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ABSTRACT

The principal findings of Report No. 5, Bikini Atoll
Rehabilitation Committee, March 31, 1987, are as follows:

(1) Three principal methods for contamination control are
under study at Bikini Atoll: removal of top soil, treatment
of soil with potassium salt, and treatment by irrigation with
sea water. The latter two should be cheaper and ecologically
superior to excavation. All three methods have reduced the
uptake of cesium-137 by coconuts and vegetables.

(2) It is encouraging to report that in one sea water trial
the beneficial effect has lasted for at least 16 years after
treatment. Third-year results from the experiment should
become available this year.

(3) Various trials are under way to determine optimum
treatment schedules (amount of agent per treatment, frequency
of treatments) and the duration of the effects thereby
engendered. Some schedules include more than one type of
treatment. Initial results from these trials are becoming
available during the present year. Until such detailed
information is available and securely established, specific
recommendations for a rehabilitation program should not be
made.

(4) It is now thought that the active agent in sea water is
the sodium ion. Cation equivalency tests which take into
account potassium, sodium and magnesium are under way.

(5) As reported previously, Eneu may be settled now. BARC
recommends that after Governmental review and possible
modification. the conceptual designs now available be
developed for engineering purposes to permit rehabilitation
logistics and construction to get under way.

(6) On the basis of the findings thus far, and making
"reasonable" assumptions about the construction costs of
community facilities, BARC estimates that the total
rehabilitation costs will lie in the range of $55 to 90
million. Most of the range is due to uncertainty regarding
the decontamination program.
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1. BACKGROUND

1.1 Task

The Bikini Atoll Rehabilitation Committee (BARC) was
established at the request of Congress (House Report 99-450)
to report independently on the feasibility and cost of
rehabilitating Bikini Atoll, which had been contaminated
primarily by fallout from nuclear weapons-testing.

Planning for rehabilitation involves two interdependent
tasks. The primary one for present consideration deals with
how soil contamination from fallout (cesium-137,
strontium-90, and a very small fraction of transuranics),
chiefly from the 1954 nuclear weapons tests, can be
controlled to meet the Federal Protective Action Guides. The
second task relates to the civilian needs of resettlement
including power, water supply, vegetation and general
socioeconomic planning. In this connection it should be
noted that while 167 Bikinians left the atoll in 1946 prior
to the tests, the population in 1985 numbered some 1200,
about half of whom were younger than 15 years.

1.2 Previous Reports

Bikini Atoll in the Marshall Islands Republic is located
2500 iles southwest of Hawaii at 11035'N, 165025'E It
comprises a ring of small islands, with a total land area of
about 27 sq. miles plus 0.5 sq. miles of intertidal area.
Owing to their size and elevation above sea level, two
islands are of prime importance for resettlement: Bikini
(.87 sq. miles), the traditional site, and Eneu (.47 sq.
miles), an ancillary one. BARC Report No. 3 (Jan 86)
presented a topographic survey of the 7 principal islands,
which comprise 87% of the land area.

Analyses of the Atoll's soil, vegetation, ground water
and lagoon (Refs. 714) have provided the basis for
calculating doses from external and internal exposures.
External exposure per se is not a limiting factor, and all of
the islands nay be visited. Resettlement, however, implies
eating locally grown foods and drinking ground water that
will be contaminated to varying degrees with cesium-137 and
less iportantly, with strontiuyn-90.

Assuming a particular set of "planning diets", BARC has
calculated "planning doses" for settlers (Ref. 5, Appendix
D). The results indicate, on the basis of the usual
radiation safety guides, that about half of the Atoll ay be
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resettled now. In particular, Eneu meets the guides, but
Bikini -- where the level of soil contamination is some
10-fold greater -- does not (Table 1).

To deal with Bikini Island (and by extension with other
contaminated areas), Report No. proposed greatly increased
support for the study of three types of contamination
control, already considered or initiated at the atoll by
Lawrence Livermore National Laboratory (LLNL) : removal of
the top soil in which the radionuclides are concentrated
(excavation); treatment of soil with potassium salts to
block uptake of radionuclides by plants; treatment of soil
with seawater irrigation to block uptake or leach out the
contaminants. A number of related technical studies were
also proposed.

It should be noted that LLNL's own program at Bikini
Atoll and that for BARC are complementary, and their combined
results are necessary to meet Congressional needs. Research
planning and logistics have been coordinated. BARC now
contributes some 40% of the cost of the field trials, and two
BARC members (Stone, Peterson) have been actively
participating in the joint effort. BARC's reports,
therefore, include major work by the LLNL team (Appendix A).

Report No. 2 (Nov 85) reported that field trials had
been initiated with more than 20 species of food plants.
When fertilized, the plants grew well on excavated plots.
Other projects underway included studies on the water supply
and on berm construction. The socioeconomic survey had been
initiated.

Report No. 3 (Jan 86) presented the topographic survey.

Report No. 4 (Mar 86) centered on three major questions.

(1) Was Eneu ready for resettlement? The answer was,
"yes". Furthermore, resettlement of Eneu would provide an
advance base for eventual rehabilitation operations on Bikini
Island and for the installation of utilities that would be
used whatever the specific plans for Bikini might turn out to
be, e.g., airport, waterport, electric power, water supply.
A Summary Environmental Assessment was provided.

(2) What was the outlook for contamination control on
Bikini Island? The answer was," quite promising". The
initial trial with vegetables grown in excavated plots had
produced very low levels of contamination. Sea water
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irrigation of native soil significantly reduced cesium-137
levels in vegetable crops. Potassium salt treatment of
native soil also significantly reduced cesium levels in
coconuts. However, these initial findings would require
considerable confirmation and elaboration before they could
provide a firm basis for rehabilitation engineering plans.

(3) What were the major socioeconomic and community
requirements/problems facing the Bikini people? The
consultants (Rivkin Associates) noted the following factors:
a largely welfare economy; extremely high population
growth-rate (doubling time about 15 years); half the
population below age 16; low level of technical skills;
little long-term work experience; life in an age of rapid
sociological transition, both in the family and community.
On the other hand, owing to ex gratia and other awards, a
trust fund of some 20 million had accumulated by 1986 and
was being augmented by 2.6 million per year (for 15 years)
as a result of the Compact settlement. The trust funds are
for the benefit of the Bikini people, e.g., to assist in
resettlement. In addition, annual payments are made per
individual which in 1985 amounted to about 2,000.

Report No. 4 noted that the cost of contamination
control could vary greatly, depending on which of the three
methods (or some combination of them) would be employed. For
purposes of orientation only, and making major assumptions
regarding infrastructure and facilities (Appendix F), the
estimates by two groups of consultants fell in the range 60
to 90 million (Appendices C and F).

1.3 Report No. 

The present report--No. 5--provides information and
discussion under three major headings. The first, based on
Appendix A, summarizes the present status of the Bikini field
trials to control contamination. The second, partly based
on Appendix B, deals briefly with progress in planning for
rehabilitation. The third discusses the future of the BARC
program.
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TABLE 1. PLANNING DOSES--ENEU AND BIKINI COMPAREDa

Item 1st year 30-year total
(1987) (1987-2037)

rem rem

Eneu 28 pCi/g)b
Bone marrowc .188 (.012) d 3.97 (.268)
Whole bodye .157 (.012) 3.41 (.268)

Bikini 32 pCi/g)f
Bone marrow 1.39 (.14) 29.5 31)
Whole body h 1.23 (.14) 26.8 31)

Footnotes to Table 

aThe "planning dose" is based on the sum of the internal and
external doses. It allows for spontaneous radionuclide decay
(2.3% per year), but not for environmental loss, e.g., loss
of radionuclide from soil by extraction due to drainage. The
planning diet and dose calculation are detailed in Appendix
D, BARC Report (March 86), based on data supplied by the
Terrestrial and Atmospheric Environmental Group, Lawrence
Livermore National Laboratory. With the accumulation of more
soil and vegetation analyses, the planning dose may change.
We consider the planning dose to be the practical estimate
for planning objectives today.

b Cesium-137 specific activity of dry soil, average for 040 cm
depth (island distributed mean), calculated from LLNL data
(see BARC Interim Report Nov 83).

c Committed dose equivalent: strontium-90 contributes 18%,
cesium-137, 82%.

d Contribution of external exposure to planning dose in
parentheses.

e Effective committed dose equivalent: strontium-90
contributes 6 cesium-137, 94%

f Coconut accounts for 84% of cesium intake on Bikini, for 65%
on Eneu.

(Cont.)
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9 Strontium-90 contributes 10%; cesium-137, 90%.

h Strontium-90 contributes 3 cesium-137, 97%.

Comment on Table 

The two radiation guides by which to judge the planning
doses are: protective action guide, 02 rem/y (bone marrow);
radiation protection guide, 017 rem/y (whole-body
equivalent). Eneu meets the guides, but Bikini does not,
owing to the consumption of local food. The chief source of
exposure is coconut consumption, which accounts for some 84%
of the Bikini dose. Fish are safe to eat owing to the very
low level of contamination in the lagoon.

The cesium-137 specific activity of Bikini soil 040
cm) is 11 times that of Eneu soil. The planning dose,
however, is only about times as great. Perhaps the
comparison should be made over a narrower range of depth.
Taking the estimates of specific activity for 15-25 cm, the
ratio of Bikini to Eneu would be 8.5 (Table 2 p. 49, BARC
Interim Report).
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2. FIELD TRIALS

2.1 Methods

The speed with which the field trials yield their
scientific results depends in the first place on the nature
of the biological material. An effect of soil treatment on
contamination levels in coconuts may show within six months,
but the full effect and its duration cannot be observed in
less than several years.

Speed also depends on the time required to bring the
field samples to the laboratory, the rate at which they can
be prepared (dehydrated) for radionuclide analysis, and the
time required for the analysis itself.

During 1986 it was formally recognized that neither the
preparative nor the radionuclide counting facilities
available at LLNL for the Bikini program was adequate to keep
up with the flow of samples from the field. The use of
additional equipment and improved methods has increased the
rate of cesium-137 analysis. The number of samples counted
in months (Oct 1986-March 1987) equalled the number counted
in the preceding 20. The analysis rate for BARC samples rose
to above 300 per month. The current backlog, however, is
about 3000 samples. To accelerate production, samples are
being sent to other laboratories. BARC is also urging
selection so that crucial samples will take precedence over
those that "can wait".

2.2 Proaram

The field program, which now comprises more than 20
separate studies tabulated below by location (Eneu, Bikini)
and subject, dealt initially 1975-1980) with defining the
levels of radionuclide contamination in soil, vegetation and
water Field sampling for these studies is now virtually
complete.

Beginning in 1980-83 the work became more experimental.
Four field trials were begun with sea water irrigation (B.4)
and potassium-salt treatment of soil.

Positive results in the soil-treatnent trials led to
setting up more than a dozen additional experimental series
in 1985-86 (see tabulation, below). It is the results from
these various experiments, especially in 1987 and 1988, that
will be decisive for the "final planning" of Bikini Island
rehabilitation.
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The trials have been indexed as follows, the year of
initation being given in parentheses.

ENEU FIELD TRIALS

E.1 Radiological Evaluation
E.1.1 Soil (1975)
E.1.2 Vegetation 1978)
E.1.3 Concentration Ratio 1978)
E.1.4 Environmental Half-life of Cs-137(1978)
E.1.5 Groundwater 1975)

(E.2 Soil Removal)

E.3 Potassium Treatment
E.3.1 High K; coconuts (Feb 81)
E.3.2 High K; coconuts (May 83)

BIKINI FIELD TRIALS

B.1 Radiological Evaluation
B.1.1 Soil (1975)
B.1.2 Vegetation 1978)
B.1.3 Concentration Ratio 1978)
B.1.4 Environmental Half-life of Cs-137 1978)
B.1.5 Groundwater 1975)

B.2 Soil Removal
B.2.1 Top Soil Excavation, vegetables (Feb 85)
B.2.2 Cultural Studies on Subsoil,

plants and vegetables (May 85)
B.2.3 Three-level Excavation, corn, alfalfa

(Feb 85)

B.3 Potassium Treatment
B.3.1 High K; coconuts (May 83)
B.3.2 K-NPK; coconuts (Feb 85)
B.3.3 K Rate; vegetables (Nov 85)
B.3.4 Super-high K; coconuts (Feb 86)

B.4 Sea Water Irrigation
B.4.1 Phase I; corn, other plants (Jun 80)
B.4.2 Phase II; coconut, pandamus (Aug 86)
B.4.3 Sodium Loss; vegetables (Feb 86)
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B.5 Cation Combinations
B.5.1 Sea water; K, vegetables, coconuts

(May 86)
B.5.2 Cation Equivalency; corn (Feb 86)

B.6 Cesium (Strontium?) Immobilization
B.6.1 Mica;coconut (Feb 85)
B.6.2 Zeolite; vegetables (Nov 86)

B.7 Soil Sterilization
B.7.1 Methyl Bromide; corn (Nov 86)

2.3 Results

Owing to the backlog of analytical work, the results of
the field trials are not as advanced as we had hoped for.
However that may be, the trend of the results obtained during
the past year have confirmed and strengthened the conclusion
that food crop contamination can be materially reduced by top
soil removal or by soil treatment. A comprehensive survey of
the results and prospects for each experiment is given in
Table A-1 of Appendix A, and the text of the appendix
discusses individual experiments or groups of experiments in
some detail. Some of the highlights and significant trends
will be given here.

It should be noted that the results relate to
cesium-137, and that practically none are available for
strontium-90. Such an approach is satisfactory initially,
since cesium accounts for 85% or more of the total dose.
However, as decontamination control of cesium becomes
quantitatively significant, the relative importance of
strontium will increase, and under certain circumstances
might become a limiting factor. A minimal critical number of
strontium analyses will, therefore, have to be done to
indicate whether or not strontium uptake is affected by the
treatments under discussion.

Experimental design has concentrated on: How much
treatment is necessary? How soon does it act? For how long?

As might have been expected, it appears that major
reductions in cesium-137 level occur more quickly in garden
vegetables than in coconuts, e.g., within a matter of
3-months rather than 9 Furthermore, the reduction due to
potassium treatment achieved in corn, for example, has been
greater (on Bikini) than the maximum reduction observed in
coconut. It is not yet established that potassium alone can
drive the coconut level down far enough.
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Such experiments also involve questions regarding the
optimum amount and rate of treatment in relation to the
effectiveness of the treatment and its duration. More time
must elapse before the basic pattern of such relationships
will become known. It may be said now, however, that in some
cases upper limits of treatment apparently are being seen.
For example, in the case of coconut, 600 lbs. of potassium
salt per acre have not had a significantly greater effect
than 300 lbs., and it is quite possible that saturation
occurs well below this. In the case of corn, 100 lbs/acre
were sufficient.

The duration of effect is particularly important in the
case of irrigation with sea water. Such treatment severely
damages all vegetation, although it does not necessarily kill
it. (The toxic effects are subsequently removed by
rainfall.) From a practical point of view, one treatment at
the outset of a rehabilitation program would be acceptable,
but subsequent treatments after resettlement would not be
desirable. The beneficial effect of sea water has been
demonstrated 16 years after treatment. Samples collected
this year will extend the posttreatment period to 3 years.

