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Rabpio1sotores AND ENVIRONMENTAL CIRCUMSTANCES:
THE INTERNAL RAp10ACTIVE CONTAMINATION OF A
PacrirFic Istanp Coarnmunity Expasep Tto LocaL
FaLLout

S. H. Cohn, J. S. Robertson, and R. A. Conard! BEST COPY AVA“_ABLE

Medical Departinent, Brookhaven National Laboratory
Upton. L. 1., New York

A unique opportunity for the study of the internal radiation hazard associ-
ated with the contamination of an inhabited land mass by Jocal fallout was
afforded when scveral of the Marshall Islands were acaidentally contaminated
to varving degrees as a consequence of the fallout-producing nuclear detonation
of March 1. 1954 (Cronkite ¢t al, 19561. The area contaminated was thousands
of sguarc miles bevond the range of the themal and biast effects. Two hun-
dred thirtv-nine Marshallese persons were exposed to levels of gamma radation,
ranging from 175 r on Rongelap to 14 1 on Utirik. Further, the inhabitants of
Rongelap and Utink were also subjected to an acute inhalation and ingestion
exposure during the 4S5-hour period that elapsed prior to evacuation. Their
initial body burdens of internal emitters were estimated from analysis of their
unne and also from data obtained on animals simultaneously exposed. These
data indicate that the acute hazard from the internal emitters was verv small
as compared to the concomitant external dose. Medical survevs have been made
vearly since the accident in order to follow up the recovery progress of the ex- i
posed people (Bond et al, 1955; Cronkite et al, 1953; Conard et al, 1956, 1957,
1959). i
\Within a month of the accident, islands of the following atolls were sus- .
veved: Rongelap, Rongerik, Bikar, Likicp and Utink. Numerous land animals, ‘
birds and marnine specimens, and samples of plants, soil and water were coflected
for analysis of the content and distribution of radicactive material (Cohn ot al, -
1955). At the same time, a gamma dosc ratc survey was made over scveral
typical land arcas to provide data on the degree of the external radiation hazard.

't is not possible to acknowledge individually the mm‘);dpcm wbe have heen smocisted
with collecting and amahzing the data over the five-vear period of the stadv. It i possible only
to mention the group leaders and the laboratories with which they sre sswociated: Atomic Energy
Commission, Division of Biology and Medicine—G. M. Dunning: New Yok Optrations Office—
]. H. Harlev; Argonnc National Laboratory—C. E. Miller; Brookhaven Natwonal Laboratory—
V. P. Bond and E. P. Cronkite; Los Alamos Scientific Laboratory—P, Harris; U. S. Naval Radio-
logical Defense Laboratory; University of Waslungton, Laboratory of Radiation Biologv—E. E.
Held; and Walter Reed Armiv Institute of Rescarch—K. T. Woodward.
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Reduction of the Hazard in the Food Chain

was similar to cow milk in that the CaKNa resin removed less than that re-
moved from milk which had strontium added to it. In fact only 35 per cent
of the strontium was removed, less than could be rcmo;' €Gom cow milk. This

would indicate that the binding capacity m g 15 greater than in cow
milk. A low caloium resin was effective 3 ving the strontium from goat
milk. A resin mixture (1Ca:2K: 1N\ ov e%%: per cent of the strontium.
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could be removed from mﬂb‘wﬁhﬁut alt fny ﬂa\‘gw catgﬂid
tion of the milk. \O"’ ,‘4‘“:
The simples? Yrgﬁtmep{,\@ fht of a z_:,ﬂi\hatmma \6@ eqml)brated resin,

e.g.. CaKNa. Thix rgsin ou]d bp\ crat ‘ﬁtg equilibrating solution. In
this case oy 2“ ceng d be s¢ Q&éd In ome treatment and about 70
per cenRW N:‘)m&\we}l\“ R(.dlsm% to a pair of mixed resins would remove
55 to 90 per of thy m. The mixed resins are more eficient because
some of the - nggH 1 % bound and is not available for exchange onto an cquili-

brated resing g
It appears that strontium and cesium removal frem milk is possible. More
work must be done before the process can be placed on a commercial basis.
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Contamination from Local Fallout

In order to ascertain the degree of radiation hazard associated with residual
contamination, survevs of the fallout contaminated areas have been conducted
over a 5-vear period.

The most comprehensive studies were made at 1 and 2 vears following the
accident fRinchart et al, 1955: Weiss et al, 1956). Data were obtained on the
residual activity in soil and on the uptake and retention of fallout material by
plants and land and marine animals. Thesc data form the basis for an estimate
of the radiation hazard associated with both an acute and chronic exposure to
local fallout. 1t is perhaps the onlv long-term study of a community exposed
to a significant local fallout, and thus is of considerable value. Further. since
the Rongclap people were moved from their original habitat and then returned
after a period of 3 vears. the relationship between bodv burden and changing
levels of environmental contamination can be studied. Unfortunatelv, subse-
quent weapon tests in the Pacific Proving Grounds during the past 5 vears have
to a degree interfered with the assessment of the relationship between environ-
mental contamination and rate of equilibration of various of the fission prod-
ucts 1 the body. insofar as thev have contributed small but detectable accretions
to the contamination in this area. The procedures for sample collection. prepara-
tion and radiochemical analvsis have been described ({Rinehart et al. 1955
Weiss et al. 1936; and Shipman et al, 1955},

The most interesting new technical development in the field of fission
product analvsis in human beings has been the application of the technique
of wholc-bodv gamma spectroscopy. In 1957 it was determined by Miller that
dircct whole-bodv gamma counting of the Marshallese was feasible. A group of
seven Marshallese was brought to Argonne National Laboratorv and counted
in their whole-body counter. In 1958 and 1959, a “portable” (20 ton) whole-
bodv counter, designed and built at Brookhaven National Laboratory, was taken
out to the Marshall Islands for use in the annual medical survev. Several hun-
dred Marshallese pcople were counted (Conard and Robertson, 1958; Cohn,
1959). The technique of whole-bodv spectrometry has been described by
Mller {1959).

