults for
normalization.

Estimates of thyroid absorbed dose, age at exposure, and intake of spe-
cific nuclides were tabulated for each location. For an adult male, the thyroid
absorbed dose from iodine and tellurium radionuclides was 7.7 times the absorbed
dose from 1311 at Rongelap, 10 times that at Sifo Island, and 4.7 times that at
Utirik Island. James, in an earlier attempt to estimate thyroid absorbed dose
based on 1311 in urine, assumed the total dose was 2.6 times the dose from 131
(Ja64). The factor 2.6 would be appropriate for slightly older fallout than
that experienced at Rongelap, Utirik, and Sifo Islands. Our estimate of thy-
roid absorbed dose was based on ingestion intake. Inhalation intake and absorp-
tion through skin could not be reconciled with measurements of 1311 in urine or
with external exposure-rate measurements.

The average and maximum estimates of total absorbed dose to the thyroid
were derived. Observations of the range of 137¢4 body burdens during protracted
exposure (Mi79) and Eve's estimate of the range associated with the contents of
the stomach in cases of sudden death (Ev66) were used to estimate maximum thy-
roid absorbed dose. The maximum was estimated to be four times the average. The
average internal thyroid dose at Rongelap Island was based on the average 1y
activity collected in urine. The contribution to thyroid dose from external
sources was estimated from the air exposure caused by the decay of 142 nuclides
making up the fallout composition. The external doses were similar to original
estimates by Sondhaus for persons exposed at Rongelap and Utirik Islands, 1.75
gray and 0.14 gray (175 rad and 14 rad), respectively, which were derived from
survey instrument readings taken at evacuation and film badge data from a nearby
military outpost (S055). The external dose estimated for people at Sifo Island,
1.1 gray (110 rad), was greater than the 0.69 gray (69 rad) estimated originally
from post-evacuation surveys of exposure rate. The difference was due to the
presence of very short-lived activation and transuranic nuclides which, accord-
ing to the nuclide composition, must have been present during exposure at Sifo
Island.

Medical observations concerning thyroid abnormalities have been tabulated
along with the new thyroid dose estimated for each person. From these results,
the mean cancer risk rate in the exposed population of 251 people was 150 thy-
roid cancers per million person-gray-years at risk (1.5 * 2.3 thyroid cancers
per million person-rad-years at risk). The mean time at risk for thyroid cancer
was 19 years. The mean thyroid nodule risk rate was 830 nodules per million per-
son-gray-years at risk (8.3 * 12 per million person-rad-years at risk). The
mean time at risk for a thyroid nodule was 18 years.
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I. INTRODUCTION

Persons who were present on March 1, 1954, at Rongelap Island, Rongelap
Atoll; Sifo Island, Ailingnae Atoll; and Utirik Island, Utirik Atoll; in the
Marshall Islands, have been examined by medical specialists to determine if any
observable effects can be attributed to exposure to radioactive fallout. Their
original estimates of external whole-body dose from the acute exposure were 1.75
gray (175 rad) at Rongelap and 0.l%4 gray (14 rad) at Utirik (Cr56). The first
estimate of thyroid dose from internal emitters in Rongelap people was 100 to
150 rep® (Cr56). Thus, the first estimate of total thyroid absorbed dose was
2.68 to 3.15 gray (268 to 315 rad) for Rongelap people in general and for inter-
nal plus external exposure.

Medical specialists have reported short-term effects exhibited over a
period of many months and possible long-term effects exhibited over many years.
In 195%, three teenage females who were exposed in 1954 underwent surgery for
henign thyroid nodules. 1In 196%, 3- to %4-year-old child thyroid dose was
reexamined by James on the basis of 1) urine bioassay results and 2) a range of
values for thyroid burden of 1317, thyroid mass, uptake retention functions, and
ingestion or inhalation. For 3- to 4-year-old girls, the extreme range of thy-
roid dose from internal emitters was estimated at 2 to 33 gray (200-3300 rad).
The most probable total thyroid dose was in the range of 7 to 14 gray (700-1400
rad). The James estimate of most probable total thyroid absorbed dose to the
child was two to five times higher than the estimate reported by Cronkite for
Rongelap people.

The value for the James estimate of total thyroid dose was extrapolated to
other ages and to the Utirik people and reported along with medical effects hy
Conard (Co74). The number of radiation-induced thyroid lesions per million per-
son-rad-years at risk was tabulated by Conard for the Rongelap and Utirik
exposed populations (Co74). It was clear that the risks of radiation-induced be-
nign and cancerous lesions for the two atolls were not comparable for any age
grouping. The thyroid cancer risk for the Japanese population exposed at
Nagasakl and Hiroshima, in units reported by the National Research Council's
Committee on the Biological Effects of Ionizing Radiation, was 1.89 excess cases
per million person-rad-years of tissue dose (CBEIR80). This parameter was 7.0
at Rongelap and 17.8 at Utirik for the 10-year and older age grouping in 1974
(Co74).

Variation in risk of radiation-induced thyroid cancer between atolls and
the difference when compared to other irradiated groups had become an important
scientific and health-related question with considerable political overtones.
Early in 1977, Bond, Borg, Conard, Cronkite, Greenhouse, Naidu, and Meinhold,
all members of Brookhaven National Laboratory (BNL), and Sondhaus, University of
California, College of Medicine, initiated a reexamination of the technical
issues. In 1978, formal program objectives and funding were supplied to BNL by
the Department of Energy's Division of Biological and Environmental Research.

*An obsolete unit of absorbed dose; 1 rep = 0.93 rad for soft tissue.



In June 1978, the Meteorology Division at Lawrence Livermore National Labo-
ratory was subcontracted to provide a computer simulation of the dispersionm,
transport, and deposition of fallout from the 1955 atmospheric nuclear test,
BRAVO. A subcontract to provide neutron activation analysis of archival soil
samples was given to the Radiological Sciences Department, Battelle-Pacific
Northwest Laboratory. Soil samples were provided by Seymour, Director of the
University of Washington's Laboratory of Radiation Ecology.

During 1980, members of BNL researched the protracted exposure to fallout
at Rongelap and Utirik Atolls. The interval of interest was from the time each
population returned to their home atoll ug to 50 years later. The nuclides
considered were l37Cs, 60Co 9°Sr Zn and 239py, Thyroid absorbed dose
from these sources was negllglble relatlve to the thyroid dose committed during
the first few days after the accidental exposure (Le84).

The subject of this report is the estimation of thyroid absorbed dose due
to fallout exposure of the inhabitants of Rongelap, Utirik, and Sifo Islands on
March 1, 1954. To determine thyroid dose, the amount of fallout activity taken
into the body was estimated by reexamining the 1311 excreted from persons who
were at Rongelap. The other components of fallout taken into the body had to be
inferred from studies on fallout composition. Initially, fallout composition
was assumed and nuclide activity concentrations in air, water, and food were
established on the basis of meteorological and archival soil study results. Fur-
ther study led to dose estimates based on actual BRAVO fallout composition
rather than hypothetical composition. Finally, knowledge was gathered about the
intake pathway and the time post-detonation at which intake was likely to have
occurred, and this was factored into the thyroid absorbed dose estimates.

The report was prepared under the authorization of the Department of
Energy's (DOE) Division of Biological and Environmental Research, which provided
funding and review from 1978 until 1983. After organizational changes at DOE in

1983, funding and review were provided under the DOE Office of Military Applica-
tion.

The purpose of the study was to clarify or document further the relation-
ship between thyroid absorbed dose and incidence of thyroid nodules or thyroid
cancer. The high incidence of benign and cancerous thyroid lesions was very evi-
dent (Co74). Our efforts were directed towards reevaluation of thyroid absorbed
dose estimates upon which Conard's risk estimates were based.

The limitations for applying the risk estimated here to other exposed
groups include the following: 1) thyroid dose estimates have a large standard
error, 2) thyroid dose estimates apply to a unique situation involving ingestion
of fallout plus external irradiation, and 3) the medical observations quoted are
not infallible, that is, a reevaulation of medical results may result in
reclassifications of thyroid lesions, or reveal other cancer sites, or addi-
tional thyroid lesions.

The sources of information were many and varied. Discussions with persons
initially engaged in these studies, e.g., Stanton Cohn, Victor Bond, and Eugene
Cronkite, led to review of documents which are cited in the references of this



report. A search for records at DOE headquarters led to the files currently
held by Thomas McCraw who has acted as a repository for many Atomic Energy Com~
mission documents. Some of these documents related directly to this study and
were not easily located anywhere else. An abundance of environmental results
have been published by the University of Washington's Laboratory of Radiation
Ecology (also known as Applied Fisheri=s Laboratory). Medical information was
published by BNL's Medical Department -ad by the Safety and Environmental Protec-
tion Division. Much of the early and detailed observations on the accidentally
exposed Marshallese were recorded in documents published by the U.S. Naval
Radiological Defense Laboratory and by the Naval Medical Research Institute.

The plan of this report is to document the details of the dose
reassessment. Two methods, 1) the estimate of 1311 jntake from urine results,
and 2) the estimate of particle size and nuclide composition from Bikini ash
results, could be related to each other and the known facts about arrival and du-
ration of fallout, external exposure-rate measurements, and gross beta
measurements. A schematic of the approach is given as Figure 1.

