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members of the committee responsible for the report were chos
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with general policies determined by the Academy under the au
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private, nonprofit, self-governing membership corporation. Council
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of Sciences and the National Academy of Engineering in the co
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and the Institute of Medicine. The National Academy of Engin
the Institute of Medicine were established in 1964 and 1970,
tively, under the chartur of the National Academy of Sciences

THE COMMISSION ON SOCIOTECHNICAL SYSTEMS is one of the ma
ponents of the Nationai Research Council and has general res
for the cognizance over those program areas concerned with ph
technological, and industrial systems that are or may be depl
the public or private sector to serve societal needs.

Commission on Sociotechnical Syztems which focuses on those sclentific
and technological issues that are critical to the improvement bf
national policies and programs for the built environment.

THE ADVISORY BOARD ON THE BUILT ENVIROMMENT is that unit ; the

This report was prepared under contract number DNA002-80—C-001] between
the National Academy of Sciences and the Defense Nuciear Agency.

FPor information regarding this document, write -the Executive Director,
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PREFACE

Betw~en 1948 and 1958 Enewetak Atoll in the Marshall Islands
for U.S. nuclear weapnns testing and 43 devices were exploded
In 1972 the federal government announced that it would rehabil
atoll and return it to the government of the Trust Territory o
Pacific Islands and, sukbsequently, to the Enewetak people, who
moved to Ujeling in 1947, 125 miles southwest of Enewetak.

The Enewetak rehabilitation effort involved many departmen
federal governmant with the Defense Nuclear Agency (DNA) being
with the major radiological cleanup responsibility. 1In the pr
this cleanup, radiologically contaminated soil and debris fr
the islands in the atoll were collected and transported to
on the eastern side of the atoll. The contaminated material
contained in a soil-cement matrix in Cactus Crater, which had
formed by one of the nuclear detonations. This material was
by a concrete key-wall and covered by a concrete cap.

In crder to provide the people of Enewetak and the Marsha
government with an objective assessment of the safety of this
ment structure, the DNA requested the National Academy of Sciehces,
through the Advisory Board on the Built Environment” (ABBE) o
National Research Council, to "assess the effectiveness of th

Crater structure in preventing harmful amounts of radiocactivi from
becoming available for internal or extern.i human exposure”; e DNA
added later that this assessment should be "set against an under-

standing of the expected living patterns r f the people of En
terms of their degree of contz~: with Rur.it Island and their
otherwigse to residual radiocaciivity cn the atrll.”

The committee appointed to conduct the study concentrated
on two issues: (1) the potentiszl hazard of trarsuranics bein

ported to the surrounding enviroiuzant from the structure in ifgs present
configuration, and (2) possible sequences of events that could affect
the structure's physical integrity and an estimation of radiosctive
hazards that might result from the dome's breachment. Two sullsidiary
issues also concerned the committee and are commented on in t report;
namely, possible hazards associated with the quarantined isla of

*Formerly the Building Research Advisory Board (BRAB).
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Rurit where the dome is located, and possible hazards from fissl
products that may arise if the northern island of Enjebi is re
Although this committee's charge was not expressly directed
hazards associated with the reset-lement of Enijebi, it must be
emphasized that the risks from the consumption of food grown if
northern islands are high compared with any conceivable risk ajising
from rupture of the dome.

The reader of this report will discover that the committee]depended
heavily on information furnished by government agencies and th¢ir con-
tractors. Insofar as possible it attempted to assess the quallty of
these data and, in one important instance (the drilling prograg
described in the report), supervised the acquisition of new information
about the gquality of the dome's construction and the concentrafions of
radioactivity contained within it. 1In its interpretation of pptential
hazards associated with the dome the committee depended heavilly on data
acquired by groups at the Lawrence Livermore Laboratories led by V. E.
Nostkin and W. L. Robison. Members of the committee revieved fthe
sampling and analysis procedures used by these groups. 1In addition,
all the work on the Enewetak opceration done by these groups his been
subjected to critical review by a select panel of experts froj other
dgovernment laboratories and from universities; much of the wojk also
is published in scientific journals and, thus, anas been subjegted to
peer review there. The Committee therefore is satisfied that]the
information it has received concerning environmental sampling
analysis, and dose assessment is of high quality.

The Committee on Evaluation of Enewetak Radioactivity

vided extensive information and assistance. The committee ig particu-
larly grateful to Thomas Jeffers, Director for Logistics and

of Enerqgy, Las Vegas; Bryon L. Ristwvuc. :s Directorate, Piqld
Command, DNA, Kirtland Air Porce Bage, New mexicoy William Rgbison,
Section ieader, Terrestrial and Atm »haric Sciences, Envirogment
Sciences Division, Lawrence Livermors Laboratory, Livermore,
California; victor Noshkin, Marine Sciences, Bnvironmental S

David Stark, Concrete Materials Research Department, Portlan}
Association, Skokie, Illinois.

Robert W. Morse
Chairman

ix




Chapter 1
SUMMARY AND CONCLUSIONS

In conducting its assessment of the effectiveness of the Cactlus
Crater structure in preventing harmful amounts of radioactivity ffom
becoming available for internal or external human exposure, the
Committee on Evaluation of Enewetak Radiocactivity Containment or
a drilling program to obtain cores through the entire depth of
finished containment structure, visited Enewetak Atoll to cxamin
structure and observe tne drilling operation, reviewed all rele
data and reports connected with the cleanup progrsm, and intervi
key individuals associated with the program, including those r=

sible for radiation measurements and their interpretation. Duri its
deliberations, the committee focused on such issues as the nature] of
the radiocactive materials contained within the structure, the posfible

changes that might occur to the structure as time passes, the wa
which radicactive material now contained in the structure concei
might be transported elsewhere, and the radiocactive risks to whi
people of Enewetak would be exposed in the most extreme of these
hypothetical cases. ’

1.1 The Containment Structure
The committee believes that the Cactus Crater containment str
and its contents pregsent no credible health hazard to the pecople pbf
Enewetzk, either now or in the future. :
The function of the containment structure, as the committee pgr--
ceives it, is to prevent hazardous human exposure to the radicactjve
material buried within it, and the committee beiiaves it i= bigh
unlikely that any sequence of events would prevent the gtructure From
performing this function. Any flushing or spilling of the contenks of
the structure into the lagoon or ocean that mlght occur as a resujt of
cracking, settlement, or ~torm damage will not create an Lnaccep le
radiocactive hazard. 1Indead, even if the entire radicactive contehts
of the containment structure were to find its wzy into the lagoon} no
unacceptable hazard would result.
Although no significant radiocactive hazard would bw crcated if the
containment structure were to fail in any way, it is prudent to in-
tain the physical integrity of the structure in order that it ma
continue to prevent direct human access to the radicactive materipl it
contains. Thus, inspection of the dome should take place periodifaily

RS
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be of concern, but breaches in the riprap should be rspaired to pz

and after severe storms. Cracking or settling of the panels shoultvnot
protection against wave action during storms.

1.2 Related Is-ues

The committee was asked that its assessment of the Cactus Crat
gtructure be "set against an understanding of the expected living
patterns of the people of Enewetak in terms of their degree of con
with Runit Island and their axposure otherwise to residual radicacfiv-
ity on the atoll.” 1In this regard the committee makes two comranth.

1.2.1 Runit Island

There is a hazard of uncertain magritude on Runit Island hecaupe
of the possible presence of plutonium not located and removed durijhg
the cleanup (a situation unique to Runit), and, for this reason,
has been made off-limits, a status the committee does not dispute.
is likely, however, that the people of Bnewetak and others beli
Runit ¢to be off-limits because of hazards associated with the
containment structure. The committee therefore emphasizes that i

preted to mean that Runit is thought to be harmless. It may well
that an important future function of the containment structure wi
to serve as a reminder to everyone that the island is to be avoid
view of the possible presen~e of plutonium there.

