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A umique opportunits for the study of the internal radiation hazard associ-
ated with the contanmunation of an snhabited land masw by Jocal fallout was
afforded when scveral of the Marshall ldands were acaidentally contamimated
to varving degrees as a consequence of the fallout-producimg nuclear detonation
of March 1. 1954 /Cronkite ct al, 19561, The arca contaminated was thousands
of wguarc miles bevond the range of the themmal and blast effects. Two hun-
dred thirtv-mine Marshallese persons were exposed to levels of gamma radistion,
ranging from 175 r on Rongelap to 14 r on Utink. Further, the inhabitants of
Rongelap and Utirik were also subjected to an acute mhalation and ingestion
exposure during the 48-hour penod that elapsed pnor to evacuation. Their
mmtial body burdens of internal emitters were estimated from analysis of their
unne and also from data obtained on ammals simultaneously exposed. These
data indicatc that the acute hazard from the internal emitters was very small
as compared to the concomitant external dose. Medical survevs have been made

yearly since the accident in order to follow up the recovery progress of the ex- 4
posed people (Bond et al, 1955, Cronkite et al, 1953; Conard et al, 1956, 1957, )
1959).

Within a month of the accident, islands of the following atolls were sus- . £

veved. Rongelap, Rongerik, Bikar, Likicp and Utinik. Numerous land animals,
birds and marine specimens, and samples of plants, soil and water were collected
for analysis of the content and distribution of radioactive material {Cohn ot al, -
1955). At the same time, 3 gamma dosc rate survey was made over scveral
typical land arcas to provide data on the degree of the external radiation hazard.

t1t is not possible to acknowledge individually the many wbo have bevn dusocisted e
with collecting and anahzing the data over the fivescur period of the stndv. It & paw'bk only
to mention the group leader and the laboratorics with which they are swocisted: Atomic Esergy .o

Commission, Division of Biology and Mcdiaine—G. M. Dunnmg: New York Operations Offee—
] H. Harler; Argonnc Natonal Laboratony—~C. E. Mdler; Brookhaven Natwonal Laborstory—
\’. P. Bond and E. P. Cronkite; Los Alamos Scientific Laboratory—P. Harris; V. §. Nava! Radio-
logical Defense Labora!on University of Washington, Labomorv of Radiation Biolopn—E. E.
Held, and Walter Reed Aran Institute of Rescarch—X. 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 mulk which had strontum added to . In fact only 35 per cent
of the stronhhum was removed, less than could be rcmo: Gom cow milk. This

would indicate that the binding capacity m g 15 greater than m cow
milk. A low calaum resin was effective ) ving the strontium from goat

milk. A resin mixture (1Ca:2K: ]“\‘ on egc\\ﬁ}@ per cent of the strontium.
\“\O ) peo? “€R€ 5(\30‘(
ﬂ.‘ 0 \(% LSIO%‘SQ)\O .‘\o\"\

The e?ﬁ&xments d&?\%ed m,thls\?‘aper md sﬁﬁ'ﬁ str t\&n\and u
could be removed from mﬂbﬁ@h&ut alt fe ﬂa\‘guﬁgj& catg“iu gosn-
tion of the milk. \O i ,,hﬂ:\

The simples? Yrgﬁtmep{,\@ fhrt of @‘hatmcr& \g&@ eqml)brated Tesin,
eg. CakNa Thisresh ou]d ‘nerat b‘ﬁt? equiltbrating solution. In
this case ¢ I\S 2“ ceng d bc 5 Q&é In one treatment and about 70
per cen®W r\\&ﬂg‘g}ﬁ%}x‘ts Rgdlsmg to a pair of mixed resins would remove
55 to 90 pC' of thy Nm. The mined resins are more efhcient because
some of : mé A 1 % bound and 1s not available for exchange onto an equib-
brated re\ngd\‘

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

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

The most comprehensive studies were made at 1 and 2 vears following the
accident Rinchart et al. 1955, Waeiss et al. 1956). Data were obtained on the
residual actnvity in soil and on the uptake and rctention of fallout matenal by
plants and land and manne animals. Thesc data form the baus for an estimate
of the radiation hazard associated with both an acute and chronic exposure to
local fallout. 1t 15 perhaps the onlv long-term studv of a commumty exposed
to a signihcant local fallout, and thus 1s of considerable value. Further. since
the Rongclap people werc mosed from therr original habstat and then returmed
after a peniod of 3 years, the relationship between body burden and changing
levels of environmental contamunation can be studied. Unfortunatelr, 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 varous of the fision prod-
ucts 1n the bodv. insofar as they have contributed small but detectable accretions
tn the contamination in this area. The procedures for sample collection. prepara-
tion and radiochemical analvsis have been described (Rinehart et al, 19353:
Weiss et al. 1936; and Shipman et al, 19551,

The most interesting new technical devclopment in the field of fission
product analvsis n human bemngs has been the appheation of the techmque
of whole-bodv gamma spectroscopy. In 1957 1t was detemmined by Miller that
direct whole-bodv gamma counting of the Marshallese was feasible. A group of
seven Marshallese was brought to Argonne National Laboratory and counted
n their whole-body counter. In 1955 and 1939. 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 people were counted {Conard and Robertson, 1958; Cohn,
1059). The technique of whole-body spcctrometry has been described by
Miller (1939).

