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NOTICE

This report is published in the interest of providing information which may prove of

value to the reader in his study of effects data derived principally from nuclear weapons
tests.
_ This document is based on information available at the time of preparation which
may have subsequently been expanded and re-evaluated. Also, in preparing this report
for publication, some classified material may have been removed. Users are cautioned
to avoid interpretations and conclusions based on unknown or incomplete data.
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- ABSTRACT

_ ' : ’ | -—-———\

This report is an addendum to the final report of Project L.l,
Operation CASTLE, 1Its purpcse is to consider the physical factors
and dosimetry of the fallout oa the Marshall Islands from the first
shot of Operation CASTLE,

- Data was summarized from fisld Radiolcgical Safety surveys,
fallcut radiochemical studiss, and fallout gamma spectral measure-
ments, The influence of thess and other factors on an evaluation of
survey meter response and toial dos2 estimates was considered, Esti-
mates of fallout duration timss and ererzy distribution of the dose
from a plans source were macs and the effect of diffuse source-geometry
on the depth-dose to air-dose relationship was considered, Superficial
doses from soft gaima and bteta radiation were also considered,

Sincs the fallout incid2nt creatsd an irnitial emergency during
which data collection was of szcondary importance, attampts to recon-
struct the event ha-e bseen uncertain, Much of the data was indicative
rather than exact, However, a fairly consistent estimate of extermal
gamma dosage was pessible, althcugh tn2 question of beta exposure
remains mostly unanswered, It has be=2n assumed that no significant
neutron or alpha particls e:posure ocaurred, Internal doses from in-
haled or ingested material and the bic-medical aspects of the incident
have been discussed in othar CASTLE Project L.l reports,

It was concludsd that: (1) the AN/PDR-39A requires a correction
factor of about plus 20 percent in dose-rate readings made under the
conditions described; (2) decay of the v’ad. oactlvity of the fallout is
believed expressitle by the factor of T=0 (3) the external gamma
dose was delivered primarily bty racu.atlon e?rgles of 100, 700, ard
1500 kev; (L) the beta dose was delivered by beta radiation of maximun
energles of 0,3 and 1,8 Mev, mostly from fallout deposited on the skin
itself; (5) the exposures cccurred betwesn L and 78 hours after the
detonation = the fallcuts wers probably of 12-hcurs duration; (6) dif-
fuse source geometry increased the midline dose by about 50 percent

conpared to the midline dose which would have resulted from a bilateral

parrow bean exposure of the same air-dose; (7) error in the estimates
is believed to be less than 50 percent; and (8) total air gamma doses

were estimated as follows: Rongerik, 86 r; Rongelap, 182 r; Ailinginae,

81 r; and Utirik, 13 r,
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FOREWORD

This report is one of the reports presenting the results of the
34 projects participating in the Military Effects Program of Operation
CASTLE, For readers interested in other pertinent test information,
reference is made to WI-93lL, Report of the Commander, Task Unit 13,
Military Effects Program., This summary report includes the following
information of possible general interest,

(a) An over-all description of each detonation, including yield,
height of burst, ground zero location, time of detonation, ambient
atmospheric conditions at detonation time, etc., for the operation,

(b) Discussion of all project results.

(c) A sumary of each project, including objectives and results,

(d) A complete listing of all reports covering the Military Ef-
fects Test Program,
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..CHAITER 1
INTRODUCTION |

' The fallout on the Marshall Island atolls of Rongelap, Rongerik,

Ailinginae, and Utirik from the first shot of the series beginning
1 March 1954 created an initial emergemcy during which the gathering
of data was of secondary importance, This fundamental fact has result-
ed in uncertainty in all attempts to reconstruct the circumstances of
the event., Calculation of the external doses received by the exposed
 individuals has required that available information be supplemented by

assumptions, Much of the information itself was necessarily more in-
dicative than exact., In spite of these difficulties, the cooperation
of many individuals and groups made it possible to develop a fairly
consistent estimate of external gamma dosage, although the question of
beta exposure must remain mostly unanswerad. .