Once the nuclide composition and fallout arrival and duration times were
assessed, the composition was normalized to external exposure-rate measurements.
Exposure-rate histories and corresponding surface activity histories were then
constructed for each island. Estimates of intake of radioiodines and
radiotelluriums were based on the 1311 intake estimate which was in turn
normalized to the Rongelap urine results. The time and mode of intake were
based on observed diet and living patterns. The population mean and individual
thyroid absorbed dose estimates were based on the age and location of the
exposed pecple. Age-dependent values of thyroid absorbed dose per unit activity
intake were taken from the scientific literature.

The final step was to obtain internal and external thyroid absorbed dose
estimates for 251 exposed people. This was related to medical observations and
summarized in the final section of the report. This relationship is presented
in terms of thyroid cancer incidence per unit absorbed dose per million person
years at risk.
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II. METHODS AND RESULTS

A. 1311 1ntake at Rongelap Island Based on Urine Bioassay Results

Urine samples for 24-hour elimination were pooled and collected on the
17th day post-detonation from persons evacuated from Rongelap Island (Co72).
The urine was sent to Harris at Los Alamos Scientific Laboratory and an estimate
of thyroid-absorbed dose from internal emitters was reported by Cronkite (Cr56).
The 64-person composite urine sample was 752 adult urine (18 &, >16 years of
age), 20% adolescent and child urine (4.8 %, 5-16 years of age), and 4.8% child
and infant urine (1.2 %, <5 yeats of a§e) (Ja64). Harris indicated a mean activ-
ity of 0.48 kBq (1.31 x 1072 uci) of 1311 in the Rongelap adult 24-hour urine
taken on the 17th day post-detonation (Co72) and an adult mean peak thyroid con-
tent of 414 kBq (11.2 uCi) (Ha54). This peak estimate was calculated on the as-
sumption that 0.1% of stable iodine burden on the first day would be eliminated
via urine between the 15th and 17th days (Co72).

Table 1 is a tabulation of the fraction of an initial 13!1 activity intake
by ingestion that would be eliminated by an adult on a given day post-intake.
Two models were used to calculate these daily fractions, one developed by
Johnson (Jo81) and the other by ICRP (ICRP79). Both models had feedback incorpo-
rated into the estimate of the fraction of initial intake. Both were solved
using catenary compartment kinetics and both led to similar values for elimina-
tion of I by a reference man. Values for fractions of an initial intake
excreted by female individuals were higher than for males on days 10 and 25 but
were the same on day 17. A comparison to an excretion function based on results
for a normal adult male was made and values were tabulated for the intake of
stable iodine (see Table 1). The stable fraction compares indirectly with the

I fraction through adjustment for radiocactive decay.

On the basis of 0.48 kBq (1.31 x 1072 uCi) in adult urine on the 17th day
post-intake, a 3440 kBq (93 uCi) intake was estimated for 1317, ace Rongelap Is-
land, ingestion at 0.5-day post-detonation was assumed.

The intake of 3440 kBq (93 uCi) was used as a normalization point. That
is, once we had determined the relationship between 1311 and the other nuclides
in fallout, we estimated the contribution to thyroid dose from all radioiodines,
while keeping the 1311 jnctake at 3440 kBq (93 uCi). A similar method used by
Cole and James to estimate thyroid absorbed dose (Co72,Ja64) differs from ours
in that 1) we used the relationship between radioiodines and 1311 based on BRAVO
fallout measurements, 2) we based the intake time (post-detonation) on diet and
living pattern observations, and 3) we determined the mode of intake to be inges-~

tion.

B. Radioiodine Air Concentrations Based on Meteorology

1. Calculation of Bravo Fallout Patterns. Downwind exposure-rate con-
tours for the BRAVO detonation were estimated by several groups (Armed Forces
Special Weapons Project, Rand Corporation, Naval Radiological Defense Laboratory)
(Ha79). These contours, which were based on observations of BRAVO cloud dimen-
sions and hodographs developed for 3 hours, 6 hours, and 9 hours post-detonation,




Table 1

Fraction of Inmitial 311 Activity Ingested That
- 1s Excreted on Given Day Post-Intake

Days Post- Reference Reference Reference
Intake Female® Male? Maleb

1 - - 4.4 x 107}

5 1.4 x 1072 1.4 x 1074 1.4 x 107%

10 1.9 x 107% 1.8 x 1074 1.9 x 1074

17 1.4 x 1072 1.4 x 107% 1.4 x 1074

25 9.2 x 1072 8.0 x 1072 9.0 x 1072

Fraction of Stable Iodine Ingested That Is Excreted
on a Given Day Post-Intake for a Normal Adult Male

Days Post- Reference Reference A Normal
Intake Maled MaleP Male®

1 - 4.6 x 1071 4 x 1071

5 2.3 x 1074 2.3 x 10~* 9 x 1074

10 4.3 x 1074 4.6 x 1074 7 x 1074

17 5.4 x 1077* 5. x 1077 7 x 107%

25 6.9 x 107* 7.5 x 107% 7 x 1074

2Jovnson Model (JoS1).
DICRP 30 Model (ICRP79).
C3erman (Beb7), read from graph.

do not all agree but are within a factor of 2 for any specific location at
Rongelap and Utirik Atolls. A significant difference between the Armed Forces,
Rand and Naval exposure-rate contours occurs 32 to 190 km (20 to 120 miles)

north of Rongelap Atoll out to a distance of 480 km (300 miles) east of the deto-
nation site. See Figure 2 for the relative location of the atolls and people.

Peterson estimated downwind exposures using a modified MATHEW-ADPIC
computer code (Pe81). Additionallg, Peterson developed instantaneous activity
concentrations for 129Te, 1311, 13 1, 137¢cs, and 135y for Ailingnae Atoll and
the southeastern part of Rongelap Atoll near Rongelap Island. The computer
codes were developed for the Atmospheric Release Advisory Capability of the De-
partment of Energy. They were modified to include a larger number of upper-air
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Figure 2. Relative location of the atolls and people.

wind levels which was thought by Peterson to be important. An additional modifi-
cation included a turbulent wake correction to large granules falling from the
stratosphere. Parameters for a tropical atmosphere were incorporated into gran-
ule fall velocity calculations. An assumption was made that the activity per
granule increased as the cube of granule radius increased. The analytical
approach has been described by Peterson (Pe8l).

2. Comparison of Peterson’'s Whole-Body Dose Estimates. The cumulated
whole-body dose was integrated from the onset of fallout to evacuation time.
Peterson calculated the diffusion of fallout using computer codes and upper-air
wind-level patterns. Peterson's results for whole-body dose were compared to es-
timates by Dunning (JCAE57) and Sondhaus (Cr56), and an estimate based on our
analysis of Bikini ash. Sondhaus's work was detailed (S055); the whole-body
dose was based on exposure-rate measurements and a range of assumed times for
the onset and cessation of fallout. Sondhaus's best estimate of whole-body dose
is given in Table 2, as are Peterson's estimate, the Dunning estimate, and the
Bikini ash result (see column labeled 'This Report').

The values for whole-body dose estimated by Dunning and Sondhaus, and
those estimated by the method indicated in Section II.D of this report are in

Table 2

Comparison of Cumulated Whole-Body Dose, Rad?

Location 1955 1957 1981 1984
of People Sondhaus Dunning Peterson This Report
Rongelap 175 : 170 110 190
Ailingnae 69 75 24 110
Utirik 4 14 15 0.33 11
Rongerik 78 - 340 81

@Multiply by 0.01 to obtain gray.




reasonable agreement. These last two approaches were different from each other
in that Sondhaus derived the estimate of whole-body dose from actual measure-
ments of total exposure (film badges at Rongerik) and exposure rate, while the
estimate using Bikini ash depended upon measurements of the composition of fall-
out and exposure rate. The approach used by Peterson depended on upper—-air wind
level patterns and the fallout was estimated by him to drift back in a southerly
fashion. This was not in agreement with assumptions regarding wind level pat-
terns which were used in three previous and independent approaches (Ha79). The
Peterson results for whole-hody dose were radically different from other esti-
mates for Rongerik and Utirik people and do not coincide with measured values
for exposure and exposure rate (Sh57).

3. Duration of Fallout. Duration of fallout is defined as the time fall-
_out begins up to the time of cessation (not to be confused with the time of evac-
uation, which was much later). Peterson's estimated duration of fallout (see
Table 3) of about 19 hours at Rongelap appears to be too long relative to the
reported wind velocity moving the cloud past Rongelap (Cr56) and relative to the
first-hand accounts of fallout duration given by the Marshallese evacuated from
Rongelap Island (Sh57). An upper limit of 16 hours' duration at Rongerik Atoll,
estimated by Sondhaus, was based on the assumption of a constant rate-of-rise of
exposure rate. The exposure-rate datum used to indicate cloud passage was the
offscale reading of >100 mR h~! at 7 hours and 22 minutes post-detonation 270 km
(170 miles) away from Bikini Atoll. Estimates of fallout duration time by
Peterson, Sondhaus, and Dunning and those estimated by us are tabulated in Table
3 for comparison.