Resurts axp 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 plants, and thence o
animals and finally to man. The levels of radiocactivity in cach of these com-

ponents of the ecological chain from soil to man were measured and arc re- -

ported below.
External Dose

The levels of radioactive contamination which fell on the Marshall Istands -

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

ifigure 1). Gejen, an unmhabited northern wsland, receved the highest dose.
2.000 r; Rongclap (from which it was necessary to evacuate the inhabitants)
recened an intermedate dose of 175 1 and Utink Island to the cast recened
14 r m the fist 2 davs. The dose rate on the Rongclap Atoll, as measured

I l %}
IKAR
@ @ @ @ BIKAR ATOLL 0 anp

12° T = 12¢
e - xS
BIKINI = UTIRIK ATOLLJ
ATOLL  p o267 Tic s 27h._ TAKA ATOLLT UTIRIK
ATOLL ATOLL | ISLAND
0 50 0 150 200 '
L [ S S
| STATUTE MILES ! !
166° 168° i70°
1c° ‘ | Lo

Ficvre 1. Isodose lhines of estimated pattern of radicactive fallout. Pacific Proving

Greunds. March 11934 The numbers en the map renresent the dosee that would nave

peen tecencd over approvimateh 4% hours without shiedding The dowe. above winch

sunnnal s unbkhe 10 800 1 and below which sunmal s probable 15 200 ¢ from
Cronhste et al, 1856

mtially and over a S-vear period. is presented m table 1. The values of dosc
rate at 1 vear vaned 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 radioisotopes which contribute

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

Gamma exposure levels Rongcl:g Atoll
)

tmr/hr at 3 #t above grou
Rongelap Island Eniactok Island Kabelle 1sland

Jan. 1955 0.5 20 30

Oct. 1955 .. 0.2

July 1956 ... - 0.4 12

Julv 1957 s 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 actnity at carlv time intenals. The principal 1sotopes present at the early
intenals are Sre®. Sroe.yeo Zpei Nb9 Ryutvs-Rhivs, Tel2712¢  ]131-132133-135
Cs137.Ba’3s, Balt0.La™0, Cel*+.Pris+. Pri47 and Np=3¢.

Soil

The fallout maternial appeared initially to be associated with relatively large
particulate matter and to be distributed umiformly over the soil. The residual
actnity on the islands was imtially contaned pnimanly 1n the top few inches
of sol.

Radioanalvsis of soil profiles at 1 vear indicated that” hittle translocation of
the acts ity had occurred. Cs'¥7, Cel#+-Pri#d, and Rul®6.Rh!% constituted the
largest portion of fixed contamnation 1 the soil at this time.

Actinity 1 the lagoon bottom silt at 1 vear appeared to be distnbuted rather
umformlv 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 activty ranging from
CON0 tn 12006 d m.g The samples were collected at water depths of 49 to
120 tt The actinats an lagoon bottom silt 15 of interest, since 1t provides a reser-
vour of actiity available for future incorporation into manmne food specimens.

At 2 vears following the contamimating event. most of the actinity was still
nrmhv nved o the surface laver «0 to 1 anchy of soil. Loss of actiaty from the
surface laver i the perniod 1 to 2 vears was largels the result of radioactne decav
rather than the result of leaching or erosion At I vears. the rare carths. Ru'®,
St and Co# constituted $4, 10, 5 and 1 per cent of the activity respectnely
on Rongelap Island

The Sr% concentration n the surface soil of the island at 2 vears is shown in
table 2. The level of Sr®/Ca 1n the soil of Rongelap was 8.4 x 103 uuc Sr*¢/g
of exchangeable calcium. The level of a soil sample from Gejen (the northern-
most 1sland) was exceptionally high, 6.2 % 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* (ie., the ability of plants to cxtract Sr* from
soil) depends on the soil type, the solubility of the Sr* compounds. water
depth, pll of soil, moisture and orgamic matter {Blume and Smith, 1954, In
addition to the Sr*" extractability from the soil, thc amount of cxchangeable
calcium 1n the soil 1s also a verv important factor. The ability of plants to take
up Sr* 1s inversely related to the amount of exchangeable calcium in the soil
tFuller and Flocker, 1955). For example, plants grown in acid soils low in
calcium take up the largest amounts of Sr*®, while plants in alkaline calcarcous
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. Strontnun®™ concentrabion i surface soils of Narhall lands, March 1956 (from Weiss ¢t al, 1956)

