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I Between 1948 and 1958 the Enewetak Atoll in the Marshall Islands w~ the site of~~ 

nuclear explosions, part of the government's nuclear testing program. tesponding ti:> tlte= l 
demands of the Enewetak people, the government in 1972 decided to rehab llitat:e -the att:ol:!:- ! 

In the cleanup process, radiologically contaminated soil and debris fra many of tile ! 
atoll's ~Hlands were placed in a massive, domed concrete containment st tucture buil~ ~ i 
one of the bomb craters on Runit Island. In order to provide the peopl of Enewetli: am:::. 
the Marshallese Goverrment with an objective assessment of the ~ontainm ~t structurE•s 
safety, the Def ens£ Nuclear Agency asked the Advisory Board on the Buil En~onmenr of 
the National Research Council to study the matter. The cmmnittee appoi ted to condol:t 
the study concentrated on two issues: (1) the potential hazard of trannran.:U::s beb:g 
transported to the surrounding environment from the structure, and (2) he possible 
sequence of events that would affect the structure's physical integrity and the radio
active hazards that would result from breaclunent of the dome. ·The connn ttee•s report , 
concludes that the containment structure presents no health hazard to t e Enewetak ;eop-.i:f::= i 

l 
now or in the future. The connnittee went on to recommend periodic insp ~tion of til2 
dome. Runit Island, on which the dome is situ~ted, was found to be uns Lfe doe to ~T 
toxic plutonium particles in the soil and was placed off-limits forever In addit:irn, 

' the conrrnittee examined the possible radiation hazard on nearby Enjebi I land, a porc:r.tiaa:. 1 
: 
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PREFACE 

Betw~en 1948 and 1958 Enewetak Atoll in the Marshall Islands 
for U.S. nuclear weapons testinq 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, subsequently, to the Enewetak people, who 
moved to Ojel..n9 in 1947, 125 miles southwest of Enewetak. 

a used 
here. 
tate the 
the 

bad been 

The Enewetak rehabilitation effort involved JIBJ\Y departmen a of the 
federal 9overruunt with the Defense Huclear .Agency (DNA) being charged 
with the major radiological cleanup responsibility. In the pr •• of 
this cleanup, radiologically contaminated soil and debris fr many of 
the islands in the atoll were collected and transported to t Island 
on the eastern side of the atoll. 'l'be contaminated material 
contained in a soil-cement matrix in Cactus crater, which bad 
formed by one of the nuclear detonations. '!'his 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 Btructure, the DNA requested the National Academy of Sci 

' * through the ~visory Board on the Built Environment (ABBE) o 
National Research Council, to •assess the effectiveness of th 
Crater structure in preventing harmful at"r'unts of radioactivi 
becoming available for internal or extern d. human exposure• J 
added later that this assessment should bt "set against an un 
standing of the expected living patterns r E the people of En 
terms of their degree of cont~.,·:::. with Rur.it Island and their 
otherwise to residual radioactl.•1Lty en the atr,.U. • 

The committee appointed to conch:•ct the study concentrated 
on two issues: (1) the potentic;l. 1n;zard of transuranics bein 
ported to the surrounding envirot.ment from the structur.e in i 
configuration, and (2) possible sequences of events that coul 
the structure's physical integrity and an estimation of radio 
hazards that might result from the dome's br-acbment. Two su 
issues also concerned the committee and are commented on in t 
namely, possible hazards associated with the quarantined isla 

* Formerly the Building Research Advisory Board (BRAB). 
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Bur.it where the doa• is located, and poHibl• hazards froa fis 
products that may arise if the northern island of Enjebi is re 
Although this camaitt••'• cbarqe was not expressly directed 
hazards associated vith the reset~lement of Enjebi, it must be 
emphasized that the r!sks from the consumption of food grown i the 
northern islands are high compared with any conceivable risk a ising 
front rupture of the dome. 

'rh• reader of this report will discover that the committee 
heavily on information furnished by goverruaent agencies and th 
tractors. In11<>far as possi~le it attempted to assess the qual 
these data and, in one iaportant instance (the drilling progr 
described in the report), supervised the acquisition of new i 
about the quality of the dome's construction and the concentr 
radioactivity contained within it. In its interpretation of 
hazards associated with the dome the committee depended heavi 
acquired by groups at the Lawrence Liver'S)re Laboratories led 
Nost-":in and w. L. Robison. Members of the comaittee reviewed 
sampling and analysis procedures used by these groups. In ad 
all the work on the Enevetak QP\'ration done by these groups 
subjected to critical review by a select panel of experts fr 
government laboratories and from universities: much of the vo 
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is published in scientific journals and, thus, aas ba.n subj ted to 
peer review there. The COmaittee 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 
~ishes to acknowledge the cooperation of the many individual 
vided extensive information and assistance. 'l.'be committee i 
larly grateful to Thomas Jeffers, Director for Logistics and 
Administration, Defense Nuclear Agency, Alexandria, Virginia 
Ray, Deputy for Pacific Operation, Nev:.~,da O~rations Office, 
of Bnerqy, Las Ve9as; Bryon L. Ristv~'..:.· T·:::r Directorate, Fi 
Command, DNA, Kirtland Air Force Base, Nt!:'•J Aexico1 William 
Section r.eader, Terrestrial and Atmo:~ ib~r .L::: Sciences, Envir 

irunent 

Scienc•s Division, Lawrence Livermor r~ Laboi: .:story, Livermore, 
California1 Victor Noshkin, Marine Sciences, Environmental iences 
Division, Lawrence Livermore Laboratory, Livermore, Californ a1 and 
David Stark, Concrete Materials Research Department, POrtlan Cement 
Association, Skokie, Illinois. 

Robert w. Morse 
Chairman 
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Chapter l 
SUMMARY AND CONCLUSIONS 

In conducting its assessment of the effectiveness of the cac 
Crater structure in preventing harmful amounts of radioactivity 
becoming available for internal or external human exposure, the 
Committee on Evaluation of Eneweta~ Radioactivity Containment or 
a drilling program to obtain cores through the entire depth of 
finished containment structure, visited Enewetak Atoll to c.xamin 
structure and observe tne drilling operation, reviewed all rele 
data aud reports connected with the c1eanup progra, and intervi 
key individuals associated with tho program, including those re 
sible for radiation measurements and their interpretation. Duri 
deliberations, the committee focused on such issues as the natur 
the radioactive mat~rials contained within the struc~ure, the po 
changes that might occur to the structure as time passes. the wa 
which radioactive material now contained in the structure concei 
might be transported elsewhere, and the radioactive 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 present no credible health hazard to the people 
Enewet~k, either now or in the future. 

The fuaction of th"! containment structure, as the committee 
ceives it, is to prevent hazardous human exposure to the radioac 
material buried within it, aud the committee be:i.!."!ves it i!I H9h 
unlikely that any sequence of ev-.nts would prevent the structure 
performing this function. Any flushing or spilling of the conte~ 
the structure into the lagoon or ocean that ml;ht occur as a res 
cracking, settlement, or ~torm damage will not create an Lr.~<.:eep 

radioactive hazard. Inde.!d, even if the ~ntire radioactive cont 
of the containment structure were to find its wz:.r in+;o the hgoon 
unacceptable hazard would result. 

Although no significant radioactive hazard would b~ created i 
containment structure were to fail in any way, it is prudent to 
tain the physical integrity of the str~cture in order that it ma 
continue to prevent direct human access to the radioactive i:tateri 
contains. Thus, inspection of the dome should take place periodi 
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and after severe storms. Cracking or settlinq of th• panels sboul. not 
b• of concern, but breaches in the riprap should be repaired to p~ ide 
protection aqcinst wave action durinq storms. 