Sifo Island, Ailingnae Atoll, was the same distance from the detonation
site as the Japanese vessel contaminated by Bikini ash (BRAVO fallout). Bikini
ash was observed to fall for 5 hours (Ts55). Bikini ash granule size was visible
to the eye (Su56), which at this location was consistent with reports that fall-
out was visible at Rongelap, Rongerik, and Ailingnae. Visual observations of

Table 3

Duration of Fallout, Hours

Fallout - Fallout Fallout Fallout
Duration Duration Duration Duration
Distance Estimated Estimated Estimated Estimated
Location From the by Sondhaus by Dunning by Peterson Here
of Detonation 1955 1957 1981 198%
People Site, km (S055) (JCAEST) (Pe8l) (This Report)
Ailingnae 150 12 5.5 10 5
Ronge lap 210 12 5.5 19 7
Rongerik 270 12 - 17 9
Utirik 570 12 17 3 19




fallout arrival and cessation time were reported by many persons at each of
these locations (Sh57, Ts55), except Utirik, and were in reasonable agreement
with Dunning's values (see Table 3). On the basis of distance vs granule-size
extrapolations and meteorological considerations, we also conclude that fallout
would not have been visible at Utirik.

On Rongerik, a set of film badges was present and exposure results
were obtained (So055). Survey instrument readings and the film badge results led
Sondhaus to postulate total gamma exposures, from the time fallout began up to
the time of evacuation, of 0.027, 0.022, and 0.018 C kg~! (106, 86, and 70 R).
These values were based on three assumed fallout durations of 8, 12, and 16
hours, respectively. One film badge that remained outdoors at Rongerik gave a
reading of 0.025 C kg™l (98 R). This total exposure from the time of fallout
to evacuation corresponded to a fallout duration of 9.6 hours, which compares
closely to the 9-hour value derived from fitting visual observations of fallout
duration with distance from the detonation site (see Section II.D of this
report). For whole-body dose estimates, Sondhaus appears to have assumed a
12-hour duration for all locations in order to conform to '"constant fallout."
The definition of "constant fallout" was not clear. Sondhaus also writes that
"fallout probably would not be uniformly heavy throughout, the first portion
being the most intense and the balance decreasing with time'" (Cr56).

4., Rate-of-Rise of Exposure Rate. The rate at which exposure rate rises
to the peak value has an effect on estimates of whole-body dose. A rate-of-rise
in exposure rate at Rongerik Atoll was estimated from monitoring instrument read-
ings taken for one-half hour (S055). Additional rate-of-rise information was de-
termined from results supplied by Peterson (Pe8l). Exposure-rate contours from
graphs provided by Peterson were evaluated at different times at the Rongerik lo-
cation. A best fit of the results yielded an exponential rise in exposure rate.
A comparison of the two, measured rise versus predicted rise, indicated a wide

discrepancy, the measured rise being much steeper. These results are tabulated
in Table 4.

It is not clear which exposure-rate measurements Peterson accepted for
normalizing his results. It is clear that he accepted at least one measurement
at some location because he estimated whole-body dose. I1f both the Peterson and
the Sondhaus whole-body dose results are to converge on the results for the
Rongerik exposure-rate survey, which was made 9 days post-detonation (0C68),
then Sondhaus's estimate of whole-body dose would have to be greater than
Peterson's estimate, not less. This is because Peterson required a much slower
rate-of-rise in exposure rate than did Sondhaus.

5. Comparison of Airborne Activity Concentrations. Air activity concen-
trations at Rongelap and Sifo Island were computed from the meteorological re-
sults provided by Peterson for 1311 and 1331 (pe81). For comparison, results
for air activity concentrations of 1311 and 1331 vere estimated from the Bikini
ash composition and are tabulated in Table 5. The cumulated activity and the
airborne activity concentrations determined by either method do not agree. 1In

summary, the Peterson-based approach towards estimating thyroid dose requires fur-

ther refinement in order to achieve correspondence with all available information
regarding external exposure, exposure rate and activity concentrations in air.



Table 4

Measured and Predicted Rate-of-Rise of
Exposure Rate at Rongerik Atoll

Peterson's

Measured Predicted
Time Exposure Exposure
Post-Detonation, Rate Rate
Hours mR h~la wR h~la
6.87 0.18 220
6.91 0.70 240
6.95 2.7 270
7.04 3.6 330
7.12 10.5 400
7.20 30 480
7.29 60 580
7.37 100 700
% Change
During
Half Hour 55,000 320

aMultiple by 2.58 x 10~/ to obtain C kg~l n~l.

C. Radioiodine Surface Activity Based on Archival Soil Analyses for 1291

1. The Archival Soil Sample Collection. Surface soil samples were
removed from Rongelap, Utirik, and other atolls in the Marshall Islands during
the period 1954 to 1974. They were taken at depths up to two inches. Samples
were stored at the Univefaity of Washington's Applied Fisheries Laboratory.
Soil samples tested for 291" were either midisland soils with humus, sandy soils
from all parts of the island, black and white beach sands, grey powdery soils,
randomly collected composites, or humus-seedy mixtures. Of the thousands of sam-
ples stored at the University, several hundred were identified for neutron acti-
vation analysis. Samples were packed and sent to Battelle Pacific Northwest Lab-
oratory and analyzed by Brauer (Br80).

2. Analysis of Samples. Soil samples were analyzed for 1271, 1291,
125gp, 137Cg, 155Eu, and 90Co. The methods for neutron activation analysis were
described by Brauer (Br74) and Keisch (Ke65). Iodine was separated from soils
according to the method of Studier (St62). Once separated, the iodine was
irradiated with neutrons in a nuclear reactor, purified to reduce levels of
interfering nuclides, and assayed using gamma spectroscng (Br80). For quality
control, comparison samples containing known amounts of 51, 1271, and 1291

- 10 -



Table 5

Air Activity Concentrations

Peterson's Results, Bikini Ash Results,
uCi cm™-4 pCi em”
Time Post-
BRAVO, h 1311 1331 1311 133y
Rongelap Island
5 2x10-10 7x10-9 1x10-7 3x10~6
7 7x10~9 2x10~7 3x10-8 7x10-7
10 4x10~7 3x1076 5x10~10 9x10~9
14 2x1079 4x10~8 - -
17 3x10~10 7x1079 - -
Cumulated
Activity
Concentration,
Ci s m3 4.0x10°3b  1.0x10"! 1.4x10°3 3.3x1072
Sifo Island
3 4x10713 1x10-11 8x10~9 2x10~7
5 5x10~10 1x1076 4x10-10 1x10~8
7 2x10-8 5x10~8 1x10-11 3x10~10
12 5x10~9 1x10~7 - -
Cumulated ’
Activity
Concentration,
ci s m™3 6.0x1074d  1.8x1072  6.9x1075  6.9x1073

amultiply 3.7 x 1010 to obtain Bq m™3.
ultiply by 3.7 x 1010 to obtain Bq s m™3.

were irradiated with each set of iodine samples isolated from Marshall Islands'
soils (Br80).

The number of initial comparison atoms and the resulting comparison
activity were used to determine a production ratio. The production ratio was
applied to the soil sample activity and the number of atoms of activated nuclide

- 11 -



per gram of soil was estimated. Corrections to the soil activity were made on
the basis of results for soil sample blanks, comparison sample blanks, and
method yield.

A listing of the gamma-ray spectroscopy results and 1291 results for
soil samples is shown in Table 6. The earliest surface soils dated back to
1955i about one and one-half years post-detonation of BRAVO. The 6000, 137Cs,
and 13%Ey activities per gram of soil appeared to have declined slowly over the
years, while 1291 goil results declined at a much more rapid rate. Individual
counting errors were normally less than 5%, although a few samples approached
20%.

3. Estimate of Initial Surface Activity. Positive 1255, results (see
Table 6) were too sparse for inferences to be drawn. For 1291, results were
plentiful and, therefore, a least squares fitting was performed on results for
nuclide soil activity per unit mass of dry soil vs days post-detonation using
linear, exponential, logarithmic, and power function models. Sample results var-
ied from their best-fit value by as much as a factor of 9 and by an average fac-
tor of 2.5 over the period 1955 to 1977.

The best-fitting function was determined from a comparison of the
co-efficient of determination for each model. Functions used with 1291 results
for Rongelap soil were plotted in Figure 3. Only the 1955 to 1957 results were
plotted to illustrate the following points. For I soil results, the best-
fitting function was exponential. All four fitting functions were generally use-
ful in predicting soil activity per gram at times after 600 days post-BRAVO for
all nuclides. A significant divergence between functions occurs during the pe-
riod several hours out to one year post-BRAVO. For example, at 0.5 day the dif-
ference between the exponential and power function estimate spans 5 orders of
magnitude for 1291,

Single exponential fitting gave the best coefficient of determination
for 1291. The exponential fit of the 1291 s0il results at Rongelap led us to
estimate a mean residence time in surface soil of about 5.4 years. The descrip-
tive on these samples indicated that they were soils originally located at
depths no greater than 5 c¢m (2 in.) beneath the surface.