The present view of the mode of action of sea water
attributes the major role to the sodium cation (Na+). A new
question now under investigation, therefore, is how
interchangeable are potassium and sodium--or other cations in
sea water--and how does this relate to the cation exchange
capacity of the soil which is primarily determined at Bikini
by the organic matter in it. The finding thus far is that
potassium is more potent than sodium on a cation equivalent
basis. The matter was discussed at a small BARC conference in
February 1987, as reported in Appendix B.

Top soil removal, which carries off the bulk of
cesium-137 contamination, also removes the most productive
layer of soil. This has led to studies of the subsoil and of
Bikini soil in general. The results of such studies will no
doubt be useful to those who resettle the atoll. It has been
learned that when fertilized properly, the subsoil becomes
quite productive. The undisturbed soil, likewise, is
improved by fertilizer. Among other cultural studies
underway, two findings are of special interest. First,
loosening the soil is quite beneficial. Second, by far the
most important pest is an unknown species of root knot
nematode which destroys many potentially valuable common crop
plants. This pest will be a limiting factor in the
development of agriculture on Bikini.
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3. REHABILITATION AND COSTS

Conceptual designs for rehabilitation have been
developed along several lines. For Eneu, the task is greatly
simplified by the fact that contamination control is not a
problem.

3.1 Water Supply

Planning for the water supply depends largely on past
studies, especially during 1984-1986, and which were
summarized in BARC Report No. 4 (Appendix B). Old wells and
new boreholes have demonstrated that there is practically no
potable ground water on Bikini or other islands, as judged by
conventional salinity standards 400 mg/l in the Marshall
Islands). Furthermore, the water may fail to meet the
radiological standards of 200 pCi/l for cesium-137 and 
pCi/l for strontium-90 (e.g., Bikini Island). Eneu, however,
is an exception both with respect to potability and
contamination. Cesium levels, for example, fall between
1-10% and strontium levels between 10-20% of allowable
levels.

The water supply for Eneu and Bikini rehabilitation is
therefore to be developed from (1) rainfall from individual
household and roof-catchment systems, 2 use of the Eneu
runway as a major community catchment system, and 3 the
fresh ground water body beneath Eneu Island. In addition,
provision could be made to produce fresh water from sea
water.

During 1986, rainfall and groundwater quantity and
quality monitoring data generally confirmed the results of
previous years. Monitoring will continue through 1987 to
refine further the development of alternatives. To support
this work several new boreholes will be constructed on Eneu.

Results from these studies have been used extensively by
Holmes & Narver Inc. in their Conceptual Design Report (for)
Eneu Base Facilities, Albuquerque, N.M., January 1987.
Specifically, the report recommends sealing of the Eneu
runway, the construction of a collection, storage, and
filtration system for runway catchment water, and the
development of the Eneu groundwater aquifer. The capacity of
the system would be such that Bikini might draw upon it.
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3 2 Eneu

Based on extensive discussions with the Bikinians,
Rivkin Associates developed "sketch plans" for both Eneu and
Bikini Islands, which were reported in BARC Report No. 4,
Appendix F. Subsequently, Holmes & Narver, under contract
with DOI, after further discussions with the Bikinians
presented a further development in their Conceptual Design
Report: Eneu Base Facilities (Jan 1987).

The planning involved three interdependent objectives:
(a) to provide a community for settlers; (b) to provide
certain utilities that would also serve the Bikini Island
settlement later on; and (c) to provide a base for
construction work, on both Eneu and Bikini.

BARC has been asked on a number of occasions for its
opinion of the conceptual designs. In general, members have
felt that the work is very useful in providing an immediate
basis for developing realistic and specific engineering plans
for Eneu, whose execution would in turn pave the way to deal
with Bikini.

In particular, BARC approves of the provision for docks
on both Eneu and Bikini, for reconditioning the airport
(including the runway which plays a major role in water
supply), and for electric power.

Such general approval, however, does not deal with the
details that are implicit in such designs--for example, the
length, width and surfacing of roads; the amount of housing
(square-footage) per individual.

BARC notes that the costs of operation and especially of
maintenance are of interest when considering design
alternatives. The humid, salty air of the Marshalls makes
maintenance of machinery difficult. Less sophisticated
devices could prove to be more useful in the long run.

BARC notes that the designs have been approved by the
Bikini people.

Holmes & Narver estimated the cost of the Eneu project
would be approximately 40 million.
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3.3 Disposal of Excavated Top Soil

The removal of top soil at Bikini Island is an
alternative method that would reduce contamination to
acceptable levels, but generates the problem of disposing of
more than 900,000 CY (cubic yards) of spoil. Building a berm
on the ocean-side of Bikini Island was proposed as one method
to use the spoil; building a causeway between Eneu and
Bikini was another (BARC Report No. 2.

The construction of a berm would have the advantages of
protecting Bikini Island from severe storms, and increasing
land area, and could be adapted to collect rain water. As
proposed, the berm would be 6600 feet long, 13 feet above
mean high tide, and 400 feet wide on top.

Studies were carried out at the Coastal Engineering
Research Center (CERC) of the Army to estimate the severity
of storms which the berm might have to withstand (Appendix
C). As a result, a modified preliminary design was proposed
by CERC which increased the previously estimated cost of the
berm from 43 to 48 million. In parallel fashion, the
estimated cost of the causeway rose from 73 to 93 million.

3.4 Total Cost (Conceptual) of Rehabilitation

The total conceptual cost of Bikini rehabilitation is
estimated from three sets of figures: (a) the cost of the
initial step at Eneu, (b) the cost of decontamination control
at Bikini Island, and (c) the cost of constructing a Bikini
Island community. The total conceptual costs given in BARC
Report No. 4 ranged from 57 to 87 million.

As matters stand now, the Holmes & Narver design for the
Eneu step stands at 40 million, about 7 million cheaper
than BARC Report No. 4's estimate for the Rivkin Associates'
preliminary sketch plan.

The cost of decontamination control is, of course, the
most variable factor, ranging from that for top-soil removal
with causeway construction down to some simple schedule of
treating the soil with potassium salt. The estimates for
top-soil removal followed by berm or causeway construction
now stand at 48 and 93 million, respectively, owing to the
CERC studies (Appendix C). In the case of soil treatment,
Report No. 4 had estimated that, over the long run, costs
might lie anywhere between $5 and 35 million.
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For practical purposes of orientation, therefore, the
range of total conceptual costs may be rounded off to lie
between $55 and 90 million (causeway construction excluded),
about the same as previously estimated.
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4. FUTURE PLANS

BARC regards FY 1988 as most likely the last year of
fiscal support. It therefore is attempting to have all major
experiments in place during the course of the present year,
so that 1988 can be largely used to collect results,
especially those which extend a previous series, and which
help define the stability and efficiency of various methods
for contamination control.

Presumably, some of the work may spill over into 1989,
partly owing to the lag between collection of samples in the
field and completion of analysis in the laboratory. Money
will be sequestered to cover this when funding is obtained.

Extending the period of observation of certain
experiments well beyond 1988 should be anticipated. The way
in which this should be done cannot be specified now, since
it will depend on what other arrangements have been made to
monitor the island's soil and vegetation (and population),
during and after rehabilitation.

Finally, BARC notes that after its "disappearance", an
independent group of consultants to advise the U. S.
Government and the Bikini Program Manager of the
Rehabilitation Program would be useful, especially for
matters of contamination control and agriculture.
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1. INTRODUCTION

Last year's report summarized the status of both the
long on-going soil and plant sampling programs (initiated by
LLNL in 1978) and the field experiments aimed at reducing
radionuclide levels in food plants to acceptable levels. In
the current report the two are combined into a single summary
table (Table A-1), indicating for each field trial or survey
the results to date, information expected by the spring of
1988, and projection, if any, for continuation beyond FY1988.
Table A-1 is therefore a comprehensive survey of the program
and accordingly the individual items in it have been coded to
facilitate reference to them.

Analytical results from field studies installed in 1985
and 1986 are now providing much new information, briefly
described below. In part, these results bear out or enlarge
the hypotheses that prompted the studies. They also suggest
how some treatments may be modified or combined for greater
effectiveness. We shall discuss here certain groups of
studies of immediate interest that deal with the blocking
effects of potassium and other ions on cesium-137 uptake by
plants, the effect of removing topsoil (excavation), cultural
studies which involve the manipulation of the subsoil, plus
some others.

2. Selected Field Trials

Several studies examine the suppression or "blocking" of
cesium-137 uptake following addition of potassium, for
example as in Figure A-1, in various circumstances. Results
from small scale trials on bearing coconuts given in last
year's report (pages A37-39) are being confirmed and
extended.

B.3.2 K-NPK Experiment

This large scale factorial experiment tests the
effectiveness of the rates of potassium addition, applied
quarterly for one year, with and without nitrogen and
phosphorus. It is located in a bearing coconut grove in the
interior of Bikini Island where average Cs-137 activity is
high. Individual palms vary greatly in Cs-137 content,
however, as a result of surface soil moving and mixing prior
to 1972.

A 3



For this reason, the early results are most simply shown
as ratios of Cs-137 contents in fruits from the same
individual trees, sampled after and before treatment. The
results are shown below:

Specific activity Cs-137 after soil treatment (Nov85)
ratio in coconut* Cs-137 before soil treatment (Feb85)

K rate K only K plus N & P
(lbs/acre) (activity ratio) (activity ratio)

0 .94 .48
300 .26 .29
600 .28 .25

Number of trees per group, to 6.

Since treatment was followed by the months of dry
weather, the effective time of response is shorter than nine
months. Nevertheless, fruits from trees in the 600 lb.
treatment already contained less than 13 to 14 the
concentrations of Cs-137 present before treatment. The 300
lb. treatment was nearly as effective at this time. The
additional effect of the N&P application is uncertain at this
stage although it should increase productivity.

The significant feature is the relatively prompt and
marked reduction in Cs-137 content. Analysis of additional
samples taken in 1986 and 1987 will characterize the expected
continuing decrease.

B.3.4 SuperHich K Experiment

Earlier trials revealed a steady but gradual decline in
Cs-137 content of fruits with successive applications of
potassium to bearing coconut. This raised the question of
whether the same total or even higher application of
potassium made at one time would shorten the time required to
reduce Cs-137 below unacceptable levels.

Accordingly, in Feb. 1986, potassium was applied once to
single tree plots at the rate of 5600 lbs/acre. This amount
corresponds to 23 of the estimated total cation exchange
capacity of the soil 12 inches deep). The following two
months were nearly rainless, and only in the last month
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before sampling was rain sufficient to carry potassium into
the soil and allow root uptake. In view of this brief period
the results shown below are so surprising that they are
presented despite their preliminary nature. As in the K-NPK
Experiment above, changes in Cs-137 content of fruits is
shown by (After Treatment/Before Treatment) ratio because of
the large variability among individual trees.

Specific activity Cs-137 after soil treatment (May 86)
ratio in coconut Cs-137 before soil treatment (Feb 86)

Average Range

Controls .91 .83 - .05

K treated .71* .52 - 104

Statistically significant at 10% level.

The expected continuing fall will be followed by
systematic sampling in August and November 1986, and through
1987. It is already apparent, however, that Cs-137
concentration in these large palms is more dynamic, and more
subject to rapid change than previously believed.

B.3.3 K-Rate Experiment

The small plot study examined how effective added
potassium is in reducing Cs-137 uptake by corn and squash
grown under field conditions. Of the few treatment rates
tested, the "low" rate was intentionally set below that
needed for high productivity.

The results for the second crop of sweet corn from this
study are shown in Figure A-1. Since some carry-over of
fertilizer from the first crop may have occurred, the amount
available to plants at the "high" level may have been
somewhat greater than indicated. It is clear, however, that
only small applications of potassium substantially reduce
Cs-137 in all parts of the corn plant, when broadcast close
to the plant rows, as in the experiment. Greater amounts are
required to reduce Cs-137 levels well below 15 pCi/g, wet
weight, at which point the predicted dose from ingestion of
food would fall below the current Federal guideline of 170
mrem/yr. Moreover, the total yields of ears and of stover
at the "high" rate were about double those at the "low" rate.
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Since stover and refuse may be fed to swine or goats, the
reduction in Cs-137 content of these is also important.

B.5.2 Cation Equivalency Experiment

Last year it was clear that both irrigation with sea
water and heavy potassium application were capable of
suppressing plant uptake of Cs-137. Lacking evidence to the
contrary, however, it was necessary to assume that two
separate mechanisms might be involved, and might or might not
be compatible. Accordingly, the present experiment was
installed in Feb. 1986 to compare the effects of sodium and
potassium applied in chemically equivalent amounts, as well
as the effect of sea water. The three levels of added sodium
and potassium corresponded to 13, 23, and x the estimated
total cation exchange capacity of the soil. Sea water
additions were 1 2 and times the exchange capacity, based
on only the sodium content.

The results from the first crop of sweet corn (kernels
only) are shown in Figure A-2. Cesium-137 concentrations in
the untreated controls plants average only 30 pCi/g, rather
than 60 or more, as in the zero treatment group of the
adjacent K-Rate Experiment (Figure A-1). This results from
potassium (- 63 lbs per acre K) contained in a uniform
fertilizer application given to all plots, including the
controls to insure adequate growth. (At that time the large
effects of small potassium applications was not known).
Further, the response curves have not yet been corrected for
variation in soil Cs-137 contents.

Nevertheless it is evident that high potassium additions
reduce Cs-137 concentration in sweet corn to about 7 pCi/g,
wet weight, well within acceptable limits. Sodium acts
similarly but is less effective than potassium at all
concentrations. Sea water has the same effect as the
equivalent amount of sodium alone. In large quantities, sea
water is about as effective as the maximum potassium
application. The highest seawater application represents
only about a one-foot depth. (It should be noted that K has
not yet been demonstrated to be the equal of sea water for
the coconut palm.)
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Two new experiments were initiated during the past
year.

B.4.2 Phase II Salt Water Irrigation

The Phase I sea water irrigation (B.4.1)was applied to
an area cleared of existing vegetation. In contrast the
Phase II study involves application directly to a bearing
coconut grove, with some small palms and pandamus
underplanted in anticipation of treatments. The amounts
added are moderate, and 2 m =3 13 and 6 23 ft). The
coconuts and pandanus survived the prolonged salt water
spraying with only premature loss of the oldest fronds from
the large palms. All other woody and herbaceous vegetation
was killed, at least to ground level. Heavy rains followed,
however, washing out excess salt, and allowing rapid regrowth
of weed and shrubs. Although data from both the Phase I and
Cation Equivalency studies suggest the direction of the
expected results, this is the first operational-scale test of
sea water to bearing groves.

B.6.2 Zeolite Immobilization

A wholly different approach was examined through the
Zeolite Immobilization Experiment installed in Nov. 1986.
Clinoptilolite, one of the natural zeolite minerals, absorbs
small amounts of cesium so firmly that it should be
permanently inaccessible to plant roots. Its effectiveness
when mixed with soil is as yet unknown. Accordingly, in an
exploratory study with small plots, clinoptilolite at rates
of 9 18, and 36 tons per acre was mixed very thoroughly with
soil, using a concrete mixer, and sown to Chinese cabbage and
corn.

B.2.1 Soil Excavation Experiment

Last year's report noted the variety and productivity of
plants grown on the subsoil exposed by removal of 16 inches
of surface soil.