1.2 Related Ia.·~ 
'1.'he committee was asked that its assessment of the cactus erat r 

structure be •set aqainst an understandinq of the expected livinq 
patterns of the people of Bnevetak in terms of their c!'eqree of con t 
with Runit Island and their •xpoaure otherwise to residual radioac 
ity on the atoll.• In this reqard the committee makes tYO ~ent • 

1.2.1 Runit Island 
There is a hazard of uncertain Jlaql'l~tude on Runit 

of the possible presence of plutoniwa not located and removed duri 
the cleanup (a situation unique to Runit), and, for this reason, 
baa been made off-limits, a status th• coamdttee does not dispute. 
is likely, however, that the people of Bnewetak and others beli 
Runit to be off-limits b~use of hazards associated with the 
containment structure. 'l'be ccmmittee therefore emphasizes that 
conclusion reqardinq the safety of the structure sbGuld not be in 
preted to mean that Runit is thought to be hartiefls. It may well 
that an important future function of the containment structure vi 
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 ialands in the ncrthern part of tile atoll. Radiation 
exposures associate<J. with such a move far exceed any exposures th can 
be associated with the daae or with the radioactivity remaininq i the 
lagoon. Indeed, for people who miqht live on Enjebi in the near 
future, radiation exposures due to strontiW!t-£0 or cesium-137 in 
locally grown foods may becOme excessive in relation to current o 
standards for a general populaticn, especially if food is not tied 
from other islands of the atoll or from outside. 

2 
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2.1 Nature of the Islands 

Chapter 2 
BACKGROUND 

The Marshall Islands, which comprise the eastern part of 
Micronenia, are about halfway between·Bawaii and the Philippi 
Marshallo consist of 29 coral atolls and 5 coral islands havi 
land ar~a of only 70 square •ilea (Pigure 1). Each atol! con 
many separate islands connected by coral reefs that 
enclosure around a central lagoon. 

·~~ temperature in the Marshall• averages about 80°F with 
seasonal variation. The northern islands receive about 60 in 
rain annually and the sou'.Jlern islands, about three times tha 
but moisture rapidly drains out of the soil and the islands a 
tively arid. 'l'he amount of rainfall also varies considerably 
to year in the northern islands and droughts are common. 
consist of coconut, pandanus, arrowroot, and bread fruit. 
conditions are not infrequent because of drought even thouqh 
and lagoons provide a stable source of marine food (Tobin 196 

2.2 Normal F.conomy 
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 
most cf the islands1 however, gov,~:::,ment activities at Majuro 
the missile range on Kwajalein ar.~ now major sources of e11pl 
hence, of income for the people in the Marshalls. 

In 1977, the total population of the islands was 

reefs 

25,000. Of these, 8,000 were at Majuro and S,000 on Ebye !sl 
Kwajalein. A portion of the money earned ·~y Marshal.lese empl ed at 
these two centers filters back to the subsistence-based islan s. Pre
sumably, the economy at Enewetak after resettlement will be b sed on 
subsistence 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.Z Enewetak Atoll 
Enewetak is a typical atoll (Figure 2)1 40 islands surrou d an 

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

3 
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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 loca 
were pressed into service as laborers. In February 1944 o.s. 
forces assaulted Enewetak. Possession was won only after the 
3,200 Japanese, 350 Americana, and 17 of the local people (Kia 
Morison 1961). Following the battle, the Onited States establ 
large base on the atoll, and after the Pacific war the Onited 
was granted a ~rusteeship over th~ islands by the onited Nati 
In 1947 Preside.:t Truman notified the UN that E&\ewetak was to 
as a nuclear wear~ns proving ground and the inhabitants were r 
to Ojelang, 125 Miles to the southwest. 

2.4 The Enewetak People 

in 

1975, 
bed a 

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

After the battle of Enewetak in February 1944 the people 
housed on Aomon (Figure 2) where they were supported by the o •• Navy 
until 1946 when they were moved tempor~rily to Kwajalein. The then 
were returned to Aomon for about a year and, in 1947, 142 of 
moved to Ujelang, a much smaller atoll (only 0.6 square miles 
area). In April 1980 approximately 500 of the people returned 
Enewetak and now are living on the southern islands of Enewet 
Medren, and Japtan where housing has beer' const·;'.:cted for them by ~e 
o.s. government (Figure 3). 

The experience of the Bnewetak people on 1.() 'dang bas 
mented by Tobin (1967). The original Ujelang P"'-,.•ple had 
Jaluit in the 1880s and some later migrat&.· to Enewetak. 
times often have been difficult on the smaller atoll, the tra 
to Ojelang was aided by these historical ties and the fact th 
uninhabited. The dual social structure of Dri-Enewetaks and 
Enjebis was maintained throughout the entire 33-year period o 
and exists today. At the present time, however, both groups 
only on the southern islands, the lands of the Dri-Enevetaks. 
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 

it was 
i
Ujel.ang 
side 
Given 

Between 1948 and 1958, 43 nuclear weapons were exploded o Enevetak 
Atoll. Some wer~ sufficiently powerful to obliterate whole i or 
blow considerable portions of islands into the lagoon or the ean. 
Many craters can be seen from the air as deep blue patches in he 
surrounding sea or as water-filled pools on the islands. The ora1 
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FIGURE 3 One of a variety of one- and two-story 
resettlement house styles. 

(Photo courtesy of B. L. Ristvet) 
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of the reef and of the islands is freely permeable to ocean va er1 
therefore, the craters are an effective connection with the la oon and 
the ocean even if they are l:>eated within an ieland. 

Most of the testing was done on the northern part of the a oll. 
(See Pigure 2 for the nulllber and location of the tests.) 'fhe est 
personnel vere based in the southern area, and Enewetak Island the 
largest in the atoll, accOllllllOdated llal\Y buildings and an airst ip 
capable of handling the largest aircraft. 

2.6 References 
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Department of Defense,• in Ethics and Anthropology, edited by M.A. 
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World War Two, vol. 7, pp. 283-304, Little Brown and y, 
Boston, 1961. 
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3.1 Cleanup Proposals 

Chapter 3 
'l'BB CLBANOP 

In 1972 th• o.s. government announced that it would ret 
Bnewetak Atoll to the go.ertment of the Trust Territory of 
Islands and, subsequently, to the people of Bnewetak, and an 
clean up and rehabilitate the atoll was initiated. Planning 
from 1972 to 1977, and the people of Bnewetak were involved 
.. jor decisions. 'l'he cleanup operation itself extended from 
to April 1980. A detailad on-site ~adiological investigati 
Atomic Bnergy Commission (ABC), cleanup by the Department of 
(DOD), and rehabilitation (homebuilding and crop planting) b 
De~rtment of the Interi~r (DOI} were carried out to llOllle ex 
concurrently. 'l'he planning and cleanup operations are descr 
detail in a lengthy DNA report (1981) and are swmaarized in 
sheet (1980). 

3.2 Cleanup Criteria 
'l'he environmental impact statement (EIS} for the cleanup, 

ment, and rehabilitation of Enewetak Atoll (Defense Nuclear 
1975) established a aeries of standards to be met. Radiati 
the returning population were not to exceed 0.25 re• per 
whole body and marrow, o.75 rem per year to the thyroid, 
year to bone, and 4 rem over a period of 30 years to the 
•guides for cleanup planning• were followed in the BIS s.lllllllULI:• 
statement: 

Cleanup of soil containin9 plutonium can be handled on a 
by-case basis using the followings (a) leas than 40 pCi/ of 
soil-corrective act:.on not required, (b · 40 to 400 pCi/g of 
soil--corrective action deterained on a case-by-case basi 
considering all radiological conditions, (c) more than 40 
pCi/g of soil--corrective action required. 

r~ was recaamended that only islands satisfying criterion (a) 
sh:-!d be used for :esidence and subsistence agriculture. Is ands 
s1cisfying criterion (b) could be used for agriculture (e.9., coconut 
trees for copra production) and those satisfying criterion (c could 
be visited for food gathering (e.9., fishing and gathering bids' 
eggs)• 

9 
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Th••• standards subsequently were modified by the Departaant of 
Bn•rCJY (DOB) to include all the transuranic•, not just plutoniwa. e 
land-use cleanup standards almo were revised to penal t not more than 
40 pCi/g for residential islands, 80 pCi/g for agricultural islands, 
and 160 pCi/g for food-c]athering islands. 

