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ABSTRACT 

The Marshall Islands in the Equatorial Pacific, specifically Enewetak and 
Bikini Atolls, were the site of U.S. nuclear testing from 1946 through 19-8. 
In 1978, the Northern Marshall Islands Radiological Survey was conducted l:> 
evaluate the radiological conditions of two islands and ten atolls downwin of 
the proving grounds. The survey included aerial external gamma measurement 
and collection of soil, terrestrial, and marine samples for radionuclide 
analysis to determine the radiological dose from all exposure pathways. The 
methods and models used to estimate doses to a population in an environment 
where natural processes have acted on i. i3 source-term radionuclides for nearly 
30 y, data bases developed for the models, and results of the radiological 
dose analyses are described. 

The radionuclide 1 3 7 C s accounts for over 90% of the total estimated 
whole-body and bone-marrow doses. The next most significant radionuclide, 
contributing principally to the bone-marrow dose, is 9 0 S r . The radionuclides 
239 2top u and 2»i/\n, contribute a small portion of the lung and bone-marrow 
doses. The terrestrial food chain accounts for between 50 and 80% of the 
estimated doses; the external gamma between 15 and 45%; and the marine food 
chain, inhalation, and cistern water and groundwater pathways the remainder. 

The dose assessments are determined for two dietary conditions to indicate 
the range of doses based on current diet surveys. Doses have been estimated 
for the major islands at each atoll assuming continuous residence on each 

Work performed under the auspices of the U.S. Department of Energy by the 
Lawrence Livermore National Laboratory under contract number W-7405-Eng-48. 
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'Jskr/d .3»:l all 1M3H feed derived fr<n that isHor.d. Sc~c of the islands arc 
usciJ part-tire for residence or agriculture, but we estimate the dose ossiining 
centinucus occupation to indicate the dose relative to current residence 
islands. 

The maximm, annual dose-equivalent rates for atolls downwind of the 
proving grounds for all exposure pathways excluding cosmic radiation are less 
than 30 mrem/y, regardless of the assumed diet. The only significant source 
of natural external background exposure in the Marshall Islands is the 
22 mrem/y from cosmic relation. The total external background dose in the 
U.S., for reference, is 54 mrem/y based on the population-weighted average. 
Thus, depending on the diet, most atolls have estimated doses from all 
exposure pathways excluding cosmic radiation that range from about 4 to 57% of 
the U.S. external background dose. These doses can also be compared to the 
U.S. Federal guideline of 500 mrem/y above background for an individual. The 
doses at most atolls are from 1 to 5% of the guideline, depending on which 
diet is assumed to apply. The highest estimated dose equivalent for an 
inhabited atoll is for the southern islands at Rongelap, where the doses range 
frcm about 10 to 50% of the guideline. 

The 30- and 50-y integral dose equivalents provide a similar picture. 
The 30-y integral dose equivalents for atolls downwind of the proving grounds 
range from 0.14 to less than 0.7 rem, depending on the diet. This is less by 
a factor of 20 to 33 than U.S. Federal guidelines of 5 rem/30 y for a 
population and less than the integrated 30-y external background dose in the 
U.S., which ranges from 1.6 to 5.5 rem. 

The estimated doses for the southern islands at Enewetak Atoll are low. 
The estimated dose equivalent for the northern island of Enjebi, calculated 
using the average value for all the parameters in the dose models, is less 
than 300 mrem/y for the annual dose-equivalent rate and about 6 rem for the 
30-y integral dose equivalent. The U.S. Government has elected to multiply by 
a factor of 3 these estimated annual doses and compare the resulting number 
with the Federal guideline of 500 mrem/y. Thus, the maximum, annual 
dose-equivalent rate presented to the Enewetak people and used for risk 
analysis for Enjebi Island is 900 mrem/y when imported foods are available. 
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"i'.C! risiT.-.,-:., sr.v.yal tfose-euuivalent rate for Bikini Island at Bikini 
Atoll * is obcut. 3 rcn/y when icr.pnrts are available. The corresponding 30-y 
sntegrjH «Jose equivalent is 22 rern. However, at neighboring Eneu Island, the 
estimated annual dose-equivalent rate is about 140 mre:n/y when imported foods 
are available and the corresponding 30-y integral dose equivalent is about 
3 rem. Again, the annual dose equivalent results for both islands were 
mltiplied by 3 and presented to the Bikini people along with the associated 
risk analysis. 

INTRODUCTION 

In March i946, the United States relocated the Bikini people to Rongerik 
Atoll to conduct a nuclear testing program at Bikini Atoll. They were again 
moved to Kwajalein Atoll in March 1948 and eventually to Kill Island in fall 
1948. A second testing site was made available in 1947 when the Enewetak 
Deople 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 1970 after 
a limited radiological survey had been conducted and a radiological dose 
analysis completed. Housing was built and coconut, breadfruit, and Pandanus 
trees were planted on Bikini Island. Coconut trees were also planted on Eneu 
Island (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 radiological survey 
should be conducted and potential doses estimated for the preferred and 
historical living patterns at the atoll, which included Enewetak Island in the 
south and Enjebi Island in the north (Fig. 3 ) . Thus, the survey was conducted 
in 1972 and 1973 and the radiological analysis completed [1], The analysis 
indicated that the terrestrial food chain was potentially 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 began 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 
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Figure 1. Atolls and islands of the Northern Marshall Islands radiological 
survey. 

foods and the concentration ratio between the radionuclide 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. 

There were also plans in 1975 to start a second phase of housing on 
Bikini Island at Bikini Atoll. However, external gamma measurements available 
from earlier surveys indicated that selection of housing locations was 
important to minimize the dose to residents. Thus, a resurvey of Bikini and 
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Figure 2. Map of Bikini Atoll. 

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 available to directly measure the radionuclide 
concentrations on either island, the results did indicate that estimated doses 
for Bikini Island exceeded Federal guidelines and were about 8 to 10 times 
greater than doses estimated for Eneu Island [2-5]. As a result, a field 
program was initiated in 1977 at Bikini Atoll. Subsistence crops were planted 
on Eneu Island to supplement the coconut trees, which had been planted on both 
islands in 1970 and were due to begin bearing fruit within the year, to 
measure the radionuclide concentration in subsistence foods. 

In 1977, a clean-up program was also began at Enewetak Atoll directed 
toward removing scrap and debris remaining from World War II and the 
subsequent test series. Also a radiological clean-up, which consisted of soil 
removal, was conducted on those islands that had the highest transuranic 
radionuclide concentrations. The clean-up was completed in 1979. External 
gamma measurements were made and soil samples were analyzed for the critical 
radionuclides. 
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Figure 3. Map of Enewetak Atoll. 

Concurrently with the ongoing programs at Bikini and Enewetak Atolls, the 
U.S. Government decided to evaluate the radiological conditions of two islands 
and ten atolls downwind of the Enewetak and Bikini proving ground prior to the 
termination of the United National Trust Territory agreement under which the 
United States administers Micronesia. Thus in 1978, we conducted the Northern 
Marshall Islands Radiological Survey (NMIRS) of Rongelap, Utirik, Rongerik, 
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Wotsjo, Likic-p, Ailuk, Kejit, Ailinginae, Ujelang, Bikar, Taka, and Bikini {see 
Fig. 1). The survey included aerial external gamma measurements and the 
collection of soil, terrestrial, and marine samples for radionuclide analysis 
to determine the radiological dose from all exposure pathways [6-9]. 

The methods and models used to estimate the doses to a returning 
population in an environment where natural processes have acted on the 
source-term radionuclides for nearly 30 y, the data bases developed for the 
models, and the results of the radiological dose analyses at the various 
atolls are described here. 

MAJOR RADIONUCLIDES 

The most significant radionuclides at the atolls in order of the 
contribution to the total estimated doses are: 1 3 7 C s , 9 0Sr, 2 3 9 + 2 * ° P u , 2 H 1 A m , 
and 6 0 C o . The 1 3 7 C s , both from external gamma exposure and uptake into food 
crops, accounts for over 90% of the total estimated whole-body and bone-marrow 
doses. The 9 0 S r is the next most significant 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 6 0 C o 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 an atoll. 

(1) External exposure 
(a) Natural background 
(b) Man-made gamma and beta rays 

(2) Internal exposure 
(a) Radionuclides inhaled 
(b) Radionuclides in drinking water 
(c) Radionuclides in terrestrial foods 
(d) Radionuclides in marine foods 
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The exposure pathways in order of their contribution to the total 
estimated doses are: terrestrial food chain, external ganuna, marine food 
chain, inhalation, and cistern water and groundwater. The terrestrial food 
chain accounts for between 50 and 80% of the estimated doses, the external 
gatiwa between 45 and 15%, and the other pathways the remainder. 

MODELS USED FOR DOSE CALCULATIONS 

THE 9 0 S R METHODOLOGY 

Bone-marrow doses and dose rates are calculated in two steps. First, the 
model of Bennett [10-12] is used to correlate the 90Sr concentrations in diet 
with that in mineral bone. Second, the dosimetric model developed by Spiers 
[13] is used to calculate the bone-marrow dose rate from the concentration in 
mineral bone. 

