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INTERNAL DEPOSITION OF RADIONUCLIDES S1

and the analysis at 4 months represents only
radiological decay. Thus, the vesults are not
directly comparable to those obtained from ani-
mals which were returned alive, and 1 which
biological turnover as well as radiological decay
were operating.

The largest fraction of the gross beta activity
in the fish was confributed by the concentraton
of radioactive material in the viscern. In two
of the fish in which bones and muscle were sep-
arated and analyeed, equal wunounts of activity
were found in each fraction. However, the
storage of these fich in formaldehyvde for 3
months may have permitted the diffusion of
the-radioelements from hone to muscle to take
place. Further studies on fresh ish will clarify
this point.

The contamination of the fish in the luroon
was considerably greater than that of the Jand
animals studied.  As fish form a laree staple
item in the diet of the Marchallege, the high
level of contamination is important.

At the end of a 2L45-month experimental
period, the excretion by the chickens of both
beta and gamma activity per 24 hours was 3
percent of the value measured at the start at 37
days post detonation (Fig. i.1).

Analysis of plg excreta indicated w similur
decrease of activity with time. In a G-week
period, the camma activity excreted per 24
hours decrensed to about 2.5 percent of the ac-
tivity excreted at 44 days post detonution.

The excreta of the pigs from Utirik contained
less than 10 percent of the gross beta activity
found in the excreta of the pigs fram Rongelap
at the same time.  This ratio of 10 was approx-
imately the same ratio found between the ac-
tivity of the food, water and soil samples of the
two locations,

Ladiochemical Analysis of Tissues and K-
ereta. Radiochemical analysis of pig tissues
indicated that 62 percent of the skeletal beta
activity was derived from S1* 7 percent from
Ba™e and 10 percent from the rave earth mroup
at 82 days poest detonation (Table 5,5). The
radioisotopic composition of the urine at this
time was similar to that of the skeleton.  The
distribution of activity in the body of the pig
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may represent the distribution in human beings.
Thie absolute amount of internal contamination
in the Rongelap people was, however, only a
tenth of that found in the animals.

At 4 mosiths post detonation, the alkaline
earths comprised less than 2 percent of the total
activity in the clam (Tuble 5.10). The rare
earth group constituted 33 percent of the total
beta activity. The balance of the activity was
contributed chiefly by Z1™* (21 percent) and
R (32 percent).  About 50 percent of the
material found in the viscera of the fish wus
of the rare earth group.  Very small amounts
of strontivm and Larium were found. In the
tissues of the fsh, strontium, barinm and the
rare earths contributed only abont 10 percent of
the total activity.

5.43 Aurtoradiographs

A mumber of autoradiographs of the tiblue
and femnrs of 1 chick, 4 pigs, 1 rooster and 2
chickens were prepared both at the USNRDIL
and at the Arronne National Laburatory
(ANT.) to determine the puttern of deposition
of fission products. Contact printing on N-ray
no-sereen film was found to be the most satis-
factory method of preparing the autoradio-
wraphs. The discussion and conclusions pre-
cented below summurize. the findings reported
by Norris (14).

The autoradiograph of a tibia from a chicken
sacrificed at 45 days post detonation (Fig. 5.2)
indicated a relatively uniform distribution of
the activity throughont most of the bone, with
the highest concentration of activity in the area
adjacent to the epiphysis. This area of high
activity corresponds to an area of dense trabe-
cular bone. '

The tibia and femur of a baby chick, which
died spontaneously 47 days post detonation,
showed the heaviest concentration of radioac-
tive material in the diaphysis (Fig. 5.3). The
end rerions of the bone, which were lnid down
after the animals were removed from the con-
taminated environment, were relatively lacking
inactivity.  The region of greatest activity was
i the diaphysis, which appeaved to be ab-
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1.1 Narure of the Event and Description of the Exposcd. Groups

Forrowing Tne Deroxariox of a nuclear de-
vice at the Pacific Proving ground in the Spring
of 1954, significant amounts of radioactive ma-
terial fell on neighboring populated atolls.
The Marshallese inhabitants of Rongelap atoll
(designated as Group I) rcceived the highest
calculated dose of radiation. Some of the
Rongelap people were located temporarily on
Aijlinginae_atoll from the time of the fallout
until they were evacunted (Group 1I). Their
caleulated dose was smaller than that of the
other members of the parent group. -The
American service men (Group I11) were lo-
cated on Rongerik atoll. The largest group of

Marshallese (Gronp IV) were located on Utirik:

atoll and received the smallest doge, The Mar-
shallese were living under velatively primitive
conditions in lightly constructed palm houses
(Fig. 1.1).