3.3 Di!PQ!al ()ptions 
During the planning stages a major COD9ideration was th• .. tbod f 

dispoaal for any plutoniwa-contallinated material. Several option• 
initially COft8idered •including returning it to th• Obited States, 
casting it into ccncret.e blocks, dU11Ping it into a crater with a 
crete cap, or dumping it in the ocean or lagoon• (Defense Huc~ear 
Aqeney 1981, p. 94}. Although strong arC)1ments were ...Se for lagoo 
or ocean dwaping, th• Environmental Protection Al)eney (UA) beli 
that national policy probibf.ted such disposal. 'l'his view prevailed 
over that of th• Bnergy Research and Development Adainistration ( 
and the final environMntal impact stat...nt (April 1915) identifi 
crater enb•t.ent as the selected disposal method. Disposal criter a 
were reviewed again in August 1977 by the so-called Bair Comllittee. 
'!'his group advocated ocean dumping as the preferred solution with 
lagoon dU11Ping as an acceptable alternative but recognised that an 
change would require the BIS to be reopened and that BPA oppoaiti 
those alternatives would still reaain. 'l'he Bair ~ittee's final 
was that •terrestial disposal on Runit Island with a concrete cove 
was the beat practical alternative (letter from w. J. Bair, et al. 
J. L. Liver111an, Assistant Administrator for Environ.ant and safety 
ERDA, August 17, 1977). Thus, the cleanup plan finally adopted ca 
for radiol.ogical1y contaminated soil and debris present on many is 
in the atoll to be collected and tranaport""d to Run'.t and contain 
a 11oil-ce11ent matrix in cactus Crater, :<:"'·rounded bst l!l concrete ke -
wall, and covered by a concrete cap. 

3.4 Radioactive Contaminants 
'l'he radionuclide• of principal concern at Bnewetak are the tr s

uranics, aainl.y plutonium-239, and the fission producta, stronti 90 
and cesiWl-137. Tbe transuranics are relatively insoluble and th e
fore have remained very near the surface. The strontiUDl and cesi 
however, are more soluble and have leached to a considerable dept • 
Indeed, the DNA (1980) stated: 

Tb• AEC's radiological survey had disclosed that, except on t e 
island of Runit, JllOSt high transuranic concentrations were ir. 
tbe top few centilletres of soil. '!'bis was not the case with 
suburanics which, because of their water solubility, were dis 
tributed to considerable depth. • • • Excision of soil con
taminated with suburanics {fission products], however, was 
simply not practicable. TO do so would require such extensi 
soil removal as to render tbe island useless for habitation 
subsistence agriculture. 

Thus, the subsequent cleanup concentrated on the problem of 
transuranics. 
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The ellpba•i• on transuranic• in the cleanup operation al.o vaa 
influenced by the fact that PU-239 bas a half-life of 24,000 y ars 
vbereaa Sr-90 mid ce-137 have balf-livea of about 30 years. I the 
near future, however, the fis•iorf products JIU9t be of great cern 
becau•e of their rapid rate of move .. nt through the soil and t eir 99rY 
active hcorporation into th• food chain. 

Since there vaa virtually no contaaination on the southern islands, 
it wa• planned that only the .. islands would be ••ttl&d at th• begin
ning. Occupation of the northern islands after cleanup vaa to be 
postponed until radioactive decay brought the concentrations o Sr-90 
and Ce-137 to acceptable levels. 

3.5 Location of the Contamination 
Before work coald begin it vaa neceHary to find out vhicb islands 

were significantly contaminated and to identify the specific p aces 
where remedial vork would be required. As baa been explained, the 
clanup .,.. concerned with the tranauranics, •inl.y plutonius, but 
platoniWI ..Uta onl.y an alpha particle aecempaJtied by a very 1 -enerw 
x-ray so it i• not practicable to measure it in the field. ever, 
the plutoniua is associated with americiU11, which baa a suffic ently 
penetrating gamma ray for detection through several inches of il. 
Aerial surveys and in-situ monitoring detected the significant y con-
taainated islands and specially designed deter.tion equipment ted 
on a tracked vehicle then was used for a detailed survey. Rea 
were taken at every intersection of a SO-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 Mature of the Problem 
The cleanup problem was not conf:l.ti'l'ld to surface soil con 

with tranauranics. During the VH.pons testing program, debris 
tests frequently was cleared from a site and dumped in an old 
in preparation for reuse of the site for additional teats. Al 
detectable dUJllPS, crypts, and burial sites were excavated and 
radioactive contents transferred to the cactus Crater. Old bl 
hcaaes, sunken barges, and landing craft in less than 15 feet 
and other aiacellaneous debris ve~e collected, monitored, and 
of in the containment structure, if contaminated, or in deep p 
the lagoon if not contaminated. 

Retrieval fra11 dumps often was difficult and a crypt on 
Isl.And was so extensive that a year was required to plan and 
its excavation. About 16,0011 iteu froa World war II (unexpl 
artillery and mortar shells, hand grenades, small arms, and 
al.90 were detected, duq up, and detonated or removed by Navy 
Ordnance Disposal Teaza. After the rubbish was removed, the 
inches of soil was scraped off, loaded into barges, and trans 
Rµnit Island. 

f water 
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3.7 Safety of 0perators 

Despite the nature of the work, no significant radioactive 
contaaination of the personnel is reported to have occurred. 
working in situations where airborne hazards could be anticipa 
face masks and good personal hygiene procedures were required. The 
operators wore dosimeters. Routine urine analyse8 and fil.Ja-ba ge 
reGdings showed no significant 4sposure. It should be noted t of 
over s,ooo filters from air samplers, over 50 percent showed n 
contamination from transuranic el ... nts, over 95 percent sh 
than 1 percent of trie maxil'lum peraissible concentration (MPC), 
showed more than 10 percent of the MPC (Defense Nuclear Aqency 
Over 4,000 U.S. servicemen served on the atoll during the cle 
6 lost their lives (2 deaths resulted from industrial acciden 
a recreational accident, and 2 free causes •unrelated to the e 
ment•). 

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

soil froa the atoll, is situated on the reef side of the north 
of Runit Island (Pigure 4). Moat of the crater rim is on lan 
before construction of the dome, about a quarter of the cir 
was open to the ocean at high tide and another consisted of a 
spit 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 aide 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 to use Cac 
if there was ~re material than Lacrosse could hold. Por log 

less 
and none 
1980). 
up and 
, 2 from 
viron-

reasons, however, the order was reversed and Cactus alone to be 
sufficient size for the disposal operation. 

The Cactus Crater was not forllled in undisturbed rock. 
Tower shot was C:etonated 217 feet southeast of Cactus in May 
the Dog Tower shot, 291 feet southeast of Cactu:':.. in April 195 • These 
two shots caused fracturing of the rock around the site of Ca 
(Defens~ Nuclear Agency 1981, p. 409). 
and oiled to prevent dust while the Dog Tower was being work on, and 
the Dog Crater and contaminated areas were made •radiological y safe• 
by dumping the contaminated debris in the crater and then cov ring the 
contaminated area with clean sand. It is apparent, therefore that 
there is a good deal of buried radioactive material near, but not 
inside, the Cactus Crater and that the surrounding rock is he vily 
fissured. 

When the Cactus de,,ice exploded, a large amount of rock, uch of 
it pulverized into small particles, was thrown upwards. Much of this 
material fell back into the cratar so that the original hole as hal.£ 
filled with debris. The true crater is therefore twice as de p as it 
appears to be, and this was demonstrated several years ago n a b01e 
was drilled through the debris to a ~~pth beyond the bottom the true 
crater. A ganana counter was lowered down the hole and activ y levels 
were recorded at different depths (Figure 5). At the bottom f the 
visible crater, the counting rate increased sharply from nea zero to 
about 4800 counts per second (cps). The counting rate then reased 
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to about 400 cps as the counter descended throu9h the fall-back z e 
and rose aqain to about 3400 cps at the true bottom of the crater Th• 
hi9h count at the surface of the fall-back zone is probably due t the 
fact that small particles, vhich absorb more activity per unit of 
weight than large particles, fell back more slowly. 

