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Assessment of Potential Doses to Populations from the
Transuranic Radionuclides at Enewetak Atoll

- W. L. Robison, V. E. Noshkin and W. A. Phi]]ips

The following assessment was requested by'tﬁe Division of Biological
and Environmental Research and the Division of Opefationa] and Environmental
Safety within the Assistant Secretary for Environment & Safety in the
Department of Energy.

The assessment is a more thorough evaluation of the potential dose
to a population from the transuranic radionuclides in the terrestrial
and aquatic ecosystems at Enewetak Atoll in the Marsha11 Isiands.

The initial assessment was made 16 1973 (1). The transuranics
contributed a very small percentage {< 1%) of the total dose predicted
for the various living patterns at the Atol1. As a result there was no
effort made to look in detail at the potential contribution from the
transuranic via the various exposure pathways.

This report supplies a more detailed look at the estimated doses

239,240 238

that ﬁight be expected at Enewetak from Pu, 241Am and Pu.

Although neptunium has been observed in the marine environment (2) it
§s not considered in the dose assesshent nor are other transamericium
radionuclides. However, doses from these other radionuclides are expected

to be a small fraction of that due to Pu and Am.

Marine Pathway

The following assessment of the potential dose to a population
1iving at Enewetak via the marine foodchain is based upon new data
obtafned by Victor Noshkin (3). The stimulus for obtainihg new samples
and doing a careful analysis for the transuranics was the discrepancy
in much of the Pu analytical data reported by three different laboratories
~during the 1973 survey and reported in fﬁe Enewetak Radiological Survey

Repoft Volume 1 (1).



2

The major portion (> 98%) of the predicted doses at Enewetak Atoll

90 ]37Cs. There was no

for the various 1iving patterns is due to “"Sr and
statistically significant difference in the concentration of these isotopes
for fish muscle from different parts of the lagoon. Therefore, the doses
for the marine pathway in reference 1 were based upon an average for the
entire lagoon. |

However, the concentration of 239’240Pu and 241Am»is very dependent upon
location. The distribution, retention and release of these two isotopes is
entirely different from 137Cs and 905 and the concentration of Am and Pu
in fish can vary greatly depending upon the concentrations in the sediment
and water in the localized areas where the reef fish feed.

Therefore{ we have averaged the Pu concentrations in fish for the
§slands in the northern half of the atoll for which we have new data
(Jane;, Bé]le, Sally, Yvonne) and for the southern half of the'atoll
(Fred,'David, Leroy). Averaging over the northern and southern halves
of the atoll is reasonable in that the Marshallese living on Janet would
£{sh the islands on either side and the people 1iving on Fred would
simi1§r1y fish the islands on eithér side. In fact, the people should
be encouraged to do so because the reef fish do not migrate over long
distances and tend to remain in a very localized environmeﬁi. As a
result, heavy fishing around one island can drastically reduce the fish
| population. | '

The marine pathway in general, and Pu and Am in particular, contributed
such a small fraction of the total predicted dose at Enewetak, that no

effort was made in NVO-140 to separate data on fish muscle from data on

. eviscerated whole fish. However, as the focus is now on the transuranics
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and the potential.dose therefrom, theﬁe data should be separated because
the concentration of Pu in the bone of fish is higher than in fish muscle.
The people eat the fish muscle and sometimes skin but not the bones. Thus
a more accurate picture of the expected dosés from Pu and Am via the marine
‘foodchain is obtained by using fish muscle and skin data only for this

assessment.
The results of the new daté are shown in Table 1 and compared with

the values used in the dose assessment of reference 1.

Table 1. Pu Concentration in Fish at Enewetak Atoll
239’240Pu Concentration pCi/g wt weight

' + + NV0-140, 1973
Organ .Noshkin 1977 Noshkin 1977 Includes all Fish

Muscle Northern Is. 7.3 x 10-4

Muscle Southern Is. 1.2 x 1074

Muscle + Skin Northern Is. 2.9 x 16'3

Muscle + Skin Southern Is. 4.8 x 104

-A1 Fish L » 7.1 x 107"

*Yalue uged in NV0-140 Dose Assessmeﬁt
*Mullet data only-

The concentration in fish muscle for the northern islands is approximaéely
. a’factor of 100 less than the concentration used in the NV0-140 report. For
the southern {slands the~concentration is less by a factor of nearly 600.
When skin 1is included the concentration in muscle plus skin is less by a

factor of 25 than the value used in NVO-140 for the nofthern islands and
less by a factor of 150 than that used for the southern islands. The resulting
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30, 50 and 70 year integral doses and the maximum dose rate are listed in
" Yable 2. The predicted doses are based upon a daily intake of fish muscle
plus skin of 600 g. The gut transfer coefficient used for this dose assessment

for 239:240p, 5 3 x 1075,

Table 2. Integral Doses and Dose Rétes for 239’240Pu Via the Marine

Pathway*
Integral Bone Doses, mrem Dose Rate mrem/yr
Area 30 year 50 year 70 year at 70 year
Northern Islands 3.1 8.0 15 0.40
Southern Islands | 0.52 1.4 2.5 0.068

*Based upon a 600 g per day intake of fish muscle plus skin

On the average the concentrations observed in fish reflect the
average concentrations of the environment and for 238Pu are approximately

13% of the 239,240

Pu concentrations. The transfer coefficients are assumed

239,240

to be the same for 28pu* as for Pu and the dose will scale directly

with concentration. The values in Table 2 therefore will be increased by

about 13% due to 238Pu:

24"Am concentrations in the sediment and water are about 40% of the

1]

239,240py concentrations. An additional 10% might result from grow-in

241 24

from Pu. Therefore the Am concentration (in the marine environment)

1s considered to be about 50% of the 239,240p, concentration.

241

_The analysis for °" 'Am in the fish samples collected in 1976 is

' presently underway. Lacking direct fish muscle concentration data for

*EPA uses for the oxides a gut transfer coefficient of 10'3 for 238Pu

and 10'4 for 239’240Pu. If adopted this would make the estimated dose
from 238Pu slightly greater than the predicted dose from 239’240Pu
and would also increase the doses predicted in this report for 239’240Pu.
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24

241Am it is assumed that Am is transferred across the gut wall in both

239’?40Pu. As a result of

fish and humans 10 times more readily than
the 241Am concentration in the marine environment being 0.5 that of
239’24°Pu and as a result of the transfer to man being 100 times greater
(10 x for fish gut transfer and 10 x for human gut transfer) for 241Am
than for 239’240Pu the predicted doses from 24"Am are 50 times that resulting
from 239f240Pu. It should be émphasized that it is not at all clear that
24]Am is transferred to fish muscle 10 times more readily than 239’2“’0Pu.

Thus the doses in Table 2 if multiplied by a factor of 50 would
essentially represent the predicted rem doses for all of the transuranics
- (f.e., 238Pu, 239’240Pu, 24]Am) via the marine pathway at Enewetak Atoll.
However, the EPA guidance is set in térms of "rad" doses. Therefore, to
convert to "rad" doses the "rem" bone doses in Table 2 should be divided
by a factor of 50. The net result is, therefore, that the “"rem" doses
1isted in Table 2 for 239’240Pu are essentially numerically equivalent
to the."rad“ doses for 238Pu, 239,240p; and 241Am. | _

It is emphasized that the marine dose assessment is based upon the
assumed consumption oé fish muscle and the best available concentration

data for the radionuclides in that tissue. However, the concentration of

239’240Pu in fish bone is higher than in muscle and very high concentrations
of Pu have been observed in the viscera and gills of fish. If for any
reason the bone and viscera were consumed along with the muscle the predicted

~ doses from the transuranics would be expected to be much higher.