ResuLts anp Discussion

The radiation hazard to human beings resulting from habitation in an area
subjected to radioactive contamination resides in the fate of the radicactive
material deposited thereon. Radioactive material scttling down on the carth’s

surface Is transported through the soil, air and water to phnts, and thence to- .
animals and finallv to man. The levels of radioactivity in cach of these com-
ponents of the ecological chain from soil to man were mmsurcd and are re-

ported below,

External Dose

The levels of radioactive contamination which fell on thc Marshal‘l Islands o

were reflected by the doses that were received over approximately 48 hours
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Cohn, Robertson, Conard

thgure 1). Gejen, an uninhabited northern island. received the highest dose,
2.000 r; Rongelap (from which it was neccessary to evacuate the mhabitants)
reccived an intermechate dose of 175 1 and Utink Island to the cast recerved
14 r in the first 2 davs. The dose rate on the Rongclap Atoll, as measured
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Ficvre 1. Isodose lines of estimated pattern of radicactive fallout. Pacific Proving

Grounds. March 101954 The numbers on the map represent the doses that would have

peen recerved over appromimatelt 4% hours withont shuedding The dose. above wiuch

survival is uniikcdv s 500 10 and below which sunival is probable 15 200 ¢ ifrom
Cronkite et al, 1936 .

initially and over a S-vear pcriod is presented in table 1. The values of dose
rate at 1 vear vancd from 0.5 mr/hr on Rongelap Island to 3.0 mr/hr on
Kabelle Island. Thesc values represent averages, as the levels of activitv were
not uniform on each island. The rapid fall in gamma activity over the first 2-vear
penod reflects the high percentage of short-lived radloxsotopcs which contribute

Tasrr 1. Average gamma dose rates on Marshall Islands following nuclear detonation
of March 1, 1954 (from Held, 195§

Gamma exposure levels Rongelap Atoll
{mr/hr at 3 ft above gmung)

Rongelap Lsland Eniactok Island Kabelk Island

Jan. 1933 0.5 2.0 3.0
Oct. 1955 .. 0.2

Juby 1956 oo 0.4 12
Julv 1957 .. . 0.07 0.20
March 1958 0.029 0.067 0.14
Aug. 1958 ... . 0.058 0.076 0.16
March 1959 0.035 0.048 0.10




Contamination from Local Fallout

the activitv at carlv time intervals. The principal isotopes present at the early
intervals are Sr®, Sp0.Ys0 Zr9a.NDB9, Rytvs.Rhivs, Tel2?129  ]131-132133-135
Cs137.Ba!87, Bal#0.La1#0, Cel+#-Pri4s, Pris7 and Np*3v.

Soil

The fallout material appeared initially to be associated with relatively large
particulate matter and to be distributed uniformly over the soil. The residual
activitv on the islands was initially contained primarily in the top few inches
of soil.

Radioanalysis of soil profiles at 1 vear indicated that little translocation of
the actitv had occurred. Cs1%7, Ce'#4-Pri+s, and Rul®-Rh% constituted the
largest portion of fixed contamination in the soil at this time.

Activity in the lagoon bottom silt at 1 vear appeared to be distributed rather
uniformlv to a depth of 6 or 7 inches. Four samples of silt from the northeast
corner of the Rongelap Atoll lagoon had levels of beta activity ranging from
S000 to 12000 d - msg. The samples were collected at water depths of 40 to
120 ft. The activity 1n lagoon bottom silt is of interest, since it provides a reser-
voir of activity available for future incorporation into marine food specimens.

At 2 vears following the contaminating cvent. most of the activity was still
nrmlv nved to the surface laver 10 to 1 anchy of soil. Loss of actnvaty from the
surface laver in the period 1 to 2 vears was largely the result of radioactive decay
rather than the result of leaching or erosion. A\t Z vears. the rare carths. Ru!®,
Seoand Cs¥¥Y constituted 84, ]0 5and 1 per cent of the activity respectively
on Ronge]ep Island.

The Sr# concentration in the surface soil of the island at 2 vears is shown
table 2. The level of Sr?/Ca in the soil of Rongelap was 8.4 x 103 nuc Sr*/g
of exchangeable calcium. The level of a soil sample from Gejen (the northern-
most island) was exceptionally high, 6.2 x 10° puc Sr*¢/g exchangeable cal-
cium. These concentrations correspond roughly to the external gamma dose
rates measured on the islands.

The extractability of Sr* (i.e., the ability of plants to cxtract Sr* from
soil) depends on the soil tvpe, the solubihity of the Sr** compounds. water
depth, pll of soil, moisture and organic matter {Blume and Smith, 1954;. In
addition to the Sr®* extractability from the soil, thec amount of cxchangeable
calcium 1n the soil is also a very important factor. The ability of p]ants to take
up Sr* is inversely related to the amount of exchangcab]c calcium in the soil
{Fuller and Flocker, 1955). For example, plants grown in acid soils low in
calciumn take up the largest amounts of Sr*®, while plants in alkaline calcareous
soil take up the lcast. In the last column of the table (table 2), the ratios of
St /exchangeable calcium are tabulated. \While the calcium content of the
various soil types analyzed ranges from 23 to 35 per cent, the exchangeable
calcium in the soil represents only a small fraction of the total calcium.
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TanprLe 2. Strontium®™ concentration in surface soils of Narhall Islands, March 1956 (from Weiss ct al, 1956)