Tt has been assumed that no significant neutron or alpha particle
exposure occurred, Thus, the main consideration in this report is the
total body gamma radiation exposure, Internal doses from inhaled or
ingested material have been discussed elsewhere (Reference 1),

Data which form the basis of the analysis were furnished by sever-
‘al sources which are listed in the References, These represent
measurements made both in the field and in the laboratory in the period
immediately following the exposure, Later information has also been
included wherever it was available, A summary of these results appears
in Reference 16, which covers thé biological and medical aspects of the
incident,




CHAPTER 2 | .

FIELD DOSAGE DATA

2.1 EARLY DATA

When the exposures began, no monitoring personnel were in the
vicinity of any of the contaminated islands, One of the first indica=-
tions of a fallout was visual, when a snow-like material was observed
in the air on each of the islands, The reports on the times of obser=-
vation, although conflicting, serve to establish the time of arrival
of the cloud at each island, except at Rongsrik (see Chapter 6), Here
the first evidence of a radiation field was observed when a low=level
gamma background monitoring instrument at the weather station began to
register and then went off scale at 100 mr/hr at approximately H + 7.4 .
hours, Table 2,1 lists the readings of this instrument during the
half hour preceding this time (Reference 2), These data are the only
information available on the initial rate of increase of gamma dose
rate on any of the islands,

At the time of evacuation of the military personnel from Rongerik
on 2 March and the Marshallese from Rongelap, Ailinginae, and Utirik
on 3 March, dose rate readings were made on each island, This was dons
with AN/PDR=39 radiation survey meters which were available at the time
and which had not been calibrated beforehand, Their operating condi-
tion was not known at the time of use, The readings of these instru- S
ments are given in Table 2,2, and constitute the earliest data on gamma
dose rates in any of the areas (Reference 3).

2.2 EXFOSURE CONDITIONS

So far as is known, the individuals exposed on Rongelap and
Ailinginae remained outdoors and had no access to shelter of any kind
on the islands, No measures were intentionally taken to protect the
skin, but clothing was worn to a degree sufficient to shield from most
of the deposited beta activity., In addition, much of the fallout skin
contamination was removed from some individuals, as a result of their .
swimming and fishing in the lagoon at the time. On the other hand, the
heavy coconut oil hair dressing used by the Marshallese tended to con-
centrate radiocactivity in the hair, The surface contamination on the .
ground was apparently fairly uniform over the islands, so that the cal-
culation of average gamma doses from this source appears justified, O
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R - iR LA b T . e e
3 TABIE 2,1 - Radiation Intensity at Rongerik
During Early Fallout (Shot 1)
Time after H hour Gamma Dose Rate
- (br) (mr/hr, background)
- 6.5 (1345 1 March) 0.08
) 6.87 0.18
’ 6.91 0,70
/ 6.95 2.7
7.0L4 3.6
7.12 10,5
7.20 30
7.29 ) 60
1.37 100
TABLE 2,2 - Early Dose Rate Data (2 to 3 March)
Island [Time after H hour (hr) | Average Dose Rate (mr/br)
e
- ”Rongelap H + 36 | 1500
Rongerik H+28.5 2000
. Ailinginae H+58 Lls
© Udrlk H + 55 160

On Rongerik, the exposed individuals recognized the nature of the
fallout, put on protective clothing, and took advantage of the partial
guma shielding afforded by Butler-type buildings in the area, staying
as possible, The radiation dose rate encountered by an-
individual on this island thus depended on his whereabouts and probab-

indoors as far

1y varied by a factor of two between maximum and minimum values in

different areas at a given time,

The estimation of dose received by
any one individual of the Rongerik group was thus subject to consider-

able uncertainty, since no cauplete record of movements was kept.
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However, a group of film badge readings was obtained covering a
range of values which varied with exposure conditions {Reference 3),
These readings are summarized in Table 2,3, Several badges were worn
both outdoors and indoors. One badge which remained outdoors over the
28.5-hour exposure reached the upper limit of 98 r given in the table,
Several other badges kept inside a refrigerator indoors gave the lowest
value of 38 r, Skin contamination in the Rongerik group appeared to
have been much reduced by the protective measures taken and the result-
ing beta doses appeared clinically to have been clearly lower than in

the other groups,

TABLE 2,3 « Film Badge Readings on Rongerik

Location of Badges Calculated Dose to Badges (r)
Indoors and Out , Ll to 52
Outdoors only 98
Inside Refrigerator Indoors | 38