Table A-2 demonstrates the large reduction in Cs-137
concentration of vegetable crops grown on the excavated
surface, as compared with those from the intact soil of the
control. The comparison is compromised to some degree by two
unanticipated factors.
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First, some crops failed entirely because of severe
damage by root knot nematodes. Other crops grew more or less
satisfactorily on the Excavated Plot but were destroyed by
the higher nematode populations on the Control Plot.

Second, cultural treatments including fertilization
were identical for vegetable crops (not for perennials) grown
on the excavated and control plots. (At the time, the
suppressive effect of potassium was not known.) As a result,
the usual high Cs-137 content of crops grown on
non-fertilized soil was reduced by the addition of the
fertilizer, thus diminishing the contrast between plots.
This was particularly true late in 1985 as fertilizer use
increased, and for corn.

B.2.2 Cultural Studies on Subsoils

Numerous studies are lumped under this rubric. Among
them are two mentioned in last year's report (p. A-27)
"Papaya Rooting Study" and "Deep Phosphorus Placement Study"
that have yielded information on the effects of loosening the
naturally packed subsoil.

The Papaya Rooting Study, (B.2.2.1) begun in May 85,
consisted of three parallel rows of seedling papaya. Row A
was planted on "solid ground" with no loosening. Row was
planted over a formerly subsoiled line, a band of loosened
soil 12" wide by 30" deep, filled with decomposing roots of a
previous winged bean crop. In Row C, large holes were
excavated to a depth of about 3 feet and then refilled, with
or without addition of some organic debris, but with
phosphorus in all.
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Otherwise, fertilization and watering were identical for
all three rows. Average heights and calculated stem volumes
at nine months of age are as follows:

PAPAYA (at 9 months) Feb 86
Row Treatment

Height Stem Volume Index
(feet) (cubic decimeters)

A. Solid ground 5.3 1.3

B. Subsoiled plus roots 9.2 18

C. Filled holes
No organic debris 8.5 11
Husks or peat 9.2 18
Green manure 10.5 28

Rows B and C began flowering and fruiting at age 67
months and were still bearing heavily at 12 months. In
contrast, plants in Row A began appreciable height growth
only during the Aug-Oct wet season of 1986 and are unlikely
to fruit until the wet season of 1987.

It appears that the soft fleshy roots of papaya cannot
readily overcome the resistance of the naturally packed
subsoils. Unless this packing is destroyed, roots of the
species can exploit only a limited soil volume for nutrients
and stored water.

The Deep Phosphorus Placement Study, (B.2.2.2) involved
trenching subsoil to the underlying cemented rock, and then
refilling, with addition of phosphorus at various levels.
The trenched and surrounding untrenched areas were planted
with a mixed stand of coconut and Leucaena, with a continuous
understory of alfalfa. Nine months later, soil cores were
taken by successive 25 cm (10 inch) depths over trenched and
untrenched portions, and the contained roots.
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Essentially all roots were fine (less than 2 mm). They
were not separated by species but total surface area was
determined with a photoelectric counter. The results are
expressed as total root surface area in a volume of soil 1 M2

(area) x 25 cm (depth), as shown below:

soil Root Surface Area*
Depth Controls" Loosened**

(cm)

0-25 0.434 1.23
25-50 .082 1.07
50-75 .105 1.12
75-100 .014 .86

100-125 .026 .89
125-150 .016 1.10
150-160 to 175 0 .86

(Rock) Total 0.68 7.13

Root surface per 025 cubic meter of soil
Means of 3 cores from control or 6 cores from loosened

treatments. Mixed roots of coconut, Leucaena and alfalfa.

Variability was high but no effect of phosphorus
placement was detected. Thus the striking differences are
attributed largely to the effect of soil loosening or root
penetration, plus the feedback from better top growth. Thus,
nine month-old coconut planted on the "solid ground" control
area had a maximum foliage height of 49 feet and no
fully-pinnate leaves. In contrast, those planted over the
interspersed trenched soils had a maximum height of 75 feet
and three fully-pinnate leaves.

These two studies were conducted on an excavated plot
with a view to applications in the event that larger areas
might be similarly excavated. The findings, however, are
relevant to many -- but not all -- intact soils on Bikini and
other islands where either naturally packed subsoils, or
artificially compacted surface and subsoils restrict root
development and so limit access to the stored soil water
required for plant growth during rainless periods.
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3. Some Conclusions

As an overall view, there are now three approaches to
reducing the Cs-137 content of food plants to meet the
Federal Radiation Protection Standards:

(1) "Excavation", that is, removal and disposal of the
surface soil containing the bulk of all radionuclides.

(2) Immobilization or "trapping" of Cs-137 by addition
of clay, mica or zeolite capable of bonding cesium so
tightly that it is no longer available for plant uptake.

(3) Suppression or "blockading" root uptake of Cs-137 by
relatively large additions of the competing elements,
potassium and/or sodium. Sodium can be added by
sea water irrigation.

The first of these, excavation, is clearly effective in
reducing Cs-137 in foods, and in allowing restoration of
productivity. As previously indicated, however, the
restoration and maintenance of productivity would require
continuing inputs of skill, effort and fertilizer materials
for at least a decade or longer. The same kinds of inputs,
although in lesser degree, would be required to increase the
present variety and productivity of food crops grown on
intact atoll soils but here the consequences of cultural
failure or neglect would be less severe.

The second approach, immobilization, is not yet
supported by any results from field experiments although
exploratory trials are underway. Its possible role cannot
yet be foreseen.

The third approach, ion suppression or blockading of
Cs-137 uptake, unites the basis of two procedures, potassium
application and seawater irrigation, previously treated as
possibly involving separate mechanisms. This recognition
alone strengthens our understanding and experimental
capabilities. Although the results of the four potassium
experiments reported above are preliminary (for only the
first of one of several successive harvests from the same
plots, they demonstrate that Cs-137 concentrations in
foodstuffs grown on even the most highly contaminated areas
of Bikini Island can be drastically reduced. Analytical
results from samples already collected should soon define
whether and how rapidly specific potassium treatments lower
Cs-137 concentrations below the 15 pCi/g target level.
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Likewise the combined first results of the sodium and
sea water treatments of the Cation Equivalency Experiment
confirm preliminary results from the Phase I Sea Water
Irrigation Experiment (B.4.1), as reported last year.
Further analytical results from both experiments plus those
from the new Phase II Sea Water study(B.4.2) should soon
enlarge available information. By and largean optimistic
view of treatment effectiveness and feasibility seems
warranted.

Mentioned in Table A-1 but not further discussed is
installation of two small "accelerated leaching" experiments
(B.4.3). No analytical data are yet available but the
studies are designed to determine how long the suppressive
effects of a single seawater or potassium application will
persist when the soil is subsequently subjected within a
period of one or two years to the equivalent of one or two
decades of normal rainfall. Although it is important to
establish the rapidity of such change, the results should
influence only the amounts and frequency of future potassium
reapplications, rather than apparent feasibility of the
procedure.

As a final note, information on the growth and
productivity of food crops is being accumulated despite
crowded schedules during brief visits. Much of this may
prove useful in the resettlement of Bikini. Fertility is
everywhere important but relatively easy to demonstrate.
Less obvious is the importance of restrictions to root
growth, which can scarcely be overstated in an alternating
wet-dry climate. Whether natural or induced by equipment
traffic, such restrictions can be overcome far more readily
than in most continental soils.

Pest problems have not been specifically studied but
their significance is abundantly clear. The limited
terrestrial invertebrate fauna on Bikini, and doubtless on
other mid-ocean atolls, means a limited number of injurious
species but also a limited range of parasites and predators
to control pest populations. For example, introduction of
alfalfa as a soil-building legume and potential fodder crop
was successful except for the continued build-up of spider
mites; elsewhere these mites are often kept in check by
predators. Mealy bugs, which are transported and tended by
ants, damage many plants and can cripple young breadfruit and
lime unless controlled. Yet control is difficult because of
the innumerable colonies of small ants. By far the greatest
and most intractable problem for susceptible species,
however, is an unknown species of root knot nematode. It is
widespread but perhaps not universal in the Marshalls On
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Bikini, however, it destroys many potentially valuable crop
plants, including beans, melons, cucumbers, Chinese cabbage,
standard tomatoes, okra, and cowpeas, as well as the native
legume, Vigna. The feasibility of either artificial or
natural controls does not seem promising at present. This
means a continuing emphasis on finding resistant or tolerant
varieties and species that are adapted to the atoll
environment and Marshallese food preferences. Wetak squash,
some small-fruited tomatoes, cassava and sweet potatoes are
examples proven on Bikini.
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TABLE A-1

Experiment Results to Date Information by Spring 1988 Status Post FY 1988

ENEU FIELD TRIALS

El. Radiological Evaluation

E.1.1 Soil
(started 1975; soil More than 2000 soil samples Additional data from samples Soil samples should
profiles taken to depths have been collected from collected during 3 trips in be collected to help
of 40, 60 or 100 cm). 1975 through 1985 and 1986 3 trips in 1987. expand the concentration

analyzed to determine the Summary - 1982 published as ratio data base. In
distribution of 137CS, 9Sr, UCRL 53225. Summary-1987 to addition, specific soil
239+24OPu and 24'Am in the appear as UCRL document, samples may be needed to

soil column. Many samples summer 1987. help determine radionuclide
have been taken in the movement down the soil column.
root zone of trees for which
vegetation samples have been
collected.

E.1.2 Vegetation
(started 1978; coconut More than 1600 vegetation Additional data from samples Coconuts, breadfruit,
breadfruit, Pandanus, samples have been collected during 3 trips in Pandanus and other food crops,
papaya, banana, sweet analyzed from 1978 through 1986 and 3 trips in 1987. as well as native vegetation,
potato, squash, etc. 1985 to determine the concentra- For publication, see E.).), should continue to be collected
samples collected at tion of 137CS' 90S,, 239+240pu above. to help develop more concentration
least twice a year and 241Am. These data provide ratio data and more data for dose
when available). the backbone of information assessments.

for the dose assessments.



TABLE A-1 ( co at 

Experiment Results to Date Information by Spring 1988 Status Post FY 1988

E.1.3 Concentration Ratio

(started 1978; CR= The soil profile data and the We will continue to update and This should be continued as long

the concentration of associated vegetation data for expand this data base with as we have a presence on the atoll.

radionuclide in vegetation the 4 major radionuclides are samples collected in 1986 and

in pCi/g wet wt divided by used to develop concentration 1987. For publication, see

radionuclide concen- ratios. These can be used with E.1.1, above.

tration in soil, soil data from islands where no

pCi/9 dry wt). food crops are available to

estimate the radionuclide

concentrations and dose

assessments for islands proposed

for future agricultural and

> residential use.

Ln

E.1.4 Environmental Half-

life of 137Cs (started Data from samples collected from We will have completed the Samples should be collected

1978; coconuts collected- 1978 through 1985 are currently evaluation of the data from from these trees as long as

from the same trees every being evaluated along with data all three atolls. possible to better define the

year. A total of 20 trees from Enewetak and Rongelap The environmental half-life 137Csand to ensure it is not

on Bikini Island and 34 on Atolls. of 137Cs' whatever it may be, changing with time.

Eneu Island are included will then be incorporated

in this study). into the dose assessments.

This could lower the

predicted doses over 30, 50

or 70y. To be published

Summer, 1987.



TABLE A-1 ( o n t .

Experiment Results to Date Information by Spring 1988 Status Post FY 1988

E.1.5 Groundwater (started

1975 6 wells on Bikini and The salinity of the large Some additional salinity In view of the very good

6 on Eneu. New wells fraction of the ground- and 137Cs data will be quality of the water on Eneu

established by BARC in water on Eneu is less than available from 1985, 1986 both from the radiological

1985). 0.5 ppt and thus of excellent and 1987 collections. and salinity point of view

quality. The 137Cs and further work is unnecessary

9OSr concentrations are

about I pCi/l well below

the federal standards for

drinking water.

E.2 Soil Removal None None None

E3. Potassium Treatment

E.3.1. High K trees

(started 281) 137Cs in nuts has been reduced The last application of the This experiment is the

treatment with N, P, K; from 20 pCi/g to less than high K fertilizer was in longest running K

500 lbs K/acre/y for 3 y, 2 pCi/g. 137Cs con- Feb., 1984. By spring 1988 treatment and should

4 coconut trees). centrations are now lower we will have 4 y of follow-up be continued to

than the naturally occurr- time to determine the duration determine the duration

ing radionuclide 40K. of the effects. of the effect.

E.3-2 High K trees A replicate of E.3.1. We will analyze samples from 3 This experiment should

(started 583; treatment The results through in 1986 and 3 in 1987 and will be continued to confi rm

with N, P, K; 500 lbs 11/85 show a reduction have confi mation of the initial Eneu studies.

K/acre/y for 3 y, similar to the initial initial Eneu Island experiment.

5 coconut trees). experiment for the same We will have determined whether

period. the 137Cs activity once again

goes below the natural 40K

concentration.
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Experiment Results to Date Information by Spring 1988 Status Post FY 1988

BIKINI FIELD TRIALS

Bl. Radiological EvaluatiQn

B.1.1 Soil
(started 1975; soil More than 1900 soil samples Additional data from samples Soil samples should
profiles taken to depths have been collected from collected during 3 trips in be collected to help
of 40, 60 or 100 cm). 1975 through 1985 and 1986 and 3 trips in 1987. expand the concentration

analyzed to determine the Summary-1982 published as ratio data base. In
distribution of 137CS, 90S,, UCRL 53225. addition, specific soil
239+24OPu and 24lAm in the Summary-1987 to appear as samples may be needed to
soil column. Many have UCRL document, summer 1987. determine radionuclide
been taken in the root movement down the soil column.
zone area of trees for
which vegetation samples
have been collected.

B.1.2 Vegetation
(started 1978; coconut More than 1900 vegetation Additional data from samples Coconuts, breadfruit,
breadfruit, Pandanus, vegetation samples have collected during 3 trips in Pandanus and other food crops
papaya, banana sweet been collected and 1986 and 3 trips in 1987 will as well as native vegetation,
potato, squash, etc. analyzed from 1978 through be included in the data base. should continue to be collected
samples collected at 1985 to determine the These new data expand the data to help develop more concentration
least twice a year concentration of 137CS, base and provide a better and ratio data and more data for dose
when available). 9OSr,239+24OPu and-24lAm. better basis from which to assessments.

These data provide the to develop assessments for
backbone of information for various living patterns
for the dose assessments. at the atoll. For

publications see B.1.1., above.
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Experiment Results to Date Information by Spring 1988 Status Post FY 1988

B.1.3 Concentration Ratio

(CR) (started 1978; CR= The soil profile data and the We will continue to update and This should be continued as long

the concentration of associated vegetation data for expand this data base with as we have a presence on the atoll.

radionuclide in vegetation the 4 major radionuclides are samples collected in 1986 and

in pCi/g wet wt divided used to develop concentration 1987. The larger the data base

by radionuclide concen- ratios. These can be used the more confidence we have in

tration in soil, with soil data from islands using it for predictive purposes.

pCi/g dry wt). where no food crops are For publication, see B.I.I., above.

available to estimate the

radionuclide concentration in

food crops and dose assessments

for islands proposed for

future agricultural and

residential use.