Inhalation Pathway

The doses for the inhalation pathway are calculated for two cases:
1. Sofl concentrations of 40 pCi/g and 2. Soil concentrations of 400
pCi/g.

The calculations are made assuming a mass loading of 100 ug/m3 of .

surface soil in air (a1l of which is assumed to be respirable), an AMAD of 0.5 um
239,240

and a breathing rate of 20 m3/day.' The resulting intake of Pu in pCi/day

. 3 T
is therefore 100 x 107° s 3%%51- 40 pCi/g = 0.08 pCi/day
N m ’ y

~and for 400 pCi/g - 0.8 pCi/day.

The resu1t{ng integral doses and dose rates are given in Table 3.

239,240

Table 3. Integral Lung Doses and Dose Rates for Pu Via'the
Inhalation Pathway |

Soil Integral Doses, mrem Maximum Annual Dose

Concentration 30 year 50 year 70 year . Rates mrem/yr

40 pCi/g 680 1200 1600 4 24

400 pCi/a 680 12,000 16,000 240

-The "rad" doses will be less by a factor 10 than the "rem" doses in

' Table 3. Therefore for the 40 pCi/g concentration in soil the 70 year

integral lung dose is 0.16 rad and the maximum dose rate is 2.4 mrad/yr.



The corresponding bone doses are listed in Table 4.

Table 4. Integral Bone Doses and Dose Rates for 239,240py yia the
Inhalation Pathway

Soil Inteqral Doses, mrem Annual Dose Rates at

Concentration 30 year 50 year .70 year 70 Years mrem/yr
40 pCi/gq 220 660. 1300 ' 37
400 pCi/g 2200 6600 13,000 366

The corre%ponding "rad" bone doses would be less by a factor

of 50 than the doses listed in Table 4.
The bone and lung doses resulting via the inhalation pathway from
any other soil concentration of 239’_240Pu can be scaled directly by

ratioing to either of the above soil concentrations and the respective

doses.

241Am and 238

The doses resulting from
. 239,240

Pu via the inhalation pathway

Pu doses listed in Tables 3 and 4.
238

-would be approximaté1y 50% of the

239,240

The predicted "r&d" doses from Pu, 24’lAm and Pu via thé inhalation



pathway are listed in Table 5.

N

Table 5. Predicted Integral Bone and.Lung Doses and Dose Rates for

239’240Pu and 281Am Via the Inhalation Pathway*
Dose Maximum
Rate At - Annual
Soil Integral Bone Doses, mrad {70 year | Integral Lung Doses, mrad ,h Dose Rate
Concentration 30 year 50 year 70 year [m rad/yr | 30 year 50 year 70 year |m rad/yr
40 pCi/g 6.6 20 33 1 102 180 240 3.6
10 pCi/g 1.7 5.0 9.8 0.29 26 45 60 0.9
(Jdanet)
0.07 pCi/g 0.0099 0.030 0.058 0.0017| 0.15 0.27 0.36 0.0054

*Includes the 50% increase in the doses in Tables 3 and 4 to account for
41Am and the reduction of 10 and 50 for lung and bone respectively to
go from "rem" to "rad."

Engebi (Janet), has an average soil concentration of
approximately 10 pCi/g. Using this value rather than the 40 pCi/g guide-

1ine and assuming that the 241Am concentrations also scale directly leads

The major residence island in the northern half of the atoll, i.e.,

239,240p, of

to a predicted maximum annual dose rate to lung of 0.9 mrad/year and

to 2’70 year integral dose of approximately 60 mrad.

~ The southern island 1iving patterns has an average
‘concentration of approximately 0.06 pCi/g.

maximum annual dose rate to lung of 0.0054 mrad/yr and a 70 year integral

dose of 0.36 mrad.

239,2400, 5611

This leads to a predicted |



Terrestrial Foodchain

f 239 240Pu to the total

Because of the relatively small contribution o
doses predicted over 70. year time periods, no effort was made in 1972-73
report (1) to thoroughly evaluate the dose from the plutonium. In addition,
- no attempt was made to include other transuranic radionuclides because they'
would still not significantly affect the total predicted doses which are
90s | 7
239,240Pu was

dominated by ]37Cs and
A more thorough evaluation of the predicted doses from
made in a subsequent report (7). There was no attempt to incorporate the

expected dose from other transuranics, however. In the present report we

have taken the predicted doses for the terrestrial foodchain for 239’240Pu

from reference 6 and have added an estimate of impact upon the transuranic
dose from 241Am and 238Pu.
~ Therefore, the 24.Iﬂ\m contribution is now included assuming that the

present 24.Il\m concentrations are about 40% of the 239’240Pu concentrations

247

and assuming another 10% grow-in from Pu. Thus the total 24]Am concentra-

239,280p , <oncentrations. Again, assuming that

239,240

tions are about half of the

241

Am is 10 times greater than for Pu, the dose

239,240

the gut transfer of

from 24]l\m could be 5 times that from
238

Pu. The contribution from

Pu would be negligible when compared to the sum of the dose resulting

239,240 241Am.

from Pu and
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The results in "mrem" are listed in Table 6 and in "mrad" in

Table 7.

Table 6. Integral Bone Doses from 239’240Pu and 241Am Via the Terrestrial

Foodchain
Integral Bone Dose, MRem
Location Nuclide 5 year 30 year 70 year
Southern Islands 252:240py  0.078 2.9 16
' 281 0.39 15 80
Janet 239,240p,  g.052 12 82
28 o 0.26 60 410

Table 7. Integral Bone Doses from 239’240Pu and 24]Am Via the Terrestrial
Foodchain '
Integral Bone Dose, rRad

g

Location Nuclide 5 year 30 year 70 year
Southern Islands 232:240p,  1.6(-3)  0.058 0.32

) M 7.8(-3)  0.29 1.6
Janet 239,240, 4 0(-3)  0.24 1.6

285 5.2(-3) 1.2 8.2
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239,240

The predicted concentrations of Pu in subsistence crops and

meat were developed from a very limited data base using correlation methods
and the concentration factor approach (7). More direct data on 239,240p,,
“and 241Am concentrations will be available in the future from our follow-up
research program at Enewetak and Bikini Atoll's and will permit us to make
a2 more refined assessment of the predicted dose via the terrestrial foodchain;
It is also emphasized that the 5 year integral dose is based upon the
1974 diet at time of return listed in Table 8. The 30 year and 70 year
integral doses are based upon the diet in 1982 after many of the subsistence
crops are again available. Any dietary program which supplies foods other

than those locally grown will greatly reduce the dose estimates from this

pathway. For example, at Bikini at the present time imported foods account

Table 8. - Postulated Diet for the Returning Adult Enewetak Population

Diet, g/day

Food item . At time of return 10 yr post-return
Fish A 600 600
Domestic meat ' 60 100
Pandanus fruit = o 0 ' 200
Breadfruit o -0 150
Wild birds 100 - 20
Bird eggs o --20 - 10
Arrowroot : ‘ | 40
Coconut 100 ‘ 100
Coconut milk : 100 300
Coconut crabs 25 ' 25
Clams ' 4 25 25
Imports . ~ 200-1000 .200-1000

1030 plus imports 1570 plus imports
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for a majority of the diet. There is 1ittle dependence upon locally grown
subsistence cfops. In view of the significance of the terrestrial foodchain
in the predicted doses if a fu1i subsistence diet is used as in Table 6,

a careful evaluation of the potential is critical to an accurate dose

estimate for a returning population.

