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Introduction

In March 1946, the United States relocated the Bikini people to

Rongerik Atol] to conduct a nuclear testing program at Bikini Atoll.

They were moved to Kwajalein Atoll in March 1948 and eventually to

Kili Island in fall 1948. A second testing site was made available in

1947 when the Fnewetak people were moved from Enewetak to Ujelang

Atoll. From 1946 through 1958, 43 tests were conducted at Enewetak

and 23 at Bikini Atoll. The atolls of the Northern Marshall Islands
are shown in Fig. 1.

Some of the Bikini people elected to return to Bikini Atoll in 1971

after a limited radiological survey had been conducted anda radiolog-

ical dose analysis completed. Housing was built and coconut, bread-

fruit, and Pandanustrees were planted on Bikini Island (B6). Coconut

trees were also planted on Eneu Island (B12, see Fig. 2).

In 1972, the Enewetak people requested to return to their home

atoll. It was decided that prior to any resettlement, a thorough radio-
logical survey should be conducted and potential doses estimated for
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Fig. 1. Atolls and islands of the Northern Marshall Islands radiological survey,
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Enewetak Island in the south and Enjebi Island in the north (Fig. 3).

* Work performed under the auspices of the U.S. Department of Energy under contract

number W-7405-Eng-48.
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Fig. 2, Map of Bikini Atoll.
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There were also plans in 1975 to starts second

phase

of

bousing.op

ikint Island at Bikini Atoll. However, external gamma measurements
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Fig. 3, Map of Enewetak Atoll,

Thus, the survey was conducted in 1972 and 1973 and the radiological
analysis completed [1]. The analysis indicated that the terrestrial food
chain waspotentially the most significant exposure pathway, However,
the analysis also identified areas where additional data were needed
to make more precise dose estimates.Therefore, a field program was
begun at Enewetak Atoll in 1975 to develop the required data base.
Crops historically used by the Marshallese for subsistence were planted
on Enjebi Island to determine the concentration of radionuclides in
locally. grown foods and the concentration ratio between the radionu-
clide concentration in edible foods and soil. In addition, experiments
were initiated to evaluate the cycling of radionuclides and to determine
the residence time in the atoll ecosystem.

available from earlier surveys indicated that selection of housing
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locations was important to minimize the dose to residents. Thus, a
resurvey of Bikini and Eneu Islands was conducted in 1975 including
collection of available samples to evaluate exposure via food chains as
well as by external gamma. Although very few food crops were availableto directly measure the radionuclide concentrations on either island,the results did indicate that estimated doses for Bikini Island exceededFederal guidelines and were about 8 to 10 times greater than dosesestimated for Eneu Island [2-5]. As a result, a field program wasinitiated in 1977 at Bikini Atoll. Subsistence crops were planted onEneu Island to supplement the coconut trees, which had been plantedon both islands in 1970 and were due to begin bearing fruit within theyear, to measure the radionuclide concentration in subsistence foods.In 1977, a clean-up program was also begun at Enewetak Atolldirected toward removing scrap and debris remaining from World WarIl and the subsequenttest series. Also a radiological clean-up, whichconsisted of soil removal, was conducted on those islands that had thehighest transuranic radionuclide concentrations. The clean-up wascompleted in 1979. External £amma measurements were made andsoil samples were analyzed for the critical radionuclides.
Concurrently with the ongoing programs at Bikini and EnewetakAtolls, the U.S. Government decided to evaluate the radiologicalconditions of two islands and ten atolls downwind of the Enewetakand Bikini proving ground prior to the termination of the UnitedNations Trust Territory agreement under which the United Statesadministers Micronesia. Thus in 1978, we conducted the NorthernMarshall Islands Radiological Survey (NMIRS)of Rongelap, Utirik,Rongerik, Wotho, Likiep, Ailuk, Mejit, Ailinginae, Ujelang, Bikar,Taka, and Bikini (see Fig. 1). The survey included aerial externalfamma measurements and the collection ofsoil, terrestrial, and marinesamples for radionuclide analysis to determine the radiological dosefrom all exposure pathways [6-9].
The methods and models used to estimate the doses to a returningpopulation in an environment where natural processes have acted onthe source-team radionuclides for nearly 30 y, the data bases developedfor the models, and the results of the radiological dose analyses at thevarious atolls are described here.

Major Radionuclides

The most significant radionuclides at the atolls in order of theContribs: : ' ; or, 7 u,

“"Am, and ™Co. The Cs, both from external gamma exposure anduptake into food crops, accounts for over 90% of the total estimated

43



rate from the c rati

whole-body and bone-marrow doses. The “Sr is the next most signifi-
cant radionuclide contributing principally to the bone-marrow dose.
The transuranic radionuclides contributed the least to the lung and
bone-marrow doses. The contribution to the estimated dose for "Co
only occurs through the external gamma pathway and at most atolls
is insignificant: even at those atolls where it does make a minor
contribution, it is rapidly becoming insignificant because of its short
radiological half-life (5.7 y).

Exposure Pathways

External and internal pathways are the sources of exposure for
persons living at or resettling anatoll.