B.1.4 Environmental Half-

> life of 137Cs (started Data from samples collected from We will have completed the Samples should be collected

H 197B; coconuts collected- 1978 through 1985 are currently evaluation of the data from from these trees as long as

00 from the same trees every being evaluated along with data all three atolls and will possible to better define the

year. A total of 20 trees from Enewetak and Rongelap Atolls. publish the results. The environmental half-life of
on Bikini Island and 34 on use of the environmentally 137Cs and to ensure it is not

Eneu Island are included corrected half-life might changing with time.

in this study). significantly reduce

dose assessment over

the long term.
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Experiment Results to Date Information by Spring 1988 Status Post FY 1988

B.1.5 Groundwater (started
1975 6 wells on Bikini and Most of the ground water on Some additional salinity In view of the fact that the
6 on Eneu. New wells Bikini is too saline for and 137Cs data will be water is not potable it is not
established by BARC in for drinking. The samples available from 1985, 1986 necessary to sample the ground-
1985). collected from 1977 through and 1987 collections. water more than once a year.

1985 range from 4 ppt to 25 ppt.
The U.S. recommendation for
drinking water is 025 ppt or
0.45 ppt. In recent years the
137Cs concentration is below

the 200 pCi/l federal standard for
drinking water. 9Sr is probably
above the federal standard of pCi/l
but has not been measured since 1979.

B.2. Soil Removal

B-2.1 Top Soil Excavation
(Started Feb. 1985, Excavation reduced external More analyses will define Effect of excavation
16" soil removed exposure from 65 micro/h minimal 137Cs and 9Sr and ability to grow crops
from 13 acre plot. to micro/h. 137CS levels in foods on exposed subsoil will
Perennial and annual were reduced by 85-95% in achieveable by excavation. have been delineated. Follow
crops). squash, pumpkin, beans, up on coconut and breadfruit,

sweet potatoes, and by 80-851. which will not fruit before
in sweet corn. 1990, may be warranted.
Results to date show
137CS concentration in

crops from the excavation
plot to be more than 10 x
lower than those in the
control plot.



TABLE A-1 ( con t .

Experiment Results to Date Information by Spring 1988 Status Post FY 1988

B.2.2 Cultural Studies on A large pool of observations Earlier results should be Discontinue

subsoil (Started May concerning soil moisture extended or modified by

1985; numerous individual storage, irrigation needs, additional experience. Many

studies of plant response nutrient diagnosis, fertility results can be extended to

on excavated soil of schedules, pest problems and growing plants or normal intact

B.2.1). and effects of subsoil loosening soils or to improving compacted

has been collected. More than soils.

50 kinds of food, soil-

building and ornamental plants

have been tested for response.

See Appendix for B.2.2.1 and

B.2.2.2.

B.2.3 Three-level Excavation

(Started Feb. 1985; Uniform fertilizer treatment Additional results from Discontinued 1986

small plots excavated reduced 137Cs uptake of corn on successive crops of sweet corn except for possible

to depths of 0, 30, control plot (O cm) but uptake and alfalfa (a deep rooted root studies.

> or 60 cm). in the 30 and 60 cm plots was plant) will confirm and extend

IQ reduced to 60% and 20% findings from large scale
C) respectively, of control. experiment (B.2.1).
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Experiment Results to Date Information by Spring 1988 Status Post FY 1988

8.3. Potassium Experiments

B.3.1. High K Trees on This initial experiment on We will have analyzed samples These trees should be
Bikini (started May 1983; Bikini, where the 137cs from 3 trips in 1986 and 3 sampled to determine the
coconut treatment concentration in the soil trips in 1987. These data duration of the effect of
with N. P K 500 lbs is 10 x that of Eneu, has shown will demonstrate how much of a K on reducing 137C in
K/acre/y for 3 y, 5 trees). reduction in 137Cs in coconuts reduction in 137Cs in coconuts on Bikini Island.

from around 00 pCi/g to less will occur on Bikini Island.
than 30 pCi/g by Nov. 1985.

B.3.2 K NPK, Experiment
(started Feb. 1985; coconut Samples collected after We will have analyzed samples Additional samples should be
trees received 4 applications mo. indicated 40% reduction from 3 trips in 1986 and 3 in collected for a large scale
over a year period. Factorial in 137Cs concentration in 1987. This will give 3 years evaluation of final effect and
application on row plots coconuts. Before and of follow-up to determine the duration. (The rate of
treated with a total of after samples of soil, effect of K alone or NPK. application of K is different
0, 1200, or 2400 lbs K/acre/y fronds, and fruits are in this experiment than in the
with or without 600 lb/acre being analyzed. original 5-tree "High 
of N, P; 120 trees). experiments).

B.3.3 K Rate-vegetables
(started Nov. 1985; 25, 137CS content of corn We will have demonstrated This experiment will be concluded
100, 400 lb/acre K (plus kernels from 60 pCi/g to the effects of K on blocking in 1987.
(N & P) on vegetable 6 pCi/g as a function 137Cs uptake in vegetables
crops). of the rate of applied K. on 4 successive crops.
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Experiment Results to Date Information by Spring 1988 Status Post FY 1988

B.3.4 Super-high K

(started Feb. 1986; Analysis of samples We will have 2 years of follow This experiment should be

a one-time application from May. 1986 indicates up to determine how rapidly continued to determine the final

of 5600 lbs/acre of K that in the short and a single large dose of K effect of the high total

to 10 single-tree plots mostly rainless period blocks the uptake of application of K. The

of bearing coconuts). between Feb. and May 137Cs in coconuts. duration of the effect

a reduction in 137cs will also be of interest.

uptake in coconuts

occurred.

8.4 Irrigation Experiments

B.4.1 Seawater Irrigation

Phase I (started in June, 137CS uptake has been The irrigation was stopped in Follow-up of this experiment

1980; irrigation of 25 reduced by about a factor of April 1984. By April, 1988 until Bikini clean-up is

acre cleared area with 20 in several native species we will have years of follow- begun would be useful

20m of seawater; irrigation and sweet corn collected up to determine the duration to determine the

stopped in April 984). in May and Nov., 1985. of reduced 137Cs uptake. duration of the effect.

IQ
t1j

B.4.2 Irrigation Phase II Palms survived with only We will be able to see the This experiment should

(August 1986; 1 n and accelerated loss of oldest extent to which 137Cs uptake be continued to determine

2 m of seawater applied foilage. Pandanus also may be impeded in mature trees duration of water effect

to a total of 50 bearing survived. Before and after in approximately a 2 y time on 137CS uptake in mature

palms plus underplanted samples of soil, fronds and period post application of the coconuts.

small palms and Pandanus. fruits have been collected seawater. We will have at least

and are being analyzed. 1 y follow-up on rapidity and

extent of 137Cs reduction in

mature coconut.
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B-4.3 Sodium Loss First samples collected in We will have data from This experiment will be completed
(started Feb. 1986; Fresh August 1986. collections to determine in FY 1988.
water irrigation, if irrigation of the soil
simulating many years of column with fresh water
rainfall, to test (equivalent to a decade or
persistence of sea water more of rain) will cause a
blockage of 137Cs uptake, return to pre-irrigation
in selected areas of B.4.1.) uptake of 137CS into vegetables.

8,5 Combined Irrigation and Fertilizer

B.5.1 Seawater, K Samples from three We will determine if seawater This experiment should be continued
combination (Started successive crops of sweet irrigation followed by use of to evaluate the effect
May, 1986; freshwater plus corn and two of squash fertilizer and rainfall will in coconuts and papaya.
fertilizer applied to areas have been collected. result in a continuing
within the 04.1 seawater reduction of 137Cs uptake in
irrigation plot). sweet corn, squash, papaya,

and coconut foilage.

B.5.2 Cation Equivalency Results from May, 1986 show We will have replicated the This version of the experimental
(Started Feb. 1986; K and Na the expected reduction in initial experiment 2 times concept will be finished in 1987.
applied in amounts equal to 137CS in sweet corn. during 1986 and 1987 and will Follow-up experiments may be
1/3 23 and 33 of the Potassium was more effective confirm the equivalent indicated.
estimated cation exchange than equivalent amounts effectiveness of cations on
capacity of the soil. of sodium. Sea water was reducing 137CS uptake in five
Seawater applied in amounts effective in proportion successive crops.
such that Na ion is to sodium content. The
equivalent to 1 3 and results also suggest the
times the cation exchange importance of cation exchange
capacity of the soil). capacity in determining

needed application rates.
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B.6 Cesium (Strontium ?) Immobilization

B.6.1 Mica (Started Feb. None Results should give first Decision whether to continue

1985; 5830 lbs/acre dry- indication of whether this depend on results by FY 1988.

ground dioctahedral mica slow-acting treatment may

(clay substitute) broadcast be effective in mature

on soil surface as a one coconuts.

time application to

bearing coconut trees).

B.6.2 Zeolite (started None We will have collected corn, This experiment will be

Nov.1986; a zeolite and sweet potato samples from April, completed in FY 1988.

material, Clinoptilolite, August and Nov.of 1987. Results

was applied at rates from these samples should indicate

equivalent to 9 18 and 36 whether the zeolite is capable

tons/per acre, mixed of scavenging the 137Cs and

throughly with soil. making it unavailable to plants.

tQ B,7. Soil Sterilization

B.7.1 Methyl Bromide

(started Nov. 1986; None We will have determined if This experiment will be

10 x 10' replicated killing soil microorganisms terminated in 1987.

plots heavily fumigated causes a release of 137cs,

with methyl bromide. and an increase in uptake by

Sweet corn as a post- corn plants. This will

treatment indicator crop). help determine which components

of the soil matrix are

controlling thel37Cs cycling.



TABLE A-2

Cs-137 Concentrations of Food Crops
Grown on Excavated and Control Plots (B.2.1)

Crop Cs-137 (pCi/q, wet weight)

Excavated Plot Control Plot

Corn (Silver Queen)
Ma 

Kernel 4.3 20
Cob 4.4 19
Husk 6.7 28

Nov 
Xernel 1.3 5.2
Cob 1.1 8.1
Husk - 5.1

Zucchini Squash
say --F5

Meat 2.1
Skin 2.8

July 
Meat* 3.5
Skin* 4.3 -
Seed* 4.7 47.

Nov 
Meat 1.6

Wetak Squash
July ST-

Meat 7.2
Skin 6.9 94
Seed 6.0

Nov 
Meat 3.9
Skin 5.2
Seed 4.8

Pumpkin
Ju-1y 85

Meat* 7.7 65
Skin* 7.8 115
Seed* 16.9 193

Chinese Cabbage
July 65 5.5

Bush Bean
July 85* 3.8

Yard-lona Bean
uy !.) 6.0

Winged Bean
Ma 8b 1.9
Juy� 85* 2.6

Sweet otato
vines 24 220
Tubers 27 209

Means of 3 or more values

A 25



Fig. A-1 13.3-3 K-RATE EXPERIMENT--Second Crop, May 1986
Initiated Nov. 1985
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Fig. A-2 B.5-2 CATION EQUIVALENCY EXPERIMENT, May 1986 Results
Initiated February 1986
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INTRODUCTION

The soil treatments being tested on Bikini Atoll fall
into three categories: (a) removal and disposal of the
surface soil which contains most of the radionuclides; (b)
addition of materials that absorb cesium-137 so firmly that
it is no longer available for root uptake; 3 addition of
the chemically related elements, potassium and/or sodium in
relatively large amounts to suppress or "blockade" cesium
uptake by roots. Potassium has further value as a fertilizer
since its natural concentration is too low for the high
productivity of many crops. Sodium, of course, is present in
infinite quantities in seawater and no point on Bikini is
further than a quarter of a mile from the source.

The problems involved in removing surface soil and
growing satisfactory crops on the residual subsoil are now
fairly well recognized by BARC. Likewise, the theory
underlying cesium immobilization by clay, ground mica, or
zeolites is straightforward, although actual performance in
Bikini soils is still under test. The effectiveness of the
third category (ionic treatment) has now been demonstrated in
a series of ongoing field trials.

Despite the success of the latter, however, the soil
chemistry involved when large amounts of potassium, sodium,
or seawater are added to these calcium-dominated soils is
poorly understood in quantitative terms. Extension

of field trial results to soils of the entire atoll, choice
of efficient amounts and treatment combinations, and ability
to predict intensity and duration of the suppressive effects
will depend on more thoroughgoing knowledge of the mechanisms
and rates involved.

Accordingly, this workshop was convened to examine
present information and concepts pertinent to soil treatments
designed to reduce cesium-137 and strontium-90 in Bikini
foods. It also considered additional experiments and
analyses needed for better understanding and extensibility of
the results achieved thus far. The participants were Dr. D.
Suarez, U. S. Dept. of Agriculture Salinity Laboratory,
Riverside, Calif.; Professor D. Sparks, Dept. Plant and Soil
Sciences, University of Delaware, Newark, Del.; Mr. Mark
Noll, a graduate student working with Professor Sparks, Dr.
William Robison, Terrestrial Section Leader, Lawrence
Livermore National Laboratory, Livermore, Calif., and the
four BARC members, Drs. Kohn, Kubo, Peterson and Stone.

The principal topics discussed and the recommendations
or suggestions made are summarized below:

3



1. Retention of cesium-137 in atoll soils.

The total amounts of Cs-137 at Bikini are
extraordinarily small, less than 0.01 grams per hectare 25
acres),, and far below the range normally considered even
detectable by ordinary soil chemical procedures. The
majority of this Cs is held by as yet undetermined means.
Less than 5% has been readily exchangeable or extractable in
studies thus far, yet total plant uptake from untreated soils
is related to total soil content. Possible mechanisms of
retention include high affinity sites in the soil organic
matter, microbial sequestering, and "fixation" by minute
amounts of illite. It is known that terrestrial dust,
largely quartz and illite, apparently originating in the Gobi
Desert, has long been deposited in the Pacific. Traces of
illite were detected in a lagoon sediment sample collected at
Bikini in 1947. The capacity of illite to retain cesium is
well known and the 30-year period since BRAVO fallout would
have allowed time for Cs migration and equilibration. Thus
it was thought that the presence of illite and the
possibility of appreciable Cs-137 retention by it, even
though considered remote, should be examined analytically.
Mr. Noll's thesis research will bear, in part, on this
question, as well as on non-exchangeable retention by organic
matter.

The possibility of Cs retention in microbial tissue
might be examined by procedures based on osmotic shock or
sonic disintegration as well as extensions of the methyl
bromide fumigation already under test.

2. Retention of strontium by atoll soils

The total content of stable (non-radioactive) strontium
naturally present in these soils seems to range between 2000
and 5000 ppm. Most of this is incorporated in the calcium
carbonate mineral, aragonite, and so is not available for
plant uptake. The remainder is presumably held in
exchangeable form although the amount has not been
determined. Whatever the amount of plant-available stable
strontium, it must be large compared with the amount of
radioactive strontium, Sr-90. Presumably the two species are
now in equilibrium on the CEC (cation exchange capacity) or
other adsorption sites throughout much of the soil.

3. Cation exchange capacity of soil organic matter.

Cation exchange capacity (CEC) of organic matter is not
known precisely because of analytical difficulties, although
there seems no reason to dispute the average value of 260
m.e./100 g OM indicated by Morrison and Seru in Tarawa soils.
In principle, the variable charge associated with OM should
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continue to increase by some small amount above pH 7 but the
carboxyl group (the main source of CEC in OM) has its pK
below pH 7 Hence, at the range of reactions encountered in
almost all atoll soils, pH 7 to 8.5, variable charge is
probably only a secondary concern in analytical
determinations of CEC.

