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INTERNAL DEPOSITION OF RADIONUCLIDES S1

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

The largest fraction of the gross beta activity
in the fish was contributed by the concentration
of radioactive material in the viscern. In two
of the fish in which bones and muscle were sep-
arated and analyeed, equal wmounts of activity
were found in each fraction. IHowever, the
storage of these fish in formaldehyde for 3
months may have permitted the diffusion of
the radioelements from bone to muscle to take
place. Further studieson fresh fish will clarify
this point.

The contamination of the fish in the lagoon
was considerably greater than that of the land
animals studied. As fish form a large staple
item in the diet of the Marshallese, the high
level of contamination is important.

At the end of a 2h-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. 5.1).

Analysis of pig excreta indicated & similar
decrease of activity with time. In a G-week
period, the gannua activity excreted per 24
hours decreased to about 2.5 percent of the ac-
tivity exereted at 44 days post detonation,

The excreta of the pigs from Utirik contained
less than 10 percent of the gross beta activity
found in the excreta of the pigs from Rongelap
at the smme 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.

Radiochemical Analysis of Tissues and Ew-
erefa.  Radiochemical analysis of pig fissues
indicated that 62 percent of the skeletal bheta
activity was derived from S, 7 percent from
Bar and 10 percent from the rave earth zroup
at 82 days post detonation (Table 5,5). The
radioisotopic composition of the wrine at this
time was similar to that of the skeleton. The
distribution of activity in the body of the pig

may represent the distribution in human beings.
The abgolute amount of internal contamination

“in the Rongelap people was; however, only a

tenth of that found in the animals.

At 4 months post detonation, the alkaline
earths comprised less than 2 percent of the total
activity in the clam (Table 5.10). The rare
earth group constituted 33 percent of the total
beta activity. The balance of the activity was
contributed chiefly by Zi* (21 percent) and
Ru's (32 percent).  About 50 percent of the
material found in the viscera of the fish was
of the rare enrth group.  Very smindl amounts
of strontinm and barinm were found. In the
tissues of the fish, strontium, bwrium and the
rare earths contributed only about 10 percent of
the total activity.

5.43 Autoradiographs

A number of autoradiographs of the tibiae
and femurs of 1 chick, 4 pigs, 1 rooster and 2
chickens were prepared Loth at the USNRDL
and at the Arcgonne National Laboratory
(ANT)) to determine the pattern of deposition
of fission products. Contact printing on X-ray
no-screen film was found to be the most satis-
factory miethod of preparing the autoradio-
traphs. The discussion and conclusions pre-
sented below summarize the findings reported
by Norris (15).

The antoradiograph of a tibia from a chicken
sacrificed at 43 days post detonation (Fig. 5.2)
indicated a relatively uniform distribution of
the activity throughout 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. 2.3). The
end rerions of the bone, which were lud down
after the animals were removed from the con-
taminated environment, were relatively lacking
mactivity,  Tlhie region of greatest activity was
in the diaphysis, which appeared to be ab-
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1.1 Nature of the Event and Description of the Exposed Groups

Forrowine 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) veceived the highest
calculated dose of radiation. Some of the
Rongelap people were located temporarily on
Ailinginae atoll from the time of the fallout
until they were evacuated (Group II). Their
calculated dose was smaller than that of the
T1

other members of the parent group. 1e

American celnce men (Group I11) were lo-

The American military personnel had the
second highest exposure. They were more
aware of the significance of the fallout than

were the Marshallese, and promptly put on ad-

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
Ilwajalein by air and surface transportation.

Qs exvae ireliceidiiale ol mensd sl
wince a bl”\t"\ Ul di INQIVIGUAIS snowea tnat
there was sitmificant contamination of skin, hair
anel t\‘r\f‘\l,\h rarmnt acantamIinatian wac In
(AR EAYY Civuviice lUl‘llJ\ (S Y NI PPN P NI S AV AL B 1T

with fresh water and soap were C'\I‘T‘l&‘d out. In
many of the Marshallese, 1t was difficult to wash
the radioactive material from the hair becanse
of the heavy coconut-oil hair dressing.