(1) External exposure
(a) Natural background
(b) Man-made gammaand heta ravs

(2) Internal exposure
(a) Radionuclides inhaled
(b) Radionuclides in drinking water
(c) Radionuclides in terrestrial foods
(d) Radionuclides in marine foods

The exposure pathways in order of their contribution to the total
estimated doses are: terrestrial food chain, external gamma, marine
food chain, inhalation, and cistern water and groundwater. The ter-
restrial food chain accounts for between 50 and 80% of the estimated
doses, the external gamma between 45 and 15%, and the other path-
ways the remainder,

Models Used for Dose Calculations

The "Sr Methodology

Bone-marrow doses and dose rates are calculated in two steps. First,
the model of Bennett {10-12} is used to correlate the Sr concentra-
tions in diet with that in mineral bone. Second, the dosimetric model
developed by Spiers [13] is used to calculate the bone-marrow dose

samples in the U.K. gives similar results [t4]. The concentrations in
the diet are the concentrations expected to result from worldwide
fallout. The models use as input the actual dietary “Sr concentration
and the output is the actual "Sr concentration In mineral bone
determined from analvsis of autopsy samples. They also include age-
dependent variations to make dose estimates for children as well as
adults. Figure 4 shows the comparative results of the models. ‘The
major differences occur between the ages of 5 and 15 where the ratio
of Papworth and Vennart to Bennett ranges from 1.2 to about 1.6.
The two models are essentially the same from age 18 through adult-
hood.
The estimated calcium content of the normal Marshallese diet is

more than 0.8 g/d, which is very similar to the 0.9 g/d estimated for
U.S.diets [15]. Therefore, the similar intake of calcium of the overall
Marshallese and U.S. diets would indicate no major problems in
applying the “Sr model to the Marshallese population.

 

 

 Bennett's empirical model is developed from "Sr concentrations
found in foods and autopsy bone samples from New York and San
Francisco from 1951 through 1981. A similar model developed by
Papworth and Vennart based on the "Sr content of the diet and bone
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Using Spiers’ model, we calculate the dose rate D,, to a small, tissue-
filled cavity in bone from the “Sr concentration in mineral bone.
Then from geometrical considerations, the dose rates to the bone
marrow D,, and endosteal cells D, are calculated using conversion
factors D,,/D,, = 0.32 and D,/D,= 0.43, respectively. These factors are
quoted by the United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR)[16,17] and are equivalent to a bone-
marrow doserate of 1.4 mrad/y per pCi *'Sr/g calcium and an endosteal
cell dose rate of 1.9 mrad/y per pCi “’Sr/g calcium.

The '’Cs and Co Methodology

Ingestion

For '’Cs and “Co, the methods of the International Commission
on Radiological Protection (ICRP) [18-20] and the National Council
on Radiation Protection and Measurements (NCRP) [21] as developed
by Killough and Rohwer in their INDOS code [22] are used for the
dose calculations. This code is used as published; however, the output
is modified to show the body burdens for each year. For Cs, which
is of major importance in the Marshall Islands, the model for adults
consists of two compartments with removal half-times of 2 and 110 d,
with 10% of the intake going to the 2-d compartment and 90% to the
110-d compartment. These data are consistent with preliminary data
obtained by Brookhaven National Laboratory (BNL) on the half-time
of the long-term compartment in the Marshallese [23]. The gut trans-
fer coefficient for '’Cs is 1.
The half-time of '’Cs in children is determined in two stages. The

equation usedto determine the half-timeof '"’Cs, developed by Snyder
at Oak Ridge National Laboratory, is T., = 1.63 M, where M is the
body mass in kilograms [24]. The constant of 1.63 is adjusted from
the original 1.43 to account for the now-accepted, 110-d long-term
compartment. The M as a function of age is determined using equa-
tions given by Spiers [13]. When the Snyder and Spiers equations are
combined, the half-time as a function of age can be determined. The
average half-time using the above approach for ages 5 through 10 is

c
children in this age bracket is 43 d. For ages 11 to 15, the Snyder-
Spiers method gives an average half-time of about 70 d, while the
BNLdata for nine adolescents in this age bracket is 69 d [25].
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fxternal Carmina

The primary external gamma exposure is from '' (Cs, with a very
small contribution from "Co. To convert external gamma measure-ments in ur/h to an absorbed dose in tissue, we chose to use theconversion factor from exposure dose in air to absorbed dosein tissuegiven in the UNSCEARreport [17] that is (0.87) (0.82) = 0.71 where0.87 is the conversion from exposure to absorbed dose in air and 0.82is the conversion from absorbed dose in air to absorbed dose in thebody. In ICRP Publication 21, the conversion factor for '"Cs gammarays (0.66 MeV)is 0.65 andit is 0.7 for Co (1.17 MeV)[26].
The value for total body given by O’Brien and Sannafor 0.5-MeVgammaraysis 0.52; for 1 MeV the valueis 0.56 {27}. For the skeleton,the conversion factors are 0.49 and 0.54 for 0.5 and 1.0 MeV, respec-tively.

Transuranic Radionuclides Methodology

Inhalation

The inhalation model used for the various isotopes of plutoniumand for **'Am is that of the ICRP Task Group [28,29]. Parameters forthe lung model are also those of the ICRP—the gut-to-blood transferfor plutonium isotopes is 107' and for “Am it is 5 x 10°* (30}. Both‘"'Am and plutonium are assumed to be class-W compounds.

Ingestion

For the ingestion pat hway,the gut transfer coefficients are, as statedabove, 10°* for plutonium and 5 x 10°* for *4'Am. Thecritical organsare bone and liver with a biological half-life of 100 y in bone and 40 yin liver. Of the plutonium and 2*Am transferred to blood, 45% isassumedto reach the bone and 45% is assumed to reach the liver. The

 

remaining 10% is distributed a Ds
The" u dose to bone marrow and endostea! cells is calculatedby Spiers’ method in a manner analagous to "Sr (7,31,32]. First, adose to bone mass Dx is determined based on the concentration inpCi/g. Second, the ratios D,,/Dy and D,/Dy are applied to find the
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specific doses to the tissues of interest. The Dy is related to D, by

_D. |
(Sy {Sp}

 
Di: =

where S$, and Sy are the stopping powers fortissue and bone respec-

tively.