S “Fxchangeable™ calemm

Island Soil type (d/m/g soil) {mg/g soil) puc Sr™®/g calcium
Gejen large calearcons particles 1,886 =+ 20 14 6.2 10"+ 63 % 100
Fuactok ... oo sall sand like particles 400 # 11 09 19%10°+54 % 1P
Sifo small sand-like particles 25 +13 08 13100 =17 % 10"
RODZCIAD oo ittt e loamy 234 = 4 127 8.4 10°x= 150
Fuiwetok .o small sand-like particles 62 + 2 4.0 6.1 x 10* %= 180
Utirik oo small sand-like particles 3#15 1.9 660 %= 330
Likiep oerererrcn RSO (s 11114 +2 13 430 = 60

LY ~ ./‘ - -



Contamination from Local Fallout

Plants

The uptake of the fission products from soil by plants is the next step in the
chain by which these radioisotopes rcach man. It was found that, dumnng the
first 6 weeks, onlv a verv small amount of the fission products is available to
plants growing on contaminated soil. The fallout material appcared initially
to be associated with particulate matter and to be uniformly distributed on
earth, grass and food plants. Levels of beta activity of the order of 1 uc per
plant and fissile material (1 > 104 yg) were present on the external surfaces
of plants at one month (Rinchart et al, 1955;. Onlv very low levels of beta
activity and no alpha activitv were detected in the edible portions of the plants.
The one exception was the presence of high levels of beta activity in the sap
of the coconut tree (1 uc/liter). The 1sotopic composition of this tree sap was
verv similar to that of the ground water. suggesting uptake of these haaon
products by the root syvstem. The predominant fission product found m the
trce sap at this time was Sr8°% presumably as a function of its abundance and
relativels high solubility,

At the tme of the T-vear resurvey of the island, extensive incorporation of
radionuchides into plants had occurred. The gross beta activitv 1n plants on
Rongelap Island at 2 vears after the detonation 15 shown in table 3. The leve!
of snternal contanunation an the plants corresponds roughlv to the levd of
activity n the soif and the gamma dose rate on the islands. However. wide
vanations occur 10 the Ievels of beta activity i the plants on anv onc iland.
The availabilitv of the fssion products to the plant 15 undoubtediv a function
of the age of the plant. the stage of dev clopment of the fruit, the tvpe and
depth of soﬂ and the phvsical-chemical properties and distribution of the fallout
material. Since the fallout from the March 1, 1954 dctonation consisted of
hssion products associated with large particles of CaO, Ca(OH),, CaCQ, and
NaCl particles, it was very soluble in the soil and could readilv be absorbed
through the root system of the plant. Moreover, it could be absorbed directly
through the leaves.

The plant portulaca was found to have by far the highest level of activity
of any of the plants analvzed. Leafy structures of plants were, in general, more
radioactive than their fruit. The leaves of the plants contained primanh the
rare earth clements together with small amounts of Ru'® and Sr*. By contrast
(table 4), the primary fission product in coconuts, papaya fruit and arrowroot
tuber was Cs137. Very small amounts of activity were contriboted to these plants
by the rare carths, Ru'® or S, The concentrating capacity of coconats for.
Cs137 was especially marked when compared to the low levels of Cs'* in the'
soil, particularly in the arca of the root system of the plant. The high Csi%
concentration may reflect foliar absorption and/or a potassium deficiency in the
plants with the substitution of cesium for potassium. The $1*® concentration
was uniformly low in the edible portions of the above samples of plants.
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Tanre 3. Gross heta activity i plants, Apnl 1956 ¢

Geyen Lmwetok Eninctok

Plant Part

Portwlaca ... s whole plant K74

Arrowroot ... B - Stems, deaves 11.0
tubers 2.32
air root 287

Pandanus ... B (1 T 2.64
green kevs 1.27
ripe keys

)
ot npe

Papaya o green
lcaves, trunk
milk 2.87

Ripe coconut ... ...~ meat 1.90
shedl +4.98
husk 1.83
whole 31
mitk

Green coconnt . meat
shell
husk

shell, husk

* All connts were corrected for the conmting efficicney of S5y
" Gross heta activity of plaut samples was determined i Apul

037

030
0.38
.65

0.29
(.33

0h

1956

3.05

0.32
0.6

.05
5.20
0.70
{153

197
0.72
1.57

0.11
(.25
() 1)
048

Island

Rongelap

from Weiss ¢t ol 1950

Sifo

(e/m/hg > g7y e

0.1
(.08

006
0.1s
0.1

0.63
0.17
0.28
0.77

0.13
0.08
0.37
0.11

Utink
1.71

014

0.08
021
.09
0.07

011
0.09
0.16

012
0.0%
(.06
0.21

0.07
0.08
0.1t

and that of <oil and water i May 1956.

Likicp

1.33

0.03
0.03

0.02
003
0.03
.02

0.04
(.06

0.57
0.06
002
0.09

0.05
0.u2
0.09
0.02
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Cohn, Robertson, Conard

Sr#¢/Ca ratios were highest {over 1,000 uuc Sr®°. g of calcium) in portulaca,
coconut meat and milk and pandanus (Weiss et al, 1956). Portulaca had a par-
ticularh high Sr?/Ca ratio. ranging from 6,000 to 25,800 uuc Sr®/g of cal-
cium. Average Sr*/Ca ratios in common foods collected at 3 and 4 vears
are discussed later in considenng the dietary estimate of bodyv burdens in the
exposed Marshallese.

Water

Ocean and lagoon water samples were collected initially off several islands
in addition to the samples collected from cisterns and wells on the islands. Water
from the cistens and a well on Rongelap had high levels of activity (1 uc/liter)
at 30 davs. The predominant radionuclide present in the water at this time
was Sr8%. Cistern water contained varving levels of contamination. depending
on the onginal contamination. nature of watershed areas. etc. The occan water
samples contained verv small amounts of beta activity, presumably denved from
activitv washed off the islands. The radiochemical composition of ground water,

Tasrr 4. Average relative composition of nuclides in plants, soil and water, March 1936
(from Weiss et al, 1956)

Relative composition [ per cent)

Sourc No. of Total
ource samples rare
Plant o Part averaged  Cs'¥ earths Sr® Ry'®
Plants

Portulaca e . WhOle 1 489 39.2 118 ...