4. Ratio of Nuclide Activity to Total Fallout Activity in Archival Soils.
The ratio of ‘29T activity to total fallout activity would help to determine
whether the archival soil anaylsis for radioiodine corresponded to other meas-
ured or hypothetical ratios. The surface-soil activity of each nuclide meas-
ured by 3rauer was estimated for 0.5 and 1.5 days post-detonation. These were
the assumed times of cessation of fallout at Rongelap and Utirik, respectively.
The value for the nuclide activity per unit mass of soil at the cessation of
fallout was estimated from the best fit of archival soil results. For 1291, the
estimate was recorded in Table 7, column A.

At Rongelap, the total fallout activity per unit soil, based on four
soil samples taken March 8, 1954 (0C68), was 3.0 x 109 % 4.1 x 107 Bq g-l (8.2
+ 11 uCi g 1) at 0.5 day. The total fallout activity per unit mass of Utirik
soil was 112 of the Rongelap result based on a ratio of exposure rate at the two

- 12 -



Table 6

Soil Sample Results for Rongelap and Utirik Islands

Sample Rongelap, pCi;g'la
Collection Days Post-

Date Detonation 6oCo 1255y 1291 137 ¢4 155g,
10-22-55 600 - - 1.1x10" 1.4x10 -
10-22-55 600 2.0x1071 - 8.5x1073  3.5x100 2.7x1071
10-22-55 600 - - 9.4x10™% - 1.2x10-3

12-5-55 644 2.1x1071 ~ 5.8x1073  2.4x100 2.0x107!
7-23-56 875 2.3x10"1 - 7.6x10% 2.2x10!  3.0x10°!
7-23-56 875 - - 4.2x107%  7.0x100 -
7-17-57 1234 3.7x1071  1.0x107!  1.5x10"3 1.8x10! -
3-6-58 1466 4.3x100 - 6.7x10™4  3.8x102 1.0xl0!
3-6-~58 1466 8.6x1071 - 1.1x10"%  2.5x10!  1.7x109
8-20-58 1633 1.1x101 2.7%x100  3.5x10°3  s.ox10l  3.s4x10!
11-29-74 7578 2.6x1071 - 1.6x107°  3.1x101  6.2x1071
11-29-74 7578 2.2x10~1 - 7.2x107°  3.5x10}  6.0x107}
12-2-74 7581 1.9x109  7.0x107! 2.9x107% 6.3x10!  7.5x100
4-3-76 8069 5.1x1071 - 6.5x107°  7.2x100 -
4-3-76 8069 - - 1.6x1079  5.1x100 -
9-27-76 8246 9.8x10"1 - 8.0x1073 1.7x10l  2.3x100
5-10-77 8471 4.4x1071 - 4.6x1075 1.6x101  4.1x10"1
5-10-77 8471 7.7x10"! - 4.7x1075  9.2x100 8.0x10-{
10-18-77 8632 1.9x10°1 - 1.6x10"> 5.3x100 2.1x10~
10-18-77 8632 2.9x10°1 - 8.5x1076  3.7x100 -
10-18-77 8632 - - 2.0x1075  6.3x100 -
10-19-77 8633 7.7x1072 - 2.5x107%  2.3x100 -
10-19-77 8633 1.1x10°1 - 1.7x107°  6.9x100 2.2x10"1
10-19-77 8633 3.2x1071 - 2.0x107%  7.4x100 2.6x10°1
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Table 6 (Cont'd)

Sample Utirik, pCi g“la

Collection Days Post-

Date Detonation 6000 125g 129¢ 137¢q 155g,
12-3-55 642 1.9x1071 1.6x107%  1.8x100 -
12-3-55 642 - 3.5x107 - -

11-26-74 7575 1.6x10°1 4.0x1073  2.2x100  2.5x1071

11-26-74 7575 2.0x10"1 3.7x107%  1.4x100 -

11-26-74 7575 9.4x1072 5.4x107%  2.2x100  2.4x10°1
9-21-76 8240 1.8x10"1 2.3x1075  2.8x100 -

- 9-21-76 8240 1.6x1071 1.6x10"3  7.8x10"1 -

5-8-77 8469 - - 1.7x1079  6.7x10"1 -

10-13-77 8627 1.1x10°1 - 9.6x1076  1.2x100 -

10-13-77 8627 1.3x1071 - 2.0x1073  1.6x100 -

10-13-77 8627 - - 5.7x107¢  9.0x107! -

10-14-77 = 8628 - - 1.1x1072 - 7.0x107! -

10-14-77 8628 8.6x1072 - 2.3x1073  3.2x100 -

10-14-77 8628 1.3x1071 - 1.1x107°  1.6x100 -

aMultiply by 0.037 to obtain Bq g~!l.

islands after all of the fallout was on the ground. The fallout decay exponent
was assumed by us to be -1.2 in order to extrapolate activity present on March
8, 1954, back to activity present on March 1, 1954. The exponent, -1.2, is the
theoretical value for mixed fission products and is considered suitable for
estimating the correspondence of I soil results with other measuregents. At
Utirik, the fotal fallout activity per unit mass of soil was 7.8 x 10~ Bq g"l
(0.21 ucCi g~ ') at 1.5 days post-detonation.

The ratio of nuclide activity per unit mass of soil to the total beta
activity per unit mass of soil was tabulated in Table 7, column B. This ratio
applies at the times of cessation of fallout. The values in column B were
compared to values estimated from measurements on actual BRAVO fallout and those
estimated by calculation using hypothetical undisturbed fission product yield
data. These estimates for BRAVO fallout activity ratios and those for hypotheti-
cal undisturbed fission products were determined as follows.

5. The Ratio of Nuclide Activity to Fission Product Activity for Thermonu-
clear Fission. Nuclide activity relative to total fission product activity was
estimated from data on thermonuclear fission of 238y given by Crocker (Cr65).
Total activity values given by Crocker do not account for chemical and physical
deletion or enhancement of fission products, production of activation products,
or production of transuranics. Total activity per 10,000 fissions at 0.5 and

- 14 -
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Figure 3. Curve fit of archival soil results.

1.5 days was taken from Table 3 of Crocker's report (Cr65). Individual nuclide
activities were calculated by Crocker's methods and the original input data used
by him (Cr63). The values for the hypothetical ratio of nuclide activity rela-
tive to total fission product activity are tabulated in Table 7, columm E.

6. The Ratio of Nuclide Activity to Total Activity for Bikini Ash.
Bikini ash was the name given by the Japanese for actual fallout from BRAVO
(Is56). Estimates of Bikini ash activity per unit mass of soil were calculated
from results for activity per unit area given in Table 13 of this report. Table
13 was devised by normalizing Bikini ash measurements to external exposure-rate
measurements. Using the nuclide composition of Bikini ash, a fallout decay expo-
nent specific for BRAVO fallout was developed (see Section IID.l.e) and was
-1.4. Values for individual nuclide and total activity were developed for the
surfaces of Rongelap, Utirik and Sifo Islands for different points in time.
Bikini ash activity per unit mass of soil estimates were tabulated in Table 7,
column C. The times are 1.5 days post detonation at Utirik and 0.5 days post
detonation at Rongelap.

To estimate specific activity from areal activity, approximately
65,000 g/m? of soil were assumed to be present in the top 5 cm (2 in.) of soil.
This value comes from a conversion factor of 6000 g/ft2 proposed by the survey
team which visited Rongelap on March 8, 1954 (0C68). A bulk soil-humus density
of 1.3 g/cm3 in the top 5 cm (2 in.) of soil could be assumed to estimate a simi-
lar conversion factor.
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Table 7

Archival Soil Results Compared to Thermonuclear Fission and Bikini Ash Results

Archival Ratio of A Hypothetical Ratio of Soil Result Soil Bikini Ash Result
Soil to Measured Bikini Ratio of C Nuclide Activity to Compared to Result Compared to Compared to
Nuclide Value at Gross Beta Ash Value to Total Total Activity for Thermonuclear Fission Bikini Ash Thermonuclear Fission
(# of Samples) 0.5 Da Activity at 0.5 Day Bikini Ash Thermonuclear Result Result Result
pCi g~18 in Soil pCi g'l Activity Fission of 238y
Rongelap A B c D E B/E B/D D/E
Ronge lap

1235, 1.5x100  1.8x1077  S.4x10! 3.5x106 4.6x1076 0.039 0.051 0.76

(n=13)

129, 2.1x1073% 2.6x10°10b  7.0x1075  4.5x10712 3.5x10712 7.5 58.b 1.3

(n=24) ‘

¢ 6.2x101  7.6x10°6  1.1x102 7.1x1076 5.5x1076 1.4 1.1 1.3

(n=23)

153g,, 6.8x100  8.3x1077 1.1x10l 7.1x10"7 9.6x10"7 0.87 1.2 0.74

(n=16) c

Utirik

129, 1.4x1074b  6.7x10710b 7 751076 1.8x10711 1.3x10-11 52.b 37.b 1.6

(n=14)

137, 2.0x100  9.5x10-6 1.2x10! 2.7x10°5 2.1x1075 0.45 0.35 1.3

(n=13)

135, 2.5x10"1  1.2x1076 1.2x100 2.7x1076 3.6x1076 0.33 0.44 0.75

(n=2)

8Myltiply by 0.037 to obtain Bq g l.
alues have a standard deviastion of $900%.
CValues at 1.5 days for Utirik results.