1.2.2 ©Enjebi Island

It is likely that the Dri-Enjebi sooner or later will resettl
their home islands in the ncrthern part of thne atoll., Radiation
exposures associated with such a move far exceed any exposures th can
be associated with the dome or with the radiocactivity remaining ir] the
lagoon. Indeed, for people who might live on Enjebi in the near
future, radiation exposures due to strontium-¢2 or cesium-137 in
locally grown foods may become excessive in relation to current UJS.
standards for a general populaticn, especially if food is not ted
from other islands of the atoll or from cutside.




Chapter 2
BACKGROUND

2.1 Nature of the Islands

The Marshall Islands, which comprise the eastern part of
Micronesia, are about halfway between Hawaii and the Philippi
Marshalls consist of 29 coral atolls and S coral islands havi
land area of only 70 square miles (Figure 1). Each atoll con
many separate islands connected by coral reefs that usually £
enclosure around a central lagoon.

‘Th~ temperature in the Marshalls averages about B80°F with

rain annually and the sou‘:hern islands, about three times tha
but moisture rapidly drains out of the soil and the islands a
tively arid. The amount of rainfall also varies considerably
to year in the northern islands and droughts are common. Food
consist of coconut, pandanus,; arrowroot, and bread fruit. P

seasonal variation. The northern islands receive about 60 in]:es of

conditions are not infrequent because of drought even thcughalh

and lagoons provide a stable source of marine food (Tobin 196]

2.2 Normal Economy
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Prior to World War II, the economy of the Marshalls was b
subsistence crops and fishing, supplemented by the export of
dried meat of the coconut). This continues to be the case t

the missile range on Kwajalein ars now major sources of empl
hence, of income for the people in the Marshalls.

In 1977, the total population of the islands was estimat
25,000. Of these, 8,000 were at Majuro and 5,000 on Ebye Isl
Kwajalein. A portion of the money earned "y Marshallese empl
these two centers filters back to the subsistence-based islan
sumably, the economy at Enewetak after resettlement will be b
subgsistence crops and fishing, incomes from relatives employe
Majuro and Kwajalein, export crops (initially nonexistent), a
support programs insofar as they continue to exist after inde

2.7 Enewetak Atoll

3 at
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8. Pre—
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d U.S.
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Enewvetak is a typical atoll (Figure 2); 40 islands surroupd an

elliptical lagoon 23 miles long and 17 miles wide. The total
area is only 2.26 square miles.

land
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Although the Marshall Islands were discovered by the Spanis
1529, they remained in practical isolation for over two centur
Germany claimed the islands in the latter part of the nineteen
century and developed copra trading activities. Enewetak, wi
rest of German possessions in Micronesia, was seized in 1914 b
Japanese who continued the copra trade. Between 1939 and 1941
was developed as a military base by the Japanese, and the locall men
were pressed into service as laborers. In February 1944 U.S.
forces assaulted Enewetak. Possession was won only after the
3,200 Japanesa, 350 Americans, and 17 of the local people (Kis
Morison 1961). Following the battle, the United States establ
large base on the atoll, and after the Pacific war the United
was granted a “rusteeship over tha islands by the United Nati
In 1947 Preside.t Truman notified the UN that Enewetak was to
as a nuclear wearons proving ground and the inhabitants were r
to Ujelang, 125 miles to the southwest.

2.4 The Enewetak People

There are two political-social subdivisions within the Ene
people-—-the Dri-Enjebi, who occupied the northern islands, and
Enewetak, who lived on the southern islands. Although these t
had different chiefs and social organizations, they lived toge
peacefully and with extensive intermarriage for many generatio
groups also now include people descended from intermarriages w
people of Ujelang.

After the battle of Enewetak in February 1944 the people
housed on Aomon (Figure 2) where they were supported by the U.

until 1946 when they were moved temporurily to Kwajalein. Thef then
were returned to Aomon for about a year and, in 1947, 142 of tRem were
moved to Ujelang, a much smaller atoll (only 0.6 square miles pf land
area). In April 1980 approximately 500 of the people returnedjto
Enewetak and now are living on the southern islands of Enewetak,
Medren, and Japtan where housing has beer: const:ucted for them]jby the
U.S. government (Figure 3).

The experience of the Enewetak people on Uizlang has been Pocu—
mented by Tobin (1967). The original Ujelang p~rple had migrafed to
Jaluit in the 1880s and some later migrate:. to Enewetak. Althbugh
times often have been difficult on the smaller atoll, the tranpition
to Ujelang was aided by thegse historical ties and the fact th it was
uninhabited. The dual social structure of Dri-Enewetaks and Dfi-
Enjebis was maintained throughout the entire 33-year period on] Ujelang
and exists today. At the present time, however, both groups rpside

only on the southern islands, the lands of the Dri-Enewetaks. | Given
the very powerful cultural importance attached to land in the
Marshalls, as well as its economic value, the Dri-Enjebi,; not
surprisingly, wish to resettle their home islands.

2.5 Weapons Testing
Between 1948 and 1958, 43 nuclear weapons were exploded or] Enewetak
Atoll. Some were sufficiently powerful to obliterate whole idlands or
blow considerable portions of islands into the lagoon or the dcean.
Many craters can be seen from the air as deep blue patches in the
surrounding sea or as water-filled pools on the islands. The fcoral
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FIGURE 3 One of a variety of one- and two-story

resettlement house styles.
(Photo courtesy of B. L. Ristvet)




of the reef and of the islands is freely permeable to ocean waicrl
therefore, the craters are an effective connection with the lagoon and
the ocean sven if they are located within an izland.

Most of the testing was done on the northern part of the ajoll.
(See Figure 2 for the number and location of the tests.) The gjest
personnel were based in the southern area, and Enewetak Islandi the

largest in the atoll, accommodated many buildings and an airstfip
capable of handling the largest aircraft.
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Chapter 3
THE CLERANUP

3.1 Cleanup Proposals

In 1972 the U.S. government announced that it would ret
Enewetak Atoll to the government of the Trust Territory of
Islands and, subsequently, to the people of Enewetak, and an
clean up and rehabilitate the atoll was initiated. Planning
from 1972 to 1977, and the people of Enewetak were involved

major decisions. The cleanup operation itself extended from
to April 1980. A detailad on-site radiological investigati
Atomic Energy Commission (AEC), cleanup by the Department of
(DOD) , and rehabilitation (homebuilding and crop planting) b
Depzrtment of the Interior (DOI) were carried ocut to some ex
concurrently. The planning and cleanup operations are descr
detail in a lengthy DNA report (1981) and are summarized in

sheet (1980).

3.2 Cleanup Criteria

The environmental impact gtatement (EIS) for the cleanup,
ment, and rehabilitation of Enewetak Atoll (Defense Nuclear
1975) established a series of standards to be met. Radjati
the returning population were not to exceed 0.25 rem per year
whole body and marrow, 0.75 rem per year to the thyroid, 0.75
year to bone, and 4 rem over a period of 30 years to the gona
"guides for cleanup planning” were followed in the EIS s

statenment:

resettle-
ency
doses to
to. the
rem per
s. These
r by the

Cleanup of soil containing plutonium can be handled on a
by-case basis using the following:
soil--corrective action not required,
soil--corrective action determined on a case-by-case basi
considering all radiological conditions, (c) more than 40
pPCi/g of soil-—corrective action required.

Tc was recommended that only islands satisfying criterion
sb .1d be used for residence and subgistence agriculture. 1Is
sacisfying criterion (b) could be used for agriculture (e.g.,
trees for copra production) and those satisfying criterion (c
be visited for food gathering (e.g., fishing and gathering bi
eggs) .

9

(a) leas than 40 pCi/q of
(b' 40 to 400 pCi/gjof

(a)
ands
coconut
could
ds'
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These standards subsequently were modified by the Department of
Energy (DOE) to include all the transuranics, not just plutonium. e
land~-use cleanup standards also were revised to permit not more than
40 pCi/g for residential islands, 80 pCi/g for agricultural islands,
and 160 pCi/g for food-gathering islands.