2,3 LATER SURVEIS

During the period 8 to 11 March, more extsnded surveys of each of
the islands were made by a monitoring team equipped with five AN/PDR=39
instruments (Rsference L), Twenty-four hours previous to the departure
of the survey party, three of the instruments were calibrated on an
80-curie Co®% source and cross checked at 0.320 r/hr, where they were
found to be in close agreement, Using these instruments, measurements
were made in the inhabited areas of all four islands at waist height
(approximately 3 feet above ground}, Table 2,4 is a sumary of these
data, Since these later readings were made under better controlled
conditions than the emergency surveys at the times of evacuation given
in Table 2.2, the data of Table 2.4 were taken to be the best measure-
ment at & given time of the gamma dose rates in air and were used in
the calculation of the total external gamma dose,

No information existed on the quantity of beta contamination on
the skin of any of the exposed individuals, Further, no experimental
data allowed any reliable calculation of the beta dose rate to an
individual from fission products on the ground. Thus the only basis
for any estimate of external beta dosage was data from other field
tests and fallout measurements, This question is discussed further in
Chapter 8, and a rough estimate for possible beta dose from ths ground
i3 made there,




TABLE 2.l - Later Dose Rate Data (8 to 11 March)

Location Time a(f;:;ai)! bour Avg.(ﬁ;;r E)iate
Rongelap: :
avurage  8+7..  315

one point in village H+ 7T 280
. ' ' H+10 170
Rongeriki ‘ .
B *average outdoors H+ 9 280
*paximum outdoors | 300
Hlinginaez N
average H+9 100
. |
avaraée ‘ ° E+8 Lo

L 'Dose rﬁtQ inside stru

outside, '
¢ . .-
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" FALLOUT CHARACTERISTICS
3.1 EXPERIMENTAL DATA

In order to calculate a total gamma dose received by an indivi-
dual in an area where dose rate was measured at a given time, a value
for the rate of change of radiation intemsity during the exposure
period must be assumed, The latter quantitg has often been approxi-
mated using the well known Way-wWigner (t-1+2) dacay law,  In this case
howsver, it was known that large amounts of Np239 and szw were to be
expected in the fallout of the 1 March shot, making its early decay
characteristics as well as its emergy spectrum somewhat different from
those of previous detonations, It was therefore decided, that the
value of decay rate assumed to exist during the exposures should be
based, as far as possible, upon experimental data from this test,

‘ Unfortunately, no decay rates were followed closely in any of the
immediate areas where the exposures occurred, and it is known that the
radiochemical canposition and decay rate of the fission product mixture
usually vary both with place and time, However, early decay rates in
the Bikini lagoon itself had been measured in a series of fallout
samples taken at other points nearer the site of ths detonation
(Reference 5), Since these values were the best data availatle, they
were used in the calculations and were assumed to hold for the fallout
on each of the islands, o
: The early samples showed a consistent pattern among various loca-
tions and a decay exponent {n) of between 0.8 and 0.9 in Equation 3.1,