Bennett's empirical model is developed from ? 0 S r 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 
9 0 S r content of the diet and bone samples in the U.K. from gives similar 
results [14]. The concentrations in the diet are the concentrations expected 
to result from worldwide fallout. The models use as input the actual dietary 
s"Sr concentration and the output is the actual 9 0 S r concentration in mineral 
bone determined from analysis 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 sar.e 
from age 18 through adulthood. 

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 9 0Sr model to the 
Marshallese population. 

Using Spiers' model, we calculate the dose rate D to a small, tissue-
filled cavity in bone from the 9 0Sr concentration in mineral bone. Then from 
geometrical considerations, the dose rates to the bone marrow D and endosteal 
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Figure 4. Comparison of the Bennett and Papworth and Vennart 9 0Sr bone-dose 
models. 

cells D are calculated using conversion factors D /D 0.32 and D S/D Q = 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 dose rate of 1.4 mrad/y per pCi 9 0Sr/g calcium 
and an endosteal cell dose rate of 1.9 mrad/y per pCi 9 0Sr/g calcium. 
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THE , J'CS AND U U C Q METHODOLOGY 

Ingestion 

For 1 3 7 C s and S 0 C o , 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 Ki1 lough 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 I 3 7 C s , 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 transfer coefficient for 1 3 7 C s 
is 1. 

The half-time of l 3 7 C s in children is determined in two stages. The 
equation used to determine the half-time of 1 3 7 C s , developed by Snyder at Oak 
Ridge National Laboratory, is T - ^ = 1 - 6 3 M> w n e r e M i s t n e b o d y m a s s i n 

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 equations 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 about 42 d. Data from BNL whole-body counting for 14 Marshallese 
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 BNL data for 
nine adolescents in this age bracket is 69 d [25], 

External Gamma 

The primary external gamma exposure is from 1 3 7 C s , with a very small 
contribution from S 0 C o . To convert external gamma measurements in ur/h to an 
absorbed dose in tissue, we chose to use the conversion factor from exposure 
dose in air to abosrbed dose in tissue given in the UNSCEAR report [17] that 
is (0.87)(0.82) = 0.71 where 0.87 is the conversion from exposure to absorbed 
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dose in air and 0.82 is the conversion from absorbed dosi in air to absorbed 
dose in the body. In ICRP Publication 21, the conversion factor for I S 7 C s 
gamma rays (0.66 MeV) is 0.65 and it is 0.7 for 6 0 C o (1.17 MeV) [26], 

The value for total body given by O'Brien and Sanna for 0.5-MeV gamma rays 
is 0.52; for 1 K°V the value is 0.56 [27]. For the skeleton, the conversion 
factors are 0.49 and 0.54 for 0.5 and 1.0 MeV, respectively. 

TRANSURANIC RADIONUCLIDES METHODOLOGY 

Inhalation 

The inhalation model used for the various isotopes of plutonium and for 
2 1 , 1Am is that of the ICRP Task Group [28,29]. Parameters for the lung model 
are also those of the ICRP—the gut-to-blood transfer for plutonium isotopes 
is 10" 4 and for 2 1 , 1Am it is 5 x 10~ 4 [30]. Both 2 1 , lAm and plutonium are 
assumed to be class-W compounds. 

Ingestion 

For the ingestion pathway, the gut transfer coefficients are, as stated 
above, 10" for plutonium and 5 x 10" for 2 l , lAm. The critical organs are 
bone end liver with a biological half-life of 100 y in bone and 40 y in 
liver. Of the plutonium and 2 < , 1Am transferred to blood, 45% is assumed to 
reach the bone and 45% is assumed to reach the liver. The remaining 10% is 
distributed among other organs. 

The 2 3 9 2 < t 0Pu dose to bone marrow and endosteal cells is calculated by 
Spiers' method in a manner analagous to 9 0 S r [7,31,32]. First, a dose to bone 
mass D B is determined based on the concentration in pCi/g. Second, the ratios 
D /D n and D /D D are applied to find the specific doses to the tissues of m o S B 
interest. The D g is related to D Q by 

D - °° 
where S T and S„ are the stopping powers for tissue and bone respectively. 

S T/S B = 1.225 
D B = 0.2636 (mrad/d • pCi • g) 
D /D_ = 0.26 
m B 

°S / D 8 = 3 , 1 K 
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TATA £AHS PC'S J.\«"UT PARAMETERS IN TOE COSE t-OBELS 

•UTi^AL EXfGSl3E--jN SUJ) KtASUSEKEMTS 

External exposure rates for i ! 7 C s , 6 0 C o , and 2 , , lAni were obtained from in 
situ measurements performed by EG&G as part of the NMIRS [33]. These 
"aasuregents were made with 40 12.?-cm-diameter by 5.1-cm-thick sodium iodide 
scintillation detectors mounted on 2 pods on a Sikorski SH-3 helicopter. 
Flight lines v.ere 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 1 3 7 C s and 1.9 yR/h for 6 0 C o and for 
Eneu Island it is 2.3 and 0.2 pR/h, respectively. In addition, external gamma 
measurements were made at Eneu and Bikini Island, using portable scintillation 
detectors [2], Measurements were made 1 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 chamber and 
two types of thermoluminescent dosimeters. The measurements from the 
scintillation detector were normalized to the pressurized chamoers. The aerial 
and ground surveys agree quite well [33]. The external gamma doses presented 
here are based on the island average external exposure. However, the 
Marshallese spend considerable time (30 to 50%) in or around the housing ansa. 
As a result, the housing provides shielding that reduces the average outside 
exposure by as much as a factor of 2. Also, coral gravel 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 background at the atolls is 3.5 pR/h or 22 mrem/y and 
results primarily from cosmic radiation. The natural background is not 
included in the doses presented here. 

INHALATION 

Airborne concentrations of respirable 2 3 3 2 1 ,°Pu and 2 1 , 1Am are estimated 
from data developed in resuspension experiments conducted at Bikini Atoll in 
May 1978. We briefly describe the resuspension methodology here; further 
details can be found in a paper summarizing the studies at Enewetak and Bikini 
Atolls [34]. Four simultaneous experiments were conducted: (1) a 
characterization of the normal (background) suspended aerosols and the 
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>; "Yin:*oivr'."is frrn S M sproy off tnc wir.tfword beach leeward across the island, 
Ic) a si-usy of resuspcnsiion of radionuclides frm a field purposely laid bare 
£>y Su3 looser5 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 
durirg daily routines. 

The normal or background n:*ss loading measured by gravimetric methods for 3 both atolls is approximately 55 ug/nr. The Bikini Island experiments show 3 that 34 -jg/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 3 from terrestrial origins is therefore about 21 ug/m . The highest 3 terrestrial mass loading observed was 136 ug/m immediately after 
bulldozing. 

Concentrations of 2 3 9 2"°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 enhancement 
factor (EF) as the 2 3 9 ""Pu concentration in the collected aerosol mass 
divided by the 2 3 9 2"*°Pu surface soil concentration (0 to 5 cm). 

The EF of less than 1 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 a-cm soil sample. In addition, approximately 10% of the 
mass observed on the filter is organic matter, which has a much lower plutcriium 
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 scil 
sample. 

We have developed additional personal dosimeter enhancement factors 
(PDEFs) from personal dosimeter data. These data are normalized to the hi-vol 
data for a particular condition and represent enhancement that occurs around 
an individual because of his daily activities (different from the open-air 
measurement made with the hi vols). The total enhancement used to estimate 
the amoun"" of respired plutonium is the combination of the hi-vol and personal 
dosimeter values. 
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in tiho secnarJo adeptcd for WJO calculations, uo assur.e that a person 
sper.us 8 i>/d under high-activity conditions and 16 h/d under nerval conditions. 

3 3 Finally, a breathing rate of 23 m /d (9.6 m under high-activity conditions 
3 and 13.4 n under normal conditions) and the surface soil concentration 

tO to 5 en) for each island ere used to complete the calculation for plutonium 
and arericiun 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 minor portion of the total doses predicted over 
the next several decades. 

DRLVKIfJG 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 material is 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 9 0 S r , 2 3 9 2"°Pu, and 
2 1 , 1Am. Ocassionally, samples are also analyzed for 2 3 9 P u and 2 1 t lPu. 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, Pandanus fruit, papaya, 
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^'i.H' CC ̂central Sens in ci'itorn water and grcur.cvater in 

, J'Cs »°Sr 
Cistern Ground 

jjj-nne Pu 
Atoll Cistern lirouna 

»°Sr 
Cistern Ground cistern Ground 

snd islcme water water water water water water 

Bikini 
Eneu 0.31 31 0.24 31 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 
Enijabfo 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 0.0015 
Utirik 
Utirik 0.14 6.5 0.097 0.882 0.0005 0.0002 

Rongelap 
Rongelap 0.46 1.0 0.15 0.082 0.003 0.0002 
Enietok 1.1 0.28 0.0012 — — — 

Kwajalein 
Kwajalein 0.080 0.052 0.C002 ~— — — 

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 
thousands of coconuts have been analyzed from Bikini and Eneu Islands to 
estimate the average concentration of the radionuclides in coconut meat and 
fluid [15]. At Enewetak Atoll, about 100 trees that we planted on Enjebi 
Island in 1975 have recently started bearing fruit and are now available for 
analysis. Coconut trees were sampled at each atoll during the NMIRS [6], 
Fewer breadfruit, Pandanus fruit, papaya, etc. are available at the atolls, so 
the numbers of trees sampled at Bikini and Enewetak range from 8 to 50; the 
number of trees sampled was more limited at atolls visited as part of the 
NMIRS. Samples from a half-dozen pigs and many chickens have been analyzed to 
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»:.:vr'.:<K!-v' :i:o -averse concentration in devestie moots. About £CC0 *-er.ipHos 
11%—i G'ik'inii, S£G0 frs^ tnewctok, and 5600 froa the JiMIRS of plant, soil, 
CfjtraJ, rrarjne ontf water se^plos have been collected sii.ee 19/5. 