3.3 Disposal Options

During the planning stages a major consideration was the method
disposzal for any plutonium-contaminated material. Several options
initially considered ®"including returning it to the United States,
casting it into concrete blocks, dumping it into a crater with a
crete cap, or dumping it in the ocean or lagoon" (Defense Nuclear
Agency 1981, p. 94). Although strong arguments were made for lagoo
or ocean dumping, the Environmental Protection Agency (EPA)} beli
that national policy prohibited such disposal. This view prevailed
over that of the Energy Research and Development Administration (
and the final environmental impact statement (April 1975) identifi
crater entombment as the selected disposal method. Disposal criterja
were reviewed again in August 1977 by the so-called Bair Committee.
This group advocated ocean dumping as the preferred solution with
lagoon dumping as an acceptable alternative but recognized that an
change would require the EIS to be reopened and that EPA oppositi
those alternatives would still remain. The Bair Committee's final
was that “"terrestial disposal on Runit 1sland with a concrete cove
was the best practical alternative (letter from W. J. Bair, et al.
J. L. Liverman, Assistant Administrator for Environment and Safety
ERDA, August 17, 1977). Thus, the cleanup plan finally adopted ca
for radiologically contaminated soil and debris present on many is
in the atoll to be collected and transport=d to Runit and contain
2 soil-cement matrix in Cactus Crater, =z:.rounded by u concCrete ke
wall, and covered by a concrete cap.

3.4 Radiocactive Contaminants

The radionuclides of principal concern at Enewetak are the tr
uranics, mainly plutonium-239, and the fission products, stronti
and cesium~137. The transuranics are relatively insoluble and th
fore have remained very near the surface. The strontium and cesi
however, are more soluble and have leached to a considerable dept|
Indeed, the DNA (1980) stated:

The AEC's radiological survey had disclosed that, except on tRe
island of Runit, most high transuranic concentrations were in
the top few centimetres of soil. This was not the case with
suburanics which, because of their water solubility, were disp
tributed to considerable depth. . . . Excision of soil con-
taninated with suburanics [fisaion products], however, was
simply not practicable. To do so would require such extensi
80il removal as to render the island useless for habitation
subsistence agriculture.

Thus, the subsequent cleanup concentrated on the problem of
transuranics.
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The emphasis on transuranics in the cleanup operation also]was
influenced by the fact that Pu-=239 has a half-life of 24,000 ypars
whereas Sr-90 and Ce-137 have half-lives of about 30 years. Ij the
near future, however, the fission products must be of great cern
because of their rapid rate of movement through the soil and tleir very
active {icorporation into the food chain.

Since there was virtually no contamination on the southern|islands,
it wvas planned that only these islands would be settled at the]begin-
ning. Occupation of the northern islands after cleanup was tojbe
postponed until radiocactive decay brought the concentrations of Sr-90
and Ce-137 to acceptable levels.

3.5 Location of the Contamination

Before work could begin it was necessary to find out which|islands
were significantly contaminated and to identify the specific pjlaces
where remedial work would be required. As has been explained, |the
cleanup was concerned with the transuranics, mainly plutonius, |but
plutonium emits only an alpha particle accompanied by a very 1
x-ray 80 it is not practicable to measure it in the field.
the plutonium is associated with americium, which has a suffic
penetrating gamma ray for detection through several inches of
Aerial surveys and in-situ monitoring detected the significantly con-
taminated islands and specially designed detection equipment
on a tracked vehicle then was used for a detailed survey. Rea
were taken at every intersection of a 50-meter grid. Soil s
various depths were taken at each i-tersection for laboratory
to determine the plutonium/americium ratio. In areas of high
ination, samples were taken at 25—, 12.5~, and 6.25-meter inte
This work provided the basis for radiation contour maps that
used by the cleanup crews.

3.6 Nature of the Problem

The cleanup problem was not confined to surface soil con
with transuranics. During the weapons testing program, debris
tests frequently was cleared from a site and dumped in an old
in preparation for reuse of the site for additional tests. Al
detectable dumps, crypts, and burial sites were excavated and
radicactive contents transferred to the Cactus Crater. 014 bl
houses, sunken barges, and landing craft in less than 15 feet
and other miscellaneous debris were collected, monitored, and
of in the containment structure, if contaminated, or in deep p
the lagoon if not contaminated.

Retrieval from dumps often was difficult and a crypt on
Island was so extensive that a year was required to plan and
its excavation. About 16,000 items from World War II (unexpl
artillery and mortar shells, hand grenades, small arms, and
also were detected, dug up, and detonated or removed by Navy
Ordnance Disposal Teams. After the rubbish was removed, the t
inches of so0il was scraped off, loaded intoc barges, and trans
Runit Island.
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3.7 Safety of Operators
Despite the nature of the work, no significant radiocactive
contamination of the personnel is reported to have occurred.

operators wore dosimeters. Routine urine analyses and film-badge
recdings showed no significant zxposure. It should be noted
over 5,000 filters from air samplers, over 50 percent showed n
contamination from transuranic elements, over 95 percent sh less
than 1 percent of tne maximum permissible concentration (MPC),Jand none
showed more than 10 percent of the MPC (Defense Nuclear Agency|1980).
Over 4,000 U.S. servicemen served on the atoll during the cleagup and

6 lost their lives (2 deaths resulted from industrial accidenty, 2 from
a recreational accident, and 2 from causes "unrelated to the ejviron—
ment”).

3.8 Cactus Crater
The Cactus Crater, which received all the contaminated de

of Runit Island (FPigure 4). Most of the crater rim is on land} but
before construction of the dome, about a quarter of the cir erence
was open to the ocean at high tide and another consisted of a harrow

apit of coral. A surface shot in May 1958 produced the 350-f
and 30-foot-deep crater. About 200 feet to the northeast of
Crater on the ocean side is a somewhat larger crater, LaCross
was produced by a surface shot in May 1956. The rim of LaCro
high tide appears only as a few isolated rocks above the wate
original plan was to use LaCrosse Crater first and toc use Cac
if there was more material than LaCrosse could hold. For log
reasons, however, the order was reversed and Cactus alone pr
gsufficient size for the disposal operation.

The Cactus Crater was not formed in undisturbed rock. Th
Tower shot was cetonated 217 feet southeast of Cactus in May

the Dog Tower shot, 291 feet southeast of Cac%us in April 195 These
two shots caused fracturing of the rock around the site of Cadqtus
(Defensa Nuclear Agency 1981, p. 409). The Zabra Crater was filled in

and oiled to prevent dust while the Dog Tower was being worked on, and
the Dog Crater and contaminated areas were made *radiologicall]y safe”™
by dumping the contaminated debris in the crater and then covHring the
contaminated area with clean sand. It is apparent, therefore
there is a good deal of buried radiocactive material near, but|not
inside, the Cactus Crater and that the surrounding rock is he
fissured.

When the Cactus device exploded, a large amount of rock,
it pulverized into small particles, was thrown upwards. Muchjof this

filled with debris. The true crater is therefore twice as degp as it
appears to be, and this was demonstrated several years ago
was drilled through the debris to a ..p»th beyond the bottom
crater. A gamma counter was lowered down the hole and activ
were recorded at different depths (Figure 5). At the bottom pf the
visible crater, the counting rate increased sharply from nea
about 4800 counts per second (cps). The counting rate then
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to about 400 cps as the counter descended through the fall-back zdne
and rose again to about 3400 cps at the true bottom of the crater The
high count at the surface of the fall-back zone is probably due tg the
fact that small particles, which absorb more activity per unit of
waight than large particles, fell back more slowly.

The high permeability of the coral rock ensures that the radi
active material within the fall-back zone has been continuously lgached
by sea water since 1958. Nevertheless, substantial quantities o
radicactive material were present beneath the apparent bottom of e
crater before any of the soil and debris from the islands was plared
into it.