Island

Gejen
Fuactok
Sifo
Rongcelap
Fanm ctok
Utirik
Likicp

Soil type

large calearcons particles
. small sand tike particles
. small sand-like particles

loamy
small sand like particlces
small sand-like particles
loamy

S

(d/m/g sl
1,580 + 20

400 11
25=*3
234 x4
62 + 2

3415

11 +2

“Exchangeable™ calomm
{mg/g sol)
14
09
OR
127
406
1.9

430 * 60

uuc Sr™/g calcium
g

62V 10" +63x 10
19 10"+ 54 % 10°
13x100+17x10"
8.4 % 10> = 150

6.1 x 10"+ 180
660 * 330



Contamination from Local Fallout

Plants

The uptake of the fission products from soil by plants is the neat step in the
chain by which these radioisotopes rcach man. It was found that, dunng 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 actinity 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
actwvity and no alpha activity were detected 1n the edible portions of the plants.
Thie one exception was the presence of high levels of beta activity 1 the sap
of the coconut tree (1 uc‘iter). The 1sotopic composition of this tree sap was
verv simalar to that of the ground water, suggesting uptake of these fvaon
pruducts by the root system. The predominant fission product found m the
trce sap at this time was Sr8% presumably as a function of ity abundance and
relatnels high solabiit

At the vme of the Tvear resunvey of the island, extensne incorporation of
radionuchdes mnto plants had occurred. The gross beta actiaty 1 plants on
Rongelap Idland at 2 vears after the detonation s shown mn table 5 The leve!
of snternal contan nzhien an the plants corresponds roughh to the Jend f
actinity i the soit and the gamma dose rate on the islands However. wide
vanations aceur 1o the Ievels of beta actnaty i the plants on any onc kland.
The avallabilits of the hssion products to the piant 15 undoubtedh a funcrion
of the age of the plant, the stage of devclopment of the fruit, the tvpe and
depth of soil and the phvsical-chemical properties and distribution of the fallout
material. Since the fallout from the March 1, 1954 detonation consisted of
hssion products associated with large particles of CaO, Ca(OH),, CaCQ, and
NaCl particles, 1t 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 frmt. 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 arrowroat .
tuber was Cs?87. Very small amounts of activity were contriboted to these plants
by the rarc carths, Ru’®® or S®. The concentrating capacity of coconats fer
Cs137 was espccmllv marked when compared to the low levels of Cs'® jn the’! &

soil, particularly in the arca of the root system of the plant. The high Cs'®
concentration may reflect foliar absorption and/or a potassium deficiency in the
plants with the substitution of cesium for potassium. The S$*® concentration
was uniformly low in the edible portions of the above samples of plants.
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Cohn, Robertson, Conard

Sr#¢/Ca ratios were highest 1over 1,000 puc Sr®° g of calcium) 1n portulaca,
coconut meat and milk and pandanus (Weiss et al, 1956). Portulaca had a par-
ticularh Ingh Sr%¢/Ca ratio. ranging from 6,000 to 25,800 puc Sr®,g of cal-
cium. Average Sr*9/Ca ratios m common foods collected at 3 and 4 vears
are discussed later in considening the dietarv eshimate of bodv burdens in the
exposed Marshallese.

Water

QOcean 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 cisterns and a well on Rongelap had high levels of activity (1 uc/hiter)
at 30 davs The predominant radionuclide present in the water at this time
was Sr8%. Cistern water contained varung levels of contamination, depending
on the onginal contamination, nature of watershed areas. etc. The occan water
sampics contamed very small wmounts of beta actiaty, presumably demved from
activity washed off the islands The radiochemical composition of ground water.

Taslr 4 Average relatne composiion of nuchdes 1n plants, soil and water, March 1936
{from Weiss et al. 1956

Relatne composition per cent)

S No of Total
ource samples rare
Piant o Part averaged  Cs'¥ earths Sr*® Ruy*®
Plants
Portulaca whole 1 489 39.2 11.8
Papava . frit 1 79.8 178 25
husk 3 98.2 1.1 0.7
meat 2 989 003 1.0
Coconut o ... . shell 2 99.5 04 01
milk 1 99.6 0.2 02
leaves 2 8.3 86.5 0.4 5.1
keys 2 92.6 22 5.5
Pandanus leaves 2 727 133 5.1 8.9
air root 2 $8.9 103 08
Artow root tuber 1 75.4 16.8 1.0 6.8
leaves 1 1.7 839 3.0 14
Soil
Depth, 0-1 in. .2 0.34 83.8 5.6 10.0
Water
Cistem . . . . L. 2 64.4 35.6
Well 2 100 0
Lagoon 2 94.5 5.5
QOcean . 2 100 0
314