"ije dot a presented in Table 2 ore the concentrations observed in food 
presets at Bikini Atoll. The radionuclide concentrations in the sane food 
products for atolls visiteo for thr> NM1RS or., nuch less than those sho..n in 
Table 2 for Bikini Atoll [9]- The concenttctiun of 1 5 7 C s in coconut is 
lognormally distributed as shown in Figs. 5 through 7. Tnis is typical of all 
radionuclide concentration data in islands where we hav*? sufficient data to 
evaluate the distribution. The mean alue 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 ,:o 
use a 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 concentration ratios between the 
radionuclide concentration in the plant to those in the soil on those islands 
wh^re local foods are available. 

Soil Radionuclide Concentrations 

All soil profile samples are collected for the following increments: 0 to 
5 cm, 5 to 10 cm, 10 to 15 cm, 15 to 25 cm, 25 to 40 cm, and 40 to 60 cm. A 
total of approximately 500 to 1000 g of soil is collected for each profile 
increment. Sa. oles are then analyzed by high-resolution gamma spectroscopy to 
determine the 1 3 7 C s and 2 1 , 1An) concentrations and by radiochemical procedures 
to determine the concentrations of 9 0 S r ; i 3 9 2 1 , l >Pu; and in some cases, 
2 , , 1Am and 2 1 , 1 P u . 

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 depth profile 
(i.e., 0 to 5 cm, 0 to 10 cm, 0 to 15 cm, etc.) is calculated by averaging the 
results for each profile taken on the island. The results are summarized in 
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T:;)k' <?. ?:.;•;;:scroti tee ee::raitr.tt icns in local food prctJaicts ot B ik in i end 
tsx-j 3 silonts. 

Concentration (pCil/g wet weight) 

Dietary iten ' "Cs *°Sr 2S9+2»oPu 2 » i A m 

Bikini Island 
thicken muscle 
Chicken liver 
Chicken gizzard 
Pork muscle 
Por1' kidney 
Pork liver 
Pork heart 
Bird muscle 
Bird viscera 
Bird eggs 
Chicken eggsb 

Pandanus fruit 
Pandanus" nuts 
Breadfruit 
Coconut fluid 
Coconut milk copra 
Tuba/Jekaro 
Drinking coconut meat 
Copra meat 
Sprouting coconut 
Marshallese cake 
Papaya 
Rainwater 
Wellwater 
Malolo 
Coffee/tea 

Chicken muscle0 

Chicken liverc 

Chicken gizzardc 

Pork muscle0 

Pork kidney0 

Pork liver0 

Pork heart0 

Bird muscle 
Bird viscera 
Bird eggsb 

Chicken eggs 
Coconut fluid 
Coconut milk copra 
Tuba/Jekaro copra 
Drinking coconut meat 

6.9 0.057 
6.9 0.057 
6.9 0.057 

232 1.73 
216 1.79 
94 0.67 
123 1.04 
0.055 0.04 
0.4 0.04 
0.033 0.018 
6.9 0.057 

199 9.5 
199 9.5 
21.6 4.34 
85 0.0195 
238 0.22 
169 0.22 
193 0.22 
238 0.22 
260 0.22 
238 0.22 
98 1.9 
1.9 (• •3) 6.1 (-4) 
0.43 0.12 
1.9 (-•3) 6.1 (-4) 
1.9 (-3) 6.1 (-4) 

Eneu Island 
1.7 0.014 
1.7 0.014 
1.7 0.014 
52 0.43 
36 0.3 
25 0.21 
31 0.25 
0.055 0.04 
0.4 0.04 
0.033 0.018 
1.7 0.014 
9.8 5.1 (-3) 

37 0.063 
21 0.063 
19 0.063 

3.8 (-4)a 1.9 (-4) 

3.8 (-4) 1.9 (-4) 
1.5 (-4) 2.1 (-4) 
1.5 (-4) 2.1 (-4) 
8.1 (-5) 5.7 (-5) 
5.02 (-5) 7.1 (-6) 
9.6 (-5) 2.4 (-5) 
9.6.(-5) 2.4 (-5) 
9.6 (-5) 2.4 (-5) 
9.6 (-5) 2.4 (-5) 
9.6 (-5) 2.4 (-5) 
9.6 (-5) 2.4 (-5) 
7.7 (-5) 9.8 (-5) 
6.3 (-6) 3.2 (-6) 
4.5 (-5) 2.2 (-5) 
6.3 (-6) 3.2 (-6) 
6.3 (-6) 3.2 (-6) 

3.8 (-4) 1.9 (-4) 
3.8 (-4) 1.9 (-4) 

2.21 (-5) 1.90 (-5) 
9.1 (-5) 5.68 (-5) 
9.1 (-5) 5.68 (-5) 
9.1 (-5) 5.68 (-5) 
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role 2. fCcntiimjcd) 

Dietary Hon 

Copra meat 
Sprouting coconut 
Marshallese cake 
Papaya 
Squash 
Pumpkin 
Banana 
Watermelon 
Arrowroot 
Rainwater 
We11water 
Malolo 
Coffee/tea 

1ST Cs 
Concentration toCi^ ••"* woip h t) 

»o S r 2s»+:»oPu s«.ito 

Eneu Island (continued) 

37 0.063 1.4 (-4) 1.1 M ) 
40 0.063 1.4 (-4) 1.1 (-4) 
37 0.063 1.4 (-4) 1.1 (-4) 
14 0.2 8.6 (-6) 5.7 (-5) 
8.5 0.064 8 (-6) 4 (-6) 
8.5 0.064 8 (-6) 4 (-6) 
0.86 -- -- — 
2.6 0.031 1.3 (-5) 4.2 (-6) 
0.93 — -- — 
3.1 ( -4) 2.4 (-4) 4.5 (-6) 2.3 (-6) 
0.031 0.031 9.2 (-6) 4.6 (-6) 
3.1 ( -4) 2.4 (-4) 4.5 (-6) 2.3 (-5) 
3.1 (-4) 2.4 (-4) 4.5 (-6) 2.3 (-6) 

3 Values in parentheses indicate powers of ten. 
D Assumed to be the same as chicken. 
c Pig and chicken data from Bikini Island. 

Table 3 for 94 profiles from Bikini Island and 84 profiles for Eneu Island. 
Hundreds of soil profiles have been analyzed fro.n Enewetak Atoll and from the 
atolls visited during the NMIRS. 

The 1 3 7Cs concentrations in the soil on Eneu Island are lognormally 
distributed as indicated in Fig. 8. Similar results were observed for soil 
radionuclide concentrations at Bikini Island and other islands at various 
atolls. 

Concentration Ratios 

Because of the scarcity or absence of locally grown foods at some atolls 
and islands, we have developed concentration ratios between food products and 
soil (pCi/g wet weight in food per pCi/g dry weight in soil) for each 
radionuclide. The mean, median, and the high and low values for the 
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Figure 5. Log probability plot of 1 3 7 C s concentration in drinking coconut 
meat on Eneu Island. 

concentration ratios developed from samples collected through March 1980 at 
Bikini Atoll are listed in Tables 4-6 for 1 3 7 C s , 9 0 S r , and 2 3 9 + 2 * 0 P u , 
respectively. The 2 1"Am is similar to 2 3 9 2"°Pu. The concentration ratios 
are developed from soil profiles taken to a depth or" 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 regions showed 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 observations of the 
physical location of the root zone at Enewetak and Bikini Atolls. 
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4*10 

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 many islands where resettlement is being considered but local foods are 
unavailable for analysis. The concentration ratios are lognormally 
distributed. 
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Figure 7. Log probability plot of 1 3 7 C s concentration in copra meat on 
Island. 

Eneu 

Table 3. Average soil concentrations for over 100 soil profiles for both 
Bikini and Eneu Islands. 

Soil concentration (pCi/g dry weight) 
tSiKim Island 

Profile 
(cm) 137CS 90Sr 239+2"t0pU 

Eneu Island 

2"t lAm 137CS 9 0 S r 239+2"»0Pl| 2 f i A m 

0 to 5 101 103 
0 to 10 90 108 
0 to 15 79 108 
0 to 25 62 93 
0 to 40 49 73 

11 
10 
9.7 
8.2 
7.1 

8.7 
8 
7.3 
6.4 
5.4 

7.4 
6.1 
5.3 
4.3 
3.4 

4.8 
4.2 
4 
4.1 
4.5 

0.82 
0.73 
0.73 
0.75 
0.76 

0.41 
0.39 
0.42 
0.46 
0.5 
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3. Log probability plot of 1 3 7 C s concentration in the top 0 to 5 cm 
at Eneu Island. 