It is also possible that a part of Cactus Crater was formed dut of
a man-made extension of the island on the lagoon side of the reef
(Defense Nuclear Agency 1981, p. 409); at least there is no
appreciable beachrock present on the lagoon side of the crater.

3.9 Filling of the Crater
The contaminated soil was transported by barge to Runit 1slagad,
where it was mixed with cement and attapulgite to form a mixture
designed for use in the tremie method of underwater concrete plagement.
Using this method, water is added to the cement-soil mixture to jorm a
slurry that is pumped through a pipe to the underwater location;|the
end of the pipe is kept below the surface of the ejected slurry go
prevent segregation of the cement and soil.
The crater was filled to the low-tide water level using the fremie
method. The key-wall then was sunk to a depth of 1 foot where the
beachrock was solid and to a depth of 8 feet where the beachrock
fractured or absent. The key-wall apparently was placed by 4
through water that inevitably entered the forms because of the
permeability of the formations on which the key-wall was placed
Above the water level, a common soil-cement placement me
used in which a layer of contaminated sci) was spread and bags
cement were placed at designated intervsis and punctured. The dgement
was blended into the soil with a disc and the layer was compact
Using this procedure a dome-shaped mound was form:d over the cr
Radjoactive debris (i.e., metallic debris, contaminated concret
other large pieces of material) too large to pass through the t
Pipe later was placed in an area, (called the "donut hole™) res
for it in the center of the structure and was "choked"™ in place
slurry.
Before the filling of the crater was completed, constructio
concrete cap or dome was started. It consists of 358 panels in
rings, and the panels vary in size from 20 by 21 feet at the
to 6 by 7.5 feet near the center. The panels were made in plac
forms and rested on polyethylene sheet. The design thickness

24 inches, with a mean of 17.3 inches (Ristvet 1980). The out;

*Segregation, however, was observed in the core samples on}y at
the bottom of the key-wall.
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was laid first, and each panel was keyed to the abutting panels|te
prevent differential displacement (Figure 6).

Contaminated debris remaining after the "donut hole” was fi]led was
Placed into two concrete "boxes®" constructed for the purpose an
attached to the landward side of the dome.

The naterial within the Cactus Crater, covered by the concrjte cap.
consists of about 105,000 cubic yards of contaminated soil enclesing
some 6,000 cubic yards of miscellanecus debris. The dome Las a] shallow
slope and has been used as a landing pad for helicopters. The ick
concrete key-wall around the dome is protected on the ocean si from
wave action by a riprap "mole"--a necessary precaution during the con-
struction phase because during the three-year cleanup opverationy four
major typhoons and tropical storms hit Enewetak Atoll causing tensive
destcruction. One typhoon required complete evacuation of the 11.

3.10 References
Atomic Energy Commission, Enewetak Radiological Survey, Report
NVO-140, AEC~NV, 3 vols., AEC, Washington, D.C., 1973.
. Report by AEC Task Group on Recommendations for [Cleanup
and Rehabilitation of Enewetak Atoll, ABC, Washington, D.C4, 1974.
Defense Nuclear Agency, Environmental Impact Statement--Cleanu
Rehabilitation Resettlement of Enewetak Atoll--Marshall Isjands,
5 vols., DNA, Washington, D.C., 1975.
. Fact Sheet-—Enewetak Operation, DNA, Washington, |D.C.,

1980.
. The Radiological Cleanup of Enewetak Atoll, DNA,

Washington, D.C., 1981

Ristvet, Byron L., Summary of Drilling Operations, DNA, Washindtonm,
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FIGURE 6 The contalnment structure at tIme of completion.
(Phuto courtesy of Defense Nuclear Agency )
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FIGURE 6 The contalnment structure at time of completion,
(Photo courtesy of Defense Nuclear Agency.)
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Chapter 4
DESCRIPTION OF THE CONTAINMENT STRUCTURE

4.1 General Observations

The key-wall and concrete dome appear to be well finished to
consist of very good quality concrete. Some slightly open joints] are
visible between the slabs that form the dome, and a small number
very narrow cracks can be seen in a few of the slabs.

Field observations by the committee revealed that fine crack
extends through the midpoint of 6 of the 358 panels. Most of
cracks appear to have resulted from ncrmal shrinkage of the con
The existing cracks may become larger, and similar cracks may
in other panels.

The principal effect of this cracking is to reduce the eff
size of the panel, functioning as riprap, to approxima*ely 18
half. Neitjer mgisture movement nor future possible fissure to
underlying membrane is an issue with respect to durability of th

4.2 The Drilling Program

At the outset of the study, it was recognized that informat
concerning the quality of the concrete, the effectiveness of
tion of the dome, and the condition of the material within the s
ture could be obtained only by means of a drilling program. The
Directorate, Field Command, DNA, agreed to undertake the drill
program for the committee. The report on the results of the dr
(Ristvet 1980) is a comprehensive document that incluces histor
geological, and seismic data.

The drilling started on March 1l and ended on March 28, 1980
much of it took place while committee members were on the site
21-28). Selection of .he positions of many of the drill holes
in cooperation with + e committee, whose members were able to wigness
the drilling and recovery of cores and to examine the cores as
were extracted. Detailed descriptions of the cores are supplied
Ristvet (1980) but a general summary will be given here.

Twelve sections of the concrete cap were cored with a 4-inch
diamond bit. Thicknesses varied from 12.5 inches to 24 inches
mean of 17.3 + 3.1 inches. The concrete was of high quality wi
minor voids or air bubbles. One cap section showed a 1- to 2-
honeycombed zone with interconnections of voids. All concrete cgres

19
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from the dome were shipped to the Portland Cement Association fPpr
testing. These tests showed that the compressive strengths of hll the
cores were high and that the cores exhibited no properties that]would
lead to premature deterioration.

FPour key-wall sections were cored, with the hole penetratin
appioximately 8 feet below the bottom of the key-wall. Three sjowed
good quality concrete, but the lower half of one was friable, 1 4
quality concrete. The latter key-wall section rested on highly
fractured, moderately to well cemented beachrock. The other thfee
rested on uncesented medium to fine sand. In one, the concretejwas
separated from the sand by a l-foot layer of dark brown bentonife or
attapulgite with low shear strength.

The overall conclusion is that the key-wall sections are of]good
quality concrete with some segregation of cement and aggregate Jt the
bottom. They rest on a fractured coral or sand foundation. An
interesting observation made during the key-wall drilling was t}at the
water level in the drill holes appeared to be nearly synchronoug with
the tide, which suggests that water flows freely between the cojtents
of the crater and the ocean.

As noted, the concrete dome consists of 11 rings of panels.
holes were drilled and sampled through the third ring from the
It was expected that after penetrating the cap, the drill would
enconnter soil-cement concrete, then tremie concrete, then cra
back, and, finally, the coral beneath the true crater bottom.
the holes actually entered the undisturbed coral, but all penetjated
into the fall-back zone.

In the first hnle the material immediately under the cap wa
uncemented mediux to fine soil-cement mixture with a few gravel
chunks of hardened cement. This continued for 12.5 feet and wa
followed by 3.5 feet of "oversize material® consisting of algal
cobbles, broken pieces of tree limbs and boards, wire, anc reba
a depth of 17 feet a section of 6~inch layers of poorly to mode
cemented tremie concrete alternating with uncemented soil and o
debris began. This material had a strong smell of ammonia and
tinued for 5 feet. The next 2 feet, which smelled of hydrogen gulfide,
consisted of oversize debris and cobbles. This was followed by |l foot
of well cemented tremie. The succeeding 6.5 feet had alternati
layers of poorly to moderately cemented tremie concrete and ove
cobbles, soil, rebar, and wood fraguants. Under this was 6 inc
well cemented tremie covering an uanrecovered 3~-foot section in
cuttings showed soil, minor gravel-size tremie, and wood fragme
The remaining 15 feet of the core consisted of crater fall-back
medium to fine grain coraline sand and minor fractured gravel.