Groundwater

The average Pu concentrations in groundwater for Engebi and other
northern islands are reported in reference 4. _These concentrations could
be compared with concentrations and doses reported in reference 5 and 6
for Bikini and Eneu Islands in order to assess the drinking water pathway
assuming the consumption of groundwater. This pathway, particularly if
rafn water provides a part of or the major fraction of the drinking
water, should contribute a very small fraction of the total predicted

dose.

Summar

The Summary of the integral bone and lung doses and the dose rates
resulting from transuranics at Enewetak Atoll are listed in Table 9 for
~ the southern island 1iving pattern and the northern living pattern involving
"Engebi Island. The predicted dose rates for the southern islands and
Engebi Island do not exceed the 1 mrad/yé to lung nor the 3 mrad/yr to bone
guidance propdsed by EPA. For example the northern island living batterns
lead to the higher doses and for Engebi Island the maximum annual predicted
dose rate for lung is 0.6 mrad/yr and the dose rate to bone at 70 years is

0.85 mrad/yr. ' i
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In many cases it is more useful to consider "rem" doses rather than
“rad" doses. To help in assessing the dose levels predicted From the

transuranics Table 10 lists the dose summary in terms of "rem".
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Table 10. Integral Bone and Lung Doses and Dose Rates from .

239'240Pu and 24]Am for the Southern Islands and

Engebi Island at Enewetak Atoll, mrem

Dose Rate At

Maximum Annual .
Lung Dose Rate

- 1740

Integral Bone Doses, mrem{70 yr, mrem/yr. Integral Lung Doses, mrem mrem/yr
Location| Pathway 30 yr 50 yr 70 yr 30 yr 50 yr 70 yr
“Southern | Inhalation 0.50: 1.5 3.0 0.085 1.5 2.7" 3.6 0.054 -
_Islands | Marine 26 68 - 126 3.4 - - - -
Terrestrial 18 - 96 2.6 - - - -
Total 45 - . 225, 6.1 1.5 2.7 3.6 0.054
Engebi Inhalation 85 250 490 15 260 450 600 9
(Janet) |Marine 154 400 750 20 - - - -
Terrestrial 72 - 490 13 - - - -
Total . n 48 - 260 450 600
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EVALUATION OF PLUTONIUM AT ENEWETAK ATOLL

DANIEL W. WILSON, YOOK C. NG and WILLIAM L. ROBISON

Biomedical and Environmental Research Division, Lawrence Livermore Laboratory,
University of California, Livermore, California 94550

(Received 10 February 1975)

Abstract—An extensive survey was carried out in 1972-1973 to assess the current radiological
status of Enewetak Atoll. The radionuclides detected in the Atoll environment were studied
for their potential contributions to the dose commitment of the returning population according
to several pathways of exposure. Plutonium was detected in air and in the terrestrial and
aquatic environment at concentrations that varied from background levels due to world-wide
fallout to levels several orders-of-magnitude above. The dose commitments from plutonium
via the terrestrial food chain and inhalation vary according to the postulated living pattern.
The dosages via marine foods can be expected to be insensitive to living pattern and to exceed
those via terrestrial foods. Plutonium would contribute nearly all of the dosage via inhalation,
but this pathway ranks low in overall importance compared with the food-chain and external-
dose pathways. Although the potential dose from plutonium via ail pathways is low relative
to that from $9Co, #9Sr and !37Cs, plutonium will still remain in the Atoll environment after

the other major isotopes have decayed away.

INTRODUCTION

ENEweTAK Atoll in the central Pacific Ocean
2380 naut. miles southwest of Honolulu was the
site of 43 nuclear weapons tests carried out by
the U.S. from 1948 to 1958. Testing resulted in
the deposition of fission products, activation
products, and nuclear fucl materiais in the
terrestrial and aquatic environment of the
Atoll, in particular in the north and northeast
portions, :

In late 1972 the AEC carried out a radio-
logical survey of Enewetak aimed at gathering
data needed to develop clean-up and rehabilita-
tion procedures for the resettlement of the
Enewetak people to their homeland. An
intensive measurements and evaluation program
was carried out to define the present distribution
of radionuclides and their significance to the
radiation exposures of an indigenous population.
This paper is drawn from the results of the
survey (NVO, 1973) and highlights the findings
with special emphasis upon results obtained for
plutonium. t

* This work was performed under the auspices of
the U.S. Atomic Encrgy Commission.

% Unless otherwise stated, plutonium refers to
measured 23%Pu and 24%Pu together. 235Pu, 40Py
and Py are present in the Atoll, but constitute less
than 109} of the total plutonium. 2#Am is also

Enewetak Atoll consists of 40 islands on an
elliptical coralline reef, approx 23 X 17 naut.
miles, with the long axis running northwest to
southeast (Fig. 1). The total land area is but
2.75 miles?, and the mean height above seca
level i§ only 10 ft. The large, central, ocean
lagoon is 388 miles? in area.

The Atoll climate is tropical marine with high
humidity and about 60 injyr of precipitation.
The islands are vegetated heavily with native
and introduced species. The Enewetak people
have not inhabited the Atoll since testing, so
cultivation has been absent and the system
appears to be succeeding toward a forest of
native trees. Succession has been arrested in
some areas as a result of continuing military
operations on the Atoll which involved con-
struction and earth moving. While the
terrestrial ecosystem is relatively simple, the
marine ecosystem is complex and biologically
active, typical of tropical reef and lagoon
communities.

The Encwetak people, returning, can be
expected to practice nonintensive agriculture
for coconuts, pandanus, breadfruit and arrow-
root and to rcly heavily upon the abundant

present and is still increasing slightly due to decay of
241Py; however, dose contributions expected from
1A m are less than those from Pu.

593
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Fic. 1. Enewetak Atoll with true island names and corresponding U.S. site names. Encircled
islands are the islands of choice for residence by the Enewetak people.

marine resources of the Atoll. They will
continue to import rice, flour, sugar and other
staple foods. Resettlement will involve a major
program in replanting desired species for food
and cash crops such as coconuts. While the
population of over 400 people will choose to
live centrally on one or more of the large
islands, they will utilize most all of the Atoll for
agricultural and food gathering purposes.
Village areas will be chosen, and houses,
community structures, and roads will be built.
The choices among the various options in living
patterns (agriculture practices, villages, houses,
dietary habits) are important variables in the
radiological asscssment.