Marine Foods 

The radionuclide concentrations in marine foods are listed in Table 7 for 
Bikini Atoll. The details for the radionuclide concentrations in fish at 
various atolls are listed and discussed elsewhere [8,39-41]. The data 
represent the analyses of hundreds of the five or six most common species 
consumed by the Marshallese. The radionuclide concentration for most species 
is very low, and the marine pathway contributes a very small portion of the 
total estimated doses at an atoll. 
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TcS3o i«. Concentration ration of 1 5 7 C s estimated over a 0- to 40-cn soil 
profile far subsistence crops at Bikini and Fneu Islands. 

Nuxber Number Number Mean 
of trees of of Concentrat ion High Low 

Dietary itera or plants samples fruits3 ratio3 value Median value 

Drinking coconut meat 82 150 750 6 40 3.7 0.34 
Drinking coconut fl uid 82 147 735 •5 18 1.9 0.1 
Copra meat 82 98 490 lb 41 6.3 0.82 
Sprouting "oconut 44 74 370 10 79 5.9 0.92 
Breadfruit 10 15 75 0.54 16 0.38 0.12 
Pandanus fruit 8 11 22 7.8 34 3.6 0.18 
Papaya 48 59 885 2.6 18 0.73 0.036 
Squash0 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 3.3 1.1 0.11 

a The pCi/g fruit wet weight per pCi/g soil dry weight. 
0 Concentration ratio for a 0- to 5-cm soil profile because of shallow 

root system. 

Table 5. Concentration ratios of 9 0 S r estimated over a 0- to 40-cm soil 
profile for subsistence crops at Bikini and Eneu Islands. 

Number Mean 
of trees Concentration High Low 

Dietary item or plants ratio9 value Median value 

Coconut meat 26 9.8 (-3)b 7.3 (-2) 5.1 (-3) 8.6 (-4) 
Coconut fluid 17 1.8 (-3) 5.9 (-5) 9 (-4) 7.6 (-3) 
Breadfruit 9 0.07 0.15 5.5 (-3) 5.8 (-3) 
Pandanus fruit 3 0.46 0.69 0.42 0.26 
Papaya 15 4.1 (-2) 1.1 H ) 2.8 (-2) 9.8 (-3) 
Squash 6 2.4 (-2) 4 (-2) 2.4 (-2) 8.8 (-3) 
Banana 3 9.6 (-3) 1.5 (-2) 7.7 (-3) 5.8 (-3) 
Watermelon 8 1.8 (-2) 2.9 (-2) 1.5 (-2) 7.2 (-3) 

a The pCi/g fruit wet weight per pCi/g soil dry weight. 
D Values in parentheses indicate powers of ten. 
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Table 6. Concentration ratios of 2'» + 2 , , 0Pu estimated over a 0- to 40-cm 
soil profile for subsistence crops at Bikini and Eneu Islands. 

Number Mean 
of trees Concentration High Low 

Dietary item or plants ratio3 value Median value 

Coconut meat 22 9.7 (-5)b 4.8 (-4) 3.1 (-5) 1.7 (-6) 
Coconut fluid 11 1.2 (-5) — — — 
Breadfruit 8 1.5 (-5) 4.7 (-5) 1.2 (-5) 1.6 (-5) 
Pandanus fruit 3 4.3 (-5) 8.9 (-5) 3.3 (-5) 6.4 (-6) 
Papaya 16 3.6 (-5) 1.8 (-4) 2 (-5) 3.3 (-7) 
Squash 5 1.9 (-5) 4 (-5) 1.2 (-5) 3.3 (-6) 
Banana 3 1A (-5) 6.4 (-5) 7.2 (-6) 8.4 (-7) 
Watermelon 8 4 (-5) 8.9 (-5) 3.2 (-5) 7.1 (-6) 

a The pCi/g fruit wet weight per pCi/g soil dry weight. The mean 
concentration ratio for z , , :Am is similar to Pu. 

b Values in parentheses indicate powers of ten. 

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

Concentrat ion (pCi/g wet weight) 
Dietary item l 3 7Cs 9°Sr 239+2 "tOpu 2 1 , 1 Am 

Fish (reef) 
Fish (pelagic) 
Shellfish 
Clams3 

Birds 
Bird eggs 
Crabs 

0.16 
0.14 
0.005 
0.011 
0.055 
0.033 
48 

0.002 
0.002 
0.005 
0.006 
0.04 
0.018 
8.81 

3.8 x 10 -* 
3.8 x 10"* 
1.7 x 10" 3 

1.4 x 10" 3
C 

1.3 x I0 _ 4
C 

1.3 x ie~4 

6.8 x 10" 3 

1.9 x 10"'; 
1.9 x 10" 4 

).85 x 10-g 
0.7 x 10"3

 c 

0.65 x 10" 4
C 

0.65 x 1 0 ; 4 

3.4 x 10' 3 

a Includes both muscle tissue and hepatopancreas. 
b Calculated using the fish 239+2-oPu t 0 z m A m r a t i o o f 2_ 
c Assumed to be the same as fish muscle. 
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DIET 

The estimated sverage diet used in the dose assessment is a very critical 
parameter—doses will correspond directly with the ingested activity, which is 
directly related to the quantity of locally grown food that is consumed. 
Therefore, an accurate estimate of the average daily consumption «-ate of each 
food item is important. 

Because we have been unable to obtain information on the dietary habits 
of the peopTe at all of the atolls, the diets used in this dose assessment are 
those recently developed from the MLSC survey conducted of the Enewetak people 
on Ujelang Atoll and Tro.Ti the BNl surveys at Rongelap, UtiriK, and Ailuk 
Atolls. More detailed information on the MLSC survey can be found in Refs. 15 
and 42 and a discussion of the BNL survey 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 th»<;e 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 document 
for locating individuals for the IMD survey." 

The recent BNL report on dietary information o.\ Rongelap, Utirik, anc 
Ailuk was developed by the authors froii 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 fooC actually 
consumed. Because fcod is shared and sjme food prepared is 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 overestimated and should be considered maximum 
estimates or overestimates." 
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"•'•••'• .";•;.•:-: fiiirv-i:''. aro aavjco-.] into ii:rce categories representing lliree 
\:•,;;•:> r.i cr. r a m i e s . Ccr^-unity A has a naxi:rir:i availability of local feeds, 
.•: sKCuy ccpressej Iccal cccr.o-niy Oiviny within ir.cĉ o provided by selling 
- • " n ) , o ilC'' r"F-'a-i,r-,'|r and little or no ability to btjy imported fend, 
tcmunity a has o lew availability if local foods except fish because of 
excellent fishing in the area, is overpopuluted--resulting in low availability 
of local foods, and has good supply of imported foods and readily available 
jobs. Ccnrainity C has a low availability of local foods and poor fishing, 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 MLSC survey is 142 to 217 g/d for the average intake when imported 
foods are available and unavailable, respectively. The range in the BNL 
survey for the average prepared for a household is 30c. g/d for community C to 
1025 g/d for community A. The prepared coconut meat in the BNL survey is 40 
to 50% higher than that consumed according to the MLSC survey. The Pandanus 
fruit prepared is nearly double the MLSC consumption value. 

Fish consumption in the MLSC survey is 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, domestic meat, wild birds, 
breadfruit, and arrowroot is greater in the MLSC survey than in the BNL survey. 

In the summary of a survey conducted during July and August of 196? at 
Majuro Atoll, the average coconut use was reported to be approximately 
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 of fluid (standard 
deviation = 125 mL), so that even if the entire average coconut use of 0.5/d 
were all drinking nuts, the average intake would be about 160 g/d. This is in 
agreement with the results from the MLSC survey 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. 
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":Mlc G. Diet tCTpensen ef the r j x i r i d ie t frc::i the t'LSC survey at Ujek'.nq 
o;:ii :«-.2 GM. ..tauy at tageHap and Ut i r . . . . 

Intake for adult female, 
MLSC U.jptang survey 

TEporTs imports Intake from BNL Marshall 
Dietary available unavailable Islands survey** 
i ten (g/d) (g/d) (g/d) 

Fish 42 90 84 to 194 
Shellfish*3 5.1 25 0. 14 to 0 
Clams 8.9 44 5 to 15 
Coconut crabs c 3.1 13 1 to 2 
Domestic meat d 21 35 0. 7 to 4 
Wild birds 4 18 0. 6 to 9 
Eggs* 11 56 2.4 
Pandanus 9 33 64 to 96 
Breadfruit 27 93 36 to 53 
Coconut fluid 142 217 430 to 521 
Coconut meat 63 187 268 to 280 
Squash (pumpkin) 1.2 2.7 0 to 5 
Arrowroot 3.9 47 0 
Papaya 7 14 0 to 12 
Banana 0.02 0.3 17 to 19 

a Reference 43. 
D Marine crab and lobster. 
c Includes land crabs. 
d Pork and chicken. 
e Bird, chicken, and turtle. 