The hi9h permeability of the coral rock ensures that the radi 
active material within the fall-back zone has been continuously l 
by sea water since 1958. Nevertheless, substantial quantities o 
radioactive material were present beneath the apparent bottom ol 
crater before any of the soil and debris from the islands was p 
into it. 

It is also possible that a part of Cactus Crater was formed 
a man-made extension of the islcnd on the la9oon side of the ree 
(Defense Nuclear Aqency 1981, p. 409)1 at least there is no 
appreciable beachrock present on the laqoon side of the crater. 

3.9 Filling of the Crater 
'l'he contaminated soil vas transported by barge to Runit Is 

where it was mixed with cement and attapul9ite to form a mixture 
desiqned for •1se in the tr-ie method of underwater concrete pla ement. 
Usin9 this method, water is added to the ~ement-soil mixture to orm a 
slurry that is pumped throuqh a pipe to th• underwater location: the 
end of the pipe is kept below the surface of the ejected slurry o 
prevent se9re9ation of the cement and soil. 

The crater was filled to the low-tide water level usin9 the remie 
method. The key-wall then was sunk to a depth of 1 foot where 
beachrock was solid and to a depth of 8 feet where the beachrock 
fractured or absent. The key-wall apparently was placed by d 
throu9h_water that inevitably entered the fol'llS 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 soi.l was spread and baqs 
cement were placed at desiqnated intervals and punctured. The 
was blended into the soil vith a disc and the layer was compact 

e 

was 

Usin9 this procedure a dome-shaped mound was formci; over the er ter. 
Radioactive debris (i.e., metallic debris, contaminated concret , and 
other lar9e pieces of material) too large to pass throu9h the t emie 
pipe later was placed in an area, (called the •donut hole•) res rved 
for it in the center of the structure and was •choked• in place with 
slurry. 

Before the filling of the crater was completed, constructio of the 
concrete cap or dome was started. It consists of 358 panels in 11 
rings, and the panels vary in size from 20 by 21 feet at the 
to 6 by 7.S feet near the center. The panels were made in plac 
forms and rested on polyethylene sheet. The design thickness 
panels was 18 inches, but the actual thicknesses ran9ed from 1 
24 inches, with a mean of 17.3 inches (Ristvet 1980). The out 

* . d Segregation, however, was observe in the core samples on 
the bottom of the key-wall. 

side 
in 
the 

5 to 
ring 
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was laid first, and each panel was keyed to the abutting panels to 
prevent differential displacement (Figure 6). 

Contaminated debris remaining after the •donut bole• was fi led 
placed into two concrete •boxes• constructed for the purpose an 
attached to the landward side of the dcme. 

vas 

The material within the Cactus Crater, covered by the concr 
consists of about 105,000 cubic yards of contaminated soil encl 
some 6,000 cubic yards of miscellaneous debris. The dome bas 
slope and has been used as a landing pad for helicopters. The 
concrete key_,.-all around the dome is protected on the ocean si 
wave action by a riprap •mo1e•-a necessary precaution during 
struction phase because during the three-year cleanup operatio 
major typhoons and tropical storms hit Bnewetak Atoll causing 
destruction. One typhoon required complete evacuation of the 

te cap .. 
sing 
sbal.l.CRr 
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FIGURE 6 The containment structure at time of completion. 
(Photo c:ourtegy of DefeN9e Nuclear Ayern.y,) 
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FIGURE: 6 The to11tal11tne11t 9tructure at time of completl1111. 
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Chapter 4 
DESCRIPTION OF 'l'HE CONTAINMENT STRIX:TORB 

4.l General Observations 
The key-wall and concrete dome appear to be well finished 

consist of very good quality concrete. Some slightly open join 
visible between the slabs that form the dome, and a llJlall nuaber 
very narrow cracks can be seen in a few of the slabs. 

Field observations by the committee reveal&<! that fine crack 
extends through the midpoint of 6 of the 358 panel.a. Most of 
cracks appear to have resulted from nc,rmal shrinka9e of the con 
The exist\ng cracks may become larger, and similar cracks uy 
in other panels. 

The principal effect of this cracking is to reduce the eff 
si7-e of the panel, functioning as riprap, to approxima~ely 15 
half. Neit.Qer ~isture movement nor future possible fissure to 
underlying membrane is an issue with respect to durability of th 

4.2 The Drilling Proqram 

ve 
e-=!:I. 

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

The drilling started on March 11 and ended on March 28, 1980 
much of it took place while committee memb~rs were on the sice 
21-28). Selection of ..he positions of many of the drill holes 
in cooperation with t e committee, whose members vere able to wi 
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-incb 
diamond bit. Thicknesses varied from 12.5 inches to 24 inches 
mean of 17.3 :t 3.1 inches. 'l'be 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 
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frona the dome were shipped to the Portland Cement Association 
t•sting. 'l'hese tests showed that the cciepressive strengths of 
cores were high and that the cores exhibited no properties that 
lead to premature deterioration. 

Pour key-wall sections were cored, vith the bole penetratin 
app~~xillately 8 feet below the bottom of the key-wall. Three s owed 
good quality concrete, but the lower half of one vas friable, r 
quality concrete. The latter key-wall section rested on highly 
fractured, moderately to well cemented beachrock. 'l'he other th ee 
rested on unce111ented medium to fine sand. In one, the con:rete was 
separated from the sand by a 1-foot layer of dark brown bentoni e or 
attapulgite vith low shear strengt~. 

The overall conclusion is that the key-wall sections are of good 
quality concrete with sane segregation of ce11ent and aggregate t the 
bottom. 'l'hey rest on a fractured coral or sand foundation. An 
interesting observacion made during the key-wall drilling was at the 
water level in the drill holes appeared to be nearly synchronou with 
the tide, which suggests that water flows freely between the co tents 
of the crater and thQ ocean. 

Aa noted, the concrete doae consists of 11 rings of panels. Three 
holes were drilled and sampled through the third ring from th• op. 
It was expected that after penetrating the cap, the drill would 
encounter soil-cement concrete, then treaie concrete, then era r fall
back, and, finally, the coral beneath the true crater bottom. 
the holes actually entered the undisturbed coral, but all penet 
into the fall-back zone. 

In the first hole the materi~l immediately under the cap va 
uncemented medillA' to fine soil-cement mixture with a few gravel 
chunks of hardened cement. This continued for 12.5 feet and wa 
followed by 3.S feet of •oversize material• consisting of algal 
cobbles, broken pieces of tree limbs and boards, wire, ~ ~~ba • At 
a depth of 17 feet a section of 6-in=h layers of poorly to mode ately 
cemented tremie concrete alternating with ancemented soil and o rsizt' 
debris began. 'l'his material had a strong 511811 of amaonia and 
tinued for S feet. The next 2 feet, which smelled of hydrogen 
consisted of oversize debris and cobbles. 'l'his was followed by 
of well cemented tremie. The succeeding 6.S feet had alternati 
layers of poorly to moderately cemented treiaie concrete and ove 
cobbles, soil, rebar, and wood fra•.T'.li<!nts. Under this was 6 inc 
well cemented tremie covering an unrecove£ed 5-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 mainly 
medium to fina grain coraline sand and minor fractured gravel. 

In order to determine the relative permeability of the crat r -
contents, percolation tests and pumping recovery tests were con ucted 
in the boreholes. Details from these permeability tests are re 
by Ristvet (1980) and on4y the results are sWllllUlrized here. '1'h 
colation tests, which involved filling the boreholes with water 
level ~f the cap base and then observing the water drop vitb t , were 
conducted in the soil-cement layer. Although the results were ewhat 
variable from borehole to borehole and at different depths with 
borehole, the rate of water level drop in the soil-cement gener was 
very low1 in one test there was no water level drop after 12 ho 
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The pumpinq recovery tests, which involved pumping the borehole 
completely dry and then observinq th• rate of water level rise, 
conducted in ~he tr .. ie material. The•• teats shoved a very ra 
recovery in the water levelSJ in one caae the water level ro .. 
in 5 minut••· !'llrthermore, water leftls within the tr .. i• cone 
correaponded very closely to sea level and laqqed only about l/ 
behind outside tidal fluctuations. 