Papavd e fruit 1 79.8 178 2.5
husk 3 98.2 1.1 0.7 ...
meat 2 98.9 0.03 1.0 ...
Coconut . e shell 2 99.5 04 0
milk 1 99.6 0.2 02 ..
leaves 2 8.3 86.5 0.4 5.1
keys 2 92.6 2.2 55 .
Pandanus ... ... leaves 2 727 13.3 5.1 89

air root 2 88.9 10.3 0.8
Artow root ... ... tuber 1 75.4 16.8 1.0 6.8
leaves 1 11.7 83.9 3.0 14

Soil
Depth, 0-1 in. . 2 0.34 83.8 56 10.0
Water

Cistem ... ... 2 64.4 35.6
Well 2 100 0o ..
2 94.5 55 ..

2 100 0
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Contamination from Local Fallout

lagoon bottom silt and lagoon water was similar to that of the soil at 1 vear
(Rinehart et al, 1955).

At 2 years the gross activity in water samples was of a verv low level. The
observable activity was (as determined at 1 vear) due primarily to the rare earth
elements (table 4.

Fish and Marine Specimens

The level of radioactivitv found in the tissues of fish and manne inverte-
brates collected at 2 vears, while onlv 3 per cent of that found in fish collected
at 1 month (3 uc/kg) was nevertheless readily detectable (Weiss et al, 1956).
Considerable variation cxisted in the concentration of activity per weight as 3
function of the geographic locaticn of the fish and marine specimens. In the
Rongelap Atoll. for example. fish and imvertebrates caught in the northem part
of the lagoon at 1 vear contained. on the average. 3 to 4 times the amount of
internally deposited fission products as was found in similar specimens from
the southern part of the lagoon. This finding 15 consistent with the fact that
the northern lagoon was exposed to hizher concentrations of fallout material.
{ Average external gamma readings of the northern and southern Rongelap
Islands at the time of sample collection were 5.8 and 0.7 mr/h1, respectively.)
This difference in concentration of radioactivity in fish from the north and
south lagoons was not noted at 2 vears. Apparenth the activity was completelv
diffused throughout the lagoon by this time. While there was considerable
variation in the concentration of activity of ndividual fish from some arcas. no
corrclation could be found between the levels of radioactivity and the eating
habits of the fish {carnivorous, herbivorous, and omnivorous).

Snails concentrated radionuclides to a much greater extent per unit body
weight than did the fish in the corresponding localities. This concentrating
ability may be due to the fact that snails feed on the lagoon bottom where
higher concentrations of nuclides are found. Crabs and clams also showed high
fission product concentration at 1 vear (Rinehart et al. 1955). Approximately
40 per cent of the activity of fish collected at one vear in the Rongelap and
Rongerik lagoons was fixed in the skeleton. Muscle and viscera contained ap-
proximately 15 and 20 per cent, respectivelv, of the total internal activity. The
remainder of the activity was found on the skin and the gills. At 2 ycérs the
skeleton contained 50 per cent of the beta activity, the viscera 33 per cent, and
the muscle 14 per cent. The distribution was verv similar to that found after
1 vear. Zn%%, a “neutron-induced” activity, accounts for the high gamma-to-beta
ratio observed at 1 and 2 years. Zinc was fairly evenly distributed throughout the
tissues, contributing about 90 per cent of the activity in the skeleton and muscle
{Weiss et al, 1956). The level of Sr%® was uniformly low in the marine speci-
mens. Sr® constituted less than 1 per cent of the total, and was found chicfly
in the skeleton. The muscle of fish caught in the Rongelap lagoon in 1955 had
average values of 200-300 puc Sr%*/g of calcium (Weiss et al, 1956),
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The presence of Co% in the soft tissuc of clams was noted for the first time
in the Z-vear resurvey (Weiss and Shipman, 1957, The Co% accounted for
the major fraction of the total activity in the clams. The very marked ability of
clams to concentrate Co® selectivelv was verified in laboratory experiments
{Gong et al. 19573,

Land Animals

Internal radicactive contamination of animals from Rongelap was deter-
mined by radiochemical analyses of the tissues of domestic animals (pigs and
chickens) sacrificed at various times fol lowing contamunation (Cohn et al,
1955, The internal contamination resulted from both inhalation and ingestion
of contaminated food. with the latter being the more important route of entry.
The body burden of fission products was rough]\ proportxonal to the gamma
dose rate on each island. The internally deposited activity in the pigs Iiving on
Rongelap for | month after the dctonation was tenfold higher than that of the
human beings who were evacuated within 45 hours. The difference thus refiects
the prod or‘ocd stav of the animals m the contaminated arca.

()m\ a small percentage of the fission products initally present in the en-
vironment was readily absorbed from the Jungs and G. 1. tract and retained in
the bodv of land animals. This G tract activitv was contributed chicflv by
wotones of <hort rachological and hiological half- life and himited solubihty, and
thus the levels of activity in the tissucs of the bodv were quite low. At 3 months,
raciochemcal analvses of tissues from I\onvdap pigs mdicated that Srh, Bal4o
and the rare carth group constituted 73 per cent of the total internal beta ac-

Tasrr 3. Radiochemical analvsis of tissues and urine of Rongelap pigs exposed to fallout
from the March 1. 1954 nuclear dctonation® {from Cohn et al. 1953)

Beta activity d/m/total sample X 107

Gross

activity Sre Ba* Rare earths
Skeleton (total) ... ... $.745 5.350 595 830

(100°7) (627) (6.87.) (9.7,
Lungs (alveolar) ... 1.3 0.24 0.22 0.57
Stomach ... 16 0.26 0.62 0.0
Small intestine . 23 0.73 0.69 0.69
Large intestine . 14 5.0 28 4.0
Liver ... .. 29 0.47 0.27 5.9
Kidney . 3.2 0.18 0.30 0.61
Remammg CATCASS oo . 455
Thyroid dose . 100-150 1ep (estimated from early analvsis of urnine)
Total external gamina dose ... .. 3301
Internal beta activity — 4 uc

* Values are the average of two voung adult pigs which were analvzed 3 months
after dctonation.
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tivity table §). The Jargest portion (99 per cent) of the internally deposited
activity was fixed m the skeleton.