Contamination from Local Fallout

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

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

Fish and Marine Specimens

The level of radioactivity found in the tissues of fish and manne inverte-
brates collected at 2 vcars, while onh 3 per cent of that found m fish collected
at 1 month (5 uc/kg) was nevertheless readilv detectable (\Weiss et al, 1956).
Considerable vanation evisted in the concentration of achaty per weight as a
function of the geographic locaticn of the fish and manne specimens. In the
Rongelap Atoll, for example. fish and mnertebrates caught in the northem part
of the lagoon at 1 vear contammed. on the average. 3 to 4 fimes the amount of
internally deposited fission products as was found in similar specimens from
the southern part of the lagoon. This finding 1« consistent with the fact that
the northern lagnon was exposed to hizher concentratiens of fallont matenal.
{Average extcrnal gamma readings of the northern and southern Rongelap
Islands at the time of sample collection were 5.8 and 0.7 mr/hr, respectnels.)
This difference in concentration of radicactivitv 1 fish from the north and
south lagoons war not noted at 2 vears Apparenth the actiaty was completels
diffused throughout the lagoon by this time While there was considerable
vanation 1 the concentration of actinity of dinadual fish from «ome arcas, no
corrclation could be found between the levels of radioactinty and the eaung
habits of the fish {carmvorous, herbivorous, and omniorous).

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 contaned ap-
proximately 15 and 20 per cent, respectively, of the total internal activity. The
remainder of the activity was found on the skin and the gills. At 2 vears the
skeleton containcd 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 “ncutron-induced” activity, accounts for the high gamma-to-beta
ratio obscrved at 1 and 2 years. Zinc was fairly evenly distributed throughout the
tissues, contributing about 90 per cent of the activity in the skelcton and muscle
(Weiss et al, 1956). The level of S1% 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 S1%/g of calcium (Weiss ct al, 1956).
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The presence of Co% 1n the soft tissue of clams was noted for the first time
in the Z-vear resuney (Werss and Shipman, 19571, The Co% accounted for
the major fraction of the total actiity in the clams. The verv marked ability of
clams to concentrate Co%t selectively was verified in laboratonn expeniments
{Gong ¢t al. 1957,

Land Animals

Internal radioactne contamination of animals from Rongelap was deter-
mined b radiochemical analvses of the tissucs of domestic ammals (pigs and
chickenst sacrificed at vanous times following contamunation (Cohn et al,
1935 ,. The mternal contanination resulted from both inhalation and ingestion
of contaminated food. with the latter being the more important route of entry.
The bods burden of fission products was roughly proportional to the gamma
dose rate on each wland. The mternally deposited actiaty 1n the pigs Ining on
Rongelap for 1 month after the detonation was tenfold higher than that of the
human bemgs wno were evacuated within 45 hours The difference thus refiects
the pralonged <tav of the ammals i the contamimated area

Onlyv a small percentage of the fission products initially present 1 the en-
vironment was rcadily absorbed from the lungs and G. 1. tract and retained in
the body of land ammals Thie G 1 tract actnaty was contributed chieflt by
rotones of short radiological and brological half-hife and imired solubihity, and
thus the levcdds of activity m the tissues of the body were quite Tow. At 3 months,
racinchenncal analvses of tissues from Rongdap pigs mdicated that Srv, Balse
and the rare carth group constituted 75 per cent of the total internal beta ac-

Tasir 3 Radiochemcal anahvais of tissues and unine of Rongelap pige exposed to fallout
fromy the March 1. 1954 nuclear dctonation® (from Cohn et al. 1953}

Bcta activity d/m/total sample ¢ 107

Gross

actinty Sre Ba® Rare earths
Skeleton  total} 5.745 5350 595 650

{1007 (62°) (6.8%) (9.7}
Lungs (alveolar) 13 0.24 0.22 0.57
Stomach 16 026 0.62 0.60
Small intestine 253 0.73 0.69 0.69
Large intestime 14 5.0 28 4.0
Liver 29 047 0¥ 5.9
Kidnev 32 0.18 0.30 0.61
Remaining carcass 155
Thyroid dose 100-150 1ep (estunated from earlv analvsis of unne)
Total external gamma dose 330r
Internal beta activaty 4 uc

* Values are the average of two voung adult pigs which were analvzed 3 months
after detonation.
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tnats itable §). The Jargest portion 199 per cent) of the mternallv deposted
actiaty was fixed m the skeleton,

The biological localization of residual activits within <keletal tissue 15 shown
mn an autoradiograph of the femur of a pag that was exposed to the witial fallout
for a penod of 30 davs following detonation (figure 21 Tt will be noted that
there 15 a dense concentration of fission products 1n the epiphvseal region of
thc bone. For companson. the autoradiograph of a tiwa of a rooster collected
at 2vears following detonation 1s shown m higure 3. Here 1s scen a concentrated
deposttion of activaty in the duaphyvsis and a hghter deposition 1in the region of
gronth at the ends of the bonc. indicating that the pnmany depostion oecurred
won after detonation. while the ammal was voung and growing. and that subse-
quent bone grow th incorporated much smaller amounts of radoactive matenal.