S1/Sp = 1.225

D,, = 0.2636 (mrad/d - pCi - g)

D,./Dy = 0.26
D./D, = 3.11.

Data Bases for Input Parameters in the Dose Models

External Pxposure tn Sita Measurements

External exposure rates for ''Cs, “Co, and *‘'Am were obtained

from in situ measurements performed by EG&Gaspart ofthe NMIRS

[33]. These measurements were made with 40 12.7-cm-diameter by

51-em-thick sodium iodidescintillation detectors mounted on 2 pods

on a Sikorski SH-3 helicopter. Flight lines were on a 46-m grid at an

altitude of 38 m over the islands. For a detailed description of this

methodology, see Ref. 11. The average external exposure for Bikini

Island is 31 pR/h for '"Cs, and 1.9 uR/h for "Co and for Eneu Island

it is 2.3 and 0.2 wR/h, respectively. In addition, external gamma

measurements were made at Eneu and Bikini Islands, using portable

scintillation detectors [2]. Measurements were made | m above the

ground on a 30-m grid on Bikini Island and a 120-m grid on Eneu

Island. The response of the scintillation detector was compared with

that of a pressurized ion chamberand twotypes of thermoluminescent

dosimeters. The measurements from the scintillation detector were

normalized to the pressurized chambers. Theaerial and ground surveys

agree quite well (33). The external gamma doses presented here are

based on the island average external exposure. However, the Mar-

shallese spend considerable time (30 to 50%) in or around the housing

area. As a result, the housing provides shielding that reduces the
 

ST
t
a

average outside expos ear . meyer veh

spread 20 to 40 ft around houses, a common practice in the Marshall

Islands, can reduce the external exposure by another factor of 2 (see

Ref. 2).

The natural backgroundat the atolls is 3.5 #R/h or 22 mrem/y and
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results primarily from cosmic radiation The natural backera.

not included in the doses presented here.

Inhalation

Airborne concentrations of respirable °"'*?"’Pu and 7''Am are esti-

mated from data developed in resuspension experiments conducted at

Bikini Atoll in May 1978. Webriefly describe the resuspension meth-

odology here; further details can be found in a paper summarizing the

studies at Enewetak and Bikini Atolis [34]. Four simultaneous exper-

iments were conducted: (1) a characterization of the normal (back-

ground) suspended aerosols and the contributions from sea spray off

the windward beach leeward across the island, (2) a study of resuspen-

sion of radionuclides from a field purposely laid bare by bulldozers as

a worst-case condition, (3) a study of resuspension of radioactive

particles by vehicular and foot traffic, and (4) a study of personal

inhalation exposure using small dosimeters carried by volunteers
during daily routines.

The normal or background mass loading measured by gravimetric

methods for both atolls is approximately 55 ug/m". The Bikini Island

experiments show that 34 yg/m'of this total is from sea salt, which is

present across the entire island as a result of ocean, reef, and wind

action. The mass loading from terrestrial origins ts therefore about 21

ug/m'. The highest terrestrial mass loading observed was 136 yve/m'
immediately after bulldozing.

Concentrations of °*"*’'Pu have been determined for (1) collected
aerosols for normal ground cover and conditions in coconut groves

(2) in areas being cleared by bulldozers and being tilled, and (3)

stabilized bare soil in cleared areas after a few days of weathering. We

have defined an enhancementfactor (EF) as the “""*?"’Pu concentra-
tion in the collected aerosol mass divided by the “""*“""Pu surface soil
concentration (0 to 5 cm).

. The EF of less than | for hi-vol data for normal, open-air conditions
is apparently the result of selective particle resuspension in which the

resuspended particles have a different plutonium concentration than

is observed in the total 0- to 5-cm soil sample. In addition, approxi-

mately 10% of the mass observed on thefilteris organic matter, which
has a much lower plutonium concentration than the soil. Similarly
the EF of 3.1 for high-activity conditions results from the increased
resuspension of particle sizes with higher plutonium concentration
than observed in the total 0- to 5-cm soil sample.
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We have developed additional personal dosimeter enhancement

factors (PDEFs) from personal dosimeter data. These data are nor-

malized to the hi-vol data for a particular condition and represent

enhancement that occurs around anindividual because of his daily
activities (different from the open-air measurement made with the hi-

vols). The total enhancement used to estimate the amountof respired

plutonium is the combination of the hi-vol and personal dosimeter
values.

In the scenario adopted for the calculations, we assume that a

person spends 8 h/d under high-activity conditions and 16 h/d under

normal conditions. Finally, a breathing rate of 23 m*/d (9.6 m’ under
high-activity conditions and 13.4 m’ under normal conditions) and the

surface soil concentration (0 to 5 cm) for each island are used to

complete the calculation for plutonium and americium intake via

inhalation.
The dose contribution from the inhalation pathway is a major source

of exposure to the transuranic radionuclides, but both the inhalation

pathway and the transuranics contribute a minorportion of the total

doses predicted over the next several decades.