The biological localization of residual activity within skeletal tissue is shown
in an autoradiograph of the femur of a pig that was exposed to the initial fallout
for a period of 30 davs following detonation (figure 2. It will be noted that
there is a dense concentration of fission products in the epiphvseal region of
the bone. For comparison, the autoradiograph of a tibia of a rooster collected
at 2 vears following detonation is shown in hgure 3. Here 1s seen a concentrated
deposition of activity in the diaphysis and a hghter GCP(N]UO]] in the region of
growth at the ends of the bonc. indicating that the Dnm:m dcpoxmon occuncd
soon after detonation. while the ammal was voung and grO\\ ing. and that subse-
quent bone growth incorporated much smaller amounts of radivactive material.

Ficure 2. Autoradiograph of femur of Rongelap pig; sacrificed 38 days after detonation
{from Cohn, 1956).
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Ficuvre 3. Autoradiograph of tibia of Rongelap rooster, March 1956 (from Cohn, 1955).

Rongelap People

The bodv burdens of internal cmitters in the Marshallese were estimated
from the data obtained by radiochcmical analvsis of the tissues of the abave-
mentioned pigs which were simultancously exposed, and from a comparison of
urinalvsis data from animals and from human beings (Cohn ct al, 1955). The
animal data are indicative of the qualitative nature of the inhalation exposure
to the people, cven though they quantitatively reflect the greater ingestion by
the animals of contaminated food during their prolonged stay on the island.
- The total amount of radioactive material in the G.I. tract of the Rongelap
people at 1 day after exposure was estimated to be 3 me.

The mean body burden of the Marshallese at 1 day following the 1954
fallout was cstimated to be Sr#0, 1.6 uc; Ba40, 2.7 uc; 1'%, 6.4 uc and the rare
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earth group together, 1.2 uc. The contribution of this amount of internal con-
tamination is small as compared to the 175 r external gamma that the Mar-
shallese people received.

In the first few months following exposure, Sr%¢ and 1131 (plus the shorter-
lived iodine isotopes) contributed the greatest internal radiation dose. In the
acute exposure, 1'% and the shorter lived 13%%, 133% and 133% contributed the
highest individual tissue dose, 100-150 rep to the thyroid. Sr%® contnbuted the
major portion of the beta dose to the skeleton at this early time.

Estimation of the Internal Radiation Hazard

The potential radiation effects produced by specific quantities of internally
deposited radioisotopes can be predicted from the clinicallv observed effects of
known amounts of internallv deposited radium. These cffects do not appear. of
course, until a peniod of vears has elapsed. and observations made at early times
following exposure vicld no significant data concerning the damage. Thus. as
anticipated. the people and animals on Rongelap Land who recened o ter-
mediate fallout dose exhibited onlv transitory changes in blood-ccli Tevels over
the 3-vear period of observation since their exposure, but no other pathological
changes that could be ascribed to radiation.

In terms of chronic exposure to mternal radiation, Sr* s cleany the critical
element. Particular cffort was therefore made to determine its levels i soil,
plants and man himsclf. and also the inter-relationship of these levels In the
situation where people are exposed te additional fallout from contimned weapon
testing, the sustained high level of the shorter-lived Sr8 mayv result in a hazard
of the same order of magnitude. Thus Sr8 has been a significant fission product
up to the cessation of testing in 1958.

Of the gamma-cmitting fission products, Cs'37 is of the greatest interest,
even though of minor sigmficance as an internal radiation hazard. Like Sr%,
Cs37 has a gascous precursor with a hali-life sufficiently long to avoid early
condensation in the fireball. Cs?37 thus follows Sr® into the stratosphere. Since
the fission vields and the half-lives of the two radioclements are ncarly equal,
thev are present in the fallout in like quantities. While thev behave differently
in the ecological cvcle, based on their differing chemical properties, Cs137 never-
theless provides a useful tracer for studving the movement of Sr* through the
biosphere, since its gamma-emitting properties make it readily detectable.

There is also some interest in the neutron-induced radioelement Zn%3, even
though it, too, does not appear in levels which are hazardous to human beings.
The intercst centers chiefly around the fact that it is definitely transmitted
through marine life, and thus provides a clear example of the transmission of a
radioclement through the food chain to man.

Other fission products also appear in small amounts in the food chain and
thus appear ultimately in man, but their levels are so small that little effort
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has been made in the past to detect them or to trace their movement. Thus
only the above three fission products of greatest interest will be considered here.

The body burden of fission products can be determined in three wavs. The
mcthod of choice 1s the direct in vivo measurement using whole-bodv spec-
trometry. The hmitations of this method are that few whole-body counters are
in existence, and their absolute calibration is quite difficult. Nore importantly,
this method is. of course. restricted to analvsis of gamma-emitting 1sotopes,
samnce. to date, a whole-body beta counter has not been developed.

A sccond method for mlculatmo bodv burden, particularly for counting beta
cmitters such as Sr¥, 15 the estimation of the internal deposition from data
obtained by radiochemical analvsis of the unne.