The American military personnel had the
second highest exposure.  They iwere more
aware of the significance of the fallout than
were the Marshallese, and promptly pnt on ad-
ditional clothing to protect their skin.  As fur

as duties would permit, they remained inside of
aluminum buildings. In contrast, most of the
Marshallese remained out-of-doors and thus
were more heavily contaminated by the ma-
terial falling on the atolls. Some of the
Marshallese, however, went swimming during
the fallont and many of the children waded in
the water, thus washing a considerable amount
of the material from their skin.

The exposed personnel were evacuated to
Kwujalein by air and surface transportation.
Since a survey of all individuals showed that
there was significant contamination of skin, hair
and clotheg, prompt decontamination was in-
stituted. Clothes were removed and laundered
and repeated washings of the skin and hair
with fresh water and soap were carried out. In
many of the Marshallese, 1t was difficult (o wash
the radioactive material from the hair because
of the heavy coconut-oil hair dressing.

The exposure groups with individuals in-
volved, the caleulated doses of radiation, the
probable times of begimning of the fallont nnd
the evacuation fimes are given in Table 1.1,

Table 1.1-——Exposed, and Control Unexposed Groups

Americans, Control Kwa- 105

jalein-American

APPROXIMATE nM[STEEé:"'
APPPNXIMATE . e e AT
QRrOUP DESIANATION ;\I‘??s‘kn :Q}?Jfff:{} TiME OF EVACUATION Il.\ss;;Lx‘\“];’c’Jsgt(i;a:s CT:;_\“&
I Grour FaLLOUT LaTIONS DOSE IN
\ AR (1)
I
Group l.—Rongelap 64 H 4+ 406 | H + 50-hrs (16 people) | 375 mr/hrs,, H + 71 175
hrs. H + 51 hrs. (4S people) days
Group Il.—Ailinginac 18 H + 4to6] H + 58 hrs. 100 mr/hrs.,, H + 9 69
j l hrs. days
Group HI.—Rongerik | 28 H + 6.8hrs.; H 4+ 285 hrs. (8 men) 280 mr/hrs., H 4+ 9 78
! . H + 34 hrs. (20 men) days
Group IV —Uurik ] 157 H + 22 hrs. | Started at H + 53 hrs. 40 mr/hrs., 1 - 8 14
i [ Completed at H + 78 hrs. days
Marshallese, Conirol v 117 |
Group A l‘ %
!
|
!

Total Exposed—2067; Total Controls—222
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EVENT AND DESCRIPTION OF EXPOSED GROUPS 3

1.2 Whole Body Gamma Doses

Tne Estiatatep VaLtes of external dose given
in Table 1.1 were calculuated from readings of
radiation field surveéy instruments.® Averages
of a number of dose rate measurements on each
island at a given time were used. The read-
ings were taken in air, approximately three
feet above ground, several days after the inhab-

carried out, nov was its operating condition
known to be satisfactory under the emergency
condition prevailing at the time of use. For
these reasons the later readings, which were
higher than the early survey by an average of
50 percent when corrected to the sume times,
were used in computing the doses Jisted. The
instruments used for the later measurements

“were calibrated just prior to the surveys.
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Fiounr 1.2—Distrivution of inlerent cueryics of gavima radiation from mizred
fission products, and histuyram of degroded cnergics produced by Compton
scaltering at level of infinife plane § Jeet in air above uniformiy-distributcd

fission products ficld.

itants were evacuated. DBefore this time, ade-
quate survevs with well calibrated instiments
had not been possible, althoush readings had
been taken with a single survey meter at the
time of evacuation. However, prebminary
calibration of this instrument had not been

TArmy Novy eataloy AN/DITDR-29.
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1.21 Characteristics of the Gamma Radiation

The fallout material, when deposited on the
around, formed a large planar source of radia-
tion. The energy distribution of the radiation
reaching an exposed individual was infinenced
by its passage through the mtervening ajr. A
knowledwe of the energy spectrum of the ra-
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diation as it emanated fronr the material itself
made possible an approximate calculation of
the proportion of total dose delivered 1n each
of several energy regions. Such a caleulation,
using spectrometric data on the source material
of mixed fission products and taking into ac-
count thisenergy degradation by Compton scat-
tering along the path in any (1) led to the
dose-energy historram shown in Figure 1.2.
Roughly there were three regions, with max-
ima at 100, 700 and 1500 KEV. The total ex-
posure was thus the resnltant effect of partial
doses from each energy region, making the ex-
posure energy condition significantly different
from those of radintion therapy or experimental
radiobiology.