Drinking Water

The drinking water pathway contributes a very small portion of the

total dose received via all pathways. However, we have included an

evaluation to demonstrate its relative contribution and to complete

the assessment of all major pathways. Several reports outline the

radionuclide concentrations in cistern water and groundwater[4,7,35-

37].
The range of radionuclide concentrations observed in the drinking

water for various atolls is listed in Table 1. Cistern water is preferred

and most often used; however, well water is used when drought

conditions exist. When well water is used, the suspended materialis

allowed to settle out prior to consumption. In addition to drinking

water, the Marshallese consume quantities of coffee and Kool-Aid

(Malolo) for which they again primarily use cistern water. The total

fluid intake using cistern water and well water was determined to be

approximately 1 L/d according to the Micronesian Legal Services

Corporation (MLSC)survey at Ujelang Atoll [15].

Terrestrial Foods

Locally grown foods, when available, are collected and measured for

the concentration of gamma-emitting radionuclides and for *’Sr,
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__TABLE 1.—Radionuclide concentrations in cistern water and groundwater in pcrL.
197¢-, ~ “9G, 239+ 200,,

Atoll and island . - rr Oe _ aCistern Ground Cistern Ground Cratern Ground
ee__waler ; _water __water water water water

Bikini ee
Eneu 031 31 0.24 3} 0.0044 0.009
(Bikini 1.9 430 0.61 120 0.0063 0.045

Likiep

Likiep 0.058 0.18 0.070 0.28 0.0001 <0.0001
Rikuraru 0.066 0.3 0.055 0.21 0.0002 <0.00004

Wotho 0.086 0.12 0.090 0.033 0.0003 <0.0001
Ujelang )

Ujelang 0.110 0.41 0.090 0.028 0.0004 0.00012
Ailuk

Enijabro 0.10 0.25 0.074 0.45 <0.0001 0.00011
Ailuk 0.078 0.6 0.049 0.14 0.0003 0.00030

Mejit 0.14 0.76 0.046 0.11 0.0002 O.0015
Utirik —_

Utirik 0.14 6.5 0.097 0.882 0.0005 0.0002
Rongelap

Rongelap 0.46 1.0 0.15 0.082 0.008 (0.0002
Enietok 1.1 0.28 0.0012 — — _

Kwajalein

_ _Kwajalein 0.080_ _9.052 0.0002 — — —

eeePu, and “''Am. Occasionally, samples are also analyzed for 7"Pu
and “*'Pu. On major residence islands at Enewetak and Bikini Atoll
where no local foods were available, we established test plots of the
common foods historically used by the Marshallese. These include
coconut, breadfruit, Pandanusfruit, papaya, banana, squash, sweet
potato, and a few other items. In addition, we collected and analyzed
samples of domestic meats, such as pigs and chickens, and of land
crabs that are occasionally consumed.

Nearly 100 coconut trees have been sampled on a continuing basis
and thousandsof coconuts have been analyzed from Bikini and Eneu
Islands to estimate the average concentration of the radionuclides in
coconut meat andfluid [15]. At Enewetak Atoll, about 100 trees that
we planted on Enjebi Island in 1975 have recently started bearingfruit
and are now available for analysis. Coconut trees were sampled at
each atoll during the NMIRS [6]. Fewer breadfruit, Pandanusfruit,

at Bikini and Enewetak range from 8 to 50; the numberof trees
qanpled was more limited at atolls visited as part of the NMIRS.
; amples from a half-dozen pigs and many chickens have been analyzed
© determine the average concentration in domestic meats. About 5000
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samples from Bikini, 9500 from Enewetak, and 5600 from the NMIRS

of plant, soil, animal, marine and water samples have been collected

since 1975.

The data presented in Tahle 2 are the concent rations ohsérved im

food products at Bikini Atoll. The radionuclide concentrations in the

came food products for atolls visited for the NMIRSare much less

than those shown in Table 2 for Bikini Atoll (9). The concentration

of '“Cs in coconut is lognormally distributed as shown in Figs. 5

through 7. This is typical of all radionuclide concentration data in

islands where we have sufficient data to evaluate the distribution. The

mean value of the data falls at about the 70th percentile of the

distribution; three times the mean value falls at about the 96th

percentile.

It is preferable to have local foods available so that we can directly

measure the radionuclide concentration in the edible portion of the

plant. However, frequently it is necessary to evaluate a living pattern

where the proposed residence island is void of any food crops. It is

then necessary to use 4 predictive methodology to determine the

radionuclide concentration that might be expected if people were to

resettle the island and plant subsistence foods. We accomplish this by

developing a concentration ratio between the radionuclide concentra-

tion in the plant to those in the soil on those islands where local foods

are available.

son Radionuclide Concentrations

All soil profile samples are collected for the following increments: 0

to 5 em, 5 to 10 cm, 10 to 15 cm, 15 to 25 cm, 29 to 40 cm, and 40 to

60 cm. A total of approximately 500 to 1000 g of soil is collected for

each profile increment. Samples are then analyzed by high-resolution

gamma spectroscopy to determine the ‘Cs and 241 Am concentrations

and by radiochemical procedures to determine the concentrations of

woe 7!by: and in some cases, 41 Am and “Pu.