The exposure groups with individuals m-
volved, the calculated doses of radiation, the
probable times of beginning of the fallout and

ditional clothing to protect their skin. As far  the evacuation times are given in Tuble 1.1
Table 1.1—Exposed, and Control Unexposed Groups
\ ; B)::uz}:é;x
APPROXIMATE . N . v AT
Qrotvp DEsICNATION 1;\\_'7\‘2%;{;}? Jé)\’gs(:";:cfo‘o(r TiIME OF EVACUATION IL\:g;erjé:(;os?:({;lL;:S JAO)::“;
R FaLlovr : Dose 1N
AIR (r)
Group I.—Rongelap 64 {4 4to6 | H + 50 hrs. (16 people) | 375 mr/brs,, H + 7] 175
hrs. H + 51 hrs. (48 people) days
Group [I.—Ailinginac 18 H + 4106 | H 4 58 hrs. 100 mr/hrs.,, H + 9! 69
! hrs. days
Group HI.—Rongerik 28 H + 6.8 hrs.; H 4 28.5 hrs. (8 men) 280 mr/hrs, H 4+ 98 78
H 4 34 hrs. ( 0 men) days
Group 1V.—Uuirik 157 1 4 22 hrs. | Started at H + 55 hrs. 40 mr/hrs, M+ 8 14
Completed at H + 78 hrs. days
Marshallese, Control 117 i
Group A ’,
Americans, Control Kwa- 105
jalein-American
i

Total Exposed—267; Total Controls—222



EFFECTS OF IONIZING RADIATION

Typical construction of the Marshallese homes to illustrate the
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EVENT AND DESCRIPTION

1.2 Whole Body Gamma Doses

Tne EstiyaTtep VavLves of external dose given
in Table 1.1 were calculated from readings of
radiation field survey 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-

OF EXPOSED GROUPS 3

carried out, nor was its operating condition
known to be satisfactory under the emergency
condition prevailing at the time of use. For
these reasons the Jater readings, which were
higher than the early survey by an average of
30 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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itants were evacuated. Before this time, ade-
quate surveys with well calibrated instruments
had not been possible, although readings had
been taken with a single survey meter at the
time of evacuation. However, prebminary
calibration of this instrument had not been

*Army Navy eatalog AN/I'DR-30.
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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 influenced
by its passage through the intervening air. A
knowledwse 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 in each
of several energy regions. Such a calculation,
using spectrometric data on the source material
of mixed fission products and taking into ac-
count this energy degradation by Compton seat-
tering along the path in air, (1) led to the
dose-enerey histogram 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 resultant effect of partial
doses from each energy region, making the ex-
posure energy condition significantly different
from those of radiation therapy or experimental
radiobiology.

The data in Figure 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
was taken us representative of the fallout on
all of the islands to which the individuals were
exposed. An energy correction factor for the
radiation measuring instrument was calculated
by weighting the dose from each energy inter-
val by an average meter response factor for
that energy (2). A geometry correction factor
was also caleulated. The total correction result-
ing from this procedure was found to be about
twenty percent.,

Using this correction, the dose rates on the
islands at the tinie of survey were determined.
Since radioactive decay of the fission products
had occurred between the start of the exposure
and this thine, it wus necessary to obtain a value
for this decay rate during the exposure period
in order to calculate a total dose in each case.
A Targe nuniber of radioisotopes are present in
varying proportions in the fission product mix-
ture, and the total rate of change of radiation
intensity resulting from them may ditter some-
what with place and time.  The best data avail-
able in this case came from fallout samples
tuken soon after the detonation at points some
distance from the contaminated atolls. Decay
rates of these samples were measured in fhe
field and in the laboratory, and a farly con-
sistent pattern was observed ameng various lo-

cations and samples. In addition, theoreticul
consideruations based on the radiochemical comi-
position of the fallout 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 radionctive cloud was determined pre-
cisely only for Rongerik by means of a continu-
ously recording dose rate menitor located at the
weather station on that atoll. As the radiation
intensity rose above the background, a materiul
with a misty appearance began to fall. The
times of beginning of fallout for Rongelap and
Ailinginae atolls were estimated from similar
visual obszervations. These estimates were con-
sistent with the relative distances from the site
of detonation and the known wind velocities.
Fallout was not observed on 1tirik, hence the
estimate of arrival time was made on the basis
of wind velocity and distance.

Two extreme possibilities exist relative to the
duration of the fallouts: the first, that the fall-
out occurred entirely within a short thne; the
second, that it was gradual and extended over a
longer period. The monitoring instrument on
Rongerik went off scale at 100 my/hyr, one-half
hour after the dose rate began to rize above
background. If this rate of incrense iz taken s
constant, and is extrapolated to a pomnt for
which subsequent decay would reduce the dose
rate to the values found at Tater times. the as-
sumption of a Jlong fallout of about 16 hours is
found to be necessary. This slow rate of fall
and late maximnn time of dose rate was one
limiting case; however this situation was not
considered likely. Existing data ave inconclu-
sive, but several indications favor a shorter
“effective fallout tiine hypothesis™ and are sum-
marized below.
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The estimated durations of fallout which
result from the above extrapolation of initial
fallout 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 area was high enough
to move the cloud over the islands 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 not indicate such
late cessation.