'l'hus, it appears that althouqh the permeability of the soil 
mixture ia quite low, the per11eability of the trmai• concrete i 
hiqher. !'llrthermore. in the tremie re<.,ion there was relatively 
c.-.unic:ation with the ocean, perhaps mainly along channels pr 
by th• oversize debris. 

'l'he soil-cement mixture waa a moist, den•• material that er 
in the hand and the treaie concrete, a denae, partially c ... nt 
material. The whole of the crater ccntenbl, however, was rathe 
impermeable to water except where there was cbannelinq. 

In summary, the cores showed that there are zanes of ineomp 
cemented tremie concrete. Thi• seqregation of the concrete 90S 

reaulted because the tr .. ie pipe was not always kept below th• 
of the slurry, probably due to mov.-r1ts of the barge carrying 
injection equipment or failure to use a pluq when each pumping 
was started. 'l'be soil-e ... nt above th• water leve1 also did no 
achieve the concrete-like character that was anticipated, posai 
because of bacterial effects of organic material which prevent 
hardening of the concrete at the level of ce11ent content used. 
theless, we believe that the keyvall and concrete dome are aati 
for all likely situations that Yill occur. 

4.3 Radioactive Contents 
Sutples taken from the cores and water samples fr~ the bol 

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

ence 

'l'be results of these analyses have been given by Robison and 
Noshkin (1981). To swmaarize the data here, mean values have be n 
calculated, 011.ittinq samples taken in the fall-back zone. Resul 
given in pCi/g and the range gives the high and lov values for t 
of samples. Strontium and Pu were analyzed using vet chemistry 
and the others, using gamma ray spectrometry. 

are 
e set 
ethoda 

Mean 
Radionuclide £2.!!£!~•.::.;.Hon Range 
z • 1 +z - •Pu 18.6 46 - 1.6 

2 - ·Am 2.8 6.3 - 0.20 
11 Sr 20.6 52 - s.s 
• •1cs 8.7 27 - 0.24 
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Aa i• to be expected froa the nature of the cleanup and emplac 
ment, there i• a wide range of concentration•. S~ft9 the 01 All 
with the 21 ••1 ''Pu, one arrives at a mean value for the transar-
anics of 21.4 pCi/9. It there are 12.6 Ci of transuranic• in the aae 
(U.S. Department of Energy 1979) contained in 105,000 cubic yards f 
soil and one assumes a density of 1.8 g/cc for the soil, the avera e 
concentration to be expected would bez 

12.6 • lo' 2 • 87 pCi/9. 
los,ooo • o. 76 • 101 

• 1.8 

The ~Dserved and calculated values are in reasonable ac)ree11ent •in 
the contribution frCll the material enca•ed in concret• in the •don 
hole• at the center of the do.Mt is not con.idered and neither the ans 
calculated from the samples nor the estimates made during th• cle p 
are likely to be very accurate. 

Water sample• taken froa two different levels of a hale dr111 in 
the dome also were analyzed. The water was filtered through a 0.45 
micron filter and both filtrate and filter were analyzed. 'l'be -
values (in pCi/1) were as follows: 

Radionuclide Soluble Particulate 
2 J 1 +2, •Pu a.as 77.8 
1' 1 Am o.oos 67 

"sr 331 112 
11 'cs 248 146 

The tr~,suranics are essentially all associated with the par~culat 
fraction and not as available for transport as 117 CS and ''Sr vbeire 
the greater concentrations are in the soluble fraction. The .ean 
values (in pCi/1) for samples from the 20-foot level in the tvo wel 
outside the dome were as follows: 

Radionuclide Soluble Particulate 
z J ,+z, •Pu 0.142 164 
~. •-1 Am Q.003 59 

'''Sr 225 156 

'''cs 27 97 

Somewhat higher concentrations of all nuclides were found in s~les 
from the 40-foot level in c..~e well. However, at the present t1-e it 
is not clear if these radionuclides in the well samples are coaing f om 
the dome or from the fall-back zone or were present in the soil from 
other causes such as the work done in prepatation 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, concentration• of radionuclide• in all •aples 
from tbe dcae are low and are cc:aparable to aoil and 8ediMnt 
tration• in the northern part of tbe atoll. The liquid U11Ple• 
concentration• well below 11&Xi.Jawa per11i••ible concentration• f 
general public for drinking water. 
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Chapter 5 
HAZARDS ASSOCIATED WITH THE DCllE 

S.l Function of the Dome 
The function of the doae ia to prevent people froa beinq 

to harmful amounts of radioactivity from the debris buried withi • In 
practical teru. the dome will perform this function if it preve 
people from havincJ direct physical access to th• contents and if 
radionuclides exchanged bet~c•n the contents and the environment 

* create an unacceptable hazard. Before addressing how well the 
can be expected to fulfill these qoals. 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 U.6 Ci (U.S. Department of Energy 1979). Measu 
of the fission product content are not available. but a crude es 
of a maxiuwll of SO Ci of ''Sr and 117Cs may be ..Se using Atomic 
Energy ComRission (1973) survey data. The averaqe transuranic 
of the material within the dome can be calculated to be about 87 
pCi/9, about twice the permissible soil content of 40 pCi/g for 
islands designated for residential use. The average value measu 
from the drilling samples from th~ dome was 21 pCi/9. but this d 
take account of contaminated debris that was encased in concrete 
center •donut hole• of the dome. Similarly, the average total v 
of ''sr and 117Cs from the drilling samples was 29.3 pCi/g. 

In addition, an estimated 380 Ci of activation and fission p 
plus an unknown a.aunt of transuranics are contained in the fall 
debris in the true crater bottom and in the water beneath the ma 
in the dome (Air Force Weapons Laboratory TR-77-242 1978). Prio 

*oirftt:t radiation from the contents is not of concern. 
from the fission products cannot penetrate the dcae cap and have 
lives of less than 30 years. External exposures from transurani 
not eignificant because the principle emissions are alpha partic 
'.:he. external dose from the 1

" 
1 Am gamma radiation is negligible f 

the concentrations present in the dome. 
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the filling of cactus Crater, the concentration of 11 •-+c1t•PU in 
the fresh water within the crater was O.ll6 ± 0.062 pCi/LJ the er ter 
sediments bad a conce~tration of 82 + 2 pCi/9 (dry weight) (No•hk n 
1980, Table 4). These values are higher th.in ~h• concentrations 
measured from within the containment structure <•••section 4.3). 

S.3 Transuranic• in the Surrounding Bnvironaent 
Radionuclides in the groundwater at Runit were uasured in 19 5, 

prior to the cleanup, by Noshkin and c:o-¥Orkers (1976). Th••• 
ments showed that plutonilllll had penetrated the groundwater to th 
deepest depths measured (73 m). Dissolved 111 _+t"'Pu ranged in v 
from 0.01 to 0.66 pCi/1 and in aany of the wells was found to 
increase with depth. Two of the well• measured in 1975 are betw 
cactus Crater and the lagoon and are very near the two well• dis 
in section 4.3. Measured values of dissolved iu+hiPU are simi 
in th• two cases (between 0.08 and o.17 pCi/1) and bOth show a h 
concentration in the well closer to the lagoon. 

The largest quantities of transuranic• at Bnewetak are in th 
lagoon sediments. The entire distribution of the transuranic• i 
benthic enviromDent at Enewetak has recently been reviewed by HO 
(1980, Table 1). Be estimates that the top 16 cm of the sedimen has 
an inventory of 1185 Ci of 119 ~" 1 Pu, 167 Ci of 111 Pu, 2190 of 1 

and 475 Ci of 1 " 1 Am. These are distributed nonuniforllll.y with th 
highest surface concentrations near the location of test sites. e 
highest concentrations are in the northwest area of the lagoon w ere 
surface activities of 21 '°"" 1

pU are some four times higher than ff 
Runit were surface activities range from 2 to 170 pCi/9 (dry wei ht). 
The vertical distribution of the transuranics within the sedimen 
column is highly variable from place to place (sometimes increas ng 
with depth) and cannot be generalized easily. 