Ficure 2. Autoradiograph of femur of Rongelap pig; sacrificed 38 davs after detonation
{from Cohn, 1936).
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Cohn, Robertson, Conard

Ficvre 3. Autoradiograph of tibia of Rongelap rooster, March 1956 (from Cohn, 1955).

Rongelap People

The body burdens of internal emitters in the Marshallese were estimated
from the data obtained by radiochcmical analysis of the tissues of the above-
mentioned pigs which were simultancously exposed, and from a comparison of
urinalysis 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 pcople, 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; Ba*®, 2.7 uc; 1131, 6.4 e and the 1are
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earth group together. 1.2 uc. The contnbution of this amount of internal con-
tamination 15 small as compared to the 175 r external gamma that the Mar-
shallese people recerved.

In the first few months following exposure, Sr%¢ and 1131 (plus the shorter-
lived 1odine 1sotopes) contnibuted the greatest internal radiation dose. In the
acute exposure, 12 and the shorter Ined 1132 1333 and 1'3% contnbuted the
highest individual tissue dose, 100-150 rep to the thvroid. Sr8? 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 chimeallv obsened effects of
known amounts of internally deposited radium. These effects do not appear. of
course, until a penod of vears has elapsed. and observations made at earlv times
following exposure vicld no sigmbcant data concerming the damage Thus. as
avticipated. the peonle and ammals on Ronzclap Tiand who recoened oumter-
mdiate fallout dose exhibited onlhv transitory changes i blood-ccli Tevels over
the 5-vear perniod of observation since their exposure, but no other pathological
changes that could be ascribed to radiation.

In terms of <hironic exposure to mternal radiation, Sr° s cieariv the erhical
clement. Particular cffort was therefore made to determine it levels n soil,
plants and man himsclf, and alvo the iter-relationship of these levdd. In the
stuation where people are exposed to addinonal fallout from continmed weapon
testing, the sustaincd high level of the shorter-hved Sr8® mav 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 munor significance as an internal radiation hazard. Like Sro9,
Cs!37 has a gascous precursor with a half-life sufficiently long to avoid early
condensation in the fireball. Cs?37 thus follows Sr% into the stratosphere. Since
the fission yields and the half-lives of the two radioelements are nearlv equal,
thev are present in the fallout in like quantities. While thev bebave differently
1n the ecological cicle, 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-cmitting properties make it readilv detectable.

There is also some interest in the neutron-induced radioelcment Zn63, 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 definitelv 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 ther movement. Thus
only the above three fision products of greatest mterest wall be considered here

The body burden of fission products can be determined i three wavs. The
mcthod of choice 15 the direct in vno measurcment using whole-body spec-
trometry, The hmntations of this method are that few whole-bodv counters are
m enstence, and thar absolute calibration 16 quute difacult. More unportantly,
this method 15, of course. restncted to analvsis of gamma-cnutting 1sotopes,
ance. to date, a whole-body beta counter has not been developed.

A «econd method for mlculatmo bodv burden, particularly for counting beta
enutters such as St 1 the estimation of the internal deposition from data
obtained by radiochemical analvas of the unne.

Finallv, 1t 15 posaible to make a completeh indirect estimate of the human
boady burden ot radioisotopes by what mav be called the environmental ap-
proach Tn this method, the estimate of the bodvy burden 1s based on the con-
centrations of the fission products present in the emvironment, chieflv the soil
and the important componente of the dict. I order to make this cstimate. data
st be obtaimed on the transfer of the f gon products between successine
daments of the ceological cham leading from sail to bone. For example. al-
though strontinm and “calerum are chenncally simular and thus appear togcther
m the vanous components of the ccological cham. calaum 1s taken up prefer-
entall beoplants anad aminn oso that 1t neceswan to detemng the disenmn
nation tactor 1or cacn step When these tactors are known, 1t 1 possible to
ostimate the dose to the “entical organ™ m man from the concentration of the
notope moany step of the cham,