Radionuclide concentrations for the profiles 0 to 5 cm, 0 to 10 cm,

0 to 15 cm, 0 to 25 cm, 0 to 40 cm, and 0 to 60 cm are calculated using

equal weights for each 5-cm increment. The island average for each

dept —
m, etc.) is calculated

by averaging the results for each profile taken on the island.

results are summarized in Table 3 for 94 profiles from Bikini Island

and 84 profiles for Eneu Island. Hundreds of soil profiles have been

analyzed from Enewetak Atoll and from the atolls visited during the

NMIRS.
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Hiking island

Chicken muscle 6.9 0.057

Chicken liver 6.9 0.057

Chicken gizzard 6.9 0.057 -

Pork muscle 232 1.73 i

Pork kidney 216 1.79

Pork liver 94 0.67 — :

Pork heart 123 104 _

Bird muscle 0.055 (1.04 3.8 (-4)" 1.9 (-4

Bird viscera 0.4 0.04 . an

Bird eggs 0.033 0.0 48 (
' OB O18 3.8 (- _

Chicken eggs” 6.9 0.057 ma mee

Pandanus fruit 199 95 5

Pandanus nuts 199 O54 I's a . lon

Breadfrunt 21.6 4.44 a1 (-4) 57 (—5)

Coconut fluid 8h 0.0195 5.02 (-5) 7A (6

Coconut milk copra 238 0.22 96 (5) D4 ( i

Puba/Jekaro 169 0.22 9.6 (—A) 24 (A)

Drinking coconut meat 193 0.22 9.6 (-5) 24 ( 5

Copra meat 238 0.22 9.6 (—4) 24 (oy

Sprouting coconut 260 0.22 9.6 (-9) a4 (5)

Marshallese cake 238 0.22 9.6 (—-f) . 4 (I

Papas 98 19 LTB) OR Ih)

W ' ater 1.9 (-3) 6.1 (-4) 6.3 (—6) 3.2 (-6)

Mal meer 0.43 0.12 4.5 (—5) 2.2 (-5)

fate ¥ 1.9 (-38) 6.1 (-4)} 6.3 (-4) 4.2 (-6}

e/tea 1.9 (-3) 6.1 (-4) 6.3 (-6) 3.9 (—6)

| ~ Eneu Island

Chicken muscle’ 1.7 0.014 -

Chickenliver’ 1.7 0.014

Chicken gizzard 1.7 0.014 .

Pork muscle’ 52 0.43 7

Pork kidney‘ 36 OR -

Pork liver" 25 0.21 _ _

Pork heart’ af 0.25 _ Z

Bird muscle ( 0. ( (
ms 1055 0.04 : ~

Bird viscera (0.4 0.04 mare me

Bird eggs” 0 . 3 ;fird eves”, 0.033 0.018 3.8 (-

Chicken eggs 1.7 0.014 vee me
¢ j “ . — _

Cen nad copra _ 5.1 (-3) 2.21 (-5) 1.90 (-5)

: 0.063 9.1 (--5) 5.68 (-5)

vay _ eae Pecienemnien old

Drinking coconut me “=at 19 0.063c 06: 9.1 (-5) 5.68 (-

ce meat 37 0.063 1.4 (-4) 1 ' ay

oprouting coconut 40 0.063 1.4 (—4)

Marshallese cake 37 0.063 14 (-4) 7 ay
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Dietary item

Papaya

Squash

Pumpkin

Banana

Watermelon

Arrowroot

Rainwater

Wellwater

Malolo

Coffee/Tea

* Values in parentheses indicate powers of ten.

TABLE 2 continued.

7g

14

8.5

8.4

(0.86

2.6

0.93

3.1 (-4)

0.091

3.1 (-4)

3.1 (-4)

» Assumed to be the same as chicken.

° Pig and chicken data from Bikini Island.
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TABLE 3, Aeerage sail concentrations for ober 100 sort profiles far both Bikint and

Eneu istands

Sen} concentrahioer (pCn £ dr weight)

ven
Bikint tskand

Kneu Istind

ain

_
-

Vi . mu, 2920p, 241 Am 1746, amu, 278+ 740] 4, 41 Am

Otad 101 103 11 8.7 7.4 AB 0.82 0.41

Oto 10 W) 108 10 8 6.) 4.2 0.73 0.39

Oto 15 79 108 97 FS 5.3 4 0.73 0.42

0 to 25 G2 gy 8.2 6.4 4.3 4.1 O75 0.46

0 to 40 49 73 7.1 5.4 3.4, 4.5 0.76 O05
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Fig. 8. Log probability plot of '"Cs concentrat ion in the top 0 to 5 cm ofsoil at

FEneu Island.

The 'Cs concentrations in the soil on Eneu Island are jognormally

distributed as indicated in Fig. 8. Similar results were observed at

various atolls.

Concentration Ratios

r
TTeS

!

+ fie ‘

[retin ein lanes — “hes sor ae Aa, °

Drinking coconut meat Be 150 7H0 6 40 3.7 4

Drinking coconut fluid 82 147 735 3 18 19 0.1

Copra meal 82 98 490 10 4) 6.3 0.82

Sprouting coconut 4A 74 370 10 79 4.9 0.92

Breadfruit 10 15 ris) 0.54 16 0.38 0.12

Pandanus fruit 8 11 22 78 34 3.6 0.18

Papaya
48 49 B&H 2.6 18 0.73 0.036

Squash? 13 12 19 2.8 6.1 2.2 0.98

Banana 6 5 50 0.16 0.28 0.14 0.075

Watermelon” 17 17 49 1.1 3.9 LA 0.11

* The pCi/g fruit wel weight per pCi/g soil dry weight.

» Concentration ratio fora Q- to 5-em soil profile because of shallow root system.

TABLE 5

=

Concentration ratios of “Sr estimated over a} to Hem soil profile for

subsistence crops at Bikini and Eneu Islands.