The ratio of nuclide activity to total activity was estimated from all
of the activities listed in Table 13. The total activity in Bikini ash included
the contribution of transuranics and activation products and was somewhat differ-
ent in composition from hypothetical and undisturbed fission products.

On day 0.5 at Rongelap, a total activity per unit mass of soil of 5.5
x 10° Bq g~1 (15 uCi g~l) was estimated from Bikini ash. A good portion of the
activity was due to the decay of 239Np and 237U and other short-lived nuclides.
The presence of short-lived activation and transuranic nuclides influenced the
overall fallout decay exponent. A value for total activity per unit mass of
soil of 1.6 x 10% Bq g~ (0.44 uci g~l) at 1.5 days at Utirik was estimated. The
ratio of nuclide activity to total activity based on Bikini ash is tabulated in
Table 7, column D.

7. Comparison of Archival Soil Measurements to Thermonuclear Fission Data
and Bikini Ash Estimates. The archival soil results were compared using the
ratios of nuclide activity to total activity (Table 7, columms B/E, D/E, and B/D).
For !25Sb the ratios were not similar; however, soil sample-size was small. For
1558y and 137Cs, results were in accord at both Rongelap and Utirik. The archi-
val soil results for 1291 at Rongelap and Utirik were distinctly different from
the hypothetical thermonuclear-fission results and Bikini Ash results.

In order to estimate the significance of the wide differences for 129y
results, the standard deviations of the activity ratios were determined. The
standard deviation of the archival soil best-fit value at 0.5 day (Table 7, col-
umn A) was aggroximated by linear regression methods (Be69). The archival soil
~result for 1491 at Rongelap was 7.8 x 107> % 6.7 x 10™% Bq g~! (2.1 x 1073 ¢ 1.8
x 1072 pCi g'l) at the time of fallout cessation. The standard deviation of the
four measurements of total activity per unit mass of soil on March 8, 1954, was
1342 of the mean (0C68). The mean and standard deviation of the archival soil
activity ratio (Table 7, columm B) was estimated to be 2.6 x 10710 £ 2,35 x
1079, Thus it is concluded that a significant difference between this ratio and
the other two cannot be determined due to the large standard deviation. Columns
B/E and B/D are also uncertain for 1291,

Errors in the thermonuclear fission product activity ratio for 129;
(Table 7, column E) were due to errors in independent yield data and half-life
measurements and were estimated by Crocker to be on the order of 10% (Cr65). The
mean and standard deviation of this hypothetical ratio was estimated to be 3.5
x 10712 ¢ 5.0 x 10713,

A wide divergence between the measured activity ratio and the hypothet-
ical activity ratio was possible. It may have been due to chemical and physical
phenomena experienced by nuclides in the 129 mass chain at different times post-
detonation. Enrichment by a maximum factor of 100 has been noted occasionally
(Fr6l).

The 1358y and 137Cs archival soil activity ratios relative to the hypo-
thetical ratio and the Bikini Ash ratio ranged between 0.87 and 1.4 for Rongelap

soils and 0.33 and 0.45 for Utirik soils. These ratios were within acceptable
limits of statistical uncertainty and are comparable. The Bikini Ash activity
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ratios for 1291, 155Eu, and 137¢Cs were very close to the hypothetical ratios
estimated for thermonuclear fission of 238U,

8. Estimation of Radioiodine Activity per Unit Area Based on Soil
Activity for 129T. From the archival measurements, the iodine isotope activity
was estimated per unit area of soil at the cessation of fallout at Rongelap (see

Tablfzg)' The enrichment of the iodine isotopes was assumed to be the same as
for I.

The total radioiodine soil activity per unit area, based on 129 con-
tent of archival soils from Rongelap, exceeded the estimated total activity of
all radionuclides per unit area by a factor of 10. The estimated total activity
was based on four soil samples taken and measured for beta activity on March 8,
1954 (0C68). The radioiodine soil activity per unit area, based on archival
soils from Utirik, exceeded the estimated total soil activity per unit area by
a factor of 7. Because these archival soil based estimates were so much greater
than measured activity, the assumption could not be made that iodine isotopes
mimicked the behavior of 1291, and thus the usefulness of archival soil measure-
ments was limited.

The level of 1291 in archival soil may be real, an artifact of the
neutron activation technique, or the residue from other weapons tests occurring’
near the time of soil collection. Comparison of Bikini ash results to hypothet-
ical results fTr 1291 (Table 7, column D/E) leads one to believe that some
enrichment of 1291 occurred but not to the extent indicated by our extrapolation
of archival soil measurements (Table 7, column B/E). The level of activity of

I in Bikini "ash was based on direct measurements of 129Te and 1321 (1Is56).

Table 8

Activity of Iodine Isotopes Based on Archival Soil Results

Activity per Unit Activity per Unit
Area at Rongelap Area at Utirik
Iodine at 0.5 Day, at 1.5 Daxs,
Isotope uCi m~22 uCi m~<d
1291 1.4x1074 9.0x1076
igér 1.9x10§ 9.2x102
I 5.8x10 2.5x10
1331 2.0x106 4.9x10%
1341 2.0x10% 5.2x1076
1351 2.5x106 9.8x103
Total 5.3x106 9.3x10%

qMultiply by 3.7 x 10% to obtain Bq m™2.
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Enrichment of 1291 ip Bikini ash could have occurred independently without
enriching 297e or 1321, with the result that an 12971 comparison between Bikini
ash and archival soils was invalid. 1In conclusion, measurements on archival
soils for Eu and 137Cs were in good agreement with Bikini ash and hypotheti=~
cal results. The level of 1291 in archival soils does not equate with the level
of 1291 estimated by other methods nor does it equate with a reasonable extrapo-
lation of the levels of other iodine isotopes.

D. Thyroid Absorbed~Dose Estimate Based on Bikini Ash

l. Surface Activity and Exposure-Rate Estimates

a. The Nuclide Composition. Radiochemical analysis results for the
BRAVO fallout are summarized in Table 9. Bikini ash fell on the Japanese fish-
ing vessel, the 5th Lucky Dragon, on the day of the test. 1Its gross beta activ-
ity was measured and normalized to day 26, and individual nuclide beta activity
was identified and quantified by Japanese scientists (Ya56, Ts55). The
percent of fallout beta activity, due to fission products present on day 26
after formation, is tabulated in Table 9. The hypothetical beta activity is
based on a fallout composition unaltered due to chemical or physical mechanisms
affecting certain fission product nuclides. This unaltered composition, which

is referred to as unfractionated, was calculated from data given by Crocker.
(Cr65).

The comparison between Bikini ash beta activity and unfractionated
fission product beta activity required conversion of the Yamatera and Tsuzuki
data sets {Ya56, Ts55) into percent fission product beta activity. That is, we
exclude the beta activity of the activation products 35g, 45Ca and the transura-
nic nuclide 237y for comparison purposes. We assumed that 237y, which represent-
ed 20% of the beta activity on day 26 in the Tsuzuki data, represented 20% of the
beta activity in the Yamatera data.

The column in Table 9 headed "U-238TN Unfractionated % Fission
Product Beta Activity' represents the hypothetical percent of selected
unfractionated fission products following thermonuclear neutron fission of 238y,
The data are applicable to day 26 post-detonation. The thermonuclear neutron
energy spectrum and uranium target were chosen to represent the BRAVO device
(0C68). The difference between percentages based on the Japanese measurements
and those based on the hypothetical beta activity from thermonuclear fission rep-~
resents differences between fractionated and unfractionated fallout.

As previously implied, the term fractionation indicated altera-
tions of nuclide composition in fallout debris. The ratio of two nuclides in
fallout was often used to describe fractionation quantitatively (Fr61). The de-
nominator of the ratio was taken to be the activity of 952rNb (Frél). To quan-
tify fractionation between two nuclides, the beta activity ratios were compared
by Freiling (Fr6l). He uses the term 'degree of fractionation" to represent the
range of variability of the nuclide ratio. The term "extent of fractionation'
represented the portion of the total nuclide produced in the fallout cloud
which departed from the unfractionated ratio.
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Table 9

Measured BRAVO Fallout Composition and Unfractionated Composition on Day 26

U-238TN

Yamatera Yamatera Tsuzuki Tsuzuki Unfractionated
Data, % Fission Data, % Fission % Fission

% of Beta Product Beta % of Beta Product Beta Product Beta

Nuclide(s) Activity Activity Activity Activity Activity

895y 1.6 2.0 1.0 1.3 4.2

905,y 0.02 0.025 0.040 0.050 0.062

9y a - 8.0 10.0 4.1

957 N 9.8 12.0 8.0 10.0 9.6

103g, 5.0 6.3 b ¢ 8.5

106g,8n 1.4 1.8 b c 0.94

129mpe 12974 1.3 1.6 b ¢ 0.42

1327, 1.0 1.3 b c 0.83

131y 4.5 5.6 b c 6.1

1321 1.0 1.3 b c 0.83

130g41.4 11.0 14.0 11.0 14.0 23.0

Lilce 9.7 12.0 7.0 8.8 10.0

%4 capr 2.8 3.5 4.0 5.0 2.9

W3py a - 16.0 20.9 12.0

1;7Nd a - 9.0 11.0 5.3

% a - 0.20 - -

’37 a - 20.0 - -

239Pu (@) a - 0.00040 - -

35g a - 0.050 - -

a511 of total beta activity.
D152 of total beta activity.
€192 of total fission product beta activity.