HIGHLIGHTS OF THE SURVEY METHODS

The survey was a detailed documentation
of present radioactivity levels in seil, sediments,
water, air and biota. The sampling design
was developed to meet the needs for assessing
all the potentially significant pathways of dose
to man. In the terrestrial environment,
measurements of radioactivity were made of the
soil and biota of all islands, so that assessments
could be made island-by-island. To the extent
possible, edible crops were sampled, but the low
numbers of edible plants limited the data base.
As an alternative, abundant and ubiquitous
species of nonedible vegetation were measured
to obtain an understanding of the distribution

.
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P i
Teable 1. Plutonium in Ennwetak Soils, p(.:ilz
. 1s Top 15 cE a_%o ca
Zelend Medisn Asnge Medisn Nacge
Alice 12 3.9-68 56 3.9-10%
Belle - - 9% 12.23%0
Dense 2 1.21% - -
Sparse 1 5.8-26 - -
Clars 2. 3.8-88 (%] 13-80
Daisy - - S0 8-180
. Dease u 290 - . . ‘
R Bparse 13 3.8—33‘ - -
Bdoa 18 13-2% 18 -
Irene n 2.h-2080 13 2.3-M3
Janet 8.5 0.08-170 a 2.8-100
Kate - - 28 1.8-62
Dense 17 3.6-50 - -
b Sparse 2.3 0.17-1k - -
Tacy 1.7 2.0 3 8.0-49
Mery 8.0 2.0-35 18 2.0-26
Baacy 9.1 2.3-28 0 9.6-35
Perey 3.5 1.5-23 n 5.5-16
cl4ve - - s 2.8-87
Dense 1.7 2.2-30 - -
Sparse 2.8 1.9-h.1 - -
Pearl - - 10 §.0-k00
Bot Spot 128 15-33% - -
Bemelsger 1 0.85-100 - -
Rudy 1.3 3.0-24 2.7 -
Sally 8.3 0.21-130 18 1.7-62
lda - - 5.8 2.0-36
Dense 1.6 1.h-17 - -

) Prerse 2.5 1.2-% - -
Ursuls 1.3 0.26-7.3 1.5 0.6-2.1
Yers T2 0.60625 P 1.5-3
Vilme P W § 0.1-9.3 3.3 1.2-1.0
Sogthern Yvoone 3.2 0.02-50 10 0.24-32
Borthern Beaches 2.1 0.34-18 - -
David, Klmer, Fred 0.0% 0.004-0.31 0.12 0.01-0.9¢
Leray 0.63 0.02-2.0 1.7 1.1-2.6
A1l Other

Southern Islands  0.07 0.00%-1.1 0.12 0.01-0.48
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of radionuclides in vegctation on each island.
Thorough study was made of the gamma ray
fields produced by 137Cs and #°Co in soils.

Similarly, a large numbcr of samples were
obtained from the water and sediments of the
marine eccosystem, resulting in a detailed
inventory of radionuclides in the ecosystem.
Marine biota were extensively sampled with
consideration for the preferred  diet of the
Encwetak people.

Air sampling was carricd out over the ocean
and on several islands to mcasure the amount of
radioactivity in the air due to resuspended
particles from the soil. Several kinds of air
samplers were employed to determine levels
close to heavily contaminated areas, to examine
particle size ranges in the suspended aerosol,
and to look for evidence of any systematic
clevation of radioactivity in air in the vicinity
of the islands.

Necessarily, not much detail of the survey
techniques nor the resulting data can be

€600 mei /K

1400 Bai /X

\‘*“

me,
a2
i ?,

amd

reproduced here. Readers desiring more detail
are directed to the survey report (NVO, 1973).

HIGHLIGHTS OF SURVEY RESULTS ON

_PLUTONIUM

The plutonium distribution in Enewetak soils
is variable over the Atoll, with levels in the

southern islands corresponding

values

expected due to world-wide fallout, to small
areas containing hundreds of pCi of plutonium/g
of soil on northern islands (Table 1). The

measured distribution is consistent wi
expected on the basis of testing history.

th that

The amount of plutonium in soil generally
decreases with depth down the soil column, but
the effects of more recent earth moving in some
locations are noticeable in inverting the depth
profile. The general trend can be seen by
comparing the median values for plutonium
in the top 2 cm of soil with values for the top
15 cm of soil. A small area on northern Yvonne
contains the highest levels of plutonium meas-
ured and an unpredictable depth distribution.

400 i / Xm
s00mar/xml
~n
% GO ma/Na
:
;D.
- 000 ma/ Kt \ l
wk./u’_/
S0n, ;

OEEP ENTRANCE

< 30mc/ sz Py
Megn * ISme/ Km

WIDE PASS

. Fio. 2. Plutonium in the bottom sediments of Enewetak Lagoon.
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In this area, in spite of the appearance of some
samples containing as high as 3000 pCi/g, most
samples taken contained less than 100 pCi/g.

The largest inventory of plutonium at
Enewetak was measured in the marine bottom
sediments. Plutonium is non-uniformally dis-
tributed over the lagoon floor with highest levels
in the northeast (see Fig. 2). The mean
plutonium concentration in bottom sediments
of the lagoon was 463 mCifkm?2, some 200 times
world-wide fallout background. Crater areas
in the lagoon near Alice and Belle were the
highest plutonium areas measured on the Atoll.

The plutonium concentration in lagoon water
ranged from 43 {Ci/l. in the northeast quadrant
to 9fCi/l. in the southeast quadrant. The
ocean east of Enewetak contained 0.3 fCifl.
Surface waters in the lagoon on the average
contained 30 % more plutonium than did deep
water, suggesting that runoff from the reef and
land is a more important source of plutonium
to the lagoon water than the large burden of
plutonium in the bottom sediments.

The surface atmosphere of the Atoll con-
tained plutonium in a range of <0.003-
0.008 fCi/m3, which is comparable to levels
expected due to world-wide fallout. Extreme
conditions of high winds led to levels of <0.04—
0.13fCi/m?® downwind from a plutonium hot
spot on Yvonne. While survey results showed
that air levels were very low, it is conceivable

4 e
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that human activities, say in village areas
would be a sufficient disturbance of soil surfaces
to result in higher air loading with plutonium.

The major emphasis in the marine food chain
study was on sampling of the reef fish which will
comprise the largest diet component from the
marine ecosystem. Almost 900 marine speci-
mens were obtained for radionuclide analysis.
The specimens were pooled and analyzed in
four categories to determine any differences
between species or locaton of catch. The
concentration of plutonium in fish was not
strongly dependent on the species or on the
location of the catch. The average concentration
for pelagic fishes plus reef fishes (mullet,
goatfish and convict surgeon) was 0.248 pCi/g,
range 0.005 to 23 pCi/g (sce Table 2).

Over 1000 specimens of plants, birds, egys,
rats and land crabs were taken in the terrestrial
biota survey (see Table 3). Cocenut was
obtained on 16 islands, but only a few samples
of pandanus and tacca (arrowrooi), and no
breadfruit were obtained. Messerschmidia and
Scaevola, and other indicator plants were
obtained throughout the Atoll. Birds, bird egzs
and rats were plentiful for sampling, but
coconut crabs were taken only from a few of the
southern islands.

The greatest concentration of plutonivm in
coconut was 0.036 pCi/g in a sample from Irene.
The concentrations in coconut from the other

Teble 2, S y of pb ations in muscle of fsh at Enewetok
lon (pCilg Ary swt)
Bo: of Aversge $tanderd lagzorral.

Species  Sexples . ® Deviation fangy Wedian

Mullet 23 0.981 0.584 %.60 0.000482 - 23.1 0,014%

Sargecs 28 0.0768 0.0T72 0.169 €.00k28 - 0.887 0.0250

“Gosteton n 0.0123 0.1  0.4151 0.00061 - G.0534 a.00T18
) Other Fish 11 0.0637 0.0700 0.28 0.000788 - 1. 21 0.00909

All Fish 123 0,20 0.248 2.08 0.000k82 - 231 0.0026

870 & Beasurement vas bBalov tha limits of detection, tha concentration vas set equal to zero.