Encironmental Estimate of Body Burden

The environmental cstunate of internallv deposited Sr®® can be made in the
following wav. A numbcr of rats were collected on Rongelap at 2 vear< follow-
mg the 1954 acadent They had subsisted on a diet consisting pnimanly of
plants. These ammals were subjected to careful radiochemical analvsis, as it was
thought that thev mught sene as mdicators of the mternal radiation hazard that
would result to human bangs if they inhahbited the same arca during this time,
and subsisted on essentially the same diet. The Sr*/Ca ratios for vanous tissucs
of thewe rats were measured direeth and these values were compared to the
St Ca ratios of the food and soil on Rongclap collccted at the same time.
Thus a compancon could be made between the emvironmental approach and
the direet measurement. Extiapolation of the environmental data will gne the
cquhbrium value, whereas the direct measurement give the value at the time
of measurement. In this manncr, the per cent of cquilibrium of Sr* internally
deposited in the rat can be determined. Tt can be scen from the data that the
Set /Ca ratios for different foods on Rongelap varied greath. Further, the diet
of the rats on Rongclap was too uncertain to assume an “average” dict, so that
1t was necessary for this estimate to use the Sr%/Ca values of the soil tself.
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The “Strontium-Calcium Obscrved Ratio”™ tOR) of Comar ct al (1956)
was used to denote the preferential utihzation of calaium 1 the following
manne:.

Sr.Ca of sample
ORsumple-procunnr = P
Sr Ca of precursor

The Sr*¢ discnmimation ratio m the chain from soil (s) to bone (b) via

plants (p} can be expressed as follows

OR e son = {OR) (OR, 0 = (0 7)(0.25) = 0.1S

The value OR,,, == 0.25 15 an approximatc ralue obtained expenmentallh on

rats fed a stock laboratory dict (Comuar et al, 19563 This diseninunation factor

of 4 for calaum agammst strontium from dict to bonc m man has been reported

by Schulert et al 11939a) and Brvant et al 11935 A morc appropnate value

tor the rats m this atuation mloht be the OR,ppeqrer = G106 obtamed by a

studv of wild Kangaroo rats lx\mo 10 the Nevada desert ¢ Alexander et al. 10361,
The body burden 18 the ’

ST Cavy, == oS Ca) COR,OOR,
= 154 » 10%)(0.7;10.16: = 924 uuc Sr*yg Ca

The value thus obtained 1 approvmated bwace the value of 470 to 343 ¢
srg of calaum obtamed by direet radiochamical analvss of the tisues of
rats lx\m" on the iskmd dunng the Z-vear nenod following detonation This
diference in the indireet environmental exhimate of the body burden of > Ca
a~ compared with the direct analvas mav refiect athier errors i the disersmima-
tion ratios or a lack of Lqulhbnum between the S1*/Ca in the animals with
the soil at 2 vears. Simce 13 rats of the same average age analvzed at 4 vears had
valucs close to those of rats collected at Z vears. at 4+43 = 181 puc St g of
calaium (Held. 1955, it must be assumed that the diserimination ratios are
not sufhciently accurate for this estumation.

It 15 obvious that applung the same techmque of eshmating the Sr* body
burdens of the Marshallese people 15 also difhcult because of the uncertamty of
their dict and the disccontinuous nature of thair habitation on Rongelap Island.

Dunnmg (19571 has estimated the future St body burdens i the Mar-
shallese from the Sr%/Cain an “average™ food supply which was about 360 uuc
Sr* ‘g of calaum in 1956, This figure would be reduced to a daly intake of
about 100 guc Sr*/g of calcium if consumption of land crabs which have a
high Sr* content were ehminated.

These estimates of average dictarv intake are very approximate since the dict
15 not well known. A more extensive studv made in 1938 wiclded Sr* 'Ca levels
of 67.5 ppc Sr%/g of calcium somewhat Jower than those of Dunning'’s in
1956 (table 6). This study was based on an analysis of the avcrage dets of
14 males on Rongclap (Held, 1958) and a radiochemical study carned out by
Harley (1959). It was assumed that half of the daily caloum (0.8 g) was from
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Meat from mature coconut
Meat from drinking coconut
Milk from green coconuts
Pandanus edible portion
Arrow root

Breadfruit

Fish

Clams

Crabs, land

Imported Food
Rice
Canned “C” rations
Flour
Tca
Milk

Salt and sugar

Taniyr 6 Fshimate of strontinm™ m diet of Rongelap adult, 1958

A

Dady
mtake"

(g)*
89
75

116
79
59
45

139
43
14

660

R

Calainm
content
(mg Ca/g)

0075
014
015
01s
2.10
0.60
013
4 00
4.00

[

D.aly
calomm
mtake m

me (AN 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

mtake”

0.003
0.013
N.022
0015
152
0.031
0023
0.225
0.070

0.56

I F
Contribution
to total daily

St mtake
(D X ) (uuc/g Ca)

g
content

{unc/g Ca)

1.200 26
210 27
1,000 220
930 140
19 29
260 88
280 64

S 11
(4.000) (280.0)
67.5
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indigenous foods and half from imported foods. Using the above-mentioned
discnimination factor of 4. the equilibnum body burden for the Rongelap people
on 67.5 uuc;g of calaum daily mtake (excluding land crabs in the diet) would
be approximatelv 17uuc/g of calcium. This 15 about 68 per cent of the equi-
librium value estimated by Dunming (1957) and 74 per cent of that estimated
from unnalvsas data in 1958 (Woodward et al, 1959 ;. Another effort was made
mn 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. 1t 1s even more dificult now to extrapolate from Sr?®/Ca ratios in food to
bodv burden.