Finally, it is possible to make a completeh indirect estimate of the human
body burden of radioisotopes by what mav be called the environmental ap-
pmnc] In this method, the estimate of the bodv burden is based on the con-
centrations of the fission products present in the environment, chicflv the soil
and the important components of the dict. In order to make this estimate. data
must be obtamed on the transfer of the fevdon products between successive
clements of the ceological cham leading from soit to bonc. For example, al-
though strontinm and “calcium are chum(al]\ similar and thus appear together
in the various components of the ccological chain. caleium is taken up prefer-
entally beoplante and animalss so that 16 necessary to determne the disenmii
nation ractor tor cach step. When these factors are known. 1t is possible to
estimate the dose to the “entical organ™ m man fram the concentration of the
rotope 1 anv step of the cham,

Encironmental Estimate of Body Burden

The environmental estimate of internally deposited Sr® can be made in the
following war. A number of rats were collected on Rongelap at 2 vears follow-
mg the 193-% accident. Thev had subsisted on a dict consisting pnman]\ of
mets These animals were sub]cctcd to careful radiochemeal analvsis, as it was
thought that thev might serve as indicators of the mternal radiation hazard that
would result to human | beings if they inbabited the same arca during this time,
and subsisted on essentially the same diet. The Sr%/Ca ratios for varions tissucs
of these rats were measured direetlv and these values were compared to the
S /Ca ratios of the food and soil on Rongclap collected at the same time.
Thus a comparison could be made between the environmental approach and
the direet measurement. Extrapolation of the environmental data will give the
cquilibrium value, whereas the direct measurernent give the value at the time
of mecasurement. In this manner, the per cont of cquilibrium of S1™ internally
deposited in the rat can be determined. 1t can be scen from the data that the
S0 /Ca ratios for different foods on Rongelap varied greatly. Yurther, the diet
of the rats on Rongelap was too uncertain to assume an “average” diet, so that
it was nceessary for this estimate to use the S1%/Ca values of the soil itsclf.
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The “*Strontium-Calcium Obscrved Ratio” {OR} of Comar ct al (1956)
was used to denote the preferential utilization of calcium in the following
manner;

Sr/Ca of sample

OR Me- sor —
R prectr Sr-Ca of precursor
The Sr* discrimmation ratio in the chain from soil (s) to bone (b) wvia
plants (p) can be expressed as follows:

()anw-snil = {C)Rp\) (()Izh-xv1 —_ \/O—) (0251 - UIS

The value OR,,,, = 0.25 is an approximatc value obtained expenmentally on

rats fed a stock laboratory dict (Comar et al, 1956, This diserinunation factor

of 4 for calerun agamnst strontium from dict to bonc i man has been reported

bv Schulert ¢t al 119359a) and Brvant ¢t al 11935, A morc approprate value

for the rats o this situation mught be the OReae = .10 obtamed by a

studv of wild Kangaroo rats Iiving 1n the Nevada desert fAlexander ct al. 19561,
The body burden s the: ’

St Cayy, = 15 Caj s OR, 1 TOR, .
= (54 x> 10%)(0.7;10.16; = C)“-f ppc St /g Ca

The value thus obtamed 1w approxnimatel twice the value of 470 to 343 ¢
Sr*tog of calcium obtamed by dircet radiochomical analvsis of the tissues of
rats lx\mn on the iskmd dunng the Z-vear penod foﬂ()\\m" detonation, This
difference in tho mdireet enmvironmental estinate of the bodv burden of 3 Ca
as compared with the direct analvas mav reficet ather errors in the diserumima-
tion ratios or a lack of cquilibrium between the S"/Ca in the animals with
the soil at 2 vears. Since 13 rats of the same average age analvzed at 4 vears had
values close to those of rats collected at 2 vears. at $43 = 181 puc St g of
calcium (Held, 1958, it must be assumed that the discnmination ratios are
not sufhicient]lv accurate for this estimabon.

It 1s obvious that applving the same technique of estimating the Sr* body
burdens of the Marshallese people 15 also difhicult because of thc uncertainty of
their dhict and the discontinuous nature of their habitation on Roxwdap Island.

Dunming (1957} has csnmatcd the future Sr™ body burdens in the Mar-
shallese from the Sr%/Ca in an “average™ food supply which was about 360 upc
Sr* /g of calcium in 1956, This ﬁgurc would be reduced to a daily intake of
about 100 puc Sr*/g of calcium if consumption of land crabs which have a
high Sr* content were eliminated.

These estimates of average dictary intake are very approximate since the dict
is not well known. A more extensive study made in 1958 vielded Sr* 'Ca levels
of 67.5 puc Sr*/g of calcium somewhat Jower than those of Dunning’s in
1956 (table 6). This study was bascd on an analvsis of the average diets of
14 males on Rongelap (Held, 1958) and a radiochemical study carried out by
Harley (1959). It was assumed that half of the daily calcium (0.8 g) was from
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Tantr 6. Fstimate of strontinm™ m diet of Rongelap adult, 1958

Daily

intake"

(8)"
Meat from mature coconut 89
Meat from drinking coconut 75
Milk from green coconuts . 116
Pandanus edible portion 79
Arrowroot ... 58
Breadfruit .. .. 45
Fish . . 139
Clams oo 45
Crabs, land ... 14
660

Imported Food
Rice
Canned “C” rations
Flour
Tca
Milk

Salt and sugar

_A B

R

Calcium
content
(mg Ca/g)

0.075
0.14
015
0.1s
2.10
0.60
0.13
4.00
4.00

[

inly
calcinm
intake

my (A X B)

* Based in part on average daily dict of 14 Rongelap males (Held, 1958)

* Wet weight

© Based on total calcium intake of 0.8 g/day

D
'raction
of total

calcium
intake”

0.008

0.013
N.022
0.015
1152
0.034
0023
0.225
0.070

0.56

Contribution
St to total daily
content St™ iake

(uuc/g Ca)

(DX E) (uuc/g Ca)

1.200 9.6
210 27
1,000 22.0
930 140
19 29

260 88
280 64

S 11
(4.000) (250.0)
67.5
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indigenous foods and half from imported foods. Using the above-mentioned
discrimination factor of 4, the equilibrium body burden for the Rongelap people
on 67.5 upc/g of calcium daily intake {excluding land crabs in the diet) would
be approximatelv 17uuc/g of calcium. This is about 68 per cent of the equi-
librium value estimated by Dunning (1957) and 74 per cent of that estimated
from urinalvsis data in 1958 (Woodward et al, 1959 ;. Another effort was made
in the 1959 Medical Survey to gather samples of meals to be assayed for their
Sr%/Ca content. However, since the Marshallese were found to subsist to a
large extent on foods not indigenous to the area, such as “C” rations. nce and
tea. it is even more dificult now to extrapolate from Sr?®/Ca ratios in food to
bodv burden.