(2) The dietary habits of a people are atoll specific and one should not 
arbitrarily generalize from one atoll to another. 

(3) There is 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 assessments. 
Throughout our discussion of diet and estimated dose, three expressions 

are used extensively: imports available, imports unavailable, and local 
foods. Imports-available conditions exist when field ships arrive on schedule 
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C O iripcrie:;'! zr.ti '-stall fcscis ore fcoth available. Imports unavoiJ^fcln 
•ir.OKJlos a een-Jitien where tliere is an absence or greatly reauceo awilaotlity 
ei srpcrteo feeds, local feeds is our expression for the locally grewn foods 
of tlie KLSC ana B*»L surveys. Under normal conditions, imported foous 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 imported foods would be much more limited. This condition is then 
projected over a lifetime. 

The daily food intake in grams per day is multiplied by the radionuclide 
concentrations in the food products to give the average daily intake of 
radionuclides for the various atolls and islands as input to 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. 
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Figure 9. Log probability plot of the dietary intake of 34 Marshallese 
females. 
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IIVIN3 PATTERNS 

Oases Juive been estimated for the major islands at each atoll assuming a 
continuous residence on each island and all local food derived from that 
is J and. So~e of the islands listed 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 residence islands. 

BODY ANO ORGAN WEIGHTS 

Oata from BNL 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 
weighed means is 69.9 kg, very near the 70-kg value of reference man [46]. As 
a result, we have used 70 kg as the 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 distribution of body weights for Marshallese males and 
females appear to be more nearly lognormally distributed than normally 
distributed as shown in Fig. 10 for the female. The distribution for male 
body weights is similar to the female distribution. 
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Log probability plot for the body weight of 172 adult Marshallese 

RESIDENCE TIME OF 137, Cs IN THE BODY 

Cesium-137 accounts for a significant 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 l 3 7 C s in the human body is 
important. Measurements of ten Marshallese males by BNL show that the mean 
residence time is 114 d (range: 76 to 178 d) for the long-term compartment, 
which is wery consistent with published information on other populations [23]. 
For 21 females, the mean value is 83 d (range: 63 to 126 d ) . Our summary of 
the BNL data shows the residence time of 151 adult males to be lognormally 
distributed (Fig. 11). 
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Figure 11. Log probabi l i ty plot of the residence time of 1 3 7 C s 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, radionuclide 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 1 3 7 C s and the external gamma dose is a maximum. For 
bone marrow, the maximum occurs when the bone-marrow ingestion dose from 
, 3 7 C s and 9 0Sr and the external gamma dose is a maximum. 
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Ine esitoated, ^axir.un annua5 tlose-equJvalent rates for three living 
patterns at encwetak Atoll based on the Ujelang Diet are listed in Table 9. 
Uie Kliole-tocdy and bone-narrow dose equivalent rates range from 235 to 
SCO trre^/y Tor Enjebi Island depending on whether imported foods are available 
or unavailable and from 3.7 to 7.8 mrem/y for Enewetak or other southern 
islands. The third living pattern, with doses intermediate to the other two 
living patterns, is a case where residence would be on Enjebi 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 ram, respectively. Evaluation of other 
living patterns is given in Ref. 42. 

The maximum, annual dose-equivalent rates for ti.e 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 l 3 7 C s through ingestion 
of local food and external gamma exposure accounts for over 90% of the total 
dose. The 9 0 S r 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 Eneu are listed by 
exposure pathway in Table 13 to show the relative contribution of each 
pathway. The terrestrial food chain is most significant potential exposure 
pathway; the external gamma exposure pathway is next in significance. The 
other pathways are relatively minor contributors. Mcr° detail on the Bikini 
Atoll dose assessment can be found in Ref. 15. 

The maximum, annual whole-body dose-equivalent rates for the atolls 
downwind of the proving grounds are listed in Table 14 for the inhabited 
atolls. The doses are given as the range observed between the various diet 
options discussed previously. For example, the range observed for Likiep 
Atoll is from 3.2 mrem/y for the MLSC diet to 23 mrem/y for the applicable BNL 
diet. The highest estimated doses for the inhabited atolls are for the 
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Totue 9. ^3*^".;t~:, •ŝ nuGJ Cose-ottuivolent rates in c.rcn/y for adult females 
icr jiel ccr.dit'scns t\\-,cn imports ere available and unavailable.^ 

Type of diet Organ 
Pathwa y 

External 
gamma Total 

Year of 
location Type of diet Organ Ingestion 

y 
External 
gamma Total 

naxircum 
dose 

Enjebi Imports 
available 

Bone marrow 
Whole body 

237 
222 

54 
55 

291 
277 

10 
9 

Imports 
unavailable 

Bone marrow 
Whole body 

500 
455 

54 
54 

554 
509 

10 
10 

Southern 
islands 

Imports 
available 

Bone marrow 
Whole body 

3.9 
3.3 

1.2 
1.2 

5.1 
4.5 

3 
2 

Imports 
unavailable 

Bone marrow 
Whole body 

9.8 
7.4 

1.1 
1.2 

11 
8.6 

5 
3 

Enjebi 
Island and 
southern 
islands 

Imports 
available 

Bone marrow 
Whole body 

39 
21 

47 
62 

86 
83 

9 
2 

Imports 
unavailable 

Bone marrow 
Whole body 

107 
63 

43 
47 

150 
no 

12 
9 

a The listed doses can be converted to SI units by the equation 
100 mrem = 1 mSv. 

southern islands of Rongelap where the doses range from 35 to 110 mrem/y. 
Most of the estimated annual dose equivalents for the uninhabited atolls are 
low with the exception of the northern islands at Rongelap where they range 
from 91 to 330 mrem/y (Table 14). 

The 30-y integral dose equivalents are listed in Table 15 for all of the 
atolls. At most atolls the doses are less than 0.3 rem. The estimated doses 
for the southern islands of Rongelap range from 0.76 to 2.5 rem. If the 
northern islands of Rongelap were inhabited on a continuing basis, the 
estimated doses would range from 2.1 to 11 rem. A more detailed analysis of 
the estimated doses for atolls downwind of the proving grounds can be found in 
Refs. 7-9. 
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T.2&He 30. The 20- and 50-y intt-gral dose equivalents for adult females uhen 
«r,pcr«J feeds arc- both available anil unavailable for the Enjebi Island living 
pattern. 

3r.3 r.ucttCe 

30-yptr integral tlosc rcn) 
ktiole brief 

irpoTiT 
- C T S I T D O U ; " ' " 1 a i " f " " " ' Lumc niarrou 

"Ih^cr' lV IHpcris "THporil ISporis frrporis "imports " fcpbris spor ts 
available unavailable available unavailable available unavailable available unavailable 

Ingest sen 

u i C s 

90 ; 

2* 1 An 

" ' P u ( ' " t o ) 

External gamia 

>"Cs + "Co 

Inhalation 
2 3 9 + 2 * 0 p u 

" • ' P u ( 2 »'Am) 

TOTAL 

4.3 

1.4 

5.7 

1.4 

0.026 

4.3 8.7 
0.38 1.2 
0.0033 0.014 
0.0046 0.018 
0.0021 0.0077 

1.4 

0.23 
0.099 
0.026 

6.1 

1.4 

0.23 
0.098 

6.5 13 

1.9 1.9 

8.4 

6.5 13 
0.59 1.9 
0.0088 0.037 
0.013 0.050 
0.0078 0.029 

1.9 

0.61 
0.26 
0.094 

1.9 

0.61 
0.26 
0.094 

17 

A comparison of the estimated body burdens from our dose models and data 
using the two diet models with that from the BNL whole-body counting 
observations are shown in Table 16. The predicted average body burden for 
Bikini Island for the MLSC diet is 5.5 pCi when imported foods are available 
and 11 uCi when imported foods are unavailable; the predicted body burden for 
the BNL diet is about 20 uCi. The BNL-measured average body burdens in 1978 
in the Bikini people is 2.4 uCi in males and 1.7 uCi in females [47,48]. At 
Rongelap Atoll, the average measured body burden in 1978 for adults was 
0.17 yd' [49]. The models predict an average body burden of 0.19 uCi for 
tne MLSC diet when imported foods are available and 0.42 uCi when unavailable 
and 0.58 yCi for the BNL diet. At Utirik Atoll, the predicted average body 
burden using the MLSC diet is 0.043 uCi when imported foods are available 
and 0.098 uCi when unavailable; the predicted body burdens are 0.18 yCi 
using the BNL diet. The BNL-measured average body burden was 0.053 uCi for 
adults in 1978 [49]. 
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Table s i . y.mv~:,-\t annuaJ tfcse-equivalemt rates in rrc-nVy for adults fo r 
Isvir.g pattenss consist ing of (1) 100% tir ;e on B ik in i Island and a l l loca l ly 
gra»n "feeds f rcn Bik in i and (2) 1C0» t ine on Eneu Island and a l l l oca l l y grown 
feces frtn Eneu. 