It 15 obvious that further data on the transport of low levels of Sr®® and
other fission products through the ecological cvcle 1n this and other communities
arce required to assess the internal radiation hazard to human bangs Ining in
a fallout-contaminated area.

Estimate of Body Burden by Whole-Body Counting and Urinalysis

More rehable estimates of the Marshallese bods burdens were obtained by
whole-body gamma spectrometny and bv radiochemcal urinalvsis. The unnary
eeretion Jevels of St for 3 vears following eapo-ure to fallout ar¢ shown n
ngurce 4. The 4- and 5-vcar unnany Sr+¢ levels were much higher following the
return of the Marshallew to Rongelap. The excretion ratc may be e\prcssed
a» the sum of two exponental functions. The major fraction of Sre0 15 excreted
with a half-life of 40 davs. and a smaller fraction 1s excreted with a half-hfe of
500 davs. These excretion rates correspond to those reported by Cowan et al
19521 1n 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 C<'3" unnart eacretion levels of the Marshallese for the 6 months im-
mediately following exposure can be expressed as a single exponential function
with a half-hfe of 110 davs (figure 5). This biological half-ife for Cs137 15 1n
good agrcement with the value of 140 dayvs obtained by Anderson et al (1937)
in a chmeal tracer study.

The Rongelap body burden in 1955, per cent of equilibrium and the equi-
hbnum value has been estimated from these excretion data (table 7) (Wood-
ward ct al. 1959). These values are <ubject to some uncertainties since it was
necessary to use a number of gcncrahzma 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 skelctal value of 2 yuc/g is obtained. Thus, the mean body
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burden of Sr*® for exposed Rongelap people in 1958 was estimated to be ap-
proximately 2 myc or about § per cent of the calculated cquilibnium value
of 23 muc

The body burden at equilibnum for Cs!37 was estimated to be 1.3 uc
{Woodward ct al, 1939 (table 7;. or about one-half of the ICRP MPC for
non-mdustrial populations This value, however, 15 too gh. snce the 1959
Cs137 bodv burdens appeared to have already leveled off. Prehminany analvsis
of the 1959 whole-body counting data indicates that the Cs's® levels had
dropped shightly (0.53 ue) as compared with the 1955 values Cohn. 1939,
However. 1t 1s possible that the Cs137 intake 15 less than cstimated, since much
of the Rongelap food 1s imported and of lower Cst37 content.

[e]
I

$ 172500 Davs

t1i/2™40 pars

STRONTIUMSC EXCRETION (fLfLc/LITER)

0. N
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 3 Coaum’™ avaretion m oanne of axposed Rongelap people {from Woad-
ward ¢t al. 193¢

Zn% was fint detected by NMiller (1957, 1n 1957 1n the seven Marshallese
exammned by whole-body spectrometry . although 1t had been observed 1 high
concentrations m fish as carh as 1 vear following the detonation (Rmchart,
19534, Body burdens of Zn"" in 1937, as measured durectly, averaged 44 muc
for Rongclap mhabitants (hgure 6), and 350 mpc in two Utink mhabitants.

Tasrr 7 Estimation of bods burden of Rongelap population by unnarny excretion levels,

1955 (data from Woodward ct al, 1959)

i S (muc) C™* (muc) ] Zn% {mpuc)

) L Exposed Exposed Contral Exposed Control
Body burden 2 900 1,200 280 540
Egulibrated body

burden 23 1,300 1,600 330 650
Per cont cquilibnum 9 69 75 85 83
Dailv intake 015* 2(?) 21 41

* 3.7 Strontum Units (SU) determined bv bone biopsy.
" 135 SU assuming dailv caloum antake = 1 g
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ESTIMATED BODY BURDEN {SOTOPES - RONGELAP PEOPLE

§cs27 o
fsr-soem

(I Cs-137 007 (0o}
|

2Zr-€5 02810447

1957 ‘l POST REDWING

| sr-s0.000

“l ce-144 (7
RETURN TO RONGELAP

c3sie8)

1 1

1
1.0 1.5 2.0
pe

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

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

The mean body burden of Zn®?, estimated from the 1958 whole-body 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 mgc/day (Woodward et al, 1959) was dernved from the fish 1n the dict.
Zn% Jevels in Rongelap fish muscle were 0.1 mpc/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 estimated equihbrium valuc of 0.6 uc.