The most suitable replacing salt in such determinations
may be NH4Cl, provided that C03 in the leachate is determined
to allow correction for dissolved CaCO3. Barium salts have
proved unsuitable inasmuch as the solubility of BaCO3 is much
lower than that of the CaCO3.

4. Cation selectivity of organic matter.

Bulk "selectivity" of atoll soils for the exchangeable
cations, Ca, Mg, K Na, is wholly unknown, even in binary
combinations. Lack of such information is seen as a
deficiency; without such there are no theoretical grounds
for estimating the extent to which added potassium will
displace native calcium from the organic CEC, nor the
rapidity with which it will be replaced as Ca dissolves from
the soil matrix. Again, although the ratio of Na to Mg in
seawater is 77.7:17.6 on an equivalent basis, the proportions
of Ca, Na and Mg on the CEC after seawater application cannot
be estimated from present information.

It was strongly recommended that bulk selectivities be
determined on a sufficient number of samples to allow
generalization. Although such determinations usually involve
binary mixtures of different proportions, the special case of
seawater application seems to require consideration of a
Ca:Mg:Na system where Mg:Na is a fixed proportion.

Given information on bulk selectivity coefficients and
data or assumptions about rainfall and PET, it should be
possible to model transport, at least for the relative
duration and effectiveness of various amounts of added K.
This might allow comparison of alternative procedures under a
variety of assumed conditions.

5. Characterization of soils from experimental areas.

Although soil samples have been collected from several
experiments before or after treatment, or their collection,
post-treatment, is projected, few have yet been analyzed.
Lack of such analyses (apart from the large background of
radionuclide determinations) was seen as a major deficiency
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in present efforts to understand the extent of cation
replacement and the ionic environment of root systems. Some
attention should be given to the proportions of K present in
various forms -- i.e., water soluble, exchangeable,
non-exchangeable, and mineral -- as well as to total amounts.

The need for such analyses is being reinforced by a new
concern about the possible consequences of concentration
gradients of Cs, K and Na from the soil surface downward, in
contrast to the amounts present in the upper 40 cm layer.
Normally Cs-137 concentration decreases downward
logarithmically, but this is disrupted when soils are mixed
or deeply tilled as in some experiments. Potassium
fertilizers usually are broadcast on the soil surface,
sometimes repeatedly at short intervals because of fear of
leaching losses. In fact, the rate at which applied K
migrates downward in these porous soils, with relatively high
but Ca-saturated CEC derived wholly from OM, is not yet
known. Sharp gradients or discontinuities in K concentration
may or may not be important in affecting solution K:Cs ratios
in the zones of greatest root concentration and hence Cs-137
uptake. Careful sampling will be needed to establish any
such stratification.

6. Effects of seawater and potassium on Sr-90.

The earlier hypothesis that seawater applications would
displace Sr-90 from the CEC and so reduce plant uptake may or
may not prove correct. A counter possibility is that added
Na or K may substantially lower Ca concentration or activity
in the soil solution and so decrease its competition with Sr
for absorption sites on plant roots. Plant analyses may
resolve the question epirically but parallel soil analyses
should be considered.

7. As remarked in earlier studies of atoll soils, the
concentrations of organic matter in surface soils are
astonishingly high, particularly in view of the high mean air
temperature and no evidence of unusually great organic
inputs. Calcium saturation alone does not maintain such high
concentrations in comparable climates elsewhere, so far as is
known. The amounts raise questions about OM age, presence of
components resistant to decomposition, and the prospect of
accelerated decomposition -- and hence loss of CEC -- under
the changed environment attending resettlement.
Decomposition studies and C14 age determinations should
prove of interest.

8. In future studies some attention might be given to
possible differences among crop varieties in respect to Cs
and/or Sr absorption. Such genotypic variation is known for
several species and elements although the latter are mostly
nutrients or Al. Some of the older studies on differences in
cation exchange capacity of root surface might prove
relevant.
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PREFACE

Since the levels of cesium-137 and strontium-90 in
Bikini Island soil fall off exponentially (on average) with
depth (BARC Report 1, p. 62; Report 4 p. A-7; Report ,
Table A-1), the bulk of soil contamination can be removed
directly by excavating the top 30 cm. Radiologically, the
spoil is of low specific activity, and it can be handled
without special precautions.

However, the disposal of the spoil, totalling some
940,000 cubic yards plus vegetation, would pose something of
a problem. Dumping into the lagoon (Bravo Crater) or ocean,
presumably simple and effective measures, would not be
legally permissible (BARC Interim Report, p. 36). A more
practical alternative would employ the spoil to build a berm
on the ocean-side of the island, or possibly a causeway
between Bikini and Eneu Islands.

Under the chairmanship of BARC member, Dr. Arthur Kubo,
the design of proposed structures was reviewed at a
conference held at the U.S. Army Waterways Experiment Station
(WES), August 29, 1985. It was concluded that further study
was required (BARC Report 2 This has been done by Orson P.
Smith and Yen-hsi Chu of the Coastal Engineering Research
Center, WES, Vicksburg, Mississippi. Their complete report
is given in this appendix, and is followed by Dr. Kubo's
analysis of the costs.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain

cubic feet 0.02831685 cubic metres

cubic yards 0.7645549 cubic metres

Fahrenheit degrees 5/9 Celsius degrees or kelvins*

fathoms 1.8288 metres

feet 0.3048 metres

inches 2.54 centimetres

knots (international) 0.5144444 metres per second

miles (nautical) 1.8520 kilometres

miles (US statute) 1.609347 kilometres

pounds (mass) 0.4535924 kilograms

pounds (mass) per 16.01846 kilograms per cubic metre
cubic foot

square miles 2.589998 square kilometres

square yards 0.8361274 square metres

tons (US short) 0.909 metric tons

yards 0.9144 metres

To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use the following formula: C = 59) (F - 32). To obtain Kelvin (K)
readings, use K = 59) (F - 32) + 273.15.
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PRELIMINARY DESIGN OF A LANDFILL AND REVETMENT ON BIKINI

ISLAND, REPUBLIC OF THE MARSHALL ISLANDS

PART 1: INTRODUCTION

Background

1. Nuclear weapons tests conducted by the US Government in 1946 forced

the removal of the people of Bikini Atoll from their homeland. These tests

ended in 1958 after 23 detonations had resulted in contamination of the

atoll's 23 islands with radioactive materials. The two main islands of the

atoll, Bikini 09 square mile)* and Eneu 04 square mile), were declared

safe for resettlement in 1968, but tests in 1978 revealed that coconut palms

and other plants on the island contained dangerous concentrations of the

radionuclide, cesium-137. The atoll was again evacuated in August 1978.

2. Congress formed the Bikini Atoll Rehabilitation Committee (BARC)

with the general objective of assessing technical and economic feasibility of

rehabilitating the Bikina Atoll for resettlement by the people of Bikini.

BARC-sponsord studies indicate that most of the contamination exists in the

top 12 in. of soil on Bikini Island. Because the plant roots grow in this top

12 in., they concentrate the radioactive contaminants. The principal alter-

natives for mitigating this situation proposed to date include:

a. Stripping and removing the contaminated topsoil and dumping the
excavated material at selected sites in the atoll lagoon.

b. Stripping and removing the contaminated topsoil and using the
excavated material to create a causeway between Bikini Island
and adjacent Eneu Island.

c. Stripping and removing the contaminated topsoil and utilizing
the excavated material to create a landfill on the 2,500-ft-wide
reef flat adjacent to the eastern (windward) side of Bikini
Island.

d. Hydraulically flushing the topsoil in situ with seawater to de-
activate the uptake of contaminants by plants.

e. Treating the topsoil with specially formulated chemicals to
retard the uptake of contaminants by plants.

I

A table of factors for converting non-SI units of measurement to SI
(metric) units is presented on page 3.
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Scope

3. Preliminary design of alternative c is the subject of this report.

The analyses summarized in the remainder of the report are intended only to

assess the constructibility of a contained landfill on the Bikini Island

eastern reef flat, with appropriate protection of the landfill from the

extreme effects of waves and currents. Some options are also discussed for

added features or special construction methods which might prevent or mitigate

certain potential environmental impacts hypothesized in previous BARC work.

These potential impacts include loss of the sandy beach on the inshore side of

the reef flat and harm to reef organisms by heavy concentrations of suspended

sediments which might accompany construction activities. Preliminary

estimates of material quantities are made for application by others in

estimating the construction cost of this alternative. Suggestions are made

throughout the report as to what additional field data collection efforts and

engineering analyses would be appropriate for a final detailed design.

Physical Setting

4. Bikini Atoll is located approximately 2500 nautical miles (n.m.)

southwest of Hawaii at 110351 N latitude and 1650251 E longitude in the north-

ern Marshall Islands. Nearby lands of note include Wake Island, 470 n.m to

the north; Kwajalein Atoll, 190 n.m. south-southwest; Enewetak Atoll, 190 n.m.

west; and Guam, 1250 n.m. west. The general vicinity of Bikini Atoll is il-

lustrated in Figure 1. The northern Marshall Islands consist entirely of

coral reef atolls atop volcanic seamounts. The slopes of these seamounts

plunge rapidly to oceanic depths. A number of submerged seamounts or "guyots"

are also present in the region.

5. Bikini Atoll is a ring of 23 islands and adjacent shallow coral reef

surrounding a lagoon of approximately 240 square miles in surface area, as

illustrated in Figure 2 The lagoon has an average depth of 145 ft. The

total exposed land area of the atoll is about 34 square miles, including

0.6 square mile of intertidal reef flat and sandy beach. Bikini Island is the

largest island with a land area of 09 square mile. Eneu Island, 25 n.m.

south of Bikini Island, is the second largest island with a land area of

0.4 square mile. These are the only two islands of the atoll physically

C 13
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suited for permanent settlement with topographic elevations averaging about

11 ft above mean high water (mhw). The other islands are too small and too

low to be safe from high waves and water levels accompanying intermittent

storms.

6. Bikini Island itself is a cresent-shaped land mass, as shown in Fig-

ure 3 forming the northeast corner of the atoll. The shoreline of the island

consists almost entirely of coral sand beaches with slopes of 1:8 to 1:10, ex-

tending generally from or ft above mhw to about 3 ft below mhw. Rocky

outcrops also exist on the southeast point where the protective reef flat is

most narrow. The 1978 aerial photograph (Figure 3 indicates most of the

island is covered with palm trees and other vegetation, with some buildings

and other structures (now abandoned) along the lagoon shore. The reef flat,

though very irregular on a small scale, extends in places up to 3000 ft

offshore of the island, at about 3 ft below mhw or the approximate elevation

of average low tide. It is possible at the time of average low tide to walk

on exposed coral to the edge of the reef flat. Beyond the edge of the reef

flat the atoll slopes continuously at an approximate 1.1 slope to depths which

exceed 200 fathoms.

7. The constant presence of the westerly trade winds heavily influences

wind and weather conditions at Bikini Island. These winds are most uniform

during the winter months of December through March when the average wind speed

is about 18 knots. During the rest of the year, winds are generally reduced

in speed and variable between westerly and southwesterly. The rare tropical

storms passing the atoll usually come from the southeast. Rainfall is on the

order of 3 in. per month in the winter, increasing during the rest of the year

up to 7 or in. per month. Temperatures are very uniform with daily averages

of 811 to 831 F throughout the year (Emery, Tracey, and Ladd 1954). Survey

information at Bikini Island indicates a mean tide range of 30 ft. The Na-

tional Oceanic and Atmospheric Administration (NOAA 1985) reports for Bikini

Atoll a mean tide range of 34 ft, a spring range of 49 ft, and a mean tide

level of 30 ft above the mean lower low water (mllw). Measured tidal data at

Kwajalein Atoll, 190 n.m. south-southwest of Bikini, are given in Table 

(NOAA 1985).
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Table 

Tidal Data from Kwajalein Atoll

Elevation*
Water Level ft

Maximum high water 6.3

Mean high water 4.7

Mean sea level 3.0

Mean low water 1.3

Mean lower low water
(datum) 0.0

Maximum low water -o.8

Referenced to mllw.

C 18



PART II: REVIEW OF PERTINENT LITERATURE AND DATA

Sources of Information

8. Two lists of references, a bibliography of references reviewed but

not cited and a reference list of works that were cited in this report, are

included at the end of the main text. Reports and 2 of BARC (Kohn et al.

1984, 1985) provide general historical information related to the evacuation

of Bikini Atoll, the subsequent nuclear weapons tests, and the following ef-

forts to prepare for resettlement. These two reports describe each of the al-

ternatives proposed to date for dealing with the contaminated soil on Bikini

Island. Their references include reports by the Lawrence Livermore National

Laboratory and others regarding the specific effects of the nuclear weapons

tests which were published independently of BARC studies.

9. The US Geological Survey (USGS) was employed during the course of

the nuclear weapons tests from 1946 to 1952 to conduct intensive studies of

the natural environment of Bikini Atoll and the Marshall Islands, in part to

provide a baseline for assessment of the nuclear weapons effects. The work of

the USGS involved extensive field measurements and analyses by many recognized

experts whose individual technical reports are consolidated in USGS (1954-

1969). The papers of this collection concerning the geology (Emery, Tracey,

and Ladd 1954) and physical oceanography (Munk and Sargent 1954) of Bikini

Atoll are of the most interest with respect to design of coastal works.

10. There is little information directly addressing extreme wind, wave,

or water level conditions at Bikini Atoll; however, a number of accounts are

available of storm effects at other Pacific atolls (e.g., Blumenstock 1961;

Maragos, Graham, and Beveridge 1973). Extreme winds, waves, and water levels

in the Marshall Islands are almost exclusively caused by tropical cyclones,

known as typhoons (hurricanes) in their fully developed stage. The most ex-

tensive and useful information on typhoon characteristics and measured param-

eters of historical typhoons in the western north Pacific is available through

various reports of the Joint Typhoon Warning Center (JTWC) on Guam. The An-

nual Reports of the JTWC (Buckmaster et al. 1959-1979) include detailed ac-

counts of each tropical cyclone in the region from its earliest identification

to its decay into an extratropical phenomenon. General descriptions of trop-

ical cyclone characteristics and forecasting techniques developed for the Gulf
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and Atlantic coasts of the United States are presented by the National Weather

Service (NWS 1979). The Shore Protection Manual (SPM 1984) and other publica-

tions of WES also provide technical guidance for estimating wind, wave, and

water level extremes, both by tropical and extratropical events.

Tropical Cyclone Data

11. Tropical cyclones comprise a unique class of atmospheric circula-

tion phenomena which develop over tropical waters. They are warm-core, non-

frontal, low-pressure centers whose formation process is not yet fully under-

stood. The tremendous energy required to develop and sustain the high wind

velocities often associated with tropical cyclones is available only in the

moisture-laden air over the tropical oceans. Tropical cyclones usually de-

velop within 20 deg latitude of the equator and decay as they move into mid-

latitudes or pass over a large land mass on an average northwesterly track in

the northern hemisphere. Coriolis forces cause winds to circulate counter-

clockwise about the center of a tropical cyclone in the northern hemisphere

and clockwise in the southern hemisphere, typical of all low-pressure systems

(Brand and Blelloch 1976ab). A narrow band of maximum winds usually de-

velops, encircling a relatively calm center 4 to 40 n.m. in diameter known as

the eye. Beyond the band of maximum winds are spiraling bands of torrential

rain. Wind speeds generally decline with distance from the center in these

outer regions of the cyclone, but can affect sites hundreds of miles away

(Weir 1983).