In order to determine the relative permeability of the crat
contents, percolation tests and pumping recovery tests were con
in the boreholes. Details from these permeability tests are re
by Ristvet (1980) and on.y the results are summarized here. Th
colation tests, which involved filling the boreholes with water
level »f the cap base and then observing the water drop with t
conducted in the soil-cement layer. Although the results were
variable from borehole to borehole and at different depths with
borehole, the rate of water level drop in the soil-cement gener
very low; in one test there was no water level drop after 12 hoyrs.
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The pumping recovery tests, which involved pumping the borehole
completely dry and then observing the rate of water level rise,
conducted in the tremie material. These tests showed a very ra
recovery in the water levels; in one case the water level rose
in S minutes. PFurthermore, water levels within the tremie conc
corresponded very closely to sea level and lagged only about 1/
behind cutside tidal fluctuations.

Thus, it appears that although the permeability of the soil
mixture is quite low, the permeability of the tremie concrete i
higher. Purthermore, in the tremie region there was relatively
communication with the ocean, perhaps mainly along channels pr
hy the oversize debris.

The soil-cement mixture was a moist, dense material that cr led
in the hand and the tremie concrete, a dense, partially cement
material. The whole of the crater contents, however, was rathe
impermeable to water except where there was channeling.

In summary, the cores showed that there are zones of incomplitely

cemented tremie concrete. This segregation of the concrete mos
resulted because the tremie pipe was not always kept below the rface
of the slurry, probably due to movements of the barge carrying
injection equipment or failure to use a plug when each pumping
was started. The soil-cement above the water level also did no
achieve the concrete-like character that was anticipated, possi
because of bacterial effects of organic material which prevent
hardening of the concrete at the level of cement content used.
theless, we believe that the keywall and concrete dome are sati
for all likely situations that will occur.

4.3 Radioactive Contents

Samples taken from the cores and water samples frcx the hol
analyzed at the Lawrence Livermore Laboratory. Water samples a
taken from two monitoring wells sunk outside the dome area, on
lagoon side, in positions calculated to intersect water passing
the crater and into the lagoon. The wells were fitted with unsc
slotted polyvinylchloride pipe for use in future monitoring.

The results of these analyses have been given by Robison and
Noshkin (198l1). To summarize the data here, mean values have be
calculated, omitting samples taken in the fall-back zone. Resul
given in pCi/g and the range gives the high and low values for t
of samples. Strontium and Pu were analyzed using wet chemistry
and the others, using gamma ray spectrometry.

Mean
Radionuclide Concen*-ation Range
233 %avepy 18.6 46 - 1.6
*Mam 2.8 6.3 - 0.20
''sr 20.6 52 - 5.5

137cg 8.7 27 - 0.24
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As is to be expected from the nature of the cleanup and emplacg-~
ment, there is a wide range of concentrations. Summing the **!Am
with the 2?**2*%py, one arrives at a mean value for the transur-
anics of 21.4 pCi/g. If there are 12.6 Ci of transuranics in the
(U.S. Department of Energy 1979) contained in 105,000 cubic yards
soil and one assumes a density of 1.8 g/cc for the s0il, the avera
concentration to be expected would be:

.N!

12.6 * 10'? = 87 pCi/g.
105,000 * 0.76 * 10" *° 1.8

The sbserved and calculated values are in reasonable agreement sin
the contribution from the material encased in concrete in the “don
hole” at the center of the dome is not considered and neither the mpans
calculated from the samples nor the estimates made during the cleanip
are likely to be very accurate.

Water samples taken from two different levels of a hole 4rill in
the dome alsoc were analyzed. The water was filtered through a 0.45
micron filter and both filtrate and filter were analyzed. The me
values (in pCi/t) were as follows:

Radionuclide Soluble Particulate
139%280p, 0.05 77.8

M am 0.005 67

'sr i3l 112

137¢cg 248 146

The transuranics are essentially all associated with the patticulat%
fraction and not as available for transport as '*’Cs and ''Sr where
the greater concentrations are in the soluble fraction. The mean
values (in pCi/f) for samples from the 20-foot level in the two wel
outside the dome were as follows:

Radionuclide Soluble Particulate
z33%zvep, 0.142 164
“*!am 0.003 59
*isp 225 156
137cs 27 97

Somewhat higher concentrations of all nuclides were found in samples
from the 40-foot level in cae well. However, at the present time it
is not clear if these radionuclides in the well samples are coming fyom
the dome or from the fall-back zone or were present in the soil from
other causes such as the work done in preparation for construction o
the dome. An artificial beach was constructed for the off loading o
the material placed in the dome and it is probable that contaminated
soil was used in its construction.
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In general, concentrations of radionuclides in all samples
from the dome are low and are comparable to soil and sediment
trations in the northern part of the atoll. The liquid samples
concentrations well below maximum permissible concentrations £
general public for drinking water.
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Chapter 5
HAZARDS ASSOCIATED WITH THE DOME

5.1 Function of the Dome

The function of the dome is to prevent people from being
to harmful amounts of radiocactivity from the debris buried withig. 1In
practical terms, the dome will perform this function if it prevesjts
people from having direct physical access to the contents and if fany
radionuclides exchanged betucen the contents and the environment
create an unacceptable hazard.” Before addressing how well the dome
can be expected to fulfill these goals, certain background mater
will be reviewed (sections 5.2-5.5).

5.2 Radionuclides in the Dome

The total amount of transuranics contained within the dome i
estimated to be 12.6 Ci (U.S. Department of Energy 1979). Measu
of the fission product content are not available, but a crude es
of a maxiuum of 50 Ci of *°Sr and !'’Cs may be made using Atomic
Energy Commission (1973) survey data. The average transuranic
of the material within the dome can be calculated to be about 87
pCi/g, about twice the permissible soil content of 40 pCi/g for

islands designated for residential use. The average value measurjed
from the drilling samples from tha dome was 21 pCi/g, but this ddes not
take account of contaminated debzis that was encased in concrete fin the
center “"donut hole” of the dome. Similarly, the average total vilue
of *'Sr and '*’Cs from the drilling samples was 29.3 pCi/g.

In addition, an estimated 380 Ci of activation and fission p ucts
Plus an unknown amount of transuranics are contained in the fall ck
debris in the true crater bottom and in the water beneath the matjerial
in the dome (Air Force Weapons Laboratory TR-77-242 1978). Prior] to

*Direct radiation from the contents is not of concern. Radiagion
from the fission products cannot penetrate the dome cap and have half-
lives of less than 30 years. External exposures from transurani are

not significant because the principle emissions are alpha partic
‘:he external dose from the !“'Am gamma radiation is negligible £
the concentrations present in the dome.
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the £filling of Cactus Crater, the conCentration of 2*??HR*%py jn

the fresh water within the crater was 0.116 + 0.062 pCi/t; the cr
sediments had a concentration of 82 + 2 pCi/g (dry weight) (Noshk
1980, Table 4). These values are higher than the concentrations
measured from within the containment structure (see section 4.3).

5.3 Transuranics in the Surrounding Environment

Radionuclides in the groundwater at Runit were measured in 19
prior to the cleanup, by Noshkin and co-workers (1976). These
ments showed that plutonium had penetrated the groundwater to th
deepest depths measured (73 m). Dissolved ****2*%py ranged in v
from 0.0) to 0.66 pCi/t and in many of the wells was found to
increase with depth. Two of the wells measured in 1975 are betw
Cactus Crater and the lagoon and are very near the two wells dis
in section 4.3. Measured values of dissolved 23°*2‘ipy are simi
in the two cases (between 0.08 and 0.17 pCi/%) and both show a h
concentration in the well closer to the lagoon.