‘;"‘, hy(t/4)" . ('3.;)
where: A = activity (d/m) at tine t. ' - A

This decay exponent (n) was found éxperimentally to fit the data
‘for the period H+ S to H + 50 hours, The observed values are glven

in Reference 5,



GAMMA ENERGY-DOSE SPECTRUM

'k PHOTON FLUX SPECTRUM

 The fallout material deposited on the ground produced a large area

 plane source of radiation. Before a total garma dose could be calcu=-
lated, it was necessary to correct the dose rate readings in air taken
with the survey insirurments with the meter responsé factors found to bte
necessary for dif ferent energy regions, Further, to estimate the .dis-
tritution of dose with depth in tissue required a knowledge of energy
distribution of the incaming flux in a given exposure geametry.
~ For a source as large as these fallout fields, this energy distri-

bution will be a functicn both of the original source energy and the
energy degradation effect of passage through intervening air, A method
of evaluating the latter, which was due mainly to Compton scattering in
air for the fission product energy reglon, has been presented in
Reference 7. This technique was employed here, Energy spectra of the
CASTLE fallout itself has been measured with a scintillation spectrome-
_ter on a series of cloud samples as early as H+ L4 days, The data have
been published in Reference 8. The preliminary data on the earliest of
these, & 9h-hour-old cloud sample, were used in the calculations sum=-
_parized in Reference 16, These are given in Table L.1 (Eeference 9).
This Sl~hour sample from Shot 1 represents the closest approach to tke
_actual time during which the exposures occurred. _ 7
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. DURATION AND TIME DISTRIBUTION OF DOSES.

.. CHAPTER 6

-4 -

‘6.1 AVAILAELE DATA

In Chapter 2, the only existing field data on dose rates and to-
tal dose are summarized, Tke information does not provide answers to
two important questions: (1) what was the time for each island at
wvhich the fallout cloud arrived; i.e., when did the radiation level on
each of the islands rise above the normal background and (2) how steep-
1y and for how long did the radiation-level rise before it reached its
maximum value and decayed away at the rate detemined by its own com=-
position (discussed in Chapter 3); i.e., how heavy was the fallout at
any time 1t was occurring and how long did it last? Since oaly the
times of evacuation were directly known, assumptions on both these
questions were basic to an estimate of total dose,

It would have been desirable to have had an instrument on at

- least one of the islands capable of recording enough data to answer -

these questions, As it is, it was fortunate that there was even a low-
level monitoring instrument in operation on Rongerik (Table 2.l1), al-
though its full scale capacity was soon exceeded by the rapidly
increasing dose rate of the fallout, The time at which thse fallout
began was at least quite definitely established on Rongerik and it co-
incided with the time at which the snow-like material was first seen.
For the other islands, therefore, the times at which similar mate-

rial had been seen to coawmence falling could be taken as the beginning

of the radiation exposure times, It only remained to determine what
these times had been, '

Questioning the inhabitants of the other islands resulted in a
group of estimates of arrival tims which were in fairly good agreement,
though the manner of questioning sametimes appeared to influence the
answers, Bowever the times estimated in this fashion were quite close
to those resulting from other information; i.e,, the wind velocities
at the time, the time of beginning fallout on Rongerik, and the rela-
tive distances of the other islands from Bikini., Only on Utirik was
no actual observation of the fallout made; the estimate of arrival
time there was made using only the time of arrival on Kongerik and the N
wind-and-distance-factors. The values of fallout and evacuation times

used are summarized in Tatle 6.1, . o o S
. ’ : . N B . S R ..
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TABLE 6,1 = Fallout and Evacuation Times

Island Estimated Initial Evacuation Time
Fallout Times (hours)
; (hours) .
Rongerik H+ 6,8 H + 28.5 (8 men)
_ H + 34 (20 men)
Rongelap H+L H + 50 (16 people)
‘ ~H + 51 (LB people)
Ailinginae H+ L H+ S8
Utirik H+ 22 H+ 55 to H+ 78