Transuranics within the water column of the lagoon show a c lex 
d!stribution, the spatial patterns being differew t: f,:)r surface a d 
bottom concentrations of u' +t" •Pu as well as f,_ dissolved and us
pended components. In 1974 the soluble 211 +u 'Pu ranged in cone n
tration from 0.002 to 0.075 pCi/L. The total inventory in the w ter 
colwan of the lagoon in 1974 was 1.5 Ci in solution and 0.7 Ci a soci
ated ~ith particulate material. Thus, the average quantity of 
plutonium in the water column is a small fraction of the sedimen 
inventory. 

The investigations of HOshkin and co-workers have shown tha 
both Enewetak and Bikini from 75 to 94 percent of the soluble 
211 -tt"'Pu in the lagoon water is in the oxidized state (+5 or + 
with the remainder being in the reduced state (+3 or +4). All 
plutoniwa associated with the particulate material is in the r 
state. Noshkin (1980) believes that most of the plutoniua ass 
with the lagoon particulates is from resuspended sediments and 
transported out of the lagoon. On the other hand, the dissolv 
plutoniwa passes readily through dialysis membranes and seems t 
without interaction with the sediment (Noshkin 1980). 

The water in the lagoon is exchanged with the ocean approxi 
twice a year. Thus, about 3 Ci of dissolved 211 +z"'Pu are re 
from the atoll each year and an equivalent quantity remobilized 
the sediments and other sources on the atoll. Noshkin has sh 
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the avera9e concentration in solution in the watsr column can b• 
accounted for by uain9 a simple equilibrium model in which remob 
tion involves the sediment in the top 2.5 cm (Noabkin 1980). 

5.4 Comparisons with Other Locations 
It is useful to compare the situation at Bnewetak with other 

tions nhere plutonium baa been released to tbe marine environmen 
of tb« most studied locations is at Windscale in the United King 
where authorized radioactive discharges are .. de to the Irish Se 
a nuclear fuel reprocessing pl~nt. 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 operation• of the 
about 10,000 Ci of 0 •+0 •PU have been discharged, 9,000 of whic 
reside in the bed of the Irish Sea east of the Isle of Man (Beth 
ton et al. 1975, Penreath et al. 1979). 

Measurements have shown that th• discharged plutonium is rap 
removed to the sediments and that only a few percent of the inve 
(as at Bnevetak) remains in the water column. Within 10 km of t 
source, 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/t for lagoon water and 5.2 pCi/g for lagoon sediments (Noshk 
et al. 1980) • 
~ levell"of plutonium are discharged into Bombay harbor fr 

nuclear facility at Trombay. Here plutonium concentrations in t 
vicinity of the discharge point range from o.oo' to 0.02 pCi/1 i 
seawater and from 0.4 to 29 pCi/g in the suspended silt (Pillai 
1975, Pillai and Mathew 1976). A reprocessing plant at Tokai, J 
discharges into the ocean where activity levels of 1 J•+i-•Pu as 
high as 0.017 pCi/1 have been reported offshore (Kurabayashi et 
1979). 

Thus, authorized releases L~ different parts of the world ha 
produced concentrations of transuranic& in the marine environmen 
comparable to or in excess of those found at Enevetak. 

s.s Transuranic& in Marine Foods 
Tranauranics can be ~etected in marine organisms worldwide, 

salt and fresh water, due to global fallout from bomb tests. 
be expected, relatively high concentrations in 11arine organisms 
found where there have been releases of tranauranics (e.g., near 
Enevetak, Bikini, Windscale, Bombay, or Tokai). 

Concentration factors in fish (i.e., the ratio of activity i 
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. Amon9 fish there is lit 
evidence of any stron9 or consistent relation to trophic level. 
issues, as well as the results of measurements taken on 4,200 fi 
14 atolls in the Marshalls, were summarized recently by Noshkin 
co-workers (Noshkin et al. 1980). They found concentration fact 
Bikini and Enevetak 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 surgeonf ish (whic 
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primary consumers) were found to be 0.57 + 0.61 and 0.15 + O.l 
(wet), respectively. (Considerably higher values are measured 
stomach contents, the viscera, and the liver.) 

In order to put such concentrations into perspective it s 
noted that a daily consumption of as much as l kg of fish coul 
the current International Colllm:ission on Radiological Protectio 
recommended limit for plutonium ingestion only if the fish bad 
toniua concentration of 10,000 pCi/kg (Penreath 1980). 

Robi90n and ea-workers (1980) have made a detailed study o 
potential radiological doses for Enewetak residents. 'l'heir es 
for the potential doses fr~' marine foods are based on Noshkin' 
discussed earlier, and on a diet survey conducted when the Ene 
people were on Ojelang. They estimate that the -an daily inta 
transuranics from seafood for an adult female will be 0.50 pCi 
111+1 -•pu and 0.12 pCi 1

-
1 Am. According to their dose asses 

mod.el, this results in an eatUlated bone marrow dose of 0.26 
which is approximately 1 percent of the annual dose from the 
radiation in. the Marshall Islands. 

5.6 Dome Breachment 
A nUllber of possible failure modes might result in breachi 

dome including storm wave and typhoon activity, foundation set 
long-tena weathering, shrinkage cracking, earthquakes and tsu 
volcanic activity, generation of methane gas from the organic 
and human-related activities such as vandalism. Each of these 
modes was considered, but only the first two, storm wave and 
activity and foundation settling appear plausible to the commi 

Probably the greatest hazard to the dome structure as well 
the people living on Enewetak Atoll will come from typhoons, w 
sometimes completely inundate these low islands. Although the 
designed to withstand severe storm wave and typhoon activity, 
typhoons in this part of the world a:e so severe t'1 : a series 
conceivably could cause breachment of the dome fl'::.i. t"h~ture. The 
which surrounds the dome on the north and north·i ~i~:>t ·::ides, ser 
the !irst defense for waves from that direction. ·· ":· the mole 
(and was not repaired) , the next typhoon could ;.:;k the key 
the containment structure, probably causing e::· on the reef 
'l'his attack would be minimized because the heavier ripr.ap in th 
in all likelihood would be deposited on or in front of the rin 
'l'he ring wall sections (12 feet by 2 feet by 3.5 to 5 feet) eac 
more than 6 tons, much heavier than are required to resist wav 
and would therefore function as large riprap. Should the ring 
washed out, a most unlikely event, wave energy would be absor 
wave run-up on the dome, which would act like a beach in absorb 
energy. ~~ever, the dome panels, each weighing more than 30 
also would act as riprap highly unlikely to be moved by wave ac 

It was mentioned in se-:tion 3.8 that Cactus Crater might b 
partly formed in a man-made extension to Runit Island, and, if 
containment structure could be vulnerable to erosion on the la 
should the beach ever retreat to the edge of the dome. However 
basis of a recent study of aerial photographs of Runit, Ristve 
believes that the 1981 shoreline, which is about 75 feet from t 
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of the dome, mey be near •equilibrium• since it is close to t~ mi llltlm 
extension of the near subsurface beacbrock (Byron Ristvet, ltt er to 
the committee, November 198\). 

The committee believes that the probability of dome brea 
to storm wave and typhoon activity is quite low. However, to 
tate early detection of typt.:.v~-~uced effects it recommends 
visual inspection of the dome structur&, the surrounding mole, 
beach on the lagoon side be performed at rsgular intervals (as 
minimum, after each major typhoon). 

Some settling with time in response to loading is concei 
Furthermore, vegetation such as tree lim.bs included within the 
can be expected to undergo bacteriological reduction, reeult 
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 ~aterial. Resistance against movement 
dome cap in response to settlement of the contents of the dcne 
vided by the key-wall. Although the key-wall may spread outwar 
slightly in response to stresses ~roduced by settlement, thP. 
cap functions simply as a series of cover slabs, not a true ~Oil! 
structure, and can easily bridge over any localized areas ~f di 
tial settlement or settle without any impairment ~f the dome's 
formance. 