‘lr & seasurement vag delov the 1imits of detection, the concentratica vas sst squal o

the limits of detection.
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Table 3. Plutonium in terrestsial biota at Fnewetak Atoll

s (p¢ 3

Zxae af famels Niallsaead) Epallalendl
Cosemet .
ot 9.00013{ Yors } 0.0%3( Lreme)
wx »
Tesdesns
rant .00 (a120)"
Lowves #.0013(Pevid) 0.013(sally)
Tases
Corn 0.001(pevta)®
Blres
Rusale 0.0030(Eatta} 0.12(Duvid)
Lives 0.0013(Juowt) 0.062(Al1es)
E =) 0.00043(Tvuse) 0.005(Janes, Sally)
Gueomst Cred
Ruscle £.00076! S anne) .00 (Laboy)
Bapatopanerus 0.0019{Jamse} 0.0098{Calta}
Sessarsciniie 9.0019(Lrese) 9.71(Tromse)
Seagvala 0.00030(David] 1.29(Troass)
Bats
Yiserrs ©.007h (Rswr) 1.1T(Pearl)
Nusele 0.0023{Jaset) #.12(Pearl)
Lver 0.008(8ally, Tvomse) 0.0 (Ureuls)}
Sonn 0.00(Jsmet) T 3. 23(Jemnt)

Spnarrenants ot luvels dalew the Liaits Of detesticn.
'hx; » slagle sesple Was ecllected.

islands were less by an order-of-magnitude or
more or were below the limits of detection.
The only concentration reported in pandanus
fruit, 0.0034 pCi/g, was for the sample from
Belle. Concentrations in pandanus leaves
varied from 0.0013 pCi/g in the sample from
David to 0.015 pCi/g in that from Sally. The
concentration in the single sample of tacca corm
(David) was 0.0011 pCifg. Concentrations in
muscle and liver of birds varied irregularly from
island to island and ranged from 0.0010 to
0.12 pCi/g in muscle and from 0.0015 to
0.062 pCi/g in liver. The range of plutonium
concentrations in bird eggs was 0.00045-0.015
pCi/g. The range in muscle of coconut crabs
was 0.00076-0.0031 pCi/g, that in hepato-
pancreas was 0.0019-0.0098 pCi/g. The con-
centrations in Messerschmidia and Scaevola from
the same location were comparable and varied
over an extreme range of 0.00050 pCi/g on
David to 1.29 pCijg on Yvonne. Plutonium
Jevels in rat tissues were greatest in bone and
decreased in the order bone, viscera, liver and
muscle. The greatest concentration in bone,
3.25 pCi/g, was mcasured in a rat taken fromn
Janet.

EVALUATION OF PATHWAYS
Exposures to plutonium were evaluated for
the inhalation of airborne dust, and for doses

EVALUATION OF PLUTONIUM AT ENEWETAK ATOLL

derived from ingestion of foods from terrestrial
and marinc food chains. Calculations were
made on an island-by-island basis using the
survey mcasurements data obtained for each
island. These results were applied to a hypo-
thetical living pattern model which had the
island of residence and islands used for agri-
culture as variables. Two of the living patterns
are covercd here. These cases are solutions
which include the likely islands of residence,
Fred and Janet (sce Fig. 1):

Living Pattern I: Live on Fred and Elmer,
carry out agriculture on Alvin through Keith

Living Pattern III: Live on Janet and carry
out agriculture on Janet.

In both living patterns, fishing is carried out
over the entire Atoll. These two living patterns
approximate a limiting low radiation back-
ground case (in the southern islands) and a
limiting high radiation background case (living
and farming in the north only). Other living
patterns can be constructed and evaiuated by
using the results of the island-by-island assess-
ment.

Inhalation pathway

It has been well documented that radio-
activity in soils can resuspend in the atmosphere
and be available for inhalation. Quantitative
models of this pathway and the doses obtainable
from a given level of contamination are under
development, but there are large uncertainties
inherent in them. These limitations are dis-
cussed in detail in NVO-140 and in a paper by
ANsPAUGH et al. (1975) in this issue of Hralth
Physics. A completely empirical approach to
assessing this pathway would require a large
measurement program carried out under actual
conditions of occupation of the Atoli. As an
alternative, a predictive model was developed
which utilizes world-wide data on dust loading
in the atmosphcre, the soil measurements at
Enewetak, and a set of conservative assumptions
discussed below.

It is important to provide an evaluation
that considers, as far as possible, the potential
for exposure to a returned population, which
takes into account both the population distribu-
tion on thc Atoll and the patterns of living.
Under conditions of habitation, large arcas of
soil surface will become stabilized by cultivated
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vegetation, coral layering in the village areas,
and by buildings. These activities will tend to
reduce the possibility for resuspension of soil
particles. However, human activities such as
construction, earth moving, agricultural
activitics, and children playing, tend to stir up
dust. Exposure levels to individuals will depend
on such local sources.

The objectives of the mcasurements and this
assessment were to obtain sufficient under-
standing to place this pathway for dosage in
‘perspective to the food chain pathways. The air
sampling program showed that resuspension
levels were measurably above background only
in the downwind vicinity of scattered hot spots
of soil contamination.

Estimates of potential population exposures
were made by applying the model,

Dt=C,-Rt-L,
where:

Dt = dose in rem to organ of reference after ¢ yr
of continued exposure

C, = concentration of plutonium in soil, pCi/g

Rt = dose conversion factor, rem/pCi/m3, for
cumulative dose to organ of reference
from ¢ yr of continued esposure

L, = soil loading in air, g/m3.

This model assumes that plutonium con-
centrations in soil are conserved in the
resuspension process. A value of 100 pg/m3 was
used for L, based upon evaluation of a set of
measurements of dust in non-urban U.S. air
(NAPCA, 1968). In this study, mean dust loads
ranged from 9 to 79 ug/m3 with an overall
average of about 40 ug/m3. Enewetak soils
are moist and dust loading is minimal; however,
a value of 100 ug/m? was adopted for L, to
insure a reasonably conservative accounting for
the close proximity of individuals to sources of
soil disturbance,

Calculations were carried out for each island
using soil measurements of plutonium (see
Table 1), and dose conversion factors derived by
Bennerr (1974a) wusing the ICRP Lung
Dynamics Model for 0.4-xm plutonium fallout
particles of low solubility. Calculations were
made for the 0-2 cm of soil samples and for the
0-15 cm samples. ‘

Table 4. Cumulotivs rems in 70 yr 1o ergans from plutonium sia inkalation
pothicay (based vpon plutonsum conceniration 1n 0-2 cmn of s51i)

) Living Pattern Luang Liver Bone
I

(Southara Islsnds) 0.002 0.002 0.004
134 4

(Live on Janer) 0.306 0.289 0.612

Results of these calculations (see Table 4)
show that the population exposures to be
expected fall in the mrem range for a lifetime of
occupation. QOccupation of the southern islands,
Living Pattern I, results in organ doses in 70 yr
the order of a few mrem, while occupation
of northern islands will lead to organ doses
approaching a rem in 70yr. The highest
dosages from this pathway were calculated for
occupation of Belle, 2.77 rem in 70 yr. These
results indicate that the inhalation pathway

“will not be a significant feature of population

dosages. Removal of hot spot radicactivity and
land ,use planning can insure that plutonium
resuspension is a negligible pathway to man in
the rehabilitated Atoll.