Dietary ite Number al . Mean ; ; .

retary item trees or plants ( nncentrarian High value Median Low value

Coconut meat 26 gR(—3)P TN (- 2) BRA(-3) RG (-4)

Coconut fluid 7 1.8 (-3) 5.9 (-4) g(—4) THB

Breadfruit y 0.07 0.15 5.5 (—3h yR{-3)

Pandanus fruit 3 (1.46 0.69 0.42 0.26

Papaya 15 4.1 (-2) 1.1 (-1) 2.8 (-2) 9.8 (-3)

Squash 6 2.4 (-2) 4 (2) 2.4 (-2) R.KR (3)

Banana 3 9.6 (—3) 1.5 (—2) 7.7 (-a) 5.8 (-3)

Watermelon 8 1.8 (2) 2.9 (-2) 1.4 (-2) 7.2 (-3)

“The pCi/g fruit wet weight per pCi/g soil dry weight.

b Values in parentheses indicate powers of ten.

TABLE 6.—Concentration ratios of 29+4Dy estimated over a 0- to 40-cm soil profile for

subsistence crops at Bikini and Eneu Islands.

. Number of Mean

Ihetaryitem Irves of plants conventration High value Median Lowvalue

Coconut meat 22 9.7 (—5) 4.8 (-4) 3.1 (—F) 1.7 (-6)

Coconut fluid 11 1.2 (—5) — -- _

Breadfruit 8 1.5 (-5) 4.7 (-5) 1.2 (-5) 1.6 (—6)

Pandanusfruit 3 4,3 (-5) 8.9 (—-5) 3.3 (45) 6.4 (-4)

Papaya 16 3.6 (-5) 1.8 (-4) 2 (—4) 3.3 (-7)

Squash 5 1.9 (-5) 4{-5) 1.2 (—4) 3.3 (-7)

as a Jud (-5) 6.4 (—5) 7.2 (-6) 8.4 (-7)

Watemelon 8 4(-5) 8.9 (-5) Beto) Pte

 Because of the scarcity or absence of locally grown foods at some

atolls and islands, we have developed concentration ratios between

food products andsoil (pCi/g wet weightin food per pCi/g dry weight

in soil) for each radionuclide. The mean, median, and the high and

56

" The pCi/g fruit wet weight per pCi/g soil dry weight. The mean concentration ratio for

“lAm is similar to Pu.

» Values in parentheses indicate powers of ten.
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low values for the concentration ratios developed from samples col-
lected through March 1980 at Bikini Atoll are listed in Tables 4-6 for
"Cs, “Sr, and ?""*Pu, respectively. The 2‘'Am is similar to 2""*2""Pu.
The concentration ratios are developed from soil profiles taken to a
depth of 40 cm through the root zone of the plants being sampled.
This depth is used because we observe that it encompasses most of
the active root zone of the subsistence plants we have studied on
Enewetak and Bikini Atolls. A report on the root activity of large,
mature coconut and banana trees in other tropical ;
most of the activity in the 0- to 60-cm depth, although root activity
did vary with age and species [38]. The report is consistent with our
observationsof the physical location of the root zone at Enewetak and
Bikini Atolls.
Thus, once the concentration ratios are developed from islands

where local foods are available, they can be multiplied by the soil
radionuclide concentration measured on islands where no local foods
are available to estimate the radionuclide concentration in edible foods
if resettlement should occur and subsistence food were planted. This
predictive method has been used at manyislands where resettlement
is being considered but local foods are unavailable for analysis. The
concentration ratios are lognormally distributed.

Marine Foods

The radionuclide concentrations in marine foodsare listed in Table
7 for Bikini Atoll. The details for the radionuclide concentrations in
fish at variousatolls are listed and discussed elsewhere [8,39-41]. The
data represent the analyses of hundredsofthe five or six most common
species consumedby the Marshallese. The radionuclide concentration

TABLE 7.—Measured and estimated radionuclide concentrations in marine species and
birds and coconut crabs at Bikini Atoll.

Concentration (pCi/g wet weight)
 

 

 

Dietary item mC me meiep, - mA

Fish (reef) 0.16 0.002 3.8 x 10-4 1.9 10-4
Fish (pelagic) 0.14 0.002 3.8 x 1074 1.9 = 10
Shelifish 0.005 0.005 1.7 « 10" 0.85 x 10-3
Clams" 0.011 0.006 1.4 10° 0.7x 10°”
Birds 0.055 0.04 1.3 * 10°“ 0.65 x 10°“
Bird eggs 0.033 0.018 13x 10 * 0.65 x 10°“
Crabs 48 8.81 6.8 x 10"" 3.4% 10%
 

* Includes both muscle tissue and hepatopancreas.
* Calculated using the fish 7"*?"Pu to “Am ratio of2.
© Assumed to be the same as fish muscle.
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for most species is very low, and the marine pathway contribertes
very small portion of the total estimated doses at an atall

Diet

The estimated average diet used in the dose assessment is a very
critical parameter—doses will correspond directly wit

 

Wy, which ts directly related to the quantity of locally grown food
that is consumed. Therefore, an accurate estimate of the average daily
consumption rate of each food item is important.

Because we have been unable to obtain information on the dietary
habits of the people at all of the atolls, the diets used in this dose
assessment are those recently developed from the MLSC survey con-
ducted of the Enewetak people on Ujelang Atoll and from the BNI,
surveys at Rongelap, Utirik, and Ailuk Atolls. More detailed infor-
mation on the MLSCsurvey can be found in Refs. 15 and 42 and a
discussion of the BNLsurvey appears in Ref. 43.