The largest quantities of transuranics at Enewetak are i{n th
lagoon sediments. The entire distribution of the transuranics i
benthic environment at Enewetak has recently been reviewed by No
{1980, Table 1). He estimates that the top 16 cm of the sedimen
an inventory of 1185 Ci of 23%%%¢py, 167 Ci of 2¥%py, 2190 of *
and 475 Ci of 2*!Am, These are distributed nonuniformly with th
highest surface concentrations near the location of test sites.
highest concentrations are in the northwest area of the lagoon w
surface activities of 2?***%py are some four times higher than
Runit were surface activities range from 2 to 170 pCi/g (dry wei
The vertical distribution of the transuranics within the sedimen
column is highly variable from place to place (sometimes increas
with depth) and cannot be generalized easily.

ter

e

Transuranics within the water column of the lagcon show a ¢ lex
distribution, the spatial patterns being differe=~t f£ur surface ajd
bottom concentrations of *3?"*4py ag yell as f:. dissolved and jus-
pended components. In 1974 the soluble 2?°+***py ranged in concpn-
tration from 0.002 to 0.075 pCi/t. The total inventory in the whter
column of the lagoon in 1974 was 1.5 Ci in solution and 0.7 Ci apsoci-
ated with particulate material. Thus, the average quantity of
plutonium in the water column is a small fraction of the sedimen
inventory.

The investigations of Noshkin and co-workers have shown that] at
both Enewetak and Bikini from 75 to 94 percent of the soluble
133 e0py {n the lagoon water 18 in the oxidized state (+5 or +
with the remainder being in the reduced state (+3 or +4). All the
plutonium associated with the particulate material is in the r ced
state. Noshkin (1980) believes that most of the plutonium assodiated
with the lagoon particulates is from resuspended sediments and not
trangported out of the lagoon. On the other hand, the dissolw
Plutonium passes readily through dialysis membranes and seems td move
without interaction with the sediment (Noshkin 1980).

The water in the lagoon is exchanged with the ocean approximately

twice a year. Thus, about 3 Ci of dissolved 23?*2*%py are re

the sediments and other sources on the atoll. Noshkin has sh
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the average concentration in solution in the water column can be
accounted for by using a simple equilibrium model in which remobilliza-
tion involves the sediment in the top 2.5 cm (Noshkin 1980).

5.4 Comparisons with Other Locations
It is useful to compare the gituation at Enewetak with other

tions *here plutonium has been released to the marine environmen
of the most studied locations is at Windscale in the United King
where authorized radicactive discharges are made to the Irish Se
a nuclear fuel reprocessing plant. Since 1972 discharges of plu
isotopes to the coastal waters have averaged about 100 Ci per mo
(ten times that in the dome). Since the first operations of the
about 10,000 Ci of 23**"%py have been discharged, 9,000 of whic
reside in the bed of the Irish Sea east of the Isle of Man (Heth
ton et al. 1975, Penreath et al. 1979).

Measurements have shown that the discharged plutonium is rap
removed to the sediments and that only a few percent of the inve
(as at Enewetak) remains in the water column. Within 10 km of t
gource, concentrations in the water column average about 0.7 pCi
and concentrations in the sediments average about 40 pCi/g (dry)
values as high as 105 pCi/g (dry) (Hetherington et al. 1975).
average concentrations exceed those at Enewetak, which are about
pCi/i for lagoon water and 5.2 pCi/g for lagoon sediments (Noshk
et al.‘1980).

Low leveld”of plutonium are discharged into Bombay harbor fr

a
nuclear facility at Trombay. Here plutonium concentrations in t
vicinity of the discharge point range from 0.004 to 0.02 pCi/t i
seawater and from 0.4 to 29 pCi/g in the suspended silt (Pillai al.

1975, Pillai and Mathew 1976). A reprocessing plant at Tokai, J
discharges into the ocean where activity levels of 23?*2*°py ag
high as 0.017 pCi/t have been reported offshore (Kurabayashi et
1979).

Thus, authorized releases i: different parts of the world ha
produced concentrations of transuranics in the marine environment
comparable to or in excess of those found at Enewetak.

5.5 Transuranics in Marine Foods

Transuranics can be detected in marine organisms worldwide, both
salt and fresh water, due to global fallout from bomb tests. As uld
be expected, relatively high concentrations in marine organisms e
found where there have been releases of transuranics (e.g., near
Enewetak, Bikini, Windscale, Bombay, or Tokai).

Concentration factors in fish (i.e., the ratio of activity inf a
gram of fish to that in a gram of seawater from the same enviro
vary considerably between species and between samples of the s
species taken from different locations. Among fish there is lit
evidence of any strong or consistent relation to trophic level.
issues, as well as the results of measurements taken on 4,200 £i
14 atolls in the Marshalls, were summarized recently by Noshkin
co-workers {(Noshkin et al. 1980). They found concentration fact
Bikini and Enewetak to be similar, ranging from 5 to 10 in the
tissue of fish at all trophic levels (2nd to 5th). Mean concent
at Enewetak in the muscle tissue of mullet and surgeonfish (whicl are
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primary consumers) were found to be 0.57 + 0.61 and 0.15 + 0.16
(vet), respectively. (Considerably higher values are measured
stomach contents, the viscera, and the liver.)

pCi/kg
n the

the current International Commission on Radiological Protectio
recommended limit for plutonium ingestion only if the fish had p
tonium concentration of 10,000 pCi/kg (Penreath 1980).

potential radiological doses for Enewetak residents. Their est
for the potential doses frcm marine foods are based on Noshkin'

people were on Ujelang. They estimate that the mean daily intake of
transuranics from seafood for an adult female will be 0.50 pCi
3394280py and 0.12 pCi **'Am. According to their dose assessme
model, this results in an estimated bone marrow dose of 0.26 mrpm/year,
which is approximately 1 percent of the annual dose from the
radiation in the Marshall Islands.

5.6 Dome Breachment
A number of possible failure modes might result in breaching

and human-related activities such as vandalism. Each of these Failure
modes was considered, but only the first two, storm wave and
activity and foundation settling appear plausible to the commitfee.

sometimes completely inundate these low islands. Although the fome was
designed to withstand severe storm wave and typhoon activity,
typhoons in this part of the world are so severe t: : a series pf them
conceivably could cause breachment of the dome s:iucture. The
which surrounds the dome on the north and north: i3t zides, servps as

the £irst defense for waves from that direction. "7 the mole fhiled

(and was not repaired), the next typhoon could " wzk the key 11 of
the containment structure, probably causing =z:o on the reef sgide.

in all likelihood would be deposited on or in front of the ring
The ring wall sections (12 feet by 2 feet by 3.5 to 5 feet) each weigh
more than 6 tons, much heavier than are required to resist wave] action,
and would therefore function as large riprap. Should the ring pall be

energy. wwever, the dome panels, each weighing more than 30 tpns,
also would act as riprap highly unlikely to be moved by wave acfion.

It was mentioned in se~tion 3.8 that Cactus Crater might haje been
partly formed in a man-made extension to Runit Island, and, if o, the
containment structure could be vulnerable to erosion on the lagpon side
should the beach ever retreat to the edge of the dome. However] on the
basis of a recent study of aerial photographs of Runit, Ristvet]
believes tihat the 1981 shoreline, which is about 75 feet from the edge
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of the dome, may be near "equilibrium®™ since it is close to th# m: imum
extension of the near subsurface beachrock (Byron Ristvet, let
the committee, November 1981).

The committee believes that the probability of dome brea
to storm wave and typhoon activity is quite low. However, to

visual inspection of the dome structure, the surrounding mole,
beach on the lagoon side be performed at regular intervals (as
minimum, after each major typhoon).

Some settling with time in response to loading is concei
Furthermore, vegetation such as tree limbs included within the
can be expected to undergo bacteriological reduction, result
slight amounts of settlement within the dome. Such settlement,
ever, would not impair the function of the dome cap in denying
access to the contained material. Resistance against movement
dome cap in response to settlement of the contents of the dome
vided by the key-wall. Although the key-wall may spread outwar
slightly in response to stresses produced by settlement, the
cap functions simply as a series of cover slabs, not a true dom
structure, and can easily bridge over any localized areas of di
tial settlement or settle without any impairment of the dome’s
formance.