Terrestrial and marine food chains

Two dietary cases were developed (see Table
5); the first, which is associated with the time of
return is distinguished by the absence of
pandanus fruit, breadfruit and arrowroot.
These items appear only in the 10-yr post-return
diet since it requires several years for these crops
to reestablish and come to full production. This

Table 5. Postulated diet for the seturning adult Encwetak population

Diet, g/day

Food {tem At time 02 Teturn 17 yr post-ret.=n
Fish 600 600
Domestic meat 60 100
Pandanus fruit o 200
Breadfruit o 130
Vild »irds 100 0
Bird eggs «Q 10
Arrovroot o o
Coconut 100 100
Coconut milk 100 300
Coconut crabs 23 3
Clans 23 23
Imports 200-1000 200-1000

1030 plus ixports 1570 plus imports
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dict is based on the carefully considered judge-
ment of persons who have lived in the Marshall
Islands in intimate association with the native
residents and therefore have first-hand knowl-
edge of their living habits. Accurate assessment
of the role of imported foods is not possible, but
it is generally recognized that imported foods,
such as rice, flour, tea, canned fish and canned
meats, will be major components of the diet.
Accordingly, the dosage via food chains may be
overestimated to the extent that imported
food items will replace food items listed in the
table.

Many of the itemns expected in the terrestrial
diet were not available in sufficient quantity
for adequate sampling at the time of the survey,
and other constituents of the ecosystem, i.e. soil
and native plants and animals were sampled.
In the case of plutonium, prediction of the
concentrations in terrestrial foods was carried
out following two basic approaches. In one
approach it was based largely on the con-
centrations measured in edible or indicator
species. Pandanus leaves served as the direct
indicator for pandanus fruit, breadfruit and
coconut, and rats served as the direct indicator
for domestic meat (pork and chicken) wherever
edible species were not sampled or the measure-
ments were inadequate. The concentration of
plutonium in a given edible or indicator item
for a particular island group was determined as
the mean of the samples collected in that island
group. The concentration in meat was deter-
mined as the overall mean in muscle and liver
of rats. In the other approach, prediction was
based largely on concentrations estimated from
data on average soil concentration and con-
centration factors between indicator species and
soil. Pandanus leaves and rats served in
similar fashion as indicator species. The two
approaches are not entirely independent, since
in each case the concentrations of plutonium in
birds, bird eggs and coconut crabs were based on
measurements.

Concentration factors were determined by
pairing plant or animal and soil data for the
same location and then calculating pCi/g dry
plant or animal tissue per pCi/g soil (see Tables
6 and 7). The concentration in meat was
calculated assumning a concentration factor of
0.005, the overall median for muscle and liver

EVALUATION OF PLUTONIUM AT ENEWETAK ATOLL

Tabls 6. Rolatiouship betuonen pliomi ions in enimal tisrees end

Concastratios Factor
(pci/g &ry tiesne + XU/ dry sall)
M. Hedian Nax

Species, Tisswe Bo.
et
Muscle n 0.00009 o.on® a1
Liver 13 9.0001% 0.0033* 2.0
Noce 1% e.0n7 0.016 9.1
Pooled ¥ 9, 00009 0.9 9.1
Coconnt Crab
Wuscls s Q.0032 c.0u3 0.218
Hepetcpancrsss [} 9.0039 0.026 3.22
Exoaseletco s 0.008k 0.026 [ X211
Pooled 1k 0.0032 0.046 9.12
Serait Cred
wuscle [ 0.0030 0.093 .53
Eepatopancress ) 0.0087 0.0%51 [ 1913
Zzoakeleton H 4.000T% 0.010 [B1)
Pooled 13 0.0007% 0.0A8 c.53
Poaled Cocomut Crad
& Eermit Cred 2 0.0007h 0.026 0.5%

“Overall medias of suscle and liver.ccubised is 0.003.

of rat (see Table 6). The concentration in
pandanus leaves was estimated using a con-
centration factor of 0.003, the median
concentration factor for Aesserschmidia and
Scaevola (see Table 7). The average concentra-
tion of plutonium in the 0-13-cm soil profile was
computed from Table ! to be 0.065 pCi‘z for
island group Alvin-Keith and 8.5 pCi'g for
Janet.

It is not surprising that the ranges of
concentration factor vary greatly by as much as
factors of 103 or more since this procecure is
inherently lacking in precision. However, the
major fraction of the calculated concentration
factors is within an order-of-magnitude of the
median value. Although the concentrations of

Table 7. Seil-to-plans upiake of plutonium

Coscentratica Pactar

Bo. of (pC1/s dry plast & pCi/g €7 so2l)

Plest Type Sesples wa Nedion Max
Messerschmidis 2% 0.0007T 9.00% [ %]
Sceeavola E ] 9.00013 0.0002 [ %1}
Tosled Nasesrmimiste

A Sgsemila ] 6.00013 4.00% [ % ]
Coconut Mess$ L Q.0013 °.8077
Pavdama Laaves ) 0.00%6 [X -3

0.000M
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plutonium in rat tissucs were not significantly
correlated with those in soil, there were stat-
istically significant corrclations between the
logarithms of the plutonium concentrations in
Messerschmidia, Scaevola, and pooled Messer-
schmidia and Scaevola and those in soil (Messer-
schmidia P = 0.05, Scaevola P = 0.01, pooled
Moesserschmidia and Scaevola P = 0.001). Fur-
thermore the linear regression lines for
Messerschmidia and Scaevola were found to be
statistically indistinguishable with common
slopes and common intercepts.

The concentrations of plutonium predicted
for terrestrial foods from island groups Alvin-
Keith and Janet were selccted by the approach
yielding the greater values of concentration
(see Table 8). Those listed for Alvin-Keith
were based on measurements, those for Janet
were based primarily on concentration factors
and levels in soil. The concentrations are listed
according to two different start dates. Meat,
birds, bird eggs, coconut crabs and coconut
from the southern islands are assumed to be
available relatively soon following return to the
Atoll and their concentrations are listed under
1 January 1974, the postulated date of return.
The edible plants are generally assumed to
become available for the first time 8 yr after

Table B, Concentrations of plutonium in tervestrial foods

Coocastration, pCt/g dry wt

Jea. 3, 197N Jaa. 1, 1982
Laland Oroup
- Alvin-Xaith®
Domestic Mest 0.020 0.020
Pundacus Pruit a.e® 0.0039
Fresdfuit R.8. 0.0039°
¥ild Birds 0.023% 0.0233
Rrd Yegn 0.00063 0.00065
» 8.6 »
Covonut Mest 0.0016 0.0026
Cocomut NL1X 0.016% 0.a16¢
Cocout Crads 0.0027 0.0027
Island Grouy
Janet N
Domastie Mest 0.083
. 0.026
Bresdfrult 0.026¢
WAL Mirds 0.0033
rd Tepe 0.01M8
Arrevroor® »
Cocemut Keat 0.026¢
. Cossout MLk 0.264
Coscmst Crads 8.8,

Srae ecuceatration for Alvin-Isith are based oa messuraments; thcee for
Janet are based primarily on concentrstion factars and leavels in sotl.

\n. addrevistion 2.8. signifies not aveiledle. Althousk arrovroct cam
be expected Ln the dlet beginning 1982, it can be axpected to contridute
relatively very 1ittle plutoaiua to the terTestrial diet and 85
esmcentratica has Peaa Llisted.

¢ Sthe ssacentration 18 asvused £5 be thet 12 pendacus lesves,

L ST 1 atlx te to be 10 tises that

L soeomut Best.

MR T cammenntin o T

return and their concentrations are listed under
1 January 1982. Most of the plutonium
concentrations are considerably in excess of the
concentrations reported in terrestrial foods from
the 1972 New York diet, which range from
9 x 10-7pCifg fresh wcight in canned
vegetables to 8.5 x 107® pCi/g fresh weight in
bakery products (BENNETT, 1974b).