The data 1n Frgure 1.2 are based on the spec-
trum of 4 day old fission products from a fall-
out sample. In the absence of other data, this
wis taken as representative of the fallout on
all of the islands to which the individuals were
exposed.  An energy correction factor for the
radiation measuring instrament was calculated
by weighting the dose fron each energy inter-
val by an average meter response factor for
that energy (2). A zeonretry correction factor
was also calculated. The total correction result-
ing from this procedure was found to be about
twenty percent.

Using this correction. the dose rates on the
istands at the time of survey were determined.
Since radioactive decay of the fission products
had occurred between the start of the exposure
and this time, 1t was necessary to obtain a value
for this decay rate during the exposure period
in order to caleulate a total dose in each case,
A Targe nuimber of radioisotopes are present in
varying proportions in the fisston product mix-
ture, and the total rate of change of radiation
intensity resulting from them may ditfer some-
what with place and “ime. The best data avail-
able in this case came from fallont samples
taken soon after the detonation at points some
distance from the contaminated atolls. Decay
rates of these samples were measured in fhe
held and in the laboratory, and a fairly con-

sistent pattern was observed ameng various lo-
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cattons and samples. In addition, theoretical
considerutions based on the radiochemical con.-
position of the fullout mixture permitted decuy
rates to be calculated for different intervals be-
tween the time of initial exposure and later sur-
vey readings (3). These agree well with the
experimental data, and were used both in the
dose calculations during the exposure intervals
and in extrapolating the later survey readings
to earlier times.

1.22 Duration of the Exposures

The time of evacuation is known accurately
for all the islands: however, the time of arrival
of the radioactive cloud was determined pre-
cisely only for Rongerik by means of a continu-
ously recording dose rate monitor located at the
weather station on that atoll.  As the radiation
intensity rose above the background, a materiul
with a misty appemrance began to fall. The
times of beginning of fallout for Rongelap and
Ailnginae atolls were estimated from similar
visual observations. These estimates were con-
sistent with the relative distances from the cite
of detonation and the known wind velocities.
Fallout was not observed on Utirik, hence the
estimate of arvivad time was made on the busi:
of wind velocity and distance.

Two extreme possibilities exist relative to the
duration of the fallonts: the first; that the fall-
out occurred entively within a short time; the
second, that it was gradual and extended over a
longer periad.  The monitoring ingtrument on
Rongerik went off scale ot 100 my/hr, one-half
hour after the dose rate began to rize above
backgronnd. If this rate of increase iz taken as
constant. and s extrapolited to a point for
which subsequent decay would reduce the dose
rate to the values found at later times. the ns-
sumption of a long fallout of about 16 hours is
found to Le necessary. This slow rate of fall
and Jate maxinnm tie of dose rate was one
Hmiting ence; however this situation was not
considered likelyv. Existing data are inconclu-
sive, but severul indications favor a shorter
“effective fallout time hypothesi=™ and are sum-
marvized helow.
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The estimated durations of fallout which
result from the above extrapolation of initial
fellout rate for Group I and III appear too
long to have occurred at the distances of
these people from the shot island, since the
wind velocity in the arca was high enough
to move the cloud over the iglands in a

considerably shorter time, as little as one--

half of the above indicated time.

The.accounts of the visibility of the fallouts,
although conflicting, do net indicate such
late cessation,

Doses calculated on o long fallout constant
rate of increase hypothesis are lower than
those duc to a short fallout, since a short
fallout quickly deposits a large amount of
activity. For both a 16 hour and 8 hour
fallout assumption, a dosze value was esti-
mated. The ranges are then as follows:

Table 1.2
Locasion ’i -‘_‘l.[”';),;{?l.\:nr“[
T IY 8§ hr
Rongelup (Group 1y ... Poasar o 20w
Adlinginae (Group 113 .1 725 ¢ 427r
Ronzerik (Group H]_‘,___'j T0r | o106
Utirik (Groun IVy. ... o120 0 s

On Rongerik (Group 11T) a zet of film badge
readings were obtained which constitute the
only direct evidence of (otal dose.  Scveral
badges worn both outdoors and inside lightly
constructed buildings on the island read
about 30 to 65 r, and one badge which re-
mained outdoors over the 28.5 hour period
read 98 r. Another group of badges, kept
indoors inside u steel refricerator, read 38 r.
These dosc values represent a variety of
conditions, bul. considering the shielding
and attenuation fuctors, are consistent with
the assumption that the dose oulsidg during
the first 28.5 hours after the beginning of
the fallout corresponded to about 12 hours
of constant fallout.
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d. For Udrik atoll Group IV, only a fallout
time of about 12 hours or less is consistent
with the later dose rates observed, provided
the fallout actually began es late as was
estimated from wind and distance factors.