A review of the data in Table 9 indicated to us that the activity
ratios for 132Te 132I 1311 141Ce 106RuRh 144Gepr (their activity relative
to measured 9SZrNb beta act1v1ty) d1d not dxffer bs a factor greater than about
1.5 from the unfractionated ratios. Ratios for 1l Bala, Nd 91y, 90sry
03Ru, and !*3pr were different by a factor of about 2 for 893: and 1ngTe—129Te
bg a factor of about 3 relative to the unfractionated ratios. The nuclides 9ly,
106gyRn, 129mre-1297e, 1321e, 1321, 1l44cepr, 143pr, and 147Nd were in greater
abundance relative to unfractionated debris.
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Freiling (Fr6l) indicated that the degree of fractionation from a
surface burst could be significant. The extent of the fractiomation throughout
the debris was another variable he observed to be significant. Freiling
emphasized the high degree of fractionation between nuclides classified as vola-
tile and refractory for coral atoll surface bursts. Generalizations were made,
to be used with-much caution. Freiling indicated that, in general, fractiona-
tion would decrease as device yield decreased and would increase with depth,
that is, air bursts would be less fractionated than surface bursts which would
be less fractionated than subsurface bursts. From Freiling's studies, we
cautiously expect that the high yield surface burst creating the BRAVO fallout
caused a moderate-to-high degree of fractionation which occurred moderately to
extensively throughout the debris.

For the coral surface burst, Freiling observed that the ratio of
957r to 89sr activity could be chosen as a representative measure of the overall
degree of fractionation between refractory and volatile elements. This ratio
had a value of 5 for a deep water surface burst of megaton range and a value of
100 for a coral surface burst (Fr6l). The unfractionated value for this ratio,
for day 26 post-detonation and for thermonuclear neutron fission of 238U, was
calculated to be 1.6 from data given by Crocker (Cr65). From the average of
Yamatera and Tsuzuki data, we calculated the ratio of 27zr activity to Isr ac-
tivity measured on day 25 to be %.8. This measured value for the degree of
fractionation was characteristic of a deep water surface burst of the megaton
range, moderately but not highly fractionated. This moderate fractionation prob-
ably occurred moderately to extensively throughout the fallout cloud because of
the large yield and surface location of the device (Fré6l).

The effect of fractionation on decay rate is very complex, and sim-
ple observation of overall radioactive decay does not yield significant informa-
tion. Even so, the decay rates from widely distributed samples obtained out to
480 km (300 miles) from the BRAVO detonation site were similar. The decay rates
from activity on different-size fallout granules collected at the same site were
similar (0C68). These facts alone do not indicate that the same fractionation
was common to all granule sizes. In fact, small granules traveled with the cloud
for longer periods of time and possibly adsorbed more longer-lived nuclides than
did the very large granules. In the analysis, we assume that the fractionation
observed for Bikini ash granules was similar for granules at Rongelap, Sifo, and
Utirik Islands. With the possible exception of Utirik Island, this assumption
was considered valid owing to the proximity of Rongelap and Sifo Islands to the
5th Lucky Dragon.

b. The Decay of Fallout. The gamma and beta decay of the BRAVO
radioactivity after the first 10 days post-detonation was measured by several
researchers (e.g., Miller, Servis, Tomkins, Wilsey, and Stetson, see 0C68).

Decay data from measurements made between 0 and 10 days were not found in the
literature. PFallout samples, taken weeks after the BRAVO event, were from
Bikini Atoll, Rongelap Atoll, the 5th Lucky Dragon, and the surface of US Navy
ships in the area. The measured decay exponent after two weeks was used by many
researchers to extrapolate exposure rate back to times prior to sample collec-
tion and in one case was used to estimate activity decline every hour post-~
detonation (Miller, 0C68). These extrapolations by Miller for the decay of fall-
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out activity from several hours to a few weeks post-BRAVO apparently excluded
the decay characteristics of non-fission-fragment nuclides. This would affect
surface activity estimates which we derived from Bikini ash results since these
~estimates relied in part on extrapolated decay rates. The estimated thyroid
dose from intermal sources would be affected by decay characteristics because it
relied in part on these derived surface activity estimates.

In order to derive ground activity estimates at times close to
BRAVO detonation and to derive external and internal thyroid dose, the gamma- or
beta-decay-rate decline over short periods of time was assumed to have followed
the relationship

e -x 20 (1)
2 1 tl
where
x| = gamma- or beta-decay rate at time t;, and
Xy = gamma- or beta-decay rate at time t,.
m = decay exponent.

In the early post-BRAVO period and for time intervals of a few hours, Miller's
estimate of decay exponents may have departed significantly from the standard
value used for planning fallout activity decline (m = -1.2). His values for m
at different times post-detonation of BRAVO are listed in Table 10. At short
time intervals there was a departure from m = -1.2. However, the overall decay
exponent calculated from Miller's declining activity results, for the interval
one hour to sixty days post-detonation, was -1.2. This was in agreement with
the standard value used for decay of unfractionated fission products. Thus, it
seemed to us that the impact on activity decline due to non-fission-fragment nu-
clides may not have been folded into Miller's extrapolation.

Further study was done to establish actual BRAVO activity and expo-
sure-rate decline. Surveys performed by the radsafe team of the USS PHILIP, the
ship dispatched to evacuate people from Rongelap Island, have recorded an
exposure-rate level for Rongelap village of 3.8 x 1074 C kg~! bl (1473 mR h™D)
average and 4.9 x 1074 C kg~! h~l (1900 mR h~!) maximum at 2.2 days post-
detonation (COMTASK GROUP 7.3 Disp 020848Z of March 1954, 0C68). A similar but
less precise statement of the exposure rate at the time of evacuation was given
by Sharp (Sh57). In order to reconstruct the BRAVO exposure-rate decline prior
to evacuation and not use the standard decay exponent, we derived additional in-
formation about the arrival time and nuclide composition of BRAVO fallout from
Bikini ash measurements.

c. The Buildup of BRAVO Fallout on the Ground. The studies by Suito,
Takiyama, and Uyeda (Su56) indicated that Bikini ash consisted of irregularly
shaped white granules. Bikini ash, taken from the deck of the 5th Lucky Dragon,
was deposited while the ship was located about 150 km (90 miles) from the detona-
tion site (Ts55). Suito defined the mean volume diameter to be the diameter
corresponding to the mean volume. From the size and shape distributions, Suito
determined the mean volume diameter of Bikini ash granules to be 320 * 70 um
(1.3 x 1072 + 2.8 x 10”3 in.). The mean mass of a granule was 0.039 mg (8.7 x
1077 1b). The specific gravity was 2.4, less than the specific gravity of
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Table 10

BRAVO Gamma or Beta Exponent
Indicated by Miller (0C68) for Fission Products

Time Post-Detonation,

t; to ¢ty Decay Exponent,
(h) m
1 to 2 -1.4
2 to 3 -1.2
3 to 6 -.92
6 to 9 -.81
9 to 12 -.78
12 to 24 -.82
24 to 48 -1.0
48 to 96 -1.2

CaCO3, 2.7-2.9. The granules were aggregates of smaller unit particles with
shapes that varied from spindles to cubes to spheres. The size of these unit
pargicles making up the granules varied from 0.1 to 3.0 MUm (4 x 1076 to 1.2 x
1072 in.). It was suggested by Suito that Bikini ash was formed by evaporation
of the coral reef to its constituent atoms and then by recrystallization of Ca
with Hy0 and COy in the air (Su56).

The granule size distribution of Bikini ash was used to estimate
the time over which the bulk of the activity fell on the fishing vessel. Most
of the activity was carried by larger-volume granules, which fell at early times
post—-detonation (La65). The Bikini ash activity versus granule size distribu-
tion,  of total activity versus granule size, was plotted in Figure 4. To con-
struct this histogram, we assumed the activity of a granule to be proportional
to the 3.5 power of its size. Lavrenchik summarized the results of many studies
and concluded that the activity of a granule was proportainal to the 3rd or 4th
power of granule size (La56). He generalized that the activity and volume of
the granule were proportional. The number of granules in each size class was re-
ported by Suito for Bikini Ash (Su56). The size at median activity was 370 Um.

Our information regarding granule fall time as a function of gran-
ule size was derived from deposition models which were reviewed by Norment
(No66). Four models of fallout settling were presented. These models accounted
for granule size and initial height of the granule. Granule fall times from var-~
ious heights were derived by Norment who used the model results of Davies,
Hedman, Hastings, or Ksanda. Although the complexity of each model varied, each
accounted for the aerodynamic properties of irregularly shaped fallout granules.
The granule fall time result versus granule size was recast by us using a power
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Figure 4. Activity vs granule size for Bikini ash.

function. This simple power function model gave a best fit to the results
recorded by Norment.