Doses calculated on a long fallout constant
rate of incresse hypothesis are lower than
those due to a short fallout, since a short
fallout quickly deposits a Jarge amaunt 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

e i DasE IN ¢
Locamiox l Farror©s TIME

: Ifhr ? & hr
Rongelup (Group I}...._.1 15%r | 2049y
Allinginae (Group 1. __f  72r ! 42r
Rongerik (Group Iy, ... 70r | 106
Utirik (Group 1V). .. ... 120 . 15

On Rongerik (Group I1T1) a zet of film badge
readings were obtained which constitute the
only direct evidence of total dose. Several
badges worn both outdoors and inside lightly
constructed buildings on the island read
gbout 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 refrigerator, read 38 r.
These dose values represent a variety of
conditions, but, considering the shielding
and attenuation factors, are consistent with
the assumption that the dose outside during
the first 28.5 hours after the heginning of
the fallout corresponded to about 12 hours
of constant fallout.

d. For Utrik atoll Group IV, only a fallout
{ime of about 12 hours or less is consistent
with the later dose rates observed, provided
the fallout ectually began as 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
initially heavy fallout is reported to produce
a peak of air-borne radioactivity soon after
arrival, with the airborne 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 muterigl on the ground. Hence
the total dose may he estimated fairlyv ac-
curately by assuming a constant fallout to
have been complete in a much shorter
“effective’ time.

The dose values given in Table 1.1, based un
film badge, meter and monitor data, are con-
gistent with a constant fallout hypothesis of
about 12 hours effective time.*  One exception
i=made; the dose values for Group 11T ave abowt
75 percent of the 12 hour fallout value, averaved
for 285 and 34 hour exposures. This was feh
to express most accurately the average air dose
received Ly personnel who spent roughly half
their time inside stiuctures where the dose rate
wits later found to be roughly half that out-
doors.  On the other islands such shielding was
not aviulable.

Figure 1.3. illustrates the cumulation of
riadintion dose as a function of time after deto-
nation.  The dose rate varied continuously,
The major portion of vadintion was received at
the lgher dose rate prevailing in the early por-
tion of the exposure period. By the time that

“Peing 12 hours actually results in values which are
hizher than those of Table 3.1 by 3 1o 11 r, Table 13
listing the values cildenlitted before all spectrum data
was availihle,  Uncertainty in all the information is
preater than this difference, which is peglected,

—— s g
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90 percent 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 50 percent higher than would result
from a given air dose with narrow beam geom-
etry.  Figure 1.4 illustrates the depth dose
curve from an experimental situation using
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FieUvre 1.3—Tle accumulation of gamma dose as a function of time after
commencement of fallout on Rongclap atoll.

1.23 Geometry of the Exposure

In addition to the dose rate and energy dif-
ferences the geometry of the exposure to fall-
out raciation is signiticantly diflferent from the
usual Jaboratory sources. Since fallout radia-
tion is delivered from a planar source the usual
narrow beam geometry is not applicable. In
such o diffuse 360° field, the decrease of dose,
with depth in tissue is less pronounced than
that resulting from a bilateral exposure to an
Neray beam becuuse falloff from inverse square
Is in effect neutrulized. For the same energy,

D
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spherically oriented Co® sources with a phan-
tom placed at their center, compared with u
conventional bilaternal depth dose curve ob-
tained with a single source (4). In the latter
case, the air dose is usually measured at the
point subsequently occupied by the center of
the proximal surface of the patient or animal
with respect to the source. For the Held cuse,
all surfuces 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 is measured
by a field instrument; it does not bear the same
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source” beam air doses with comparable bio-
logic effect are obtained:

relationship to the surface dose and depth dose
as does the air dose measured in a “point source™

beam in the clinic or laboratory. It. would Rongelap. Group I _____ 260
appear under these circumstances and in most Ailinginae, Group 1T________ 100 r
experimenta}l conditions that the midline dose, Rongerik, Group 111 _____. 120 r
rather than dose measured in air, would be the Utirik, Group IV___________ 20 r
100
3
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FieURre 1.4—Comparison of depth dose curves in masonitc phantoms from
bilateral exposure to d gingle point source, and simullancous crposure (o
multiple gources 1cith a spherical digtribution around the phantom.