e. A long fallout probably would not be uni-
formly heavy throughout, the first portion
being the most intense and the balance de-
creasing with time. The total phenomenon

would thus tend toward the effect of a
shorter fallout.  This is supported by moni-
tor data from other nuclear events. where
imitiglly heavy fallout is reported to produce
a peak of air-borne radioactivity soon after
arrival, with the girborne activity level then
decreasing. The latter part of the fallout.
though still detectable as dust, may then
produce only a small fraction of the total
dose from muateriel on the ground. Hence
the total dose mayx be estimeted fairly ac-
curately by assuming 8 constant fallout (o
have been complete in a much shorter
“effective’ time.

The dose values given in Table 1.1, based on
film badge, meter and monitor data, are con-
sistent with a constant fallout hypothesiz of
about 12 hours eflective time.*  One exception
imade; the dose values for Group IIT are about
73 percent of the 12 hour fallout value, averaged
for 287 and 34 hour exposures. This was {eh
to express most accurately the average air dose
received by personnel who spent roughly half
their time inside stiructures where the dose rate
was Jater found to be roughly half that out-
doors.  On the other islands such shielding was
not available.

Figure 1.3. illustrates the. cumulation of
radiation do=e as a function of time after deto-
nation. The dose rate varied continuously.
The major portion of radintion was received at
the higher dose rate prevarling in the early por-
tion of the exporure period. By the time that

SUxing 12 hours achuslly vesults in values which are
hivher than those of Talide 1.3 hy 3 1o 11 r, Talide 1.
Histing the values ealcubited hefore all spectrum daian
wias available, Uncertainty in all the information is
preater than thix difference, which is neglected,

s g
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90 pevcent of the dose had been received. the
dose rate had fallen to less than 40 percent of
its initial value. Thus the dose rate also dif-
fered from the usual constant rate in the
laboratory.

the dose at the center of the body is approxi-
mately 30 percent higher than would result
from a given unir dose with narrow beamn geom-
etry. Figure 1.4 illustrates the depth dose
curve from an experimental situnation using
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FICUKE 1.3—7 he accumiulation of gamma dose as a function of time after
commencemient of fallout on Rongelap atoll. ’

1.23- Geomerry of the Exposure

In addition to the dose rate and energy dif-
ferences the gecometry of the exposure to fall-
out radiation is signiiicantly different from the
usuzl Jaboratory sources.  Since fallout radiu-
tion is delivered from a planar source the usual
narrow beam geometry is not applicable. In
such « diffuse 360° field, the decrease of dose,
with depth in tissue is less pronounced thun
that resulting from a bilateral exposure to an
N-ray beam becuuse falloff from inverse squure
is in effect neutrulized. For the same energy,
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spherically oriented Co® sources with a phan-
tom placed at their center, compared with u
conventional bilateral depth dose curve ob-
tained with a single source (4). In the latter
case, the uir dose is usually measured at the
point subsequently occupied by the center of
the proximal surface of the patient or aninul
with respect to the source. For the field cuse,
all surfaces are “proximal,” in the sense that
the air dose measured anywhere in the space
subsequently occupied by the individual is the
same. It is this air dose which 1s measured
by a field instrument; it does not beur the same
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relationship to the surface dose and depth dose
as does the air dose measured in a “‘point source™

source” beam air doses with comparable bio-
logic eflect are obtained:

beam in the clime or laboratory. It would Rongelap. Group 1 26U 1
appear under these circumstances and in most Ailinginae, Group 1T________ 100 r
experimental conditions that the midline dose, Rongerik, Group 111 _____. 120 1
rather than dose measured in air, would be the Utirik, Group IV_______.__. A r
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DEPTH DOSE DISTRIBUTION IN CYLINDRICAL PRANTOM, co®® FACILITY,(NMR1)

Ficure 1.4—Comyparison of depth dose curvce in mgsonite phantoms from
bilateral exposure (o ¢ single poiul gouice, and gimullaneous crposure (o
nudtiple gources 1cith a epherical digtribufion ground the phantom,

better conmon parameter in terms of which to
predict biological effect. On this assumption,
the air dose values stated in Table 1.1 should be
multiplied Uy approximately 1.5 in order to
compare their effects to those of a given air
dose from a “point source”™ beam ge/ometr}' de-
livered bilaterally. If this is done, assuming
a fallout of 12 hours, the following “point