It is obvious that further data on the transport of low levels of Sr®® and
other fission products through the ecological cvele in this and other communities
arce required to assess the internal radiation hazard to human beings living in
a fallout-contaminated area.

Estimate of Body Burden by Whole-Body Counting and Urinalysis

More reliable estimates of the Marshallese body burdens were obtained by
whole-bodv gamma spectrometry and bv radiochemical urinalvsis. The urinary
exeretion levels of St for 2 vears following exposure to fallout arc shown in
ngure 4. The 4- and >-vear uninary Sr+¢ levels were much higher following the
return of the Marshalless to Rongelap. The excretion ratc may be e\prcssed
a» the sum of two exponential functions. The major fraction of Sre is excreted
with a half-life of 40 davs, and a smallcr fraction is excreted with a half-life of
500 davs. These excretion rates correspond to those reported by Cowan et al
19521 in a case of accidental inhalation of Sr*, and were used in extrapolating
back to the 1-day Sr®® body burden of the Marshallese (Cohn et al, 1955),

The Cs'# urinarv excretion levels of the Marshallese for the 6 months im-
mediately following exposure can be expressed as a single exponential function
with a halflife of 110 davs (figure 5). This biological half-lifc for Cs137 is in
good agrecement with the value of 140 davs obtained by Andcerson et al (1937)
in a clinical tracer study.

The Rongelap body burden in 1955, per cent of equilibrium and the equi-
librium value has been estimated from these excretion data (table 7) (Wood-
ward ct al. 1959). These values are subject to some uncertainties since it was
necessary to use a number of gcncra]izina assumptions to derive them. It is
possible to check these values using different approaches. For example, the
estimated burden of Sr% in March 1958 equals 2 ppuc/g of calcium and appears
to be of the right order of magnitude when compared with data provided by
bone biopsies. Two bone biopsics of vertebra and scapula on a Rongclap male
performed at this time indicated a level of about 3.8 uuc/g of calcium. Using
the normalization factor from vertebra to average skeleton (Schulert et al,
1959b], an average skeletal value of 2 yuc/g is obtained. Thus, the mean body

323

00127191



Cohn, Robertson. Conard

burden of Sr® for exposed Rongelap people in 1958 was esumated to be ap-
proximately 2 mguc or about 9 per cent of the calculated cquilibrium value
of 23 muc.

The bodv burden at equilibnum for Cs137 was estimated to be 1.3 uc
{Woodward et al, 1959} (table 7;. or about one¢-half of the ICRP NPC for
non-industrial populations. This value, however, is toe high. since the 1939
Cs137 bodv burdens appeared to have already leveled off. Preliminary analvsis
of the 1959 whole-body counting data indicates that the Cs'5° levels had
dropped slightlv (0.53 uc) as compared with the 1935 values (Cohn. 1939.
However. 1t 15 possible that the Cs13% intake is less than estimated, since much
of the Rongelap food is imported and of lower Cs'37 content.

STRONTIUM ¥ EXCRETION (L fLc /LITER)

10 [ ~
C t1/27 500 DAYS
[ ti/2™40 pars
. .
- 1
0.4 L1 1 1 1 1 1 1 1 1 1 1
[o} 300 600 900 1200

TIME IN DAYS

Ficure 4. Strontium® excretion in urine of exposed Rongelap people (from Wood-
ward et al, 1959).
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Ficvre 5 Cesium™ exeretion anurine of exposed Rongelap people {(from Woad-
ward ¢t al. 193G,

Zn% was first detected by Miller (19575 in 1957 in the seven Marshallese
cxamined by whole-bodv spectrometry. although it had been observed in high
concentrations i fish as carhv as 1 vear following the detonation (Rmchart,
19551, Body burdens of Zn% in 1957, as mcasured directly, averaged 44 mpc
for Rongclap inhabitants (hgure 6), and 350 mpc in two Utirik inhabitants.

Tasre 7. Estimation of body burden of Rongclap population by urinary excretion levels,
193$ (data from Woodward ct al, 1959)

Sr* (m;;c) C™ (muc) ] Zn™ (muc)
- Exposed Exposed Control Exposed Control
Body burden .. ... 2 900 1,200 280 540
Equilibrated body
burden . w23 1,300 1,600 330 650
Per cent equilibrmm 9 69 75 85 83
Dailv intake 015 2(”) 21 4.1

*3.7 Strontium Units (SU) determined by bone biopsy.
" 15 SU assuming dailv calciom intake =1 g.
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ESTIMATED BODY BURDEN [SOTOPES - RONGELAP PEOPLE

1
i
'
i
)

1956 |

| § cs-3 oss
'Sr~9o (7
“ Cs-137 007 (ON}

i .
1957 il'z"e’ O 50ST REDWING

$r-90 .000:

,
-
P frce-raa
Ly

RETURN TO RONGELAP

09(68)

T T 1

1.0 .5 2.0
pe

Ficure 6. Estimated bodyv burden of isotopes in Rongelap people; 1954-1958
(from Woodward et ai, 1939).

Miller (1957) determined an effcctive half-life of 110 days for the elimination
of Zn% which gives a biological half-life of 200 days.