Tsuzuki reported the observed fallout arrival time, cessation
time, and granule size distribution for Bikini Ash (Ts55). These data were used
to model a power function relationship which related granule size to granule
fall time specifically for BRAVO fallout as follows:

T = 79,5 p-0:324 (2)
where

T = granule fall time in hours post-BRAVO,
D = granule size, micrometers.

It was assumed by us that the largest granules in the Bikini ash fell upon ar-

rival and the smallest fell upon cessation of fallout. We used Eq. (2) to deter-
mine granule size distribution at Rongelap, Utirik, and Sifo Islands. To deter-
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mine the rate at which activity built up on the surface at these locations, we
used the relationship between activity and granule size previously described.

Equation (2) is a simple model to describe fall time versus gran-
ule size. The bulk of the activity of BRAVO was at the base of the cloud at 17
to 29 km (10 to 20 miles) aboveground, ten minutes after the burst (0C68). Gran-
ules of a given size were spread throughout the stem, the base of the cloud, and
up to the cloud top at 40 km (25 miles). In fact, the entire distribution of
granule sizes would reach the surface at any point in time, not just one size at
one time. Our simple model (Eq. (2)), which we assumed for our purposes of
estimating the rate-of-rise of exposure rate, the rate of accumulation of activ-
ity at the surface, and the accumulated external exposure during the period of
rising exposure rates, was in agreement with measurements on rate-of-rise of ex-
posure rate for weapons tests made during the Hardtack Series in 1957 (USPHSS9)
and with the rate-of-rise of exposure rate measured for one half-hour at
Rongerik Atoll on March 1, 1954 (So55).

These estimates of granule fall time, granule size, and activity
versus granule size were combined in a straightforward manner to determine the
cumulative percent of activity deposited on the surface of the 5th Lucky Dragon
versus time after the BRAVO explosion. The cumulative percent is plotted in Fig
ure 5. The fallout was first observed by the fishermen on the Lucky Dragon at
3 hours post-detonation. FExamination of Figure 5 indicates that the bulk of ac-
tivity had fallen on the fishing vessel by %4 hours post-detonation. Granules
could no longer be seen falling by the crew of the 5th Lucky Dragon at 8 hours
post-detonation (Ts55).

The Rongelap people who were interviewed at the time of evacuation
indicated to Sharp that the granules were noticed first at 5 hours post-
detonation (Sh57). These people were about 210 km (130 miles) from Namu Island,
Bikini Atoll, the origin or center of BRAVO fallout. Duration of the fallout
was observed to be about 7 hours at Rongelap Island (Sh57). Using Eq. (2), we
estimated granule size for Rongelap Island on the basis of observed fallout ar-
rival and cessation times. The Rongelap granule size distribution was assumed
to have the same shape as Bikini ash. Assuming that the activity of a granule
was proportional to the 3.5 power of the granule size, we estimated the percent
of total activity versus granule size at Rongelap (see Figure 6). For fallout
at Rongelap Island, the size corresponding to median activity was about 150 um
(6 x 1073 in.). The cumulative percent of total activity deposited on the sur-
face of Rongelap Island versus time post-detonation (see Figure 7) was estimated
by us using the same method described here for Bikini ash.

Fallout was not visible at Utirik Island. The first analysis of
arrival time of BRAVO fallout, based on an assumed mean wind speed, was
estimated by Sondhaus et al. to be 22 hours post-detonation (Cr56). Fallout ces-
sation was estimated to be 34 hours post-detonation.

We estimated new values for fallout arrival and cessation times at
Utirik Island on the basis of observations made by persons on the 5th Lucky
Dragon, on Rongelap Island, and the military outpost on Rongerik Atoll. Fallout
was first seen at 150 km (90 miles) at 3 hours post-detonation by the Japanese
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CUMULATIVE % OF ACTIVITY DEPOSITED

fishermen and lasted for 5 hours (Ts55). It was then seen at Rongelap Island at
210 km (130 miles) at 5 hours post-detonation and it lasted for 7 hours (Sh57).
Fallout reported by military personnel stationed at Eniwetak Island, 270 km (170
miles) from ground zero, was first observed at about 7 hours post-~detonation
(Sh57), and it lasted into the night and perhaps into the next day (Sh57). From
a linear regression fit of the values for distance versus time of arrival or dis-
tance versus time of duration, we extrapolated to arrive at estimates of fallout
arrival and cessation times of 17 hours and 36 hours post-detonation, respec-
tively, at Utirik Island. These derived values for fallout arrival and cessa-
tion times departed somewhat from the original estimates of Sondhaus.

On the basis of Eq. (2) and the new estimates of fallout arrival

and cessation time, we determined a gramule size distribution for the Utirik Is-
land location. Based on Lavrenchik's summary (La56) we assumed that activity of
a granule was proportional to the 3.5 power of the size, and used Eq. (2) to pro-
duce an activity versus granule size distribution (see Figure 8). The relative
number of granules in each size class was based on the Bikini ash distribution
(Su56). The granule size corresponding to the median activity at Utirik Island
was about 14.5 um (6 x 1074 in.). The granule size distribution estimated by us
was in agreement with the fact that fallout was not visible to the eye at

Utirik. The cumulative percent of total activity deposited on the surface of
Utirik Island (see Figure 9) was also estimated.

An adjustment for radioactive decay, for the period of time when

fallout began to the time it reached the surface, was not accounted for by us
when Figures 5, 7, and 9 were drawn. The activity referred to in these figures
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Figure 9. Cumulative % of activity
deposited on Utirik Island vs time
post-BRAVO detonation.

Figure 8. Activity vs granule
size for Utirik Island fallout.
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was that which would have existed at the onset of fallout at each location. Cor-
rection for decay leads us to estimate a slightly steeper rise to the curve for
cumulative percent activity versus time post-BRAVO detonation.

Eighteen Rongelap people went to Sifo Island, Ailingnae Atoll, to
fish and to make copra (Sh57). They left Rongelap Island prior to or at about
the time of the BRAVO detonation (Sh57). These people were located about 150 km
(90 miles) from the detonation site at the time of fallout arrival, and thus,
would have received fallout similar in granule size to that shown in Figure 4
for Bikini ash. Their location was further south than the 5th Lucky Dragon, how-
ever, and much less debris per unit area ultimately fell on Sifo Island. The
fallout encountered by these 18 people was estimated to be off the centerline of
maximum activity of the BRAVO cloud by about 30 km (20 miles).

d. A Simple Model for Exposure-Rate History at Rongelap, Sifo, and
Utirik Tslands. We combined the exposure-rate survey by the radsafe team of the
USS PHILIP (0C68), the early fallout decay exponents indicated by Miller (0C68),
and the time of arrival of fallout at Rongelap to estimate the exposure-rate his-
tory prior to evacuation (see Table 11). This exposure-rate history would not
include the contribution from non-fission-fragment nuclides since it was an ex-
trapolation which we based on the fission product decay exponent given by Miller
(0C58). The total integrated exposure at 1 m above Rongelap Island, from the
time of onset of fallout until evacuation, was 4.6 x 1072 C kg~! (180 R). (This
compares to 7.2 x 1072 ¢ kg'l (280 R) based on Bikini ash results; details of
this estimate are given in upcomlng sections.) We estimated the mean exposure
rate to be 3.1 x 1073 ¢ kg™l h7l (12 R h~l) at 5 hours post-detonation. We
assumed for this estimate of peak exposure rate that all the fallout was on the
ground at the onset, that is, an instantaneous rise in exposure rate from zero
to its maximum value.

The radsafe team of the USS PHILIP surveyed Sifo Island and the
radsafe team of the USS RENSHAW surveyed Utirik Island during evacuation efforts
(0C68). The exposure-rate histories for both islands were estimated from these
survey results and are given in Table 11. As before, the exposure rates listed
in Table 11 were based on Miller's decay estimates and we do not account here
for buildup and peaking of radioactivity. Sondhaus reported that surveys at
evacuation were performed with only one survey meter (AN/PDR-39), and that this
instrument had not been calibrated recently and its operating condition was not
known to be satisfactory at the time of use (Cr56). Sondhaus, therefore, based
his estimates of external exposure on surveys made with calibrated instruments
7, 8, and 9 days after BRAVO detonation. Estimates of exposure in Table 11
which we made with evacuation survey results are, however, in agreement with es-
timates of cumulated exposure made by Sondhaus. Thus, we conclude the survey re-
sults by the radsafe teams were accurate.