12. Intensities of tropical cyclones, as characterized by maximum sus-

tained (1-min average) wind speeds at a 10-m elevation, are commonly classi-

fied as follows (Shaw 1981):

a. Tropical disturbance. A distinct system of apparently organ-
ized convection, originating in the tropics or subtropics, hav-
ing a nonfrontal character, and maintaining its identity for
24 hr or more.

b. Tropical depression. A tropical cyclone in which the maximum
sustained wind speed is 33 knots 38 mph) or less.

c. Tropical storm. A tropical cyclone in which the maximum sus-
tained wind speed is between 34 and 63 knots 39 and 73 mph).

d. Typhoon (or hurricane in the Atlantic Ocean). A tropical cy-
clone in which the maximum sustained wind speed is between
64 and 129 knots 74 and 149 mph).
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e. Super typhoon. A tropical cyclone in which the maximum sus-
tained wind speed Is greater than 130 knots (150 mph).

13. The "central pressure index" (CPI) of a tropical cyclone represents

the maximum pressure gradient from the central minimum sea level pressure,

usually measured in millibars (mb), to normal atmospheric pressure (typically

taken as 1013.3 mb). The "speed of movement" of a tropical cyclone is the

speed at which the storm center travels along its track, usually ranging from

5 to 30 knots. Tropical cyclones passing within 180 n.m. of Guam between 1948

and 1980 had a mean speed of movement of 11.7 knots (Weir 1983). The "radius

to maximum winds" is the radial distance from the center (point of minimum sea

level pressure) to the location of maximum winds just beyond the perimeter of

the eye. This last parameter is applied in a number of empirical techniques

for forecasting wave generation and other effects, but is virtually impossible

to measure. The eye diameter can occasionally be observed by aircraft or

satellites when jet stream winds shear away obscuring clouds. The radius to

maximum winds must often be taken by investigators as an arbitrary increase of

the eye radius. This study assumes the radius to maximum winds is 20 percent

greater than the eye radius (one half the observed eye diameter).

JTWC Annual Reports

14. The Annual Reports of the JTWC (Buckmaster et al. 1959-1979)

present a narrative account of the event's history, a chart of the cyclone

track with key observations noted (Figure 4, tabulations of the forecasts

which were made by JTWC, and tabulations of observations made by radar, air-

craft, and satellites for each tropical cyclone of the year. These observa-

tions include the latitude, longitude, and time of fixes of the center; the

minimum sea level pressure; wind speeds and directions; and rare eye diam-

eters. Charts of seasonal cyclone tracks are also presented with summary

narrative discussions.
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PART III: TYPHOON DATA ANALYSIS

Initial Sample

15. The track of each tropical cyclone documented in the JTWC Annual

Reports was first inspected to see how close the storms passed to Bikini

Atoll. The bulk of the storms in the 21-year record from 1959-1979 passed

hundreds of miles south or west of Bikini, indicating that the northern Mar-

shall Islands lie off the beaten path of most tropical cyclones in this region

of the Pacific. Weir 1983) noted that most typhoons which passed within 180

n.m. of Guam were first identified as tropical storms (wind speeds >34 knots)

well south and west of Bikini Atoll, as illustrated in Figure .

16. An initial data set was tabulated of tropical cyclone parameters at

closest approach to Bikini Atoll for those cyclones which passed within

300 n.m. of the atoll. This initial sample includes 59 events whose key

parameters are presented in Table 2 The data given in the table include the

date of closest approach, followed by the location (latitude and longitude)

and distance d from Bikini in nautical miles at that time.* The bearing of

the storm center off Bikini Atoll b I measured clockwise from true north, is

listed next, followed by the clockwise angle from true north of the storm

track 0 t taken as pointing toward the center of a compass rose. The

arithmetic means of the 59 events for these two angular measurements were

188 deg (bearing south of the Bikini Atoll) and 130 deg (travelling north-

west), respectively. The speed of movement at closest approach Vf is next

noted in knots (nautical miles per hour), usually taken as a daily average.

The central pressure P in millibars is followed by the central pressure

index AP with reference to 1013.3 mb normal atmospheric pressure. The

radius to maximum winds R was estimated as 60 percent of the nearest eye

diameter observation if one was observed within 2 days of closest approach.

The mean radius to maximum winds 12.4 n.m.) for those events whose eye

diameter was observed was assumed for events with no observation.

17. The distributions of CPI and speeds of movement were found to fit

commonly applied extremal distribution functions quite well, as indicated by

Figures 6 and 7 The lack of precise observations of eye diameter and the

For convenience, symbols and abbreviations are listed in the Notation
(Appendix A).
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Table 2

Tropical Cyclones Within 300 nm. of Bikini Atoll

H U
V T s max

Location d f p AP R s at Bikini at Bikini
Name Date of Center n.m. 40b Ot knots mb mb n.m. sec ft knots

Abby 11-30-79 6.6 NV 166 E 295 176 86 7 990 23.3 12.4* 9.9 0 0

TD-14 8-17-79 13.0 NV 167 E 130 49 132 8 1,007 6.3 12.4* 10.1 0 0

Alice 1-4-79 9.5 NV 165.5 E 125 180 90 8 963 50.3 12.4* 10.4 0 0

Rita 10-19-78 11.5 NV 165.5 E 12.4 180 90 15 967 46.3 12A* 11.1 26.8 71.0

Phyllis 10-14-78 11.0 NV 164 E 100 251 159 7 ±992 21.3 12.0 9.9 5.4 11.6

TD-14 8-13-78 8.5 NV 163 E 220 220 119 15 1,000 13.3 12.4* 10.9 0 0

Nadine 1-8-78 9.9 NV 163 E 175 239 137 5 996 17.3 12.4* 9.6 0 0

Mary 12-26-77 9.8 NV 166.5 E 115 153 72 13 977 36.3 12.4* 10.8 5.1 12.5

Lucy 11-27-77 7.4 Nil 167.3 E 225 171 80 6 987 26.3 12.4* 9.8 0 0

Jean 10-27-77 14.6 NV 162 E 285 293 293 6 989 24.3 23.4 10.2 0 0

Therese 8-7-76 9.8 NV 163.2 E 180 232 222 8 903 110.3 12.4* 11.4 0 0

Nancy 4-25-76 10.4 NV 163.7 E 155 238.5 138 21 984 29.3 12.4* 11.6 0 0

Violet 12-15-72 9.1 NV 168 E 275 127 188 2 995 18.3 12.4* 9.2 0 0

Olga 10-24-72 12.1 NV 165.5 E 35 0 90 15 939 74.3 12.4* 11.5 8.7 26.4

Nancy 10-17-72 15.9 NV 166.3 E 260 .8 98 11 915 98.3 12.4* 11.5 0 0

Marie 10-6-72 13.9 NY 165.3 E 155 355 88 10 936 77.3 12.4* 11.0 0 0

Kathy 9-28-72 lo.6 NV 164.5 E 95 224 125 16 976 37.3 12.4* 11.1 8.01 19.5

TD-21 9-11-72 9.9 NV 165.3 E 115 185 96 8 980* 33-3* 12.4* 10.1 4.54 11.6

Alice 8-31-72 12.9 NV 160.9 E 295 267 188 7 964 49.3 12.4* 10.2 0 0

(Continued)
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Table 2 (Continued)

H U
T s max

Location d f P &P R s at Bikini at Bikini
Name Date of Center n.m. �b Ot knots mb mb n.m. see - ft knots

Viola 7-21-72 i6.2 N 166.1 E 280 5 107 18 980 33.3 12.4* 11.3 0 0

Tess 7-9-72 13.1 No 167.2 E 150 45 149 6 940 73.3 12.4* 10.5 0 0

Phyllis 7-4-72 6.5 No 165 E 300 185 67 10 944 69.3 12.4* 10.9 0 0

Nina 6-5-72 15.0 No 162 E 300 316 301 13 980* 33-3* 12.4* 10.7 0 0

Lulu 5-27-72 7.7 No 163.5 E 265 209 254 2 926 57.3 12.4* 9.8 0 0

TD-02 4-4-72 7.3 No 163.1 E 260 207 283 10 1,001 12.3 12.4* 10.3 0 0

Faye 10-3-71 11.2 No 165.4 E 12.4* 181 93 8 992 21.3 6.0 9.8 16.2 35.8

Patsy 11-13-70 14.3 No 165 E 185 353 82 22 906 107.3 10.2 12.3 0 0

Marge 10-24-70 8.5 No 165.5 E 170 180 90 3 987 26.3 12.4* 9.4 0 0

Kate 10-7-70 7.5 No 165.3 E 245 179 89 4 986 27.3 12.4* 9.6 0 0

Hope 9-20-70 16.2 No 165.9 E 300 4 96 14 997 16.3 7.2 10.7 0 0

Olga 6- 70 7.2 No 165.5 E 270 180 90 28 943 70.3 6.0 11.9 0 0

Elsie 9-17-69 15.1 No 165.2 E 230 355 139 6 999 14.3 6.0 9.3 0 0

Rita 3-8-69 7.0 No 164 E 285 197 285 10 993 20.3 12.4* 10.3 0 0

Phyllis 1-17-69 9.0 No 164.5 E 215 198 82 18 977 36.3 15.0 11.5 0 0

Ora 11-19-68 7.3 No 163.7 E 300 212 111 21 995 18.3 18.o 11.8 0 0

Nina 11-16-68 9.0 No 162.1 E 300 237 99 10 995 18.3 12.4* 10.3 0 0

Lola 11-5-68 10.0 No 164 E 130 145 87 9 998 15.3 12.4* 10.1 0 0

Kit 10-25-68 9.0 No 165.9 E 155 173 91 8 959 54.3 12.4* 10.4 0 0

Judy 10-21-68 11.8 No 165.9 E 30 59 145 13 987 26.3 24.0 11.2 16-32 32.16

(Continued)
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Table 2 (Concluded)

Hs max
Location d Vf P &P R Ts at Bikini at Bikini

Name Date of Center n.m. �b Ot knots mb mb n.m. sec ft knots

Faye lo-1-68 8. N 163.8 E 235 .205 119 10 996 17.3 1.8 10.0 0 0

Polly 8-3-68 11.5 NV 162.5 E 200 270 193 6 964 49.3 12.4* 10.1 0 0

Harriet 11-16-67 9.7 NV 165.1 E 120 193 94 14 992 21.3 6.0 10.6 0 0

Emma 10-27-67 7.1 NV 164.9 E 270 188 105 14 991 22.3 12.4* 10.8 0 0

Amy 9-24-67 11.0 NV 169.2 E 115 250 154 7 996 17.3 3.0 9.6 0 0

Marie 9-29-66 14.4 NV 167.8 E 230 35 120 6 998 15.3 21.0 9.9 0 0

Hester 4-4-66 7.0 NV 164.4 E 230 185 104 9 998 15.3 18.0 10.3 0 0

Faye 11-15-65 9.3 NV 164.8 E 135 191 105 7 1,001 12.3 12.4* 9.9 0 0

n Della 10-11-65 ii.4 m, 164.5 E 65 82 353 8 995 18.3 12.4* 10.0 9.95 19.62

TD-36 10-8-65 7.1 NV 163.5 E 290 191 ill 9 996 17.3 12.4* 10.1 0 0

Carmen 9-31-65 8.5 NV 163.7 E 205 211 118 10 1,000 8.3 12.4* 10.3 0 0

Lucy 8-14-65 11.4 NV 170.2 E 275 92 94 10 993 20.3 15.0 10.4 0 0

Ellen 10-8-64 8.7 NV 166.3 E 180 165 81 6 980* 33-3* 12.4* 9.9 0 0

Susan 12-21-63 8.3 NV 164.9 E 190 100 102 10 982 31.3 15.0 10.5 0 0

Mamie 12-11-63 8.3 NV 164.2 E 215 191 ill 11 999 14.3 12.4* 10.4 0 0

Lola 10-4-63 8.2 NV 164.4 E 215 194 106 12 998 15.3 12.4* 10.5 0 0

Freda 10-28-62 10.0 NV 164 E 235 245 114 10 1,003 10.3 12.4* 10.3 0 0

Nancy 9-7-61 8.6 NV 164.3 E 245 204 88 12 978 35.3 15.0 10.8 0 0

Ophelia 11-21-60 8.6 NV 165 E 185 188 94 10 1,007 6.3 12.4* 10.4 0 0

Faye 9-21-6o 12.5 NV 165.4 E 65 177 89 10 994 19.3 15.0 10.4 13.2 25.5

* Mean value. (Sheet 3 of 3)
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general remoteness of the tracks from Bikini Atoll confounded application of

these parameters as independent measures of cyclone intensity. Therefore,

Figures 6 and 7 could not be used for design purposes. A number of schemes

combining track and distance parameters were attempted with no success, inso-

far as developing a trustworthy scheme of design criteria forecasting of ex-

treme conditions at Bikini Atoll. An alternative approach to direct appli-

cation of the observed cyclone parameters, with a smaller data set, was

finally adopted.

Estimation of Deepwater Wind and Wave Conditions

18. The procedures presented in the SPH 1984) were applied for esti-

mation of deepwater significant wave height Hs significant wave period

Ts and maximum sustained wind speed Umax of a hurricane with each set of

parameters for the 59 events of the initial sample (Table 2. This method

collectively utilizes the various parameters characterizing the tropical cy-

clones. It includes a graphical method for estimating the reduction of wind

speeds and the corresponding reduction in wave heights with distance outward

from the point of maximum winds. Figure is taken from the SPM 1984) illus-

trating the variation of this effect with position relative to the storm

track. The last three columns of Table 2 include estimates of the cyclone-

induced wind and wave conditions in deep water off Bikini Atoll. The esti-

mated effects at Bikini Atoll of most of the 59 events in the initial sample

were negligible. This simplified approach does not directly address water

level effects, nor does it account for swell waves which travel beyond the

storm's immediate influence. However, the calculated significant wave height

and wind speed account for the effect of low atmospheric pressure (CPI),

forward velocity Vf , and radius to maximum wind K . It also includes the

effect of distance from Bikini of most typhoons in this region, which is a

more significant factor than their localized intensity. A smaller sample,

including only those events with some likelihood of affecting conditions at

Bikini, is therefore appropriate. A reduced sample including the 24 tropical

cyclones which passed within 180 n.m. of Bikini Atoll was subsequently adopted

for statistical analyses. Figures 9 and 10 illustrate the distribution of

the H. and Umax estimates at Bikini Atoll. The most extreme event of this

sample proved to be'Typhoon Rita which passed within a few miles of Bikini

Atoll on 19 October 1978.
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Selection of Deepwater Design Criteria

19. It is a common practice in coastal engineering to address design

criteria in two categories: functional performance and structural integ-

rity. The special situation proposed for Bikini Island as the subject of this

study causes the two criteria to be the same in a practical sense. The in-

tended function of a revetment on the proposed landfill would be to contain

the contaminated material for many years with little risk of a breach. Struc-

tural integrity criteria are varied as an economic trade-off between construc-

tion costs and future maintenance costs. Maintenance in this situation would

be replacement of displaced revetment material, which would be accompanied by

a failure of the structure's intended function. The two categories can thus

be combined in these special circumstances.