5.7 Hazards Associated with Leaching from the Containment Strucjure

The results of the drilling program described in chapter 4 ghow
that the tremie and the soil-cement operations were not fully -
cessfgl. Within the tremie region there are zones of oversized|debris
and unconsolidated tremie material that provide channels for wafjer
movement. The rapid tidal response in the boreholes indicates fhat the
water in the structure is closely coupled to the island's grc ater.
Therefore, at least part of the radiocactivity contained in the gtruc-
ture is available for transport to the groundwater and, subsequenhtly,
to the lagoon, and it is important to determine whether this pat}way
may be a significant one.

It is not clear whether Cactu3 Crater (and its vicinity) is
greater or lesser source of transuranic movement to the lagoon an it
was before the cleanup. Before Cactus Crater was filled it was pne of
the sources cf transuranics being remobilized to the waters of the
lagoon. Noshkin estimates that about 0.4 percent of the dissoiv
plutonium present in the lagoon originated from the material at e
bottom of the crater (V.E. Noshkin, personal communication to 2.§.
Morse, October 23, 198l). Several conditions, however, were chajged
by the cleanup operations: the fresh water run-off to the waterjtable
was charged by the construction of the dome; the cleanup of soilfjon the
island has reduced movement of transurzaics to the groundwater; gnd the
filling of the crater has modified the amount of transuranics bejng
transported from the crater.

It is possible tc demonstrate that leaching from the dome s not
create a significant new hazard by use of simple inventory arg ts
without having to speculate ailout possible remobilization procesdes
taking place within the structure. It was indicated in sectior .3
tha* there is about 1.5 Ci of plutonium continuocusly in soluticn fin the
lag -~ and that 3.0 Ci are lost to th ocean annually. The amou of
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plutonium in the containment structure simply is not sufficient to
sustain any significant increase in the level of activity in the
of the lagoon. To take an extreme example, if as much as 1 Ci/yr
plutonium were being remobilized to the lagoon now, the average
centration in the lagoon would increase only by 33 percent and the
effective half-life of the plutonium in the structure would be
years. Since the levels of plutonium in the waters of the lagoon
have to be increased by several orders of magnitude to exceed inte
national standards for drinking water, leaching from the dome is
likely to create a hazard. ’

An upper limit for the radiation dose caused by leaching from
dome can be estimated by simply assuming that all of the transuranics
are rapidly remobilized to the waters of the lagoon (i.e., ina t
less than 30 years so that all effects would occur within one gene
tion). As already noted, about 3 Ci of plutonium need to be remob
lized annually to maintain the present concentration in the water
column, and the estimated dose rate to bone marrow (for all trans-~
uranics) from the ingestion of marine foods is 0.26 mrem/yr (secti
5.5). If the concentrations of transuranics in marine organisms
proportional to the concentrations in the water column (which is
assumption behind the use of the usual "concentration factor®),
the total additional dose from the remobilization of 12.6 Ci to th
lagoon's water column should be approximately 4.2 times (12.6 divi
by 3) the estimated annual dose due to the present concentration,
1.1 mrem. In other words, the dome at most could sustain the pre
levels for about 4.2 years.

This upper limit of 1.1l mrem for the total dose due to remobilikza-
tion of the dome's transuranics to the waters of the lagoon is ind
pendent of the exact mechanisms by which it might occur. A dose off 1.1
mrem to bone marrow also is small compared to doses that can be '
expected from other causes at Enewetak. For example, cosmic rays
the Marshall's produce a dose to bone marrow of l.1 mrem every two
weeks. Thus, even a relatively rapid remobilization of all the trahs-
uranics contained in the dome to the waters of tha lagoon would not] be
expected to create a significant new radiological hazard.

A simple model can be constructed to estimate the increased 30-|
dose to bone marrow through the marine food chain if leaching from
dome to the lagoon took place with an effective half-life of T (see
appendix A). If all 12.6 Ci in the dome wers: available for leachi
and eventually went into solution in the lagoon (certainly an overl
conservative assumption), the estimated increased dose as a functi
of the effective half-life in the dome would be:

Effective half-life Extra 30-year dose
in dome (years) to bone marrow (mrem)
10 0.95
20 0.71
50 0.37
100 0.20
200 0.12
400 0.05

1000 0.02
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5.8 Hazards Associated with Breaching of the Containment Strucfure

would be swept into the lagoon. The whole area would be drench and,
hence, any material that had becoma airborne would be washed o
rapidly. It is noteworthy that throughout the cleanup effort eld

Radicactivity on all but a handful of filters was too low to b
detected in totally dry conditions. Thus, even during the most] adverse
possible conditions (i.e., during the scraping, transportinc, a

dumping of the contaminated soil), the amount of airborne pluto
negligible. :

to atmospheric resuspension of transuranics have been made by R
and co-workers (1980) based on resuspension experiments conduc
Enewetak and Bikini. These measurements included both the contjibu-

included high activity situations such as the cultivation of op
fields.” Dose rates were calculated assuming 8 hours per day o
high activity work. Por surface soil transuranic concentrationq equai
to those at BEnjebi (which averages approximately 20 pCi/g), the

potential dose rate due to the inhalation pathway is estimated s 12
mrem/yr (Robison et al. 1980). This would certainly overestimatle the
dose rate to a visitor to Runit even if large quantities of uncdnsoli-

dated material were to erode from the dome. Thus, if the "off Wimits*
ban on the island were violated, potential health effects from guch
resuspension appear unimportant.
With respect to the future of the containment structure, thd
committee believes that the structure will maintain its physica
integrity for a long period of time (probably in the range of 10
10® years). However, it is impossible to estimate this with an
degree of certainty because the principal threat comes from the jlong-
term cumulative effects of large storms. If the key-wall even
were to be breached, the most likely ocutcome would be an erosio
unconsolidated material out of the dome to the lagoon and reef,
the dome subsiding upon the consolidated material. This would n|

to

*Based on measurements made near Windscale there is some eviflence
that plutonium may be concentrated in the sea surface and subs ently
injected into the atmosphere by sea spray and transported by thejwind
(Cambray and Eakins 1980). Any such concentration effect, if itjdoes
exist, would be included in the measurements reported by Robisonjand

co-workers.
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result from any conceivable single event but would be the cons
of cumulative effects over a long period (plus, of course, the adsgnce
of any attempt to make repairs). It is the committee's view,

would prevent human access to the contaminated debris buried wi
Any soil-cement or tremie material spilling or eroding from the
into the lagoon would cause little change to the concentrations
transuranics there. Measurements on such material drilled from th
dome showed a mean concentration of transuranics of 21.4 pCi/g wi
range of 1.8 to 52.3 pCi/g. Lagoon surface sediment measurements
within a mile of Cactus Crater show a range of transuranic concen
tions of from 1.9 to 64 pCi/g (dry) with a mean of about 30 pCi/g
(Atomic Energy Commission 1973). Thus, deposicion of material fidn the
dome on the lagoon floor would not necessarily increase the con
tions of transuranics in the superficial sadiments.

Even if material from within the dome were to contribute to
water column concentrations independently of the radicactivity
the sediments, the upper limit of the radiological hazard would
same as that estimated in the previous section for leaching.
all of the transuranics in the dome were remobilized to the water
column of the lagoon, the result at most would be an increased
only 1 mrem (to bone marrow) through the ingestion of marine f

5.9 Summary

It is clear that the estimates made here and in the previous
section depend directly on the validity of the dose estimates ca.’.\Jlu-—
lated by Robison and co-workers. These, in turn, depend om diet
surveys made at Ujelang and on measurements made by Boshkin and
co-workers (1980) of the transuranic concentrations in marine f .