A more refined estimate of external exposure-rate history and

cumulated external whole-body absorbed dose performed by us was based on Bikini
ash results as follows.
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Table 11

BRAVO Fallout Exposure Rate Decline Based on Miller's (0C68) Decay Estimates

Rongelap Island, Rongelap Atoll Utirik Island, Utirik Atoll
Exposure Cumulated Exposure Cumulated
Time Post-Detonation, Rate Exposure, Time Post-Detonation, Rate Exposure,
hours R h'i' Rb hours R h-la Rb
S 12 - 1?7 0.46 -
7 9.0 21 19 0.42 0.88
9 7.3 37 21 0.39 1.7
17 4.4 84 24 0.35 2.8
20 3.8 96 27 0.31 3.8
25 3.2 110 30 0.28 4.7
30 2.7 130 35 0.24 6.0
35 2.3 140 40 0.21 7.1
40 2.0 150 45 0.19 * 8.1
45 1.8 160 55 0.15 9.8
54 1.5¢ 180 75 0.10d 12
78 0.095 12
Sifo Island, Ailingnae Atoll
Exposure Cumulated
Time Post-Detonation, Rate Exposure,
hours R h'i‘ Rb
3 6.4 -
5 4.0 10
7 3.0 17 8In air at about one meter above surface, multiply
9 2.4 23 by 2.58 x 104 to obtain C kg~! h~l.
15 1.6 35 bNumerical integration, multiply by 2.58 x 1074
20 1.3 42 to obtain C kg~l.
25 1.1 48 ¢Village average: maximum was 1.9 R h~l
30 0.88 53 USS PHILIP report (0C68).
35 0.76 57 dyillage average; maximm was 0.13 R h~l
40 0.66 61 USS RENSHAW report (0C68).
45 0.59 64 eVillage average; maximum was 0.48 R h!
50 0.53 67 USS PHILIP report (0C68).
57 0.45 70
62 0.41¢® 72
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e. Activity and Exposure Rate History Based on Bikini Ash

i. Areal Activity and Exposure Rate from Nuclides Observed on Day
26. We used the Yamatera and Tsuzuki results to estimate BRAVO fallout activity
on the ground and exposure rate prior to evacuation. We accounted for the
fractionation of fission products, the presence of transuranic and activation
products observed in Bikini ash, and a buildup followed by a decline of exposure
rate. The Japanese results, summarized in Table 9, were used to generate the
percent of fallout beta activity represented by each nuclide in Bikini ash
(Table 12, column 2). The values in this column were based on the mean value of
the Yamatera and Tsuzuki result if two values of a nuclide's beta activity in
Bikini ash were reported. If not, only the one value was used. We calculated
the day-26 exposure rates, at | m above the surface of a planar source of a unit
area of Bikini ash activity (Table 12, column 3), for each nuclide. We based
the estimate on data of Beck (Be80) or Kocher (Ko80) and results recorded in
Table 12, column 2. Beck recorded factors to convert activity to exposure-rate
for a number of particulate gamma-emitting fission products and for a number of
particulate activation products and residual nuclear materials on the ground, as
a result of weapons tests (Be80). By summing each nuclide's exposure rate rela-
tive to total Bikini ash activity per unit area, we estimated an exposure-rate
conversion factor for Bikini ash to be 1.12 x 10717 ¢ kg'l s71 Bq'l m? (5.8 x
1073 1R h~! mCi~! km?). By inverting this factor and multiplying by the frac-
tion of each nuclide's beta activity in Bikini ash (see Table 12, colum 2), we
estimated the beta activity of each nuclide per unit area, which was relative to
a unit fallout exposure rate from Bikini ash.

- Held (He65) reported a mean exposure-rate at Rongelap Island
of about 2.9 x 1079 ¢ kg‘l s”! (40 mR h7l) at 26 days post-detonation. He also
reported a storm with heavy rain two weeks post-detonation (He65). This was
followed by a reduction in exposure rate greater than he would have expected
from decay of BRAVO fallout. Glasstone (Gl62) reported a 40% reduction after 25
days for the BRAVO exposure rate which he attributed to weathering in certain
areas of the Marshall Islands.

We estimated the reduction in exposure rate due to weathering
at Rongelap Island on the basis of the survey taken by the USS PHILIP radsafe
team. We assumed the survey at this early time post-detonation to be a measure-
ment of unweathered fallout and assumed a decay exponent m = -1.4 from day 2.2
to day 26. This value for m was the mean value calculated for the decay of the
nuclide mixture present at Rongelap 2.2 to 26 days post-detonation, which we
based on the gamma decay of 142 nuclides tabulated in Table 13. Specifically,
we accounted for the contribution to exposure rate from 1) the transuranic nu-
clides 237y and 239Np, 2) the neutron-induced nuclides, 3°S and 45Ca, 3) the
day-26 fission products which had fractionated according to Japanese results
(Ya56, Ts55), and 4) the fission product and transuranic product precursors ini-
tially present on day 2.2. The day-26 value of the exposure rate which we
extrapolated from the measurement made by the radsafe team on day 2.2 was 18%
greater than that reported by Held. Thus, we estimated that, had the rainstorm
not occurred, the mean unweathered exposure rate on Rongelap on day-26 would
have been 3.4 x 10~2 ¢ kg™l s™! (47 mR w~1).
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Table 12

BRAVO Fallout Beta Activity Related to BRAVO Fallout Exposure Rate

Day 26 Post-Detonation

% of Bikini Ash (4R h~l) Nuclide® (mCi km~2) Nuclideb

Nuclide Beta Activity (mCi km ) Bikini Ash (uR h™!) Bikini Ash
89g¢ 1.3 3.3x10~8 2.2x100
905, .013 0.0x100 2.2x1072
90y .013 3.5x10711 2.2x1072
91y 8.0 5.0x1076 1.4x101
95z, 6.2 8.6x10~4 1.1x10l
95Nb 2.7 3.9x10™%4 4.7x100
103g, 5.0 4.5x10™4 8.6x109
106g, 0.70 0.0x100 1.2x100
106gp 0.70 2.7x1075 1.2x109
1291, 0.35 3.6x10~6 6.0x10~1
ignge 0.95 5.3x10‘§ 1.6x108

Te 1.0 3.8x10" 1.7x10
131y 4.5 3.3x1074 7.8x109
132, 1.0 4.2x107% 1.7x100
1405, ; 5.0 1.4x10°4 8.6x100
1401, 6.0 2.3x1073 1.0x101
141¢ 8.4 1.0x1074 1.4x101
l44c, 1.7 4.7x10™6 2.9x109
144p, 1.7 9.0x10~6 2.9x100
143p, “ 16. 2.1t 2.8x10l
14754 9.3 - 3, 3%10° . 7 1.6x101
45ca -~‘f‘%x1 <+ 3.5x1071
237y - = 3,5x101
239y (a) - 6.9x1074

35 . 8.6x10°2

aMultiply by 1,96?:& )
Divide by 1.9% % '30%

T
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mate of the mean unweathered exposure rate on_day 2&,@#;!'011;&?.& the mean

it AZ P gl WL _

unwveathered activity per

it area to be 1.0 x-10

8 a2 (2.4 x 102 mCi km™2).

We made this estimate by multiplying 47 mR h™! by 7800 ‘and then multiplying this
product by the activity per unit area per unit Bikini ash exposure rate (see
Table 12, column 4). - : - g . = 3
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Although the magnitudes of the uncertainties in the mean
unweathered activity per unit area were not well defined, we thought that the es-
timates for Rongelap Island had a standard deviation based partly on the origi-
nal Bikini Ash activity measurements [e.g., 95zr s.D. = +20% (Is56)) and partly
on the variation in exposure-rate measurements |e.g., radsafe team survey S.D.
= +20% (0C68)). A measurement of activity per unit area based on a single soil
sample would be _highly uncertain, because of random fallout deposition and be-
cause of physical mechanisms which move deposited fallout. This variation was
dampened considerably by our use of exposure-rate survey results to estimate
mean surface activity rather than use of a few gross beta measurements on soil.
Our estimate of the standard deviation for the few soil samples collected by the
radsafe team was *140 of the mean value, based on the surface activity measure-
ments reported by O'Conner (0C68) for surface samples taken shortly after detona-
tion from one island in the Northern Marshall Islands. If soil sample results
were used in the final estimate of dose, this large standard deviation would
propagate through the calculations. Thus, we chose a method which offered
greater certainty in the result.

Our estimate of each nuclide's mean unweathered activity per
unit area of Rongelap Island was extrapolated back to 0.5 day post-detonation.
Results are listed in Table 13. The 0.5-day post-detonation time was chosen as
the time at which the fallout at Rongelap Island had effectively ceased (Sh57).
We used first-order linear kinetics for serially related nuclide species (Bal0)
and decay schemes from the Table of the Isotopes (Le78) in order to calculate
~ the 0.5-day activity from the day-26 activity.

iii. Areal Activity of Nuclides Without Descendants in Bikini Ash.
Many short-lived nuclides did not have daughter radionuclides present on day 26.
We based the activity of these short-lived nuclides on the activity of a refer-
ence nuclide. Equation (3) was used by us to relate the unknown activity of the
short-lived nuclide with no daughters present on day 26 to the known activity of
a nuclide which had fractionated in the same fashion as the unknown. Thus, if
no isobar was present on day 26, an isotope or an isotope of an isobar of the un-
known was chosen to represent the fractionation behavior and be the reference nu-
clide for the estimate of activity per unit area. The equation used to relate
activity of a short-lived nuclide to a reference nuclide was

A= B A, Ay (3)
xb Bp ’

where

A = activity of nuclide A per unit area at time t post-detonation,
B = activity of nuclide B per unit area at time t post-detonation,
Ag = decay constant of nuclide A,

Ap = decay constant of nuclide B,

A, = number of A atoms per unit fission at time t,

B, = number of B atoms per unit fission at time t.

The quantity A, or B, was calculated using 1) first-order lin-

ear kinetics equations, 2) fission y1e1ds for 14-MeV fission of 238y obtained
from the evaluated nuclear data files of the National Nuclear Data Center
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