Briefly, in the MLSC survey there were 144 persons, approximately
25% of the Ujelang population, who were interviewed. Two females
failed to complete the dietary questionnaire. The breakdown by age
group was 36 adult. males, 36 adult females, 19 children 12 through 17
y of age, 37 children 4 through 11 y of age, and 16 children 0 through
3 y of age.
Some people were away from the atoll during the interview, so

selection was limited to those households where several people were
available. The households were selected at random from the available
pool. According to Michael Pritchard of the MLSC, “the household
survey met three major needs: it provided in descriptive fashion an
account of the eating habits for the entire population of Ujelang; it
provided data on certain special diets for certain types of individuals
such as pregnant women;and served as a census documentfor locating
individuals for the IMD survey.”
The recent BNLreport on dietary information on Rongelap, Utirik,

and Ailuk was developed by the authors from personal observations
while living with the Marshallese and from answers to questionnaires
[43].
The observations and questionnaires were directed more toward

estimating the food prepared for a family rather than the amount of
food actually consumed. Because food is shared and some food pre-
paredis fed to pigs or chickens, these two are not necessarily the same.
In the report the authors state, “the averages which we obtained from
the interview study are for one reason or another consistently over-
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estimated and should be considered maximum estimates or overesti-

mates.”

The diet patterns are divided into three categories representing

three types of communities. Community A has a maximum availability

of local foods, a highly depressed loca! economy(living within income

provided by selling copra), a low population,andlittle or no ability to

buy imported food. Community B has a low availability of local foods

except fish because of excellent fishing in the area, is overpopulated—

resulting in low availability of local foods, and has good supply of

imported foods and readily available jobs. Community C has a low

availability of local foods and poorfishing, a large government food

program, is overpopulated, and has a good supply of imported foods

and availability of cash to buy them.

The data from the MLSC Survey and from BNL are compared in

Table 8. The largest discrepancy between the two surveys is for coconut

fluid. The range in the MLSCsurveyis 142 to 217 g/d for the average

intake when imported foodsare available and unavailable, respectively.

The range in the BNL survey for the average prepared for a household

is 305 g/d for community C to 1025 g/dfor community A. The prepared

coconut meat in the BNL survey is 40 to 50% higher than that

TABLE 8. - Diet comparison of the maximum diet from the MESCsurvey at Ujelang

and the BNLstudyat Rongelap and(!tirtk.

a — : Intake fur aduit female, MLSC

Vielang surves Intake from BNI. Marshall Islands
Dhetars item -—-—— — ce eurves" ig/d)

Imports available Imports anavail :

(gid) able (g/d)

Fish 42 90) 84 to 194

Shellfish” 5.1 25 0.14 to 0.4

Clams 8.9 44 5 to 15

Coconut crabs" 3.1 13 i to 2

Domestic meat? 1 35 0.7 to 44

Wild birds 4 18 0.6 to 9

Eggs" il 56 2.4

Pandanus 9 33 64 to 96

Breadfruit 27 93 36 ——sito 53

Coconut fluid 142 217 430 «to 421

Coconut meat 63 187 968 to 280

Squash (pumpkin) 1.2 2.7 0 to 5

Arrowroot 3.9 47 0

Papaya 7 14 0 to 12

eT
allah foal seeriame

pe
ar

se

  

consumed according to the MLSCsurvey. The Pandanus fruit pre-

pared is nearly double the MLSC consumption value.

Fish consumption in the MLSCsurveyis within the range observed

by BNL. The intake of squash and papaya is also very similar in the

two reports. However, intake of shellfish, clams, coconut crabs, do-

mestic meat, wild birds, breadfruit, and arrowroot is greater in the

MLSC survey than in the BNL survey.

In the summaryof a survey conducted during July and August 1967

at Majuro Atoll, the average coconut use was reported to be approxi-

mately 0.5 coconut per day per person [44]. This included young

drinking coconuts, old nuts used for grated meat and pressed for small

volumes of milk, and sprouting nuts used for the sweet, soft core.

Recent data from Eneu Island shows that an average drinking coconut

contains 325 ml, offluid (standard deviation = 125 mI.), so that even

if the entire coconut use of 0.5/d were all drinking nuts, the average

intake would he about 160 g/d. This is in agreement with the results

from the MLSCsurvey at Ujelang.

In evaluating all available data on dietary habits in the Marshall

Islands, there are a few general conclusions to be drawn.

(1) The dietary intakes used here are based on the most current

diet surveys.

(2) The dietary habits of a people are atoll specific and one should

notarbitrarily generalize from one atoll to another.

(3) Thereis still some uncertainty as to what an average diet really

is at any atoll.

(4) Many factors can affect the average diet over any specific year.

(5) Further atoll-specific dietary studies are needed to improve the

precision of the dose predictions.

Throughout our discussion of diet. and estimated dose, three expres-

sions are used extensively: imports available, imports unavailable, and

local foods. Imports-available conditions exist when field ships arrive

on schedule and imported andlocal foods are both available. Imports

unavailable indicates a condition where there is an absence or greatly

reduced availability of imported foods. Local foods is our expression

for the locally grown foods of the MLSC and BNL surveys. Under

normal conditions, imported foods provide a greater percentage of the

diet than do local food items. When imports are unavailable, it is

assumed that local food consumption increases and that the intake of

  

* Reference 45.

6 Marine crab andlobster.
© Includes land crabs.

4 Pork and chicken.
* Bird, chicken, and turtle.
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halla

projected over a lifetime.
The daily food intake in grams per day is multiplied by the radio-

nuclide concentrations in the food products to give the average daily

intake of radionuclides for the various atolls and islands as input to
a
r
e
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Fig. 9. Log probability plot of the dietary intake of 34 Marshallese females.

the dose codes. The distribution of dietary intake as determined from

the MLSC survey is lognormally distributed (Fig. 9). The distribution

for the dietary intake by the male population is similar to that for the

female.