Plutonium .in the marine food chain was
evaluated in four main fish groups—surgeonfish,
goatfish, mullet and ‘“other” fish—where
“other” includes not only other species of fish
but also tridacna clams and lingusta. The mean
concentrations in the four fish groups did not
differ significantly, and furthermore, depend-
ence of concentrations on island location was not
discernible. Accordingly the mean concentra-
tion of plutonium in muscle of all fish from the
entirc Atoll was used to predict exposure to
plutonium from the ingestion of marine foods.
The overall mean concentration of 0.248 pCi/g
was used in the assessment of dose rather than
the lognormal median value, which is about a
factor of 20 less (see Table 2).

By way of comparison the mcan plutonium
concentration in fish collected in contaminated
waters at Thule, Greenland in 1968 was 0.14
pCi/g fresh weight; the median and mean in
soft tissues of bivalves from Zone I were 8.0 pCi/g
and 150 pCi/g fresh weight (AarkroG, 1971).
The concentration reported for shellfish in the
1972 New York diet was 1.1 x 10-%pCi/g
fresh weight (BENNETT, 1974b). Thus the mean
plutonium concentration in fish from Enewetak
is comparable to that in fish from Thule and
exceeds the concentration reported for shellfish
in the 1972 New York diet by more than three
orders-of-magnitude.

Rates of ingestion of plutonium were deter-
mined by combining the results of Tables 5 and
8. Except for coconut and arrowroot the diets
listed in Table 5 refer to ingestion of fresh food.
The following values of water content were used
to calculate rates of ingestion of plutonium
via foodstuffs: coconut meat 50°%, coconut
milk 95 %, pandanus 80 9%, breadfruit 70 3¢, bird
muscle and liver 709, bird eggs 73 9, coconut
crab liver 81 %, coconut crab hepatopancreas
629, rat muscle and liver 739 and fish 71 %]
(NVO, 1973). Rates of ingestion (sce Table 9)
have been computed for the diet at the time of

T
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Toble 9. Rair of ingestion of plusonium from tervestrial and equatic foods

Iagestion Rere, pli/day
Asnming Diet st Assusing .Jyr Postretura
Tins of Return Dist

Jan. 1, 19Th Jaa. 1, 19Th Jes. 1, 1982

1slend Crovy
Atvin-Eeith
e 1Y [y
Demastis Meat 0.32 0.54
Pandssus Fralt 0.6
Breedfruit 0.18
9114 Birds 0.70 .18
Bird Xgae 0.003 0.002
Corepnt Maat 0.16 0.16
Cocomut WLk Q.08 0.2
Coccmut Crabs 0.023 0.023

TOTAL 5.3 .1 0.33
Islead Sronp
Jmet
nn » [+
Bozestic Meat 0.6% 1.2
Pasdasus Fruit 1.0
Breadfrult 1.2
7114 Mirds 9.10 0.020
MUrd Tggs 0.07% 6.037
Coscmut Mest 2.6
Covonut XK 3.8

TOTAL [t N } ss.2 L X3

return and for the 10-yr post-return dict. The
total rate of ingesticn assuming the dist at the
time of return, which considers only those food
jtems that are available at the time of return,
has been used to estimate 5- and 10-yr integral
dosages. The total rate of ingestion assuming
the 10-yr post-return diet has been used to
estimate the 30- and 70-yr integral dosages.
Fish and other marine foods are seen to con-
tribute the buik of the plutonium to the diet.
The daily rates of plutonium ingestion in
Table 9 would greatly exceed that for residents
of New York, whose ingestion rate of plutonium
was estimated to be 1.5pCifyr in 1972
(BENNETT, 1974D). :

Table 10. Uptaks and reiention paramaisrs for ¥*Pu

EVALUATION OF PLUTONIUM AT ENEWETAK ATOLL

Doses were calculated: assuming that the
radionuclide concentrations in foods decrcase
with time by radioactive decay alone. Uptake
and rctention in human organs, organ mass and
the energy absorbed in tissue per disintegration
were adapted from ICRP (1939, 1972) reports
or from the more recent literature (see Table
10). The integrated dose via food chain was
determined from the equation below:

Dose (rem) = Mf(—fl‘ﬂi—c-gﬁ

i it sl

dis/g/rem
pCi/MeV/day

where

K =51 x 10"%

E = disintegration energy, MeV (includes
RBE and n factors)
= food intake, g/day
Sunan = fraction of nuclide ingested reaching
the organ of reference
C, = initial concentration of nuciide in
food product, pCi/g
M = mass of the organ of reference, g
Anan = effective elimination rate of nuclide
from organ of rcference, day™?
A, = radioactive decay constant, day™?
¢ = time, day.

Dosages to bone and liver from ingestion of
plutonium for island groups Alvin-Keith and
Janet integrated over 3, 10, 30 and 70 yr were
computed using the rates of ingestion of Table 9.
The predicted 5- and 10-yr dosages {rom
terrestrial foods for Alvin-Keith (Table 11)
exceed those for Janet. These dosages assume
the diet at the time of return. The greater
dosage for Alvin-Keith can be explained by the
absence of coconut and coconut crabs in the diet
from Janet and by the greater concentrations of
plutonium in the birds from Alvin-Keith. The
30- and 70-yr dosages for Janct exceed thosc for
Alvin-Keith, as one would expect on the basis
of greater plutonium contamination of the
terrestrial environment on Janet. For both
island groups marine foods can be expected to
contribute far greater dosages than terrestrial
foods. The 30- and 70-yr dosages from marine
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5 Ov) o 3]
o 1.9 x 107 1.2 x 207
(g} 3000 1800
A () 1mxae” 016 2 107
b, taarh) 1.19 2 107 1.19 5 2078
TR T —r— ST TN
. r‘ "s . \
L A RS

st b 2 Ml S e

[y

hiso. osin



D. W. WILSON, Y. C. NG and W. L. ROBISON

Table L. Sunomary of predicted integral dosages from ingestion of plutemitm

4. Terrestrial Foods

Integral Dosg, rem

5 Ir 10 yr ° 30 yr 70 v
Bone Liver Bone Liver Bone Liver Boae Liver
Alvis-Keitd 7.8(-3)  3.8(-5)° 3.1(-4)  1.5(-%) 2.9(-3)  1.2(-3) 0.016  5.6(-3)
Janet s.2(-3)  2.5(-5) 2.1(-4)  9.8(-5) t 1.2(-2) 5-5(-3} c.o82  ©0-933
3. Marine Poods
ALl Croups 2.7(-3)  1.3(-3) 1.0(-2)  5.0(-3) 0.091 0.041 0.48 0.18

foods for Janet would be 5-10 times greater, the
dosages from marine foods for Alvin-Keith and
the 5- and 10-yr dosages from marine foods for
Janet would be 30-50 times greater than the
corresponding dosages from terrestrial foods.

Dosage via all pathways

Table 12 shows the predicted 30-yr dosages
from plutonium to the three major receptor
organs (lung, liver and bone) via the three
relevant exposure pathways. The major path-
way for plutonium for living patterns involving
residence and agriculture on the southern
islands is the marine pathway, followed by the
terrestrial and inhalation pathways. The 30-yr
dosages via inhalation for Alvin-Keith are about
1 mrem or less and are therefore comparable to
or less than the estimated dose commitments to a

New Yorker through the year 2000 from inhala-
tion of plutonium from world-wide fallout
(BEnNETT, 1974a). The 30-yr dosages to liver
and bone from terrestrial foods for the southern
islands are relatively low, approx 1-3 mrem, but
they exceed the 30-yr dose commitments to a
New Yorker via ingestion by 2 to 3 orders-of-
magnitude (BENNETT, 1974b). The dosages via
marine foods, which contribute most to the total
dosages are greater still. For living patterns
involving residence and agriculture on Janet
and other northern islands, the major pathway
for plutonium is the inhalation pathway
followed by the marine and terrestrial pathways.
The 30-yr dosages via inhalation exceed those
for Alvin-Keith by more than 2 orders-of-
magnitude. The 30-yr dosages via terrestrial
foods exceed those for Alvin—Keith by about a
factor of five.