Organ ingestion3 External gamma" Total 
year or 

maximum dose 

Bikini Island 

Imports available 
Whole body 
Bone marrow 

815 
845 

189 
189 

ICOO 
1030 

3 
3 

Whole body 
Bone marrow 

1685 
1775 

Imports unavailable 
189 
189 

Eneu Island 

1870 
1960 

3 
3 

Whole body 
Bone marrow 

116 
122 

Imports available 
14 
14 

130 
140 

3 
3 

Whole body 
Bone marrow 

231 
249 

Imports unavailable 
14 
14 

250 
260 

3 
3 

a Whole-body ingestion dose from 1 3 7 C s . Bone-marrow ingestion dose from 
1 3 7 C s and 90Sr. 

D Background substracted. 
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"C;)He 12. Use 3Q-y integral dose equivalents in re^ for adults for a livinc 
pattern consisting of \\) ICQ* ticr.e- on Bikini Island and all HocaT-y grown 
f'ecos frcn Bikini and (2) 100% tine of Eneu Island and all locally grown foods 
fre::i Eneu. 

Pathway and Imports available Imports unavailable 
radionuclide Whole body Bone marrow Whole body Bone marrow 

Bik in i Island 

Ingestion 
l 3 7 C s 
9 0 S r 
2 3 9 + 2 ' t O p u 

2 1 , 1Am 

18 18 
1 
0.00012 
0.00033 

38 38 
3 
0.00045 
0.0010 

External gamma 
1 3 7 C s + 6 0 Co 4.2 4.2 4.2 4.2 

Inhalation 
23 9+2 tO p u 

2 1 , 1Am 
" ' P u (" 'Am) 

— 
0.033 
0.035 
0.005 

--
0.033 
0.035 
0.005 

TOTAL 22 42 45 
Eneu Island 

Ingestion 
1 3 7 C s 
9 0 S r 
239+2 ' tO p u 

2" 'Am 

External gamma 
1 3 7 C s + 6 0 Co 

Inhalation 
2 3 9+2'tO p u 

2 1 , 1Am 
» 'Pu ( 2 1 ( 1 Am) 

TOTAL 

2.6 

0.32 

2.6 
0.2 
0.00011 
0.00035 

0.32 

0.024 
0.016 
0.00038 

5.2 

0.32 

5.2 
0.61 
0.00038 
0.0011 

0.32 

0.024 
0.016 
0.00038 

2.9 3.1 5.5 6.1 
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labile H3. Comparison of the 30-y integral dose-equivalent contribjtions in ren for 
acjlts for five exposure pathways at Bikini and Eneu Islands when imported foods 
are available. 

Pathway 
Bikini Island Eneu Island 

Whole body Bone marrow Lung Whole body Bone m a r r o w L u n g 

Terrestrial foods 18 20 19 2.6 2.8 2.6 
External gamma 4.2 4.2 4.2 0.32 0.32 0.32 
Marine foods 0.0037 0.0072 0.0037 0.0037 0.0072 0.0037 
Inhalation — 0.075 — -- 0.0045 — 
Cistern water 0.0017 0.0056 0.0017 0.00028 0.0019 0.00028 
Groundwater 0.19 0.55 0.19 0.014 0.11 0.014 

Table 14. Maximum, annual whole-body dose-equivalent rates from the NMIRS. 

Atolls 
Range of maximum, annnual whole-body 
dose-equivalent rates using MLSC and 

BNL diets (mrem/y) a 

Inhabited 
Likiep (all islands) 
Ailuk (all islands) 
wotho (all islands) 
Ujelang (all islands) 
Mejit (Mejit) 
Utirik (all islands) 
Rongelap (southern islands) 
Uninhabited 
Taka 
Bikar 
Jemo 
Ailinginae 
Rongerik 
Rongelap (northern islands) 

3.3 to 23 
3.9 to 34 
2.4 to 10 
3.3 to 5 
5.9 to 31 
11 to 29 
35 to no 

3.6 to 6, 
6.0 to 23 
4.2 to 14 
13 to 76 
42 to 81 
91 to 330 

Note: The Federal guideline for an individual is 500 mrem/y. The average 
annual U.S. external background doses range from about 54 to 182 mrem. 

a Includes all exposure pathways except 22 mrem/y from background cosmic radiation. 
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Table 15. The 3D-y integral dose equivalents from the KMIRS. 

0.072 to 0.13 
0.088 to 0.14 
0.055 to 0.24 
0.075 to 0.13 
0.082 to 0.14 
0.14 to 0.52 
0.13 to 0.71 
0.096 to 0.33 
0.25 to 0.65 
0.28 to 1.7 
0.94 to 1.8 
0.76 to 2.5 
2.1 to 11 

Kange of jQ-y integral whole-body 
dose-equivalent rates using MLSC and 

Atolls and islands BNL diets (rem) 0 

Likiep (all islands) 
Ailuk (all islands) 
Wotho (all islands) 
Ujelang (all islands) 
Taka (all islands) 
Bikar (all islands) 
Mejit (Mejit) 
Jemo (Jemo) 
Utirik (all islands) 
Ailinginae (ail islands) 
Rongerik (all islands) 
Rongelap (southern islands) 
Rongelap (northern islands) 

Note: The Federal guideline for 30-y integral dose is 5 rem. The integrated 
30-y U.S. external background dose ranges from about 1.6 to 5.5 rem. 

a Includes all exposure pathways except 0.66 rem over 30 y from background 
cosmic radiation. 

Table 16. Comparison of the predicted and measured body burdens o f 1 3 7 C s 
for three atolls in the Marshall Islands. 

Predicted adult body burdens using 
dose models and various diet 
diet options (uCJj 
MLSC diet BNL diet Measured average body burden 

Imports Imports Community in 1978 by BNL (pCi) 
Atoll available unavailable B Average Maximum 

Bikini 5.5 11 •v20 2.4 (M) a 

1.7 ' F ) b 
5.7 (M) 
2.7 (F) 

Rongelap 0.19 0.42 0.58 0.17 (A) c 

Utirik 0.043 0.098 0.18 0.053 (A) 

a Male, 
b Female. 
c Adult. 
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DISTRIBUTION Of COSES AROUND THE ESTIMATED AVERAGE DOSE 

The doses presented herein are calculated using the mean value of the 
data available for each parameter in the dose models. For example, model 
parameters include body weight, residence time of radionuclides in the body, 
radionuclide concentrations in either foods or soil, dietary intake (measured 
in grams per day), and fractional deposition of radionuclides in body organs 
o, compartments. Data for all of these parameters have a lognormal 
distribution as shown in Figs. 5-11. The mean values fall between the 60 to 
70th percentile; that is, for a given parameter, approximately 60 to 7C% of 
the data points fall below the mean value. Thus, if the mean values for the 
parameters are used in the dose models and the data sets are lognormally 
distributed, the final calculated dose are also lognormally distributed. 

The method for calculating the distribution in the final dose is based on 
the distribution of each of the model parameters and is briefly reviewed 
here. The 30-y integral dose equivalent for the ingestion of 1 3 7 C s has been 
simulated using Monte Carlo techniques. The equations used are: 

N N 

q(t) = q(0) V A.e""1' + f,f,I V A(( 1 - e"" 1 ' ) /^ , 

rt N 

Q(t) = q(t) = q(0) Y A,(l - e""' 1)/", 

+ f,f2>£ £ [ , - ( , _ , - * ) / „ ] . 

_ 51.2E X q(t) 
M 

51.2E x Q(t) 
M 

39 



.] •-• :i!i:o«o mis u.Cj/dJ--ecitceiJlrot)o)i (pC'i/g) x dietary intake (y/dj, 
qu\) = iniii.ill ergon iburcien U;C'i) ot tirce t = t„, 
qiiT] = ̂ n^on burden diCi) at tirce t, 
QUJ = emulative activity at time t (uCi) since tQ, 
f, = fraction of ingested activity from gut to blood, 
f, = fraction of activity in blood to organ of interest, 
A^ = fraction of q(t) in compartment i of organ, 
Bi = biological elimination rate for compartment i of organ (d~ ) , 
> = radioactive decay rate of nuclide (d ) , 
U = nurr.ber of organ compartments, 
a^ = X + B.j = effective decay rate of compartment i (d~ ) , 
M = organ mass (g), 
E = effective energy of nuclide for organ (HeV), 
51.2 = units conversion factor, 
R = dose rate at time t (rem/d), and 
0 = integrated dose at time t (rem). 

The distributions of variables of interest I, B-, and M are lognormal, 
while A i is uniformly distributed. The values for the variables are generated 
using International Mathematics and Statistical Laboratory routines for 
lognormal and random (uniform) deviates. Each run generates the appropriate 
random numbers for each variable for calculating the dose. After storing the 
dose in the proper histogram bin, the procedure is repeated until 10,000 (or 
100,000) trials have been made. The distribution from '00,000 trials is shown 
in Tig. IE. The log probability (cumulative distribution) plot for the final 
doses is shown in Fiq. 13. 

In addition, the same input data were used with a totally different 
method for determining the distribution of the final dose based on the 
distribution of each of the model parameters [50]. In this approach, the 
distribution of each input parameter is expressed by a finite probability 
distribution (FPD), which is a discrete approximation of the continuous 
probability density function of the parameter. The dose, expressed as an FPD, 
is estimated by systematically combining the input FPDs in the dose model 
according to the rules of probabilistic arithmetic and storing the results in 
the proper, predetermined discrete output bins. The two methods give very 
similar results. 
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Figure 12. Linear plot of the 30-y integral dose-equivalents from 100,000 
trials. 