5.7 Hazards Associated with Leaching from the Containment Strc: 
The results of the dr~lling program described in ct'i~pt.er 4 

that the tremi~ and the soil-cement operations \Jere not fully 
cessf~l. Within the tremie region there are zones of oversized 
and unconsolidated tremie material that provide channels for va 
movement. The rapid tidal response in the boreholes indicates 
water i, the structure is closely coupled to the island's grc 
Therefore, at least part of the radioactivity cO!ltained in the 
ture is available for transport to the groundwater and, 
to the lagoon, and it is important to determine whether 
may be a significant one. 

It is not clear whether Cactua C~ater (and its vicinity) is 
greater or lesser source of transuranic movement to the lagoon it 
was before the cleanup. Before Cactus Crater was filled it was of 
the sources cf transuranics being remobilized to the waters of 
lagoon. Noshkin estimates that about 0.4 pe~cent of the dissolv 
plutonium present in the lagoon originated t~om the material at e 
bottom of the crater (V.E. Noshkin, P'!rsonal communication to ~- • 
Morse, October 23, 1981). Several condition~, however, were cba ged 
by the cleanup operations: the fresh water run-off to the water table 
was char.ged by the construction of the dome1 the cleanup of soil. the 
island has reduced movement of transur~~ics to the groundwater: the 
filling of the crater has modified the amount of transuranics be 
transported from the crater. 

It is possible to demonstrate that leaching from the dome 
create a significant new hazard by use of simple inventory arg 
withou~ having to speculate a~out possible remobilization proces s 
taking place within the structure. It was indicated in sectior .3 
tha~ there is about 1.5 Ci of plutonium continuously in solution n the 
lag ~ and that 3.0 Ci are lost to th ocean annually. The amoa o! 
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plutoniwa 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 a.n extreme example, if as auch as 1 Ci/yr 
plutoniUll 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 ma9nitude 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 leachin9 froa 
dome can be estimated by simply assuming that all of the transuran 
are rapidly remobilized to the waters of the lagoon (i.e., in a 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 relllOb 
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 
proE>Ortional to the concentrations in the water column (which is 
assumption behind the use of the usual •concentration factor•), 
the total additional dose from the re110bilization 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 mrea. In other words, the dome at most could sustain the pre 
levels for about 4.2 years. 

This upper limit of l.l mrem for the total dose due to remobil. 
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 o 
mrem to bone marrow also is sma11· compared to doses·that can be 
expected from other causes at Enevetak. For example, cosmic rays 
the Marshall's produce a dose to bone marrow of 1.1 mrem every two 
~· Thus, even a relatively rapid remobilization of all the~ 
uranics contained in the dome to the waters of th·= lagoon would 
expected to create a significant new radioloqical hazard. 

A simple model can be constructed to estimate the increased 
dose to bone marrow through the marine food chain if leaching frc:a e 
dome to the lagoon took place with an effective half-life of T (see 
appendix A). If all 12.6 Ci in the dome we:~ available for leacbi 
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 ~Iears} to bone marrow (mrem) 

10 0.95 
20 0.71 
so 0.37 

100 0.20 
200 0.12 
400 o.os 

1000 0.02 

---~-
-~---- - --· ---=--~~- -
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5.8 Hazards Associated with Breachin of the COntainaent Struc 
· As discussed above, radioactive material can eac::ape from t 

tainment structure either by l~•ching, in whicq ease all the r 
activity would be waterborne, or by actual breaching of the d 
structure, in which eaae the radioactivity would be both water anc1 
airborne. If part of tbe d<:1111e were torn away, transport of th 
active material, now aggreqated for the most part into larger 
by the cementing procesa, most likely would oecar during heavy 
and the most credible result would be that the vet and heavy 
would be swept into the lag0on. 'l'he whole area would be drenc 
hence, any material that had becom. airborne 1"'0Uld be washed o 
rapidly. It is noteworthy that throughout the cleanup effort 
workers wore air filters for protection against airborne pluto 
Radioactivity on all but a handful of filters was too low to b 
detected in totally dry conditions. Thus, even during the most 
possible conditions (i.e., during the scraping, transportinc;:, 
dumping of ·the contaminated soil), the amount of airborne p~.ut 
negligible. 

Estimates of the potential future radiological dose at En 
to atmospheric resuspension of transuranics have been made by 
and co-workers (1980) based on resuspension experiments eonduc 
Bnewetak and Bikini. These measurements included both the con 
tions of sea spray and suspended aerosols of terrestrial origin 
•normal or b!lckground• mass loading at both locations was appr 
SSt.ig/1113 of which about 60 percent was due to sea salt) 1 they al 
included high activity situations such as the cultivation of o 
fields.* Dose rates were calculated assuming 8 hours per day o 
high activity work. For surface soil transuranic concentration 
to those at Enjebi (which averages approximately 20 pCi/g), the 
potential dose rate due to the inhalation pathway is estimated 12 
mrem/yr (~bison et al. 1980). This would certainly overestima 
dose rate to a visitor to Runit even if large quantities of un 
dated material were to erode from the dome. 'l'hus, if the •off 
ban on the island were violated, potential health effects from 
resuspension appear unimportant. 

With respect to the future of the containment structure, th 
cOllllllittee believes that the structure will maintain its physi 
integrity for a long period of time (probably in the range of l to 
lOJ years). Bowever, it is impossible to esti.Jlate this with an 
degre~ of certainty because the principal threat comes from the 
term cumulative effects of large storms. If the key-wall even 
were to be breached, the most likely outcome would be an erosi 
unconsolidated material out of the dome to the lagoon and reef, 
the dome subsiding upon the consolidated material. This would n t 

*Based on measurements made near Windscale there is some evi 
that plutonium may be concentrated in the sea surface and subs 
injected into the atmosphere by sea spray and transported by the 
(Cambray and Eakins 1980). Any such concentration effect, if it 
exist, would be included in the measurements reported by Robison 
co-workers. 
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re•ult from any conceivable single event but would be the con• e 
of cumulative effects over a lOQCJ period (plus, of coar•e, the 
of any attempt to make repairs). It is the cc.mittee•s view, er, 
that even if this eventually were to happen, the ~ would contin e 
to perform its intended functions. 'l'he collapsed dcme prabably st 11. 
vould prevent human access to the contaminated debris buried vi 
JGy soil-cement or treaie material spilling or erodincJ 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 transuranic• of 21.4 pCi/g vi 
range of l.8 to 52.3 pCi/g. Lagoon surface sed1-nt .... asur-nts 
vithin a mile of Cactus Crater show a range of transuranic concea 
tions of from l.9 to 64 pCi/g (dry) with a •an of abOut 30 pCi/9 
(Atomic Energy Commission 1973). 'f'hus, depoaH:ioa of :material h 
dcme on the lagoon floor would not necessarily increase the con 
tions of transuranic& in the superficial S'adiaenta. 

Even if material from within the dome \fere to cantribate to 
water column concentrations indepenc!ently of the radioactivity 
the sediments, the upper limit of the radiological. hazard 110Uld 
same as that estimated in the previous section for leach•.ng. 
all of the transuranic• in the dame were rem:>bilized to the water 
column of the lagoon, the result at moat would be an increased of 
only 1 mrem (to bone :marrow) through the ingestion of marine f 

5.9 Swmnary 
It is clear that the estimates made here and in the previous 

section depend directly on the validity of the dose estimates c 
lated by Robison and cq-workers. These, in turn, depend on diet 
surveys made at Ujelang and on measurements made by Roshkin and 
co-workers (1980) of the transuranic concentrations in marine f 
It is conceivable that new observations will lead to new estima 
the bone marrow dose from transuranics in marine foods. However. two 
points can be made to support the view that such changes are not ike1y 
to alter the basic conclusions of this report. 