6.2 ESTIMATES OF FALLOUT LURATICHN

The rate of increase of radiation intensity, the time at which it
reached its maximum level due to decrease of fallout, and the total
duration of the fallout can only be estimated on circumstantial grounds.
The data of Table 2,1 for Hongerik are not sufficient to warrant an ex-
trapolation over two orders of magnitude, It is unlikely that the
increase of intensity was simply linear either on Kongerik or any of
the other islands, But, if the rate of increase is assumed constant
and extrapolated to a point for which subsequent decay alone would re-
duce the dose rate to the values found at later times, a fallout time
of 16 hours on Rongerik, for example, is found to be a necessary conse-
quence (Curve a, Figure 6.1). That is to say, 16 hours would have ‘
elapsed at sucﬁ)a constant fallout dose rate increase before the time
of maximum dose rate on the island would have occurred - the time at ’
which the fallout was increasing the radiocactivity lewvel at the same
rate that radicactive decay was reducing it. For such a constant
build up, this equality would have occurred only for an instant, (Point
l.l), after which the fallout would have suddenly ceased,

The actual fallout must, of course, have had a variable rate of
increase and decrease, reaching a maximum and gradually decreasing to
the rate governed by decay alone. However, using the initial rate of
increase and drawing a more gradual maximum would place the cessation
of the fallout at an even later time (Curve b, Foint A3). Since the
visible fallout is btelieved to have ceased sometime after midnight on
1 March or at about H + 18 hours (Point A3), an increase in the rate
of increase after a short time was almost certainly the case (Curves
¢, d, and e), But the steepness of this rate of increase, the sharp-

'ness of the maximum point and the gradualness of the fallout dimimtion

are unknown, so that there is no direct evidence to show whether Curve
¢ or Curve e, for instance, is closer to representing the event,

There are, however, indirect indications. Monitor data from pre-
vious nuclear events have indicated that a radiocactive cloud is not



uniformly high in activity thrcughout, the first portion being the most
intense and the balance tailing off, Initially heavy fallout has been
reported to produce a peak of airborne radioactivity socn after its ar-
rival, with the airborne activity level then decreasing. The latter
part of a fallout, though still observable as dust, may then add only
a small® fraction to the total dose cue both to aerosol and material
already on the ground, especially if radioactivity was mainly confined
to the larger particles which fell out most quickly, If this is the
case, the total phenomenon would tend toward the effect of a shorter
fallout, and the total dose would then be best estimated by assuming
the fallout to have been complete in some shorter "effective" time,
such as Curve f, -

‘ The Rongerik film badge data in Table 2,3 may be used to derive
such an effective fallout time estimate. This procedure was followed,
The decay rate, energy spectrum, and meter response discussed in Chap-

-ters 3 and 5 were used and the later dose rate measurement on Fongerik

(Table 2.,4) was taken as a starting point, The upper limit of dose
found with the outdoor tadge reacings (approximately 1CO r Table 3.1)
then resulted from assuning a 1l2-hcur "effective ccnstant fallcut"
time. This was, therefore, taken as a most protatle time and the re-
sulting straight line midway between Curves a and f in Figure 6.1 was
used in calculating the protatle 1l2-hcur cose for each island (Curve
Eg; Though this estimate differs appreciatly from that of 1 hcur
which was originally used as an effective time in Reference 16, the
later spectrun, decay rate, and meter response estimates made a l2~hour
value more plausible if the film badge readings were accepted,

Keeping a l=hour assumption wculd have resulted in a dose some
50 percent higher than the ouidoor tadge readings showed. Since the
accuracy of the film badge readings was believed to be better than S0
percent, the 12-hcur value was therefore used, as it is more consistent
with all the other available informmation., Nevertheless, the duration
of fallout still remairs the least known parameter of the exposures,

32
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CHAPTER 7

EXPOSURE GEOMETRY EFFECTS

7.1 DISCUSSICN

In clinical and laboratcry exposures, the radiation flux usually
follows a narrow beam or at least a point-scurce "divergent" geometry,
khen an air-dose is used to specify the exposure conditions for a

thick target, it is generally measured at the point subsequently oc=-
cupied by the center of the proximal surface of the patient or experi-
mental animal with respect to the source, For field exposures such as
occurred on the islands, the radiation source is not a point and the
t exposure geametry isg "“diffuse" rather than "divergent,"

when a cloud or a large planar area is the scurce, all surfaces
of the irradiated individual are "proximal," in the sense that the air-
dose measured anywhere in the space subsequently occupied by the indi-
vidual is the same, It is this air-dcse which is measured ty a field
instrurent; it does not bear the same relationship to the skin dose
and depth dose as does the air-dose measured in a point source geom-
etry, If a tilateral exposure is made in the laboratory, one~half the
dose is usually given with one side of the individual facing the source |
and one-half with the other, This is a closer approach to the field
geometry, But, if the air-dose has teen measured at the center of the
proxinal surface as abtove, it is still not related to the depth dose
in the same way as is the field air-dcse,