The average doses presented here and calculated using mean values for all 
of the parameters in the model, fall at about the 68th percentile on the 
distribution for both methods; that is, 68% of the population would be 
expected to have doses below this value. A dose equal to twice the average 
falls near the 88th percentile for both methods; a dose three times the 
average falls at or above the 95th percentile. Thus, about 68% of the 
population on Eneu and Enjebi would have a 30-y integral dose equivalent less 
than 3 and 6 rem, respectively, when imported foods are available. Based en 
this analysis, there is less than a 5% chance for a person to receive a dose 
that is greater than three times the average dose. 
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Figure 13. Log probability plot of 30-y integral dose-equivalents with the 
Monte Carlo method. 

SUMMARY AND CONCLUSIONS 

The maximum, annual dose-equivalent rates for atolls downwind of the 
proving grounds, that is, Likiep, wotho, Ujelang, Mejit, Ailuk, Taka, Jemo, 
and Bikar for all exposure pathways excluding cosmic radiation are less than 
6 mrem/y if the MLSC diet is used and less than 30 mrem/y even when the BNL 
diet is used. The only significant source of natural external background 
exposure in the Marshall Islands is the 3.5 uR/h or 22 mrem/y from cosmic 
radiation [2]. For reference, these doses can be compared with the external 
background doses observed in the U.S. The total external background dose in 
the U.S. is 54 mrem/y based on the U.S. population-weighted average; 
107 mrem/y for Denver, Colorado, which has a population of about i>00,000 
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H^t^ri i[\spj].;«!k') of c!::eul 1,"-C0,C2O); ami about 162 rrcn/y for LejclvtUe, 
Co Hereto, *i)k!i hos a peculation of about 1Q.CCU [51j. Thus, depending en the 
ciot, most of tlie atolls have estimated doses frô i all exposure pathways 
excluding eosnie radiation that range from about 4 to 51% of the U.S. 
population-weighted background dose; from about 2 to 29X of the Denver, 
Colorado dose; and from about 1 to 17% of the Leadville, Colorado dose. When 
the 22 trre.Ti/y of cosmic radiation background dose in the Marshall Islands is 
added, the total doses at the atolls for all exposure pathways range from 45 
to 100% of the U.S. population weighted external background dose; from about 
23 to 50« of the Denver, Colorado external backgrouna dose; and from 13 to 29% 
of the Leadville, Colorado external background dose, depending on which diet 
is employed. The natural internal dose will be similar in the U.S. and the 
Marshall Islands. 

For additional reference, these estimated doses for the various atolls 
can be compared to the U.S. Federal guideline of 500 mrem/y above background 
for an individual [52]. The doses at most atolls are from 1 to 5% of the 
guideline, depending on which diet is assumed to apply. The highest estimated 
dose equivalent for an inhabited atoll is for the southern islands at Rongelap 
where the doses range from about 10 to 50% of t.'ie guideline, depending on the 
diet. 

The 30- and 50-y integral dose equivalents provide a similar picture. 
The 30-y integral dose equivalents for Likeip, Wotho, Ujelang, Mejit, Ailuk, 
Taka, Jemo, and Bikar for the MLSC diet are less than 0.14 rem and for the BNL 
diet they are less than 0.7 rem. This is less by a factor of 20 to 33 than 
U.S. Federal guidelines of 5 rem/30 y for a population [52] and less than the 
integrated 30-y external background dose in the U.S., which ranges from 1.6 to 
5.5 rem [51]. The 30-y integral dose equivalents for the MLSC diet are less 
than 0.25 rem for Utirik, less than 0.49 rem for Ailinginae, less than 1.3 rem 
for the southern islands of Rongelap and for Rongerik, less than 7.4 rem for 
Naen Island on northern Rongelap, and less than 3.3 rem for the other northern 
islands of Rongelap if they were to be continuously inhabited. Similarly, for 
the BNL diet, the doses are less than 0.72 rem for Utirik, less than 2.1 rem 
for Ailinginae, less than 2.5 rem for the southern islands of Rongelap, less 
than 14 rem for Naen Island at Rongelap, and less than 7.6 rem for the other 
northern islands at Rongelap for continuous occupation. 
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!r.e cikfcaJ ecpositicn of n 7 C s in tl:e 10 to 15° M. laiiiuoo of H:e 
P5£3i'.c rcgien ttircagh 19M was otsout 30 nCi/kn-" [63]. Adjusting this to 
V972 OJid cer.pjnng it with the concentrations of ' , 7 C s determined here, we 
sue that 30* of the l , 7 C s soil concentration (and therefore the dose) listed 
for Ukiep, Wotho, Ailuk, f'cjit, Ujelang, Gikar, Jemo, and Taka is from 
worldwide fallout and is not specific to the Marshall Islands. The worldwide 
fallout of , , 7 C s accounts for about 7% of the 1 3 7 C s at Utirik ana about 2% 
at Rongerik and Rongelap Islands. The other 70, 93, and 98% of the l 3 7 C s 
concentrations, respectively, are c*ue to intermediate range fallout. 

The global deposition of 1 3 7 C s between 30 and 50° N., which includes the 
U.S., is greater by more than a factor of 3 than that in the 10 to 15° N. 
latitude. Thus, the deposition ot 1 3 7 C s from global fallout between 30 to 
50° N. is nearly equal to the total , 3 7 C s observed at Likiep, Wotho, Ailuk, 
Mejit, Ujelang, Bikar, Jemo, and Taka. The deposition of other radionuclides 
follows a similar pattern. 

Another comparison for this latitude and this area of the Pacific is the 
background concentrations of ! 3 7 C s in the soils at Ponape, Truk, Palau, and 
Guam. The I 3 7 C s soil concentration averaged over 10 cm range from 0.1 to 
0.5 pCi/g [54]. The range of 1 3 7 C s concentration, in the 0- to 10-cm soil 
averaged for Likiep, wotho, Ailuk, Ujelang, Mejit, and Jemo is 0.2 to 
0.7 pCi/g, very similar to the background levels at the other areas of 
Micronesia, although slightly higher. 

The estimated doses for the southern islands at Enewetak Atoll are very 
low and resettlement has occurred on these islands. However, half of the 
Enewetak population, who lived on Enjebi prior to their relocation and who own 
the land in the northern half of the atoll, wish to return and establish 
permanent residence. The estimated dose equivalent for Enjebi Island, 
calculated using the average value for all the parameter in the dose models, 
is less than 300 mrem/y for the annual dose-equivalent rate and about 5 rem 
for the 30-y integral dose equivalent (Tables 9 and 10). The U.S. Government 
has elected to multiply by a factor of 3 these estimated annual doses and 
compare the resulting number with the Federal guideline of 500 mrem/y. Thus, 
the maximum, annual dose-equivalent rate presented to the Enewetak people and 
used for risk analysis for Enjebi Island is 900 mrem/y when imported foods are 
available. After evaluating the maximum doses and the associated risk, the 
Enjebi people requested to proceed with resettlement plans and that the U.S. 
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srrcvsc'e S:T:using, public fcuilflings, and on agricultural plan, llio U.S. 
i2ovcnv.::cnt lias not agreed to the rosettkicnt of Enjebi and the Enjebi people 
tftrcugto legal counsel are continuing their efforts to resettle the island. 

At Bikini Atoll, the people were again removed from Bikini Island in 1979 
and the atoll is currently uninhabited. The people were relocated when doses 
based on the 1975 Survey [5] were estimated to exceed the Federal guidelines 
by factors of 4 or 5 and when increasing body burdens were confirmed by the 
BNL whole-body counting program as local foods become available. The current 
assessment of Bikini Atoll (Tables 11 and 12) again indicate the magnitude of 
the doses currently estimated for Bikini Island. However, at neighboring Eneu 
Island, the estimated annual dose-equivalent rate is about 140 mrem/y when 
imported foods are available and the corresponding 30-y integral dose 
equivalent is about 3 rem. Again, the annual dose equivalents results for 
both islands were multiplied by 3 and presented to the Bikini people along 
with the associated risk analysis. After evaluating this information, a 
segment of the Bikini population is pursuing, with the U.S. Government, 
resettlement of Eneu Island. The U.S. has not agreed to resettlement and 
currently no agreement or plans have been adopted. 

Uncertainty in the final dose values can result from uncertainty in three 
sources of input data: (1) radionuclide concentration in food (or soil); 
(2) dietary intake; and (3) the biological parameters such as radionuclide 
turnover times in tne body, fractional deposition in various organs, and body 
or organ weight. However, evaluation of these data indicates that a value 
three times the mean is a reasonable, maximum value. 