The assumption of the rapid remobilization of all the dome's ransi
uranics is an extreme one and is not supported by any existing 
evidence. For example, if the rate of remobilization 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 vere available for remobilization 
30-year integral dose to bone marrow would be only 0.01 mrem {s 
section 5.7). Further, the est:iJlated dose from the ingestion of 
foods from present concentrations in the lagoon is &&all. It 
require an increase of about 10' in the present esti..ate to pr 
a dose level that would be of serious concern. 

In summary, the committee believes that it is highly unl.ikel 
the contairucent structure will fail in its function of prevent 
access to its contents and that no credible health hazard would su1~ 

even if the containment structure's transuranics were leached or erodt!!ia 
into the lagoon. 
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6.1 Runit Island 

Chapter 6 
O'l'BER ISSUES 

Although Runit Island is to be off-U.111ibl forever, it i• pos 
that the Bnewetak people and others believe th~:J prohibition to 
related to the daae. 'l'hb, ?lowever, is not the case, and the 
emphasizes that its concluaiona ·regarding the safety of th~ conta 
structure should not be interpreted to mean that it believes tiler 
no poasible hazard on Runit. 

The surface of Runit Island vu cleaned up to below the ·~ri 
tural • level of 40 to 80 pCi/g of soil and the southern part of 
island satisfied the residential criterion of less tban 40 pCi/g 
Department of Energy 1980) • However, there were scae 14 detonati 
on or near the northern part of Runit, two of which are thought 
distributed fraCjlllents of metallic plutonium on the island and in 
lagoon. Thus, there is a hazard of uncertain magnitude on Runit 
fraqments of pluU>nium and plutonium dust in sub~urface pockets 
concentrations of several thousand picocuries per graa have been 
It is possible that undiscovered pocket• contain particles of .. 
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 pl~tonium being aixed up 
general debris and so there are areas tha ~- could ~e exposed 
action of rain, wind, and waves where cot· ··mtrations are more 
pCi/g. It is estimated that, exclusive : the contents of the d 
there might be about 10 Ci of transuran.· 4 on Runit (i.e., nearly as 
1111ch as there is sealed inside the dome J (Collaittee briefing by R Ray. 
Deputy Director for Pacific Operations, Nevada Operations Office, u.s. 
Department of Energy, May 28, 1980). P'or these reasons the islan bas 
been quarantined since the cleanup operation. 

Thus, it seems to the COllllllittee that although the hazard pre 
by the dome is n99ligible, the same cannot be said for Runit Isl 
a whole. On the other islands the transuranic contaaination 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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bulldozi119.* On Runit there is plutoniwa well below the surfa 
which would be difficult to re1110ve without scrapin9 off th• so 
to bedrock. The seriou.s1,ess of the quarantine has been aade v 
to the people of Enewet.::.k and ~hey so far have respected it. 
mitt.. stron9ly endorses their determination to retain the qua 
of the entire island of J•.unit. · 

6.2 Enjebi Island 
Aa eXPlained in the Preface, the principal mission of the 

is to •assess the effectiveness of the Cactus Crater structure 
venting harmful amounts of radioactivity froa becoainq availabl 
internal or external bwaan exposure.• In addition, the comaitt 
~as inatructed that its assessment of the cactus Crater structu e was 
to be •set aqainst an unaerstanding of the expected living patt rns of 
the people of Enewetak in terms of their d419ree of ccntact with Runit 
Island and their exposure otherwise to residual radioactivity o 
atoll.• Cona~..quently, the committee believes it must conaaent' 
radioactivity hazard on 8njebi since it probably is inevitable 
Dri-Bnjebi will return t~ that island to live and grew at least 
of their food. 

6.2.1 Radioactivity on Enjebi 
Because Enjebi was not at first expected to became 

island, soil was re!DOved from only about 17 percent of 
The soil removed contained about 5 Ci of transuranics. 
are only localized areas (about 3 percent) that do not 
transuranic habitation standard of 40 pCi/q soil (U.S. 
Energy 1980). Thus, transuranics are not a problem on Enjebi. 

The principal concern in the settlement of Enjebi must be di 
toward the fission products, especially ''Sr and 1

,
7 Cs. As ment oned 

earlier, these were not included in the DNA cleanup aiasion beca 
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 beca11Se they concentrate i food 
crops, especially coconuts, and, hence, are easily inqested. 

6.2.2 Dose Assessments 
An 6Xtensive dose assessment study utilizing data collected 

Bikini and Enewetak Atolls over a period of many years has been 

*An exception may be Lujor, near Enjebi, where it has been s 
~letter from w. J. Bair, Chair111an, U.S. Department of Energy Ene 
Advisory Group, to B. Hollister, U.S. Department of Energy, Pacif 
Northwest Laboratories, Richland, Washington, April 28, 1978) tha •the 
soil profile on Pearl [code name for LujorJ is anomalous since th 
concentr~tion of transuranics appears to be uniform with depth.• 'l'he 
final island certification survey after the cleanup, however, rts 
that Lujor meets the criterion for an agricultural island and 
there are no known or suspected radiological burial sites. 
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out by Robi80n and co-workers (1980) at t:he Lawrence Li'fel'llOre 
Laboratory. They Hti.Jlate that the 30-year integral dona for 
on Bnjebi are 5.7 r ... (whole body) and 6.1 r• (bone marrow) w 
imported fooda are available and 10 r-. and 11 rw, rupecti 
when imported fooda are una•ailable. l'or the aoutbern balf of 
atoll (where the people now reaide), the JO-year integral do.ea 
0.10 rea (whole body) and 0.12 r- (bone urrow) when illported 
are available and 0.20 r• and 0.26 r• when aucb food8 are una 
able. 'l'bua, t:he calculated doMa for livin9 an Bnjebi are SOl9Mf\a 
hi9her than the total of 5 raa that i• the uxt..m allowable 
a lar9e population in t:he Onited Stat.a. 

The natw:• of the haurchl t.bat would be flleed by a return 
in the near future (i.e. , br,fore the fi .. ion producta have been 
further by decay) have br..n explained to the people of Bnewetak 
ticularl~ by the dual-l~e document, The Bnewe~~~ Atoll 'l'od 
Departll'K.nt of Bnergy 1979). The deciaion about auch a return 
aade only bl' the Dri-Bnjebi th-.1 .... after a real.iatic and 
comparison oS: the estiJlated radiation rialts with the other rt. 
which they are ·~•ed i~ tbeir nonal life. 
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Appendix A 
ESTIMATED 30-YEAR INTEGRAL DOSE VS RATE 

or REMOBILIZATION FROM oe»m 

The total stock of transuranics present at any ti.JI• in the 
due to leaching from the daaae can be esti.Jlated by asswaing that· 
rate of remobilization is proportional to the quantity of tra 
remaininq in the dome and the rC!tDObilized transuranics --~d 

tidal flushing from the lagoon vith a turnover ti.lie T. 
is mathematically analagous to a two-stage radioactive decay pr 
in which the increased standing stock in the lagoon is analaqou 
amount•ct the intenaediate nuclide present. If remobilization 
place with an effective half-Hfe T, then the increased standi 
AS is given by: 

where A • 0.6931T. 
If it is assumed that the dose rate from marine foods is pr r

tional to the standing stock of transuranics in the lagoon (thi 
effectively is the usual •concentration factor• assumption), th n tbe 
extra 30-year ~ose from AS can be written as: 

30 
AD30 • ~ f (AS)dt 

s.. 0 
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where 0
0 

ia th• 4o•• rate d~• to the present standing stock s.. If the 
turn-over tille of the laqoon (T) ia abort CQ111Pt1red to T, tbeni 

'1D30 • ~ 
s. 

Aaauainq, as deacribed in chaptc.c 5, that 0 0 • 0.26 ara/yr, T • 0.5 
years, S

0 
• 1.5 Ci and asauminq further that ill of the ll.6 Ci the 

dame ia available for leachinq, then the extra JO-year do•• as a 
function of effective half-life in th• d~ is: 

( -0.693 (;~ arem 
'10 • 1.1 \!-e ') 

The data in section 5.7 are calculated from this expression. 
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