20. The question of how much risk of failure is acceptable is always

difficult to answer, but a few practical considerations help in the case of

Bikini Island. First, the constructibility of shore protection for the
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landfill with locally available materials limits alternatives to rubble-mound

structures built of coral limestone. Rubble-mound structures are flexible and

tend not to fail in a catastrophic manner when their design conditions are

exceeded. Conservative design features can be built which enhance these

safety margins. A detailed risk analysis, including all potential modes of

damage or failure and their associated probability distributions, is beyond

the scope of this study but should be considered for future efforts. A

moderately rare set of tropical cyclone effects is considered appropriate at

this point.

21. The "return period" of an extreme event of specified intensity is

defined as the long-term average waiting time between successive events of

that intensity or greater. The return period RT(x) of extreme events of

intensity x can be estimated by the following formula, given the cumulative

distribution function F(x) and the average number of extreme events per year

RT(x)
X[l F(x)T

Application of this formula assumes the parameter x fully represents the

effective intensity of the event and that one extreme event is not affected in

any way by extreme events previous or subsequent to its occurrence.

22. The design of a rubble-mound revetment, including estimation of

storm surge and wave transformations in shallow water, basically requires

still water level, wave height, wave period, and wind speed criteria. Storm

surge, which affects the water depth, also requires a pressure gradient, but

pressure gradient and maximum sustained wind speed are related, as are wind

speed and wave generation. The average wave period can increase as waves

propagate great distances beyond their point of generation, but wave energy

also decreases with distance travelled. Wave periods, or the relative distri-

bution of wave energy by frequency, generally remain constant over shorter

distances, such as the brief stretch between deep and shallow water at Bikini

Atoll. The very shallow water across the reef flat at Bikini Island, the

depth of which would be heavily influenced by storm surge, will limit the

height of waves through breaking processes. Wave breaking will in turn affect

the additional water level rise caused by wave setup. The estimates of Umax

can therefore represent the overall effective intensity of a tropical cyclone,

C 32



since Umax directly relates to both deepwater wave conditions and storm

surge water levels.

23. Application of the formula above with the Extremal Type I distri-

bution fit to the reduced data set of Umax estimates (Figure 10) indicates

the intensity of Typhoon Rita has an estimated return period of about

50 years. From revetment design point-of-view, this is sufficiently extreme

for application as a "design event." The severity of this selected design

event is measured by the maximum surface wind speed, which is estimated at

Bikini Atoll as 71 knots, rather than the individual parameters characterizing

tropical cyclones. As discussed in the previous paragraph, the wind speed

Umax has an overall significance in coastal engineering design practices

because it directly relates to wave height and water level computations. It

also should be noted that the effect on the probability of occurrence of a

particular historical typhoon event due to the proximity of its track has been

accounted for in the wind speed computation. Using the same probability

distribution function, the Extreme Type 1, maximum sustained wind speed, for

the events of 75- and 100-year return periods are estimated to be 80 and

84 knots, respectively. Naturally, the higher wind speed would result in

higher wave height and storm surge at the coastline. Events severer than

typhoon Rita are not recommended for the present design analysis because:

a. The relatively wide reef flat filters out most of the high
energy components in the deepwater waves through breaking and
friction dissipation processes. Higher waves at the site could
result from larger storm surge. However, the incremental ef-
fect of wind speed is not expected to have a significant impact
on wind setup computation (Equation 9.

b. Unlike rigid-type structures, the planned landfill will be pro-
tected by large-sized rubble units. Displacement of some of
the armor stones rather than a total failure is expected during
events severer than the design condition. Repairing a damaged
rubble structure is often economically justifiable when com-
pared with a large first investment for an overly conservative
structure.

The principal parameters of Typhoon Rita estimated at closest approach to

Bikini Atoll are summarized in Table 3.
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Table 3
Physical Parameters of Typhoon Rita at Closest

Approach to Bikini Atoll

Parameter Value

Date 19 October 1978

Location of center 11.5 N, 165.5 E

Distance from Bikini Island 12.4 n.m.*

Bearing off Bikini Island 180 deg

Track 90 deg

Speed of movement 15 knots

Central pressure 967 mb

Central pressure index 46.3 mb

Radius to maximum winds 12.4 n.m.**

Estimated Hs at Bikini Island 26.8 ftt
Estimated Ts at Bikini Island 11.1 sect

Estimated Umax at Bikini Island 71 knots

Assumed as worst case. The track appears to have
passed directly over Bikini Atoll, which actually would
be less severe than the track assumed here.

Assumed as 60 percent of mean of observed eye diameters
for other cyclones in the initial data set.

t Deepwater conditions.
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PART IV: PREDICTION OF NEARSHORE EFFECTS

Storm Surge

24. During a storm the reef flat along the seaward shore of Bikini Is-

land affects both water levels and wave heights at the location of the pro-

posed landfill. Evaluation of these nearshore effects is important to the de-

sign of a protective revetment. The combined storm effects on nearshore water

level are collectively referred to as "storm surge," a rise above normal water

level. Storm surge includes the components of initial setup, pressure setup,

and wind setup. Discussions of each of these surge components are provided in

the following paragraphs. Wave setup is another water level effect caused by

storm-induced waves in the nearshore environment, but it is not usually

treated as a storm surge component. Wave setup can be significant, however,

and should be included in the nearshore effects analysis. The shallowness of

water depth strongly influences both the wind and wave setups. Simultaneous

solutions for these two setups are therefore desirable. The following para-

graphs describe the analytical methods applied for Bikini Island to estimate

nearshore effects under the design storm condition.

Initial setup

25. The initial setup is a rise in water level in advance of a particu-

lar storm, the exact cause of which is, at present, poorly understood. Harris

(1963) reports observations of this rise in water level along the US gulf

coast. Since the causes of this water level rise are still uncertain, it is

usually estimated subjectively. A conservative estimate of initial setup of

0.5 ft above mhw is included in the storm surge computation for the landfill

design at Bikini Island. The nearness of very deep water and open ocean con-

ditions to the Bikini Island shore should preclude any initial setup higher

than this. The SPM 1984) presents further discussions on the estimation of

initial setup.

Pressure setup

26. As implied by its name, pressure setup is a large-scale bulge in

the sea surface caused by the low-pressure center of the storm and the asso-

ciated pressure gradient between the center and regions beyond. A maximum

pressure setup is, as expected, at the storm center, gradually decreasing with

distance away from the center. Using the hydrostatic principle, the maximum
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pressure setup can be estimated by:

S AP (2)
P P9

where

AP = total pressure difference from normal atmospheric pressure (or
CPI)

= specific density of seawater

g = gravitational acceleration

Given a CH of 46.3 mb for Typhoon Rita at closest approach to Bikini Atoll,

the corresponding maximum pressure setup can be estimated as 1.5 ft. This

worst case value is applied in subsequent estimates of storm effects since

Typhoon Rita passed directly over Bikini Island.

Wind and wave s

27. Both wind and wave setups are strongly dependent upon the water

depth h and can be computed together. The governing equation for the com-

bined wind and wave setup is:

dS + pg(h + n) dn 0 (3)
TX- dx

where

S = radiation stress due to wave motion

x = longitudinal coordinate in the direction of the waves

T = combined stress due to surface wind and bottom friction

According to the results of Saville's 1952) field study at Lake Okeechobee,

Fla., this combined boundary stress can be estimated by:

T = 33 x 10-6 PU2 (4)

where U = surface wind velocity. Gerritsen 1981) uses a wave energy

dissipation model to estimate radiation stress and his result can be stated

as:

dS 3 E dh 3 t
dx (5)

r gh
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where

E = wave energy density

Ct= rate of wave energy dissipation

Fr = Froude number, assumed to be 1.5

This equation can be simplified by dropping the dh/dx term of the right side

since the reef flat is essentially horizontal, after a steep rise from deep

water. The governing equation for the wind and wave setups then becomes:

pg(h + n) dn t+ 33 x 10-6 OU 2 (6)
dx :�ET

Using Gerritsen's 1981) wave energy dissipation model and assuming that

bottom friction is the dominant dissipation mechanism, the rate of dissipation

can be approximated by:

2 P wH 3
(7)t 3 w r sinh k(h

where

fw = bottom friction coefficient = 0.1

w = radial wave frequency = 2w/T

T = wave period

H = wave height

k = wave number = 2w/L

L = wave length

The wave length L is approximated by using linear wave theory, or:

L se t nh 47r2h + (8)
27i T2 9

A finite difference form equation for estimation of the wind and wave setup

can now be written as:

Ax M i 3.3 x 10- 6U2Ax

1ni+1 = + P9 gh (h + n g(h + d (9)

Boundary Values at Reef Edge

28. The estimation of combined wind and wave setup starts at the
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offshore edge of the reef flat and proceeds in the shoreward direction at an

increment Ax Wave and surge conditions at the offshore edge of the coral

reef are the basic input data to Equation 9 Figure 11 illustrates the still

water level (swl) and mean water level (mwl) variation in the nearshore en-

vironment at Bikini Island. The mwl may be interpreted as the average posi-

tion between the wave crest and wave trough at a given location while swl is

the water level when the wave action is removed. The depth h shown in

Figure 11 is the mhw depth plus the initial and pressure setups. A depth of

5 ft was assumed for nearshore analysis.

H = REAKING WAVE HEIGHT

d - BREAKING WATER DEPTH H
S, = WAVE SETDOWN _MWL
H = WAVE HEIGHT

YI = TOTAL SETUP

MEAN WATER LEVEL (MWL)
(INCLUDING SETUPS)

- .7 FT H - 46 FT H - .6 FT

H - 4.

SrILL-WA ER LEVEL WL) H 5.3 FT 2.8 FT q, 32 F TI - 36 FT

H, 28.9 F T_ 3

S: 22FT 4 WA TER DEPTH A TSW - .0'

500FT 500 Fr 500FT 50 FT

REEF FLAT

NOTE: DRAWING NOT TO SCALE

Figure 11. Schematic diagrams of water level and
wave height variations

29. As waves approach the shore from the open ocean, the mwl is f irst

depressed, as illustrated in Figure 11. This depression, referred to as wave

setdown, is the result of excess momentum from the radiation stresses. The

maximum wave setdown Sb is at the point of wave breaking. According to

Longuet-Higgins and Stewart 1964), this maximum wave setdown may be estimated

using linear wave theory as:

ka 2
S (10)

b 2 sinh 2kd b
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where

a = linear wave amplitude

db = breaking wave depth

The breaking wave depth db can be estimated by the following equation (SPM

1984):

Hb
db 43.75 [ - exp (-19m)] H (11)

1.56 b
1 + e19-5m gT2

where

Hb = breaking wave height

m = offshore bottom slope

The breaking wave height Hb can also be estimated with the method given in

the SPM 1984). Under the selected design event, Typhoon Rita, the wave set-

down Sb and breaking depth db for the significant deepwater wave are

-2.2 ft and 23.5 ft, respectively (Figure 11).

30. Once the maximum wave setdown is computed, the wave setup n r at

the edge of reef flat can be estimated by integrating Equation 3 from the

breaking point to the reef edge. Because of the relatively large depth, the

boundary stress term in the governing equation is neglected. Here, is

calculated by using the linear wave theory, or

S = 3 pgH 2 (12)

Using the same assumption as Bowen, Inman, and Simmons 1968):

H = y(h + n) (13)

which is assumed to be valid between the breaking point to the edge of the

reef, the integration of Equation 3 yields:

11=S h=h 2

dn dx 3/8Y dh (14)F f 2
T1 h=h b 1 + 3/8Y
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or

8
S SIb + 2 (h hb)

3Y

where

Sr = wind and wave setups at offshore edge of reef

hr = water depth on top of the reef

y= proportional constant

hb = water depth where wave breaks

It is noted that Sb is a negative value here. Using y = 0.8 , the calcu-

lated Sr is the boundary value for Equation 9 in the computation of wind and

wave setups on the reef flat. In the present analysis, hb = db = 23.5 ft

and hr = h = ft. Thus, Sr = rTr= 14 ft (Figure 11).

Wave Attenuation Along the Reef Flat

31. As the wave breaks offshore and loses a significant portion of its

energy, new waves are regenerated and continue the shoreward movement. At the

reef edge the maximum wave height can be estimated by Hb such as given by

Coda 1984):

Hb 1.5wh 4/3
L = 0.18 1 exp L O + 15 tan 8 (16)

0 0

where

Lo = deepwater wave length (Lo 631 ft for a wave period of 11.1 see
from Table 2)

9 = beach slope

The water depth in Equation 16 should include the wave setup component r

At the edge of the reef, a depth-limited wave height of 53 ft was calculated

as indicated in Figure 11.

32. When waves travel across the shallow water of the reef flat, the

initial heights (H = 53 ft) determined by Equation 16 may increase if the

wind stress exceeds the frictional bottom stress of the coral reef. The ini-

tial heights at the reef edge may also decay at other times when frictional

stress exceeds wind stress. An approximate method developed by Camfield

(1977) is used to estimate the attenuated waves in the nearshore
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environment. This method is also presented in SPM 1984) for predicting waves

over flooded and vegetated land.

33. Equations 6 and 7 show the coupling processes between wave height

.and setup. A procedure of successive approximations on water depths (h + n)

and wave heights for computing alternately wave heights and setups is devised

for present nearshore analysis. This is accomplished by assuming the water

depth and wave height of the entire nearshore area to be the same values at

the reef edge and then computing the wind and wave setups n r as for the

first approximation. With the computed setups, water depths above the reef

flat can then be computed by h + n r The Camfield method is used for

computing the second approximation of the attenuated wave field. Refined

setups distribution is obtained by inputting the new wave data into Equation

6. This alternating procedure continues until the refinements on either wave

height or setup become insignificant. Two to three loops of approximation may

be sufficient for desirable accuracy. The results of this procedure (given

the previous estimates of initial and pressure setups, a design deepwater wave

height of 26.8 ft, and a period of 11.1 sec), yield a water depth of 86 ft
(5 ft 36 ft) at 2000 ft inshore from the edge of the reef flat and an

associated depth-limited and bottom-friction-reduced wave height of 46 ft.

The variation of mwl in these conditions is illustrated in Figure 11. This

estimate is probably quite conservative given the many simplifying assumptions

involved. Because of the reef effect, the design wave condition reduces from

26.8 ft offshore to 46 ft at the shoreline. Even with higher deepwater wave

conditions (due to events severer than the design condition), the nearshore

wave height will not increase appreciably enough to cause safety concerns

about the landfill. A maximum increase of percent in wave height and storm

surge at the structure site was estimated for a 100-year event. This incre-

mental increase would reduce to less than 3 percent for the 75-year event.
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PART V: PRELIMINARY DESIGN OF REVETMENT,
LANDFILL, AND BEACH FILL

Revetment Armor

34. The protection of the proposed landfill from the erosive effects of

wave exposure and associated currents could be accomplished by a number of

structural types. The economic advantages of simple construction with local

building materials suggest a rubble-mound revetment as the ideal choice, pro-

vided suitable materials are available in sufficient quantity. A revetment of

this type would consist of an outer slope of primary armor units, placed at

random orientations, and underl-ayer3 between the armor and landfill sized to

provide a filtering effect in the presence of hydraulic gradients. The mate-

rial available locally for revetment construction at Bikini Atoll is coral

limestone which could be quarried from the reef flat at Bikini Island or else-

where around the atoll. Geotechnical fabric or "filter cloth" would probably

be superior to a carefully sorted filter layer of gravel and sand and would

expedite placement of primary armor. Thus, the proposed landfill could be

placed at the desired geometry and covered with filter cloth, a layer of

coarse gravel and cobbles (to ballast the filter cloth and cushion it from

placement of primary armor), and finally the primary armor layer. The need

for an additional intermediate underlayer depends on the size difference be-

tween the primary armor and the landfill material.