The estimates of body burden of Sr%, Cs37 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 mpuc (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 stratosphenic fallout duning 1956 while they were
hiving on Majuro. By contrast. the Cs?37 mean bodv burden of the Utink people
rwho were returned to their atoll m 1954) was 340 myuc, 30 times higher than
that of the Rongelap people residing on Majuro (W oodward et al, 1959). This
higher burden can be attributed to the higher level of Cs!37 contamination in
the emvironment of the Utirik people dunng this perind of time.

The level of Cs*37 1n the body has fiuctuated over the vears since the original
contammating cvent. Unlike Sr*, which is firmlv fixed in the skcletal tissue,
Cs1#7 has a relatnel\ short biological half-life and thus readily reflects the en-
vironmental level. The shightly increased level of Csi durmg the 1956 and
1955 pertods of weapon testing was'thus rapidly reflected 1n an increased body
burden m the Marshallese. A very marked increase m Cs?37 was also observed
in the Rongelap people after thes returned to ther oniginal island m 1957,
The C<27 Jevel 1n the Rongelap people 1n 1958 was about 0.654c. about 60
umes greater than the 1957 level, while the unnarv Cs?27 level rose 140 times.

The mean Zn® body burden of the Marshallese, according to preliminary
anaivsis of the 1936 whole-bodt counting data. 15 U 44 uc. § per cent higher
than the 1935 value (Cohn. 1959 Thesc data would also appear to indi-
cate that Zn% dceposition 1n the Rongelap people has not as vet reached equi-
hbrium

Suatmary axp CONCLUSIONS

Smce the nuclear fallout-producing detonation of 1934, i which a large
lan¢ mass i the Narshall Isdands and an 1solated group of people were acar-
dentallv contammnated, stucdies have been mn progress to determine the move-
ment of fissnon products in the environment and 1n man himself.

While a large number of fission products are produced bv a nuclear de-
tonation, the majonty have short half-lives, of the order of minutes or days.
Stilll fewer gain entrv into human tissues, as a result of the protective ﬁltermg
mechanisms in the inhalation and ingestion systems of man. At carly times
following the contaminating accident. Sr%9, Bal*®, 1131 and the shorterlived
10dine 150topes 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 sheletal tissue) and is the most cntical fission product
f-om the point of view of internal hazard. C137 and Zn®> have also been de-
tected in tissucs. These are present in small amounts, but are of intcrest be-
cause they vicld information on the movement of the fission products from the
emvironment to man. The dose from the internally dcposited emitters was
small compared to the concomitant esternal dose. Other than transitory changes
in blood-cell levels, no pathological cffects 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 yearlv survevs have
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vielded data on the transmission of fission products between successive members
of the ccological chain

Bodi burdens of gamma-ermitting fission products such as Cs'%7 and Zn"")
measured by ouse of a2 whole-body counter, have corrclated rather claseiv with
those estimated by racdhochenuceal analvsis of unne specimens. Estimates of the
body burden mav alo be made from the Sr*¢/Ca ratio 1 the dictary intake.
The estimates of body burden derned from Sr# g of caleium ratios m the
sonl through vanous steps of the ceological ¢ham to man vane widelv due to
mherent dificulties m dctcrmmmﬂ m(amnﬂfu OR values from soil to plants

The <tudv of the fission products n thc MMarshallese people has been com-
phcated mosoveral wans They were quekly evacuated from ther sland after
the acadont and did not return to their homes until 3 vears later. In the itemn
S ccars since the acadont. addibonal weapons tests have been held which have
mereased somewhat the amounts of the fission products m the environment.
Finallv, thar diet now mcludes a vanety of mmported foods. <o that thee arc
not honz o dosed” environment. and therefore mas not be rapds ap-
pr(mchmy (qml priva wath the nsaon product\ m it

\While the data collected 1 this studv of a Pacific Iddand commumty gne
an mdication < f the mternal radiation hazard resulting from acute and chrome
aaposurs tedec! fallont guantititne diffcrences mght he expected e deficnont
stuations. For axample. the phyvacal and chenncal propartics of the talioa
matcnal as wedi o mcteorolomcal condiions and prm)crm-x of the bresplere,
ol mfuence srrongl the nphr\c and retention of faaon producs monuan v
the sonl- phnt-wmm..] crele, and thus will determmne the mternal radiation Lazard
to man. For this reason, considerably more rescarch 1 required on the transport
of Tow Ievels of fission products lLSpL(lJ] Srt.an food chans and hogeo-
chemical oveles to determine the fate of radiosotopes i an enuronment. and
thus to predict the potential internal radiation hazard to human bemgs hning
n fallout-contamnated arcas.
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