It is conceivable that new observations will lead to new estima of
the bone marrow dose from transuranics in marine foods. However,|]two
points can be made to support the view that such changes are not Likelw
to alter the basic conclusions of this report.

The assumption of the rapid remobilization of all the dome's frans—
uranics is an extreme one and is not supported by any existing
evidence., For example, if the rate of remobilizatioa from the
the lagoon was similar to that from the lagoon's sediments, i.e.
having an effective half-life of 400 years (Noshkin 1980), and
percent of the dome's contents were available for remobilization
30-year integral dose to bone marrow would be only 0.01 mrem (s
section 5.7). Further, the estimated dose from the ingestion of
foods from present concentrations in the lagoon is s=all. 1It
require an increase of about 10' in the present estimate to pr
a dose level that would be of serious concern.

In summary, the committee believes that it is highly unlikel
the containwent structure will fail in its function of prevent
access to its contents and that no credible health hazard would
even if the containment structure's transuranics were leached orjeroded
into the lagoon.
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Chapter 6
OTHER ISSUES

6.1 Runit Island

Although Runit Island is to be off-limits forewver, it is pos
that the Enewetak people and others believe thi‘3 prohibition to
related to the dome. This, however, is not the case, and the
emphasizes that its conclusions regarding the safety of the conta

no poasible hazard on Runit.
The surface of Runit Island was cleaned up to below the "agri
tural” level of 40 to 80 pCi/g of soil and the southern part of

Department of Energy 1980). Bowever, there were scme 14 detonatigas
on or near the northern part of Runit, two of which are thought
distributed fragments of metallic plutonium on the island and in
lagoon. Thus, there is a hazard of uncertain magnitude on Runit
fragments of plucvonium and plutonium dust in subsurface pockets
concentrations of several thousand picocuries per gram have been
It is possible that undiscovered pockets contain particles of me
Plutonium that accidentally could be picked up and carried off
island. In addition, there was a great deal of earthmoving on
during the years of testing with buried piutonium being mixed up
general debris and so there are areas tha?! -ould become exposed
action of rain, wind, and waves where co: ‘sitrations are more
pCi/g. It is estimated that, exclusive : | the contents of the d
there might be about 10 Ci of transuran’' : on Runit (i.e., nearlyjas
much as there is sealed ingside the dome:; (Committee briefing by RJ Ray.
Deputy Director for Pacific Operations, Nevada Operations Office, |U.S.
Department of Energy, May 28, 1980). Por these reasons the islanq has
been quarantined since the cleanup operation.

Thus, it seems to the committee that although the hazard pre
by the dome is negligible, the same cannot be said for Runit 1Isl
a whole. On the other islands the transuranic contamination was
near the surface, consisted mainly of oxides with very low rates
movement through soil, and could be removed fairly easily by
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bulldozing.® On Runit there is plutonium well below the surfa
which would be difficult to remove without scraping off the so
to bedrock. The sericusiess of the quarantine has been made v
to the people of Enewet:x and they so far have respected it.
mittee strongly endorses their determination to retain the qua
of the entire island of lunit.

6.2 Enjebi Island

As exrlained in the Preface, the principal mission of the ttee
is to "assess the effectiveness of the Cactus Crater structure [n pre-
venting harmful amounts of radioactivity from becoming availablp for
internal or external human exposure.” 1In addition, the committge also
vas instructed that its assessment of the Cactus Crater structufe was
to be “"set against an understanding of the expected living pattqrns of
the people of Enewetak in terms of their deqree of contact withjRunit
Island and their exposure otherwise to residual radiocactivity orf the
atoll.” Conssquently, the committee believes it must comment ¢
radiocactivity hazard on Enjebi since it probably is inevitable that the
Dri-Enjebi will return tc that island to live and grow at least
of their food.

6.2.1 Radioactivity on Enjebi
Because Enjebi was not at first expected to become a residengrial
island, soil was removed from only about 17 percent of its surfafe.
The s0il removed contained about 5 Ci of transuranics. However,] there
are only localized areas (about 3 percent) that do not satisfy
transuranic habitation standard of 40 pCi/g soil (U.S. Departme
Energy 1980). Thus, transuranics are not a problem on Enjebi.
The principal concern in the settlement of Enjebi must be difected
toward the fission products, especially ?°Sr and '’’Cs. As mentjoned
earlier, thege were not included in the DNA cleanup mission becagse
they were leached out of the top several inches of topsoil and
concentrated at depths not feasible for excision. These fission
products are particularly troublesome because they concentrate if] food
crops, especially coconuts, and, hence, are easily ingested.

of

6.2.2 Dose Agssessments
An extensive dose assessment study utilizing data collected
Bikini and Enewetak Atolls over a period of many years has been cried

*An exception may be Lujor, near Enjebi, where it has been sthted
‘letter from W. J. Bair, Chairman, U.S. Department of Energy Enewgtak
Advisory Group, to H. Hollister, U.S. Department of Energy, Paciffc
Northwest Laboratories, Richland, Washington, April 28, 1978) thaf§ “the
soil profile on Pearl [code name for Lujor] is anomalous since th
concentration of transuranics appears to be uniform with depth.” JThe
final island certification survey after the cleanup, however, repqrts
that Lujor meets the criterion for an agricultural island and tha
there are no known or suspected radiological burial sites.
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out by Robison and co-workers (1980) at the Lawrence Livermore
Laboratory. They estimate that the 30-year integral doses for
on Enjebi are 5.7 rems (whole body) and 6.1 rem (bone marrow) w
imported foods are available and 10 rems and 11 rems, respecti
when imported foods are unavailable. For the southern half of
atoll (where the people now reside), the 30-year integral doses
0.10 rem (whole body) and 0.12 rem (bone marrow) when imported
. are available and 0.20 rem and 0.26 rem when such foods are una
able. Thus, the calculated doses for living on Enjebi are
higher than the total of S rems that ig the maximum allowable 1
a large population in the United States.

The nature of the hazardas that would be faced by a return t
in the near future (i.e., brfore the fission products have been
further by decay) have beun explained to the people of Enewetak

ticularly by the dual-linguage document, The Enewet= Atoll Tod (v.S.
Departrcat of Energy 1979). The decision about such a return be
made only by the Dri-Enjebi themselves after a realistic and rmed
comparison of the estimated radiation risks with the other riskg to

which they are exposed in their normal life.
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Appendix A
ESTIMATED 30~-YEAR INTEGRAL DOSE VS RATE
OF REMOBILIZATION FROM DOME

The total stock of transuranics present at any time in the
due to leaching from the dome can be estimated by assuming that:
rate of remobilization is proportional to the quantity of tra anics
remaining in the dome and the remobilized transuranics are r
tidal flushing from the lagoon with a turnover time t. This proplem
is mathematically analagous to a two-stage radiocactive decay prcress
in which the increased standing stock in the lagoon is analagous] to the
amount ‘cf the intermediate nuclide present. If remobilization
place with an effective half-ljife T, then the increased standi
AS is given by:

AS = TAC, e"‘Le‘t/T]
= — |

where A = 0,6931T.
If it is assumed that the dose rate from marine foods is pr c-
tional to the standing stock of transuranics in the lagoon (thi

effectively is the usual "concentration factor® assumption), thdn the
extra 30~year dose from AS can be written as:

30
ap39 =D, / (&s)dt
S. O

or

8D3g = 1D, C (1-e‘3°*)-n(1—e“3°'f__l]
S
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where D, is the dose rate due to the present standing stock S,. |If the
tutn—ovot time of the lagoon (1) is short compared to T, then:

-o 693('1' )
4p3g0 = 2:&

Assuming, as described in chaptez 5, that D, = 0.26 mrem/yr, T = 0
years, S, = 1.5 Ci and assuming further that all of the 12.6 Ci |n
dome is available for leaching, then the extra 30-year dose as a
function of effective half-life in the dome is:

3
~0.693(T ) | mrenm
aD = 1.1 -@

The data in section 5.7 are calculated from this expression.
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