The mean bodv burden of Zn®?, estimated from the 1958 whole-bodv count-
ing data, following the return of the Rongelap people to their island, was 8
times the 1957 whole-body measurement. The estimated intake of Zn% of 2 to
4 mpc/day (Woodward et al, 1959) was derived from the fish in the dict.
Zns3 Jevels in Rongelap fish muscle were 0.1 mpuc/g in 1956 (Weiss ct al, 1956).
The directly measured mean body burden of Zn%% for Rongclap people in March
1958 (0.36 uc) is about 60 per cent of the cstimated equilibrium value of 0.6 ge.

The estimates of body burden of Sr%°, Cs137 and Zn% (1954-1958), derived
both indirectly by urinalysis and directly by whole-body gamma counting. are
presented in figure 6. The values in the parentheses are those obtained by whole-
body gamma spectrometry, while the other values were obtained by extrapolation
from urinalysis data. The body burden for Cs137 of 11 muc (direct measure-
ment) in 1957 indicates that the Rongelap people were exposed to a continu-
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ing low level of Cs!37 from stratospheric fallout during 1956 while they were
living on Majuro. By contrast. the Cs?37 mean bodv burden of the Utirik people
iwho were returned to their atoll in 1954) was 340 muc, 30 times higher than
that of the Rongelap people residing on Majuro (Woodward et al, 1959). This
higher burden can be attributed to the higher level of Cs137 contamination in
the environment of the Utinik people during this period of time.

The level of Cs337 in the body has fluctuated over the vears since the original
contaminating event. Unlike Sr®, which is firmlv fixed in the skeletal tissue,
Cs1%7 has a relativelv short bioclogical half-life and thus readily reflects the en-
vironmental level. The shightly increased level of Cs'®7 during the 1956 and
1955 periods of weapon testing was'thus rapidly reflected in an increased body
burden 1n the Marshallese. A very marked increase in Cs37 was also observed
in the Rongelap people after thev rcturned to their original island in 19357,
The Cs'%7 level 1n the Rongelap people in 1958 was about 0.6Suc. about 60
umes greater than the 1957 level, while the unnary Cs127 level rose 140 times.

The mean Zn% bodyv burden of the Marshallese. according to preliminary
anaivsis of the 1959 whole- bodv counting data. 15 0.44 uc. § per cent higher
than the 1935 value (Cohno 19597, Thesc data would also appear to indi-
cate that Zn% deposition in the Rongelap people has not as vet reached equi-
hibrium.

SunatmaRy anND CONCLUSIONS

Since the nuclear fallout-producing detonation of 1954, in which a large
lanc mass in the Marshall Islands and an isolated group of people were acci-
dentallv contaminated, studies have been in progress to determine the move-
ment of fission products in the environment and in man himself.

While a large number of fission products are produced bv a nuclear de-
tonation, the majority have short half-lives, of the order of minutes or days.
Still fewer gain entry into human tissues, as a result of the protective filtering
mechanisms in the inhalation and ingestion systems of man. At carly times
following the contaminating accident. Sr8, Bal4®, 1131 and the shorterlived
lodime isotopes and some of the rare earth elements contribute the major por-
tion of the internal dose. After a period of 1 vear, the Sr% contributes the
greatest dose (to the skeletal tissue} and is the most critical fission product
f:om the point of view of internal hazard. Cs'¥7 and Zn® have also been de-
tected in tissucs. These are present in small amounts, but are of intcrest be-
cause they yicld information on the movement of the fission products from the
environment to man. The dose from the internally dcposited emitters was
small compared to the concomitant external dose. Other than transitory changes
in blood<ell levels, no pathological effects have as vet appeared as a result of
this radiation.

Considerable data have been collected on the amount and kind of fission
products in the soil, in various plants and numerous land animals and marine
specimens, Radiochemical assays of specimens collected in yearly surveys have
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vielded data on the transmission of fission products between successive members
of the ccological chamn.

Body burdens of gamma-emitting fission products such as Cs'47 and Zn%*),
measured by use of a whale-body counter, have correlated rather closeiy \\xth
those estimated by radiochemical analysis of unne specimens. Estimates of the
bodv burden mav also be made from the Sr*¢/Ca ratio 1n the dictary intake.
The estimates of bodv burden derived from Sr# g of caleium ratios i the
soil thraugh various steps of the ccological cham to man vare widelv doe to
inherent difhculties i dctcrmmmg m(anmgfu OR values from soil to plants.

The studv of the fission produets in the NMarshallese people has been com-
phcated moseveral wavs, Thev were guickly evacuated from thar isdand atter
the acadent and did not return to thclr homes until 3 vears later. In the intenim
S vears ainee the aceident. additional weapons tests have been hiddd which have
mncreased somewhat the amounts of the fission products m the environment.
Fimallv, their diet now includes a vanety of nnported foods. s¢ that the are
not bz oo Uddosed” emvonment. and therefore mav not be rapid- ap-
pro\mm“ cquhbnum with the assion products an at,

\Vhile the data collected 1in this studv of a Pacific Island community give
an indication of the internal radiation hazard resulting from acute and chrome
exposure togecz! falloat. guantitative diffrences might he expestad e dificront
situations. For example. the ph\'&lhﬂ and chenncal propertics of the fabion
matcrial as wedl o meteoralomeal conditions and prm)crtiu of the brogplher,
will mfluence strongly the nph}\( and retention of fsaon products moman via
the sonl-plant- animal cvele, and thus will determine the mtemal radiation Lazard
to man. For this reason, considerably more rescarch 1s required on the transport
of Tow levels of fssion produocts lLSpL(lJ] Srtyoan food chains and biogeo-
chemical eveles to determinge the fate of radioisotopes i an environment. and
thus to predict the potential internal radiation hazard to human beings hving
in fallout-contaminated arcas.
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