381712 0—56-—2
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The geometry of radiation from a fallout field
is not identical either to the geometry of bi-
Jateral point sources or spherically distributed
sources since the plane source delivers the radia-
tion largely at a grazing angle. However, the
total ficld situation is better approximated by
solid than by plane geometry. Exposure geomn-
etry in a radioactive cloud would be spherical.
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1.3 Superficial Doses of Radiation
From Beta and Soft Gamma
Radiation

Tiere Cax Br no doubt that the doses of radia-
tion to the surface and the first few millimeters
of the body were substantially higher than the
mid-line dose of ganuna radiation as a result of
physical considerations of gamma energy and
depth dose. In addition, the clinical observa-
tions of the skin lesions (see Chap. III) force-
tully demonstrated that the dose to the skin
varied considerably between individuals and
over the surface of any given individual. As
will become evident in the following discussions
of surface dose, it 1s obvious that any numbers
presented are at best only estimates and repre-
sent an approXimation of some minimal value.
In areas where lesions were severe the doses
must have been significantly higher than in non-
damaged areas,

To arrive at some physical estimate of the
skin dose, an attempt must be made to add up
the contributions of the hich energy gamma,
the very coft gamma, and the higher energy beta
radiation from the Iarge planar source in which
the individuals were of necessity existing.
However, ns alluded to above and emphasized
i Chapter 111, the largest component of skin
nradhntion resulted from the spotty local de-
‘pozits of fallout material on exposed surfaces
of the body. The dose from deposited materiul
is impossible to estimate: however, that from
the lavge planar source mav be roughly esti-
mated us follows:

The beta dose rate in nir 3 feet above the
surface of an infinite plane contaminated with
mixed 24 hour old fission producte is estimated
to be about three times the total air gamma dose.
The mid-line gammu dose is approximately 60
percent of the arr dose remaining after exclud-
ing that portion of the duse below 80 KV
This port.on in turn 1s estimated to be 40 per-
cent of the gamma dose measured in air hy the
Thus the dose at the surface of o
product

mstrument.
phantom exposed to mixed
radiation from an external plane source might

fission

500278

be expected to be 3/(0.6) (0.6) or about 8 times
the mid-line dose, if both are taken at 3 feet off
the ground. Such a depth dose measurement
husin fact been made experimentally at a previ-
ous test, using a phantom man exposed to both
the 1nitial and residual radiation (3). The
depth doses for -each situation are shown in
Figure 1.5, with all data as percent of the 3 centi-
meter dose. With the diverging initial radia-
tion from the point of explosion, the esit dose
was seen to be 63 percent of the 3 ecm. dose, but
with the diffuse residual field of fission products
providing a semi-infinite planar source, s sur-
face dose some 8 times greater than the 3 cm. and
deeper dose from the harder gnmma components
was observed. This is seen to be of the same
order of magnitude as that estimated above.
At heights above and below the 3 foot level this
surface dose would become lower and higher
respectively, but since it is due to soft radiation
of short range, it probably would not exceed 50
times the 3 foot air gamma dose or 80 times the
midline dose, even in contact with the ground.
Anestimate of skin dose due to ground contami-
nation for the Rongelap case would result, for
example, in a ficure of about 2,000 rep at the
level of the dorsum of the foot, 600 rep at the hip
level and 300 rep at the head i/ continuous ex-
posure with no skielding oceurred. TUnknown
varintion in dose undoubtedly resulted from
shielding and movement. It thus seems prob-
able that the external beta dose from local direct
skin contamination far outweighed that from
the ground in importance, since the latter was
not high enough to produce the observed lesions.
Clothing probably reduced the beta dose from
the ground by 10 to 20 percent.

1.4 Summary

Rapiatioy Doses from gamma rays originating
externally were ealeulated for the 267 individu-
als who were accidentally exposed to fallout
following the nucleur detonation at the Pacitic
Proving Ground in the Spring of 1054 The
dose estimations were made using information
resulting from radiologicul safety surveys on
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Huclcar detaealion,

the atolls, and spectrometric and radiochemical
data. The actoad luration of the radioactive
fallouts was not known, and the vajies for
length of exposure were subject to unceytaintics
i the times at which the fallouts becan, .\
range of possible whole body gamma doses
was calenlated, and the values considered to be
most probable ave presented. Difluse geometry
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from the semi-infinite planar sonrce was be-
lieved to increase the biological etfect of the
whole body dase expressed as o air dose, com-
pared in the geometry of the usual Xeruy ex-
posure.  Soft munma and beta radiation from
fallout on the gronnd and especiadly on the
skin irself resalted in o snperficial dose which

was eh enough to produce fesions. No quan-
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