Living Patterns

Doses have been estimated for the major islands at each atoll

assuming a continuous residence on each island and all local food

derived from that island. Some of the islandslisted are only used part

time for residence or for agricultural purposes, but we have estimated

the dose assuming continuous occupation to indicate the dose relative

to current residenceislands.

Body and Organ Weights

Data from BNE have been summarized to determine the body

weights of the Marshallese people [25,45]. The average, adult male

body weight is 72 kg for Bikini, 71 kg for Enewetak,61 kg for Rongelap,

and 69 kg for Utirik, the weighted mean is 69.9 kg, very near the 70-

kg value of reference man [46]. As a result, we have used 70 kg as the
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Fig. 10. Tog probability plot for the bady weight of 172 adult Marshallese temales.

average body weight in our dose calculations. The average body weight

for 113 adult females in the Enewetak population is 61 kg; it is 67 kg

for 30 Utirik females and 63 kg for 36 Rongelap females. The distri-

bution of body weights for Marshallese males aid females appears to

be more nearly lognormally distributed than normally distributed as

shownin Fig. 10 for the female. The distribution for male body weights

is similar to the female distribution.

Residence Time of '*’Cs in the Body

Cesium-137 accounts for a sigmificant fraction of the total dose at

the atolls and essentially contributes all of the whole-body exposure.

Therefore, specific information on the residence time of '*'Cs in the

humanbodyis important. Measurements of ten Bikini males by BNL

show that the mean residence time is 114 d (range: 76 to 178 d) for

is 83 d (range: 63 to 126 d). Our summary of all the BNL Marshallese

data shows the residence time of 151 adult males to be lognormally

distributed (Fig. 11) with a mean of about 93d.
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- artment, which is very consistent with published

information on other populations[23]. For emales,
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Fig. 11. Log probability plot of the residence time of '"Cs in the body of 152 adult
Marshallese males.

Results

Here we present the predicted, maximum annual dose-equivalent

rates and the 30- and 50-y integral dose equivalents for the different

living patterns and resettlement options. The doses are calculated

using the average dietary intake, radionuclide concentration, radio-

nuclide fraction absorbed into the body from that ingested, biological

residence time, and external dose rate. The maximum annual dose

rate for the whole body is defined as the dose rate in that year after

the Marshallese return when the sum of the whole-body ingestion dose

from '’Cs and the external gamma dose is a maximum. For bone

marrow, the maximum occurs when the bone-marrow ingestion dose

from ‘Cs and ”’Sr and the external gamma dose is a maximum.
The estimated, maximum annual dose-equivalent rates for three

living patterns at Enewetak Atoll based on the Ujelang Dietare listed

 

 77 se equivalent rates

range from 235 to 500 mrem/y for Enjebi Island depending on whether

imported foods are available or unavailable and from 3.7 to 7.8

mrem/y for Enewetak and other southern islands, The third living

pattern, with doses intermediate to the other two living patterns,is a
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case where residence would be on Einjebi Island but most of the food
products would come from the southern islands. The 30- and 50-y
integral dose equivalents for the Enjebi Island living pattern are listed
in Table 10. The 30-y integral, whole-body dose equivalent is 5.7 rem

when imported foods are available and 10 rem when unavailable. The

corresponding 50-y integral doses are 8.4 and 15 rem, respectively.
Evaluation of other living patterns is given in Ref. 42.

The maximum, annual dose-equivalent rates for the two major

residence islands at Bikini Atoll are listed in Table 11. The doses,
based on the MLSC diet when imports are available and unavailable,

range from 1 to about 2 rem/y for Bikini Island and from 130 to 260

mrem/y for Eneu Island. The 30-y integral dose equivalents given in

Table 12 range from 22 to 45 rem for Bikini Island and from 2.9 to

5.5 rem for Eneu Island; the integral doses are listed to show the

contribution of each radionuclide. The ''’Cs through ingestion of local
food and external gamma exposure accounts for over 90%of the total

dose, The "Sr is the next most significant contributor to the bone-

marrow dose. If the BNL diet was used, the doses would be about 2.7

times those listed in the tables.

The 30-y integral dose equivalents for Bikini and Eneuarelisted by

exposure pathway in Table 13 to show the relative contribution of
each pathway. The terrestrial food chain is the most significant

potential exposure pathway; the external gamma exposure pathway is

next in significance. The other pathwaysare relatively minor contrib-

utors. More detail on the Bikini Atoll dose assessment can be found

in Ref. 15.

TABLE 9.— Maximum, annual dose-equivalent rates in mrem/vfor adult females for diet

_ conditionsuwshen imports«are|available and unavailable.”

   

 
   

bPathway Yearol

Location ‘Type of diet Organ IngestionExternal Total masimum

woe _ Se

Enjebi Imports Bone marrow 237 54 291 10

available Whole body 222 55 277 9

Imports Bone marrow 500 54 54 ' 10

unavailable Whole body 455 iA 509 10

Southern Imports Bone marrow 3.9 1.2 Al 3
islands available Whole body 3.3 1.2 4.5 2

Imports Bone marrow 9.8 1.1 11 5

unavailable Whole hody 7.4 1.2 8.6 3

Enjebi fsland Imports Bone marrow 39 47 86 9

- availa TOUY aT vor on 2

ern islands Imports Bone marrow 107 43 140 12
unavailable Wholebody | 63 47 110 9

,myhe listed doses can he converted to SI unitstsby the equation 100 mrem = 1 mSv.
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