First, the distributions of radionuclide concentration data in relatively 
large vegetation and soil sample populations from Bikini and Eneu Islands at 
Bikini Atoll are lognormal [15]. The number of food plants with a 
concentration three times the mean value is less than 5% of the total. 
Therefore, the probability of a person finding his entire diet for 1, 5, 10, 
or 30 y from food crops with a concentration three times the mean value is 
very small. The observed lognormal distribution of radionuclide 
concentrations in soils and plants at the atolls is consistent with most 
elemental distributions in nature. Also, the observation that three times the 
mean value includes more than 95% of the population distribution is consistent 
with other observations, several of which have recently been summarized by 
Cuddihy ĵ t ̂ 2- [55]. 
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>,o *'Sf ec^eciitratien distributions IH bene have been specifically 
a^icrosscd by Ku3p ar.j Schulert [66]. They found that * BSr frcn fall lout was 
distributed Iccnorcally and that the 98th percentile value was £.3 tines the 
tnean value. Naxirr.un values observed for *°5r in bene by Bennett were three 
tir.es the rr.ean; that is, sr.ost of the data fell below three titr.es the r.ean 
[10-12]. These data also reflect the combined variability of the , 0 S r 
concentration in food products and in dietary intake. 

The l 3 7 C s gamma-exposure data, which are listed in Refs. 2 and 33, show 
that the maximum exposure rate at an isolated point on the island is, for most 
islands, less than three times the mean value. In many cases, the maximum 
observed value is only two times the mean value. Because of the movement of 
people around their residence island, tne variation of individual doses around 
the average dose is probably minimized and would not add much variability to 
the distribution of doses calculated for the ingestion pathway. In addition, 
we have not included in the external doses the reduction in external exposure 
that would occur from spreading crushed coral around the houses and shielding 
by the houses. 

Second, the dietary intake of local foods is a major source of input data 
that is somewhat uncertain and could lead to higher average doses than 
present- j here if the average intake were significantly greater than we have 
assumed. For example, if the atoll current lifestyle should change drastically 
with a total reliance on local foods, the average doses would be higher than 
those listed here. This is a very unlikely occurrence because the people have 
a source of income and imported foods are now considered a staple and a 
necessity, not a luxury. The people will have access to outside goods and 
will trade with either the United States or other world governments. 
Conversely, if the diets were to include more imported foods, the doses would 
be lower than listed here. 

Third, the range of values observed for the retention of 1 3 7 C s in humans 
has been summarized by the ICRP [19,20] and the NCRP [21]. For example, the 
range of observed values for the retention time for the short-term compartment 
is 0.5 to 2.1 d with a mean of 1 d; the upper limit that has been observed is 
greater than the mean by only a factor of 2. For the long-term compartment, 
the data range from 60 to 165 d with a mean value of 110 d; the maximum value 
in this case is less than twice the mean value. The fraction of the intake 
that has been observed to go to the short-term compartment (i.e., 2 d) ranges 
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ifcr.) "0.'C'2 *J !0.;?i! wJt?3 o coon of 0.1; fee tlio Hcr.«i-ler::i cccparlccni ;'i.o., 
*il9 cj, 'J-.e n'CiUjC is 0.7Q to 0.97 with a c.ean value of 0.9. For both cases, 
Wie r-jxicra vaJue is Jess than s.wice the r.oan. 

KIOTO are several reasons why the average doses we present night be 
lower. First, the doses are calculated assuming residence since 1978. For 
uninhabited atolls, doses would be expected to be about 2.3% lower per year 
until resettlement occurs based on the radiological decay of cesium and 
strontium. Second, we still do not know the environmental residence time of 
cesium in the atoll ecosystem. If it were 30 y (i.e., equal to the 
radiological half life), the estimated doses would be half (50%) of those 
presented in the tables. If the environmental residence time were as long as 
50 y, the doses would be 34% lower, and if it should be as short as 20 y, the 
estimated doses would be 64% lower. We have experiments underway to determine 
the environmental residence time. Third, we have not included shielding from 
external gamma exposure that occurs from the housing structure and from coral 
gravel that is commonly spread in a 10- to 15-m area around the houses. The 
people spend considerable time in and around their houses [2]. Therefore, a 
significant reduction in the external exposure around the housing area can 
occur. This reduction from shielding by the house can be a factor of 2 based 
on a 30 to 40% occupancy and depending on the type of housing. If coral 
gravel is spread around the house, another factor of 2 reduction can be 
obtained. Depending on the location and type of the housing, the extent of 
use or non-use of coral gravel, and the percentage of time spent in or near 
the house, the external aose reduction could range from 15 to 80% [2]. 
Fourth, we have used the average values for all of the parameters in the dose 
models and the resulting doses fall at about the 68% point on the 
distribution. If we used the median values to estimate the doses for the 
midpoint of the distribution, the doses would be lower. Fifth, if there 
should be a greater future reliance on imported foods with a concurrent 
decrease in consumption of local foods, the estimated doses would be lower. 
Also, the BNL diets applied to most atolls downwind of the proving grounds are 
considered to be upper limits for current lifestyles with a good probability 
that a typical, average diet would be less than that listed in the BNL 
report [43]. 
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*he ciDSGs t'O chi ldren hove been calculated previously and oro always loss 
than :»:e esttaotcd adult d&scs [15,42] . Thot i s , the 30- and 50-y integral 
tfosos s tor t ing at b i r t h through 30 or 50 y are less than s ta i l o r doses 
coll collated for on adult . I f the dietary intake of , 3 7 C s for chi ldren is 
equal to or less than thot for adul ts, the dose to chi ldren w i l l never exceed 
that to the adult [21,24] , The data from both the MLSC and BNL d ie t surveys 
indicate that the consumption of key local foo<_ items for ages 1 to 18 are 
less than those for adul ts, and therefore the radionuclide intake would also 
be less. 
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I his document was prepared us an account of work sponsored h> an ai;enc\ of 
the I niied Males (.ovirtinuni. Neither the I nited Males (internment nor the 
I niicrsit) of ( alifornia nor any of their employees, makes an> warrant).. ex­
press or implied, or assumes anv leual liabilit> or responsibilit\ for the ac­
curacy, completeness, or usefulness of un> information, apparatus, product, or 
process disclosed, or represents that its use would not infringe prisateK owned 
rights. Reference herein to any specific commercial products, process, or service 
bv trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the I niled 
States (.ou'rnmeni or the I niversily of ( alifornia. The views and opinions of 
authors expressed herein do not necessarily stale or reflect those of the 1 nited 
States (internment thereof, and shall not he used for advertising or product en­
dorsement purposes. 

48 

file:///i/nn


REFERENCES 

United States Atonic Energy Commissi cm, Enewetak Radiological Survey. 
United States Atomic Energy Commission, Washington, DC, NVO-MO (1973), 
vols. 1—III. 
P. H. Gudiksen, T. R. Crites, and W. L. lobison, External Dose Estimated 
for Future Bikini Atoll Inhabitants, Lawience Livermore Laboratory, 
Livermore, CA, UCRL-51879 Rev. 1 (1lJ76). 
M. E. Mount, W. L. Robison, S. E. Thompson, K. 0. Hamby, A. L. Prindle, 
and H. B. Levy, Analytical Program—1975 Bikini Radiological Survey, 
Lawrence Livermore Laboratory, Livermore, CA, UCRL-51879 Pt. 2 (1976). 
V. E. Noshkin, W. L. Robison, K. M. Wong, and R. J. Eagle, Evaluation of 
the Radiological Quality of the Water on Bikini and Enou Islands in 1975: 
Dose Assessment Based on Initial Sampling, Lawrence Livermore Laboratory, 
Livermore, CA, UCRL-51879 Pt. 4 (1977). 
W. L. Robison, W. A. Phillips, and C. S. Colsher, Dose Assessment at 
Bikini Atoll, Lawrence Livermore Laboratory, Livermore, CA, UCRL-51879 
Pt. 5 (1977). 
W. L. Robison, C. L. Conrado, R. J. Eagle, and M. L. Stuart, The Northern 
Marshall Islands Radiological Survey: Sampling and Analysis Summary, 
Lawrence Livermore National Laboratory, Livermore, CA, UCRL-52853 Pt. 1 
(1981). 
V. E. Noshkin, R. J. Eagle, K. M. Wong, T. A. Jokela, and W. L. Robison, 
Radionuclide Concentrations and Dose Assessment of Cistern Water and 
Groundwater at the Marshall Islands, Lawrence Livermore National 
Laboratory, Livermore, CA, UCRL-52853 Pt. 2 (1981). 
W. L. Robison, V. E. Noshkin, w. A. Phillips, and R. J. Eagle, The 
Northern Marshall Islands Radiological Survey: Radionuclide Concentrations 
in Fish and Clams and Estimated Doses via the Marine Pathway, Lawrence 
Livermore National Laboratory, Livermore, CA, UCRL-52853 Pt. 3 (1981). 
W. L. Robison, M. E. Mount, W. A. Phillips, C. L. Conrado, M. L. Stuart, 
and A. C. Stoker, The Northern Marshall Islands Radiological Survey: 
Terrestrial Food Chain and Total Doses, Lawrence Livermore National 
Laboratory, Livermore, CA, UCRL-52853 Pt. 4 (1982). 
B. C. Bennett, Strontium-90 in Human Bone, 1972 Results from New York 
City and San Francisco, United States Atomic Energy Commission Health and 
Safety Laboratory, New York, NY, HASL-274 (1973). 

49 



ill. 3. C. Bennett, Strontiun-90 im Hunan Bono. 1976 Results frô i New York 
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