Table 12. The plutonium 30-vr integral dose to bone, liver and lung vic the thres exporure pathivays

Plutonium 30-Year Integrsl Dose, Rem
TIMOZIFIED COSDITICHS

Living Marine Terrestrial Inbalation Total
Pattern noe Liver Llung Jone Liver lurg Bone Liver lung Bone Liver Lung
b4 0.09. o0.0l1 - 2.9(-3) 1.2(-3} - T(-A)  M(=k) g(k) 0.095 0.083 9(-b)
b 0.051 0.08 - 1.2(-2) 5.5(-3) - 0.0 0.056 0.3 0.20 0.15 0.3

Living Pattera Y{1lage Island ° Agriculture Yi{sitation

b 4 Inevetak-Parry Alvia-Keith Soutders ls.

ped ’ Janet Janet Sorthern ls.




D. W. WILSON, Y. C. NG and W. L. ROBISON

Tebls 1. Summary of predicted intrgral dosages from ingustion of plutomirm

M A

STy

. _Terrestrisl Foods

Integral Dosg, rem

10y - % yr 170 yr
Bone liver, Bone liver Jone Liver Boae Liver
Alvin-Keith T.8(-3)  3.8(-5) 3.1(-k)  L.5(-%) 2.9(-3)  1.2(-3) 0.016  5.6(-3)
Jenet $.2(-3)  2.5{-5) 2.1(-4)  2.8(-9) f 1.2(-2) 533 o082 0.013
3. Marive Poods
411 Groups 2.7(-3)  1.3(-3) 1.0(-2)  5.0(-3) 0.091 0.0k 0.4s 0.18

foods for Janet would be 5-10 times greater, the
dosages from marine foods for Alvin-Keith and
the 5- and 10-yr dosages from marine foods for
Janet would be 30-50 times greater than the
corresponding dosages from terrestrial foods.

Dosage via all pathways

Table 12 shows the predicted 30-yr dosages
from plutonium to the three major receptor
organs (lung, liver and bone) via the toree
relevant exposure pathways. The major path-
way for plutonium for living patterns involving
residence and agriculture on the southern
islands is the marine pathway, followed by the
terrestrial and inhalation pathways. The 30-yr
dosages via inhalation for Alvin-Keith are about
I mrem or less and are therefore comparable to

or less than the estimated dose commitments to a

New Yorker through the year 2000 from inhala-
tion of plutonium from world-wide fallout
(BenneTT, 19742). The 30-yr dosages to liver
and bone from terrestrial foods for the southern
islands are relatively low, approx 1-3 mrem, but
they exceed the 30-yr dose commitments to a
New Yorker via ingestion by 2 to 3 orders-of-
magnitude (BENNETT, 1974b). The dosages via
marine foods, which contribute most to the total
dosages are greater still. For living patterns
involving residence and agriculture on Janet
and other northern islands, the major pathway
for plutonium is the inhalation pathway
followed by the marine and terrestrial pathways.
The 30-yr dosages via inhalation exceed those
for Alvin-Keith by more than 2 orders-of-
magnitude. The 30-yr dosages via terrestrial
foods exceed those for Alvin-Keith by about a
factor of five.

Table 12, Ths plutonium 30-yr integral dose to bone, liver and Iung via the thres exposure pathevavs

- Puteoium 30-Year Integral Dose, Res

'_” UNMODIFI®D COLDITICRS
-
Living Marine Terrestrial Inhalation Total
? Pattern Jove Liver Lung Bcne Liver lung Booe Liver lung Bone Liver Lung
%, b4 0.091 0.041 - 2.9(-3) 1.2(-3) - T(X) Ak} §(-k) ©0.09% 0.083 9(~3)
n 0.091 0.0k 1.2(-2) 5.5(=3) - 0.10 0.05 0.13 0.20 ¢.15 0.1
| 4
Living Pattern Yillage Island Agriculture Yisitation
I Boewwtak-Parry Alvin-Keith Southera Is.
b ¢ Janet Janet Borthera Is.

o 3 W

I



R AP PE

' .

Totsl doss to liver all pethvays® = 12 rea

610 EVALUATION OF PLUTONIUM AT ENEWETAK ATOLL !
Tabls 13. Major contridutions of radiomuclides o the 30-yr integral dose io bona end Liver ,
P-yr _Intezral Dose, Pem '
2' viag Pattern bl
’ Yarine Terrestrial Inbalation
Poslide Jone Liver Bone Liver Sone 1iver
6% o.27 0.8 6.2(-4) " 6.6(-3)
$ge orr  MA() 2.2 1.8(-3)
Bes 0.0% 0.0% 0.18 0.18
r 29,2805, a0 0.0 2.9(-3)  1.2(-3) . A} MR
Total 0.91 0.25 . 2.h 0.1% 7H-A)  M(-R)
.Total dose to done all pnhvun‘ a k) rea
fotal dose to Liver all pathvays® @ 1.3 rem
®Sca Table 12 for & deseriptioe of the livirg patterns.
‘ﬂn total dose vis all pativays includes 20-yr externmsl gamms doses of
0.8) rem for Alvin-Xeith and 4.0 rem for lazet.
Liviag Pattern 1% i
. Marine Terrestrial m;tln K
Nuclide Bone Liver Booe Liver Poge  Liver
60c, 0.017 0.18 3.0(-A)  o0.032 -
er 0.7 A.8(H) ™ 0.0k6
0, 0.030 _ 6.030 8.0 8.0
09,205, 0.081  0.0%0 0.012 5.5(-3) 0.20  0.056
Total 0.91 0.25 a2 8.1 0.10 0.056
Yotal dose to bone il p-tmn‘ = 87 ren

.800 Table 12 for a description of tha livieg patterns.

‘m total dose vis all pathunys includes 3C-yT exterzal guams doses of
0.83 rem for Alvin-Keith and 4.0 rez far Jase:.

Although plutonium would contribute more
than 959, of the total dosages via inhalation
(NVO, 1973), this pathway is not the greatest
contributor to the total dosage via all pathways
(Table 13). For most living patterns, the
relative ranking of the pathways from the
standpoint of their contributions to the total
dose would be (1) terrestrial food chain,
(2) external gamma dose, (3) marine food
chain, (4) inhalation. For the pathways ranking
above inhalation nuclides other than plutonium
would contribute most to the dosages. Thus
29Sr and 13°Cs would contribute most via the
terrestrial food chain, while ¢°Co would make a
smaller contribution, comparable to that of
330.300py. For the marine food chain ®%Sr
would contribute most to the bone dose and
$0Co, 137Cs and ?39-249Pu would make more or
less comparable contributions to the liver dose.

* Essentially the entire external gamma dose can

be attributed to the presence of 137Cs and *°Co.
The potential dosage from plutonium via all
pathways is low relative to that from %Sr,
137Cs and ¢°Co. Remedial measures that may
be designed to limit the dose via the terrestrial
food chain or the external dose commitment
will have very little impact on the plutonium
dose via the marine food and inhalation
pathways (NVO, 1973). It must be remembered
that by virtue of its very long half-life,, plut-
onium will still remain in the Atoll environment
after the other major radionuclides have
decayed away.
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