The doses received by the individuals on the islands were from
both the cloud itself and the fallout deposited on the ground, It is
believed likely, as discussed in Chapter &, that the cloud dose was
only a small part of the total dose and that the dose frum the plane
ground source contributed the major portion. This ccrresponds to the
assumption of early maximum activity and short effective fallout time
which was made in Chapter 6 for the maximum dose case., Alternatively,
if a long fallout actually occurred, the source would have remained a
cloud longer and the cloud volume, rather than the surface distribu-
tion, would Lave accounted for more of the total dose, In either case,
it would appear that the midline dose, rather than the cose measured
in air, would be the tetter common parameter in terms of which to pre-
dict biological effect, Since most existing data tacitly assumes nar-
row beam geametry, this distinction becames important in relating
field air-doses and their consequences to known clinical or experimen=-

tal results (Feferences 11, 12), . @
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7.2 EXPERIMENTAL SIMULATION AND CEOMETRY FACTOR

In such a diffuse field, the decrease of dose with depth in tis-
sue is less pronounced than that resulting from a bilateral exposure
tc an X-ray beam and the relationship to air-dose differs as noted in
the two cases, The result is that, for a given energy, the dose at
the center of the abdomen is considerably higher than a given proximal
air-dose would imply for the narrow-team or pointe-source case,

Figure 7.1 illustrates the depth dose curve in a 36~cm diameter
cylindrical masonite phantom from an experimental simulation of the
fieldégeometry (Reference 13) using a spherically oriented group of
36 Co*Y sources, The phantom was placed at the center of the assembly.
This is compared to a conventional bilateral depth-dose curve measured
in the same phantcm and cttained with a single Co C source, Both are
normalized to air-dose, but the average air-cose at all points later
occupied by the phantom surface is implicit for the diffuse case, while
the proximal air-dose is used in the tilateral case,

Figure 7.2 is a similar comparison for 200-KVP, O,S-mm, copper-
filtered Xerays, with the diffuse geometry that of a plane rather than
spherical source ascembly. This was produced in this case by rotation
of the phantom and ion chamter in the team of a stationary Xe-ray unit.
The useful beam angle of the unit was wide enough to include the whole
phantom, The average air-cdose around the circumference was here used
for the diffuse geometry and the proximal air-dose again in the bilate
eral exposure, It is evident that for both these energies (the effec=
tive energy of the X-ray beam being atout 90 KV), the diffuse-narrow
beam depth dose ratio for either 2 w radians (plane) or L steradians
(volume) diffuse geometry is almost the same, That is, the midline
dose is about 50 percent higher and the S5~-cm dose is 35 percent higher
than the same air-dose (measured proximally) would imply in the narrow
beam bilateral exposure, It is therefore assumed that this approximate
factor will apply thrcughout the field exposures, .

On this tasis the air-dose values calculated from the survey meter
readings (Tatle 8.1) should be multiplied by 1,5 in order to compare
the situation to that of a bilateral exposure to a source with the same
energy distribution but using a point source geometry and a proximally
measured air-cdose. Alternmatively, if a point source of higher energy,
say Co®0, were used bilaterally in the same ~ay to simulate a field
exposure to only the higher garnma components, then the meter energy
correction factor woulcd be unity, In this case, to specify a bilateral
exposure yielding a midline dose equal to that with diffuse geometry,
the point source air-dose shcould be the diffuse field air-dose meas-
ured with the meter and multiplied by (1.09 x 1,5) only.

The doses are discussed further in Chapter 8,
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