3

better common parameter in terms of which to
predict biological effect. On this assumption,
the air dose values stated in Table 1.1 should be
multiplied Ly approximately 1.5 in order to
compare their effects to those of a given air
dose from a “point source™ beam geometry de-
livered bilaterally. If this is done, assuming
a fallout of 12 hours, the following “point
381712 0—G56-—2
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The geometry of radiation from a fallout field
is not identical either to the geometry of bi-
lateral point sources or spherically distributed
sources since the plane source delivers the radia-
tion largely at a grazing angle. However, the
total field situation is better approximated by
solid than by plane geometry. Exposure geom-

etry in a radioactive cloud would be spherical.
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1.3 Superficial Doses of Radiation

From Beta and Soft Gamma
adlati on

Trere Cax BEe 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 gammau 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-
fully 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 dlscussxons
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skin dose, an attempt must be made to &
the contributions of the hich energy gamma,
the very soft gnmma, and Athe hlghel energy betn
radiation from the large planar source in which
the individuals were of necessity existing.
However, as alluded to above and emphasized
in Chapter TII, the largest component of skin
irradiation resulted from the spotty local
posits of fallout material on exposed surfaces
of the body. Tle dose from deposited material
is impossible to estimate; however, that from
the Iarge planar source may be roughly esti-
mated as follows:

The beta dose rate in feet above the
surface of un infinite plane contaminated with
mixed 24 hour old fission products is estimated
to be about three times the total air gnmma dose.
The mid-line gamma dose is approximately 60
percent of the air dose remaining after exclud-
ing that portion of the dose below 80 Y.
This portion in turn 1s estimated to be 40 per-

ar 3

cent of the gamma dose measured in air by the
instrument. Thus the dose at the surface of a
phantom exposed to mixed fission product
radiation from an external plane source might

LY
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be expected to be 3/(0.6) (0.6) or about 8 times
the mid-line dose, if botl are taken at 3 feet off
the ground. Such a depth dose measurement
hasin fact b‘é"x made experimentally at a previ-
ous test, us a phantom man etpand to both
xcaxdu.l‘l i'?i()u
ati

on are shown m

LlUll \d} LUC

)
was seen to be 63
with the diffuse res
providing a semi-infinite planar source, & sur-
face dose some 8 tines greater than the 3 em. 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 lieights 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
tines the 3 foot air gamma dose or 80 times the
midline dose, even in contact with the ground.
An estimate of skin dose due to ground contami-
nation for the Rongelap case would result, for
example, in a figure of about 2,000 rep at the
jevel of the dorsum of the foot, 600 rep at the hip
level and 300 rep at the head ¢f continuous ex-

h g [N
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dn:ﬂ ﬁpld of fission

. ‘, i A i P |
posure with no shielding occurred.
varintion

the ground in importance, since the latter was

........ produce the observed lesions.

Clotlnng )xobabl_ reduced the beta dose from
the ground by 10 to 20 percent.

1.4 Summary

Rapratrox Doses from gamma rays originating
externally were calculated for the 267 individu-
als who were accidentally exposed to fallowt
followiug the nuclexv detonation at the Pacitic
Proving Ground in the Spring of 1954 The
dose estimations were made using information
resulting from radiologiical safety surveys on
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Ficuore 1.0—Comparison of deptlh doxe curves in a masonite phanfom man,
of the duitial gtamic ol gamma radiction and of ganonu radiotion from
a planar ficld of fisxion products deposited on soil after an erperimental

muclear detanation,

the atolls, and spectrometric and radiochemical
data.  The actual duration of the rudioactive
fallouts was not known, and the vajues for
length of exposure were subject to unceytainties
m the ftimes at which the fallouts began. .\
range of possible whole body gamma doses
was cilentated, and the values considered to Le
most probable ave presented. Diffuse geametry

from the semi-infinite planar sonurce was be-
lieved to increase the biologieal effect of the
whole body dose expressed as an air dose, com-
pared in the geometry of the usual Neray ex-
posure.  Soft. gamma and beta radiation from
fallout on the ground and especially on the
skin itself resnlted in 1 superticial dose which
wits high enough to produce Tesions,  No guan-
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titative data were available on the beta radia-
tion intensity from either the skin contamina-
tion or from the ground, but a rough estimate
of superficial dose from the latter was made.
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