35. The size of rubble-mound armor unit which would be stable, i.e.,

resist displacement, in a given wave climate is traditionally estimated by the

Hudson formula (SPM 1984):

w H3
W r (17)

k 3 cot 
d

where

W = stable weight of an individual armor unit

Wr = unit weight of the armor material

H = incident wave height

kd = an empirical coefficient associated with an armor unit's relative
resistance to displacement

A = relative specific gravity of the armor material with respect to
the surrounding water
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= (W r/ww ) 1

ww = unit weight of seawater

0 = slope angle from the horizontal

The thickness of the armor layer, placed in n courses, is estimated by:

W 1/3
B = nk A (r) (16)

where k layer coefficient, an empirical value equivalent to the number of

cubes of the same weight which would have the thickness of the randomly placed

natural material.

36. The density of the locally available coral limestone is assumed to

be 140 pcf according to the BARC reports (Kohn et al. 1984, 1985), though this

could vary in the course of actual quarry development. Table 4 indicates

armor weights at the point of incipient damage according to the Hudson formula

during the design conditions previously specified at the toe of the proposed

revetment. This case indicates median weights W50 of a moderately graded

(variable size) armor material, where the maximum weights are approximately 4

W50 and the minimum weights are approximately W50/8 The gradation, in

terms of diameters, is approximately D85 /D 15 = 229

Table 4

Hudson Formula Armor Weight Computations*

Structure
Slope Armor W Armor Number per

cot Weight, tons, 5 Thickness, ft Unit Area, s yd

1.50 1.23 5.2 1.68
1.75 1.06 4.9 1.86
2.00 0.92 4.7 2.03
2.25 0.82 4.5 2.20
2.50 0.74 4.4 2.35
2.75 o.67 4.3 2.51

3.00 o.62 4.1 2.66
3.25 0.57 4.o 2.80
3.50 0.53 3.9 2.95
3.75 0.49 3.8 3.09
4.00 o.46 3.8 3.22

Armor unit weight 140 pcf; wave height 4.6 ft; stability coefficient
2.2 (for graded rough stone, i.e. riprap, randomly placed in two layers);

armor porosity = 37 percent; layer coefficient = 1.00.
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37. These alternate weight and slope combinations would be equally

stable in the specified wave conditions according to the Hudson formula. This

formula does not account explicitly for any effects of wave period or duration

of exposure. Furthermore, the formula was developed for using monochromatic

waves instead of more natural irregular waves. Van der Meer and Pilarczyk

(1984) have developed a procedure from using irregular waves which measures

both the effect of wave periods and duration of exposure. Their tests related

primarily to quarrystone revetments on an impermeable base, which is the case

at Bikini Island. The two empirical relations which apply in this case are:

1/6
H s S2 0.1

AD 2 Yo tO 4 for � > 35 and cot < 3 (19)
n5O

- HS �S2 0.22 0.54
4.4 for < 35 (20)

AD n5O �N)

where

Hs = significant wave height of an Irregular sea state, approximately
equal to the average wave height of the-highest one-third waves

Dn5O = equivalent cubic dimension of the median armor size

=(W/wd 1/3

S2 dimensionless damage value, equivalent to the number of indivi-
dual armor units displaced per unit armor width on the face of
revetment

N = number of individual waves which strike the revetment, taken as
the duration of the event of interest divided by the average wave
period

=surf similarity parameter

=tan e/V�H,/Lo�

Lo =deepwater wave length corresponding to the average period TZ

= gT2 12-ff
z

38. Application of this procedure to the Bikini Island revetment design

requires a number of approximations. First, the Hudson formula results are

assumed as the appropriate armor weights, following Corps of Engineers

standard practice. Second, the design wave height of 46 ft is assumed to be

the significant wave height for application of Equations 19 and 20. It should

be noted that the latter assumption implies a much more severe wave climate at
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the project site than the design storm condition described earlier. The Van

der Meer and Pilarczyk 1984) procedure is applied to indicate the optimum

slope at which S2 is a minimum. The number of waves is estimated as 2200,

assuming the design event is a typhoon moving at 15 knots which has its most

significant influence while within 50 n.m. of the site, which would be a time

span of 67 hr. The 11.1-sec significant period estimated for Typhoon Rita is

applied in this approximation, as well as for computation of E . Table in-

dicates the results of this procedure corresponding to various slopes, given

Hs = 46 ft, T = .1 see, N = 2200 and median armor sizes computed by

the Hudson formula. Since the significant wave height represents an average

of the highest one third of waves, the sea state represented by Hs of 46 ft

is severer than the sea state whose maximum wave height is 46 ft. The re-

sults shown in Table are used for the selection of revetment slope.

Table 

Results of Van der Meer and

Pilarczyk 1984) Procedure

a2pe W , lb Dn5 I ft S2

1:1.5 7.8 2,460 2.6 15.1

1:2.0 5.8 1,840 2.4 10.7

1:2.5 4.7 1,480 2.2 7.5

1:3.0 3.9 1,240 2.1 12.4

1:3.5 3.3 1,060 2.0 23.1

1:4.0 2.9 920 1.9 20.8

39. A slope of 12.5 appears optimum with minimum displacement during

the design event. The predicted S2 value of 75 units displaced per armor

unit width is a rather high value, given that the slope may extend about 40 ft

from toe to crest and, thus, include an average 23 armor units in a 2.2-ft

width. The procedure of Van der Meer and Pilarczyk 1984), therefore, indi-

cates that about one third of the armor layer would be displaced when it is

under the attack by waves of Hs = 46 ft. By considering the uncertainties

of assumptions in the wave and surge analysis, a 50-percent increase in armor

unit weight is incorporated to improve the safety margin of the designed

revetment. It is interesting to note that this increase in unit weight

C 45



reduces S2 from 78 to 33, which is considered to be acceptable for the de-

sign of rubble structures. Thus, 2,200-lb armor weight at a 12.5 slope is

chosen as the median size armor material in this preliminary design analysis.

This 50-percent increase in armor unit weight provides a significant safety

margin in the event of a 75- or 100-year storm. An armor layer of two ran-

domly placed courses of material this size would be approximately ft thick.

Runup and Overtopping

40. The waves striking the armor slope of the revetment would swash up

the slope and perhaps spill over th e crest. The vertical distance up which

waves swash on a slope is the "runup height," or simply "runup." Spilling

over the crest is "overtopping," clearly a function of wave runup. A relation

which predicts the runup on a rough slope of a wave of specified height and

period (Ahrens and McCartney 1975) is:

R at (21)
H - (I b)

where

R = runup

H = incident wave height

The empirical coefficients for graded rough armor stone on an impermeable base

are a = 0956 and b = 0398 Table 6 gives runup values predicted by this

procedure, given a slope of 12.5 a significant wave height of 46 ft, and a

period (assumed constant) of 11.1 sec. A Rayleigh distribution of incident

wave heights is assumed to estimate the probability distribution of runup in

Table 6

Runup Estimates, 12.5 Slope

Probability of Runup
Exceedance, ft

1.0 10.1

10.0 7.6

13.5 7.2

50.0 4.6
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these conditions. The significant wave height has a 13.5-percent probability

of exceedance according to this distribution.

41. The mean overtopping rate during this design condition would be

about 0.5 ft3/min/ft, including the added influence of a 71-knot onshore wind,

if the slope extends 16 measured feet vertically above the bottom (reef flat)

in 86 ft of water. This overtopping rate was estimated by the method

described below:

3 1/2 -0.217
Q = k *H exp tanh- 1 (h - d) (22)

0 0 R

where

Q = overtopping rate per unit length of structure

kI = adjustment factor for onshore wind effects

= 1.0 + Wf sin e 1(h - d)/R + 0.1 I

Wf = windspeed coefficient < f 20)
2U /1800

h = height of structure above the bottom

= 16 ft

d = water depth = 86 ft

R = potential runup, assuming an infinitely high slope,
as computed above

Q* = empirical coefficient related to specific site conditions0
= 0.1 (Figure 728, SPM 1984)

HO = equivalent deepwater wave height, in this case based on simple
shoaling by linear wave theory

= 3.4 ft

= empirical coefficient complementing Q*

= 0.05 (Figure 728, SPM 1984)

This is an acceptably low volume of water which would not contribute to any

erosion, particularly if' the armor layer is extended horizontally 50 ft behind

the revetment crest as a "splash apron." This configuration would provide a

significant margin of safety for protection of the landfill material behind

the revetment.
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Cross-Section Design

42. The landfill material would consist of the sandy topsoil typical of

small islands in the vicinity of Bikini toll, plus palm trees and other vege-

tation. Separate disposal of the vegetation cover would prevent minor settle-

ment problems, which might occur in to 10 years, caused by the decay of the

trunks and larger branches. The sandy topsoil would be reliably contained by

a filter cloth cover with a nominal ballast layer above 2 ft of gravel and

cobbles, typical of quarry run material. This ballast layer, if composed of

coarse gravel and cobbles, would adequately protect the filter cloth during

placement of the 1- to 4-ft armor stones and would serve as a good foundation

for the armor during wave attack. The surface of the reef flat is assumed to

be hard and relatively impermeable, requiring no treatment as a foundation for

the landfill.

43. The BARC reports (Kohn et al. 1984, 1985) estimated the volume of

topsoil to be contained in the landfill as 981,000 cu yd. That estimate is

assumed to be adequate for this preliminary design. The length and width of

the landfill are chosen by two primary criteria. The first is to make the

landfill as narrow as possible to maximize its distance from the edge of the

reef and thus minimize wave energy. The second criterion involves avoidance

of the most ecologically productive areas of the inshore reef flat, which are

concentrated along the northern windward shore of Bikini Island.*

44. It is also desirable to minimize the destruction of the sandy beach

which surrounds the island at the inside of the reef. The Bikini Islanders

place a high value on this beach, according to their communications with the

BARC (Kohn et al. 1984, 1985). The prospect of replacing the beach that would

be lost beneath the landfill is therefore worth consideration.

45. Figure 12 illustrates a cross section of all the above considera-

tions. The corresponding plan view is illustrated by Figure 13, which out-

lines the toe of the revetment. Table 7 presents the material quantity

estimates which correspond to this cross section and alignment.

Personal Communication, March 1986, Katherine Agegian, Department of
Oceanography, University of Hawaii, and James E. Maragos, US Army Engineer
Division, Pacific Ocean.
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Figure 12. Landfill and revetment cross section
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Table 7

Estimated Landfill and Reyetment Material Quantities

Component Material Estimated Quantity

Landfill Fine sand with organics 981,000 u yd

Filter Polypropylene geotextile 295,000 sq yd

Cover Coarse gravel and cobbles 210,000 cu yd

Armor Coral limestone, 2,200-lb 93,000 u yd
median size

Potential Uses of the Landfill Area

46. The landfill area, as shown in Figures 12 and 13, would be a broad

expanse of level gravel without any vegetation. This would lend itself to

development of light industry, where graded staging areas or storage space is

desirable. Prefabricated buildings could be founded safely on such a base,

though the potential settlement problems related to buried tree trunks would

be of greater concern beneath any such structures. Heavier structures might

also be built on the proposed landfill with correspondingly more attention

paid to foundation conditions. The area could not be allowed to grow any

vegetation, particularly coconut palms, however, without additional efforts to

contain the contaminated topsoil within the landfill. Plant growth across the

landfill area would appear more natural and be more desirable for residential

or resort development. The design of more complex containment features to
V\_

accom�date a vegetative cover would require investigations beyond the scope of

this preliminary study. Any such features would almost certainly have a sig-

nificant effect on the overall cost of the landfill project. The structural

geometry of the revetment slope, the armored splash apron, and an additional

margin of at least 50 ft further inshore should not be modified to this end.

Beach-Fill Design

47. A beach fill would have to be placed on the seaward side of the re-

vetment and would be subject to intermittent losses in the event of severe

storms. Much of the original beach sand could be stockpiled as beach-fill

material, with additional material coming from the lagoon. Palm trees and
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other vegetation, which help to stabilize natural beaches in this region,

would not be possible on the rocks of the revetment. A beach fill would,

therefore, not be as picturesque nor as stable as the original beach but would

be more suitable for recreation or other human uses than the bare armor of the

revetment. A storm of the intensity for which the revetment has been designed

would almost certainly result in complete loss of the beach fill. The loss of

permeability within the armor layer would temporarily reduce its stability,

though the beach sand between armor units would be lost quite rapidly upon ex-

posure to wave action. The added expense of a beach fill, which would be lost

in the event of a severe storm, should be weighed against the benefits it

would accrue.

48. A beach fill roughly equivalent to the natural beach in profile

would extend approximately 84 ft beyond the toe of the revetment out onto the

reef flat. A typical cross section of the revetment with a beach fill on its

face is illustrated in Figure 14. The placement volume of this material,

Quarry Run Cover Placement Geometry

Armor Rock 33 Ft

Approximate
Adjustecl Geometry

7

LandFitt LReeF Flat ch Fill

Figure 14. Revetment and beach-fill cross section

including an overfill adjustment for initial loss of fines, is estimated as

113,000 cu yd. During normal mild conditions this beach fill would rapidly

adjust to ambient conditions and subsequently behave much like the original

beach. Additional information on material characteristics, wave climate, and

tidal currents on the reef flat is needed to refine this prediction.

Construction Methods

49. A stripping operation to first remove trees and larger vegetation

and separate disposal of this material, perhaps at sea, would be desirable for

use of the landfill as a foundation for buildings or other structures. Since

these plants are unsafe for consumption, the disposal method should be chosen
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with care. Handling of the material, i.e., transfer from one mode of trans-

port to another, should be minimized for the sake of cost. If disposal else-

where is not practical, trees and heavy vegetation should be placed at the

bottom of the landfill and spread as thinly as possible.

50. Removal of the existing topsoil from Bikini Island would presumably

involve conventional equipment and procedures. The existing structures may

also be demolished, if necessary, by conventional means. Concrete buildings

should be reduced to rubble and placed at the bottom of the landfill on the

reef flat where their weight and any exposed reinforcement will not cause

problems. Wooden structures should be broken up and disposed with the trees

and large vegetation.

51. The normally mild environment at Bikini Island should allow con-

struction of the landfill, filter, cover, and revetment without any special

protective measures. Nevertheless, the construction should be timed to avoid,

as much as possible, the chance of a storm during construction. Early con-

struction of the revetment before the landfill behind is complete would alle-

viate much of this risk. The primary environmental concern directly related

to the construction process is apparently the potentially harmful effects on

the reef ecology of excess suspended sediments in the water. Temporarily high

siltation in the immediate vicinity of the landfill construction will be dif-

ficult to avoid. Initial construction of an outer dike of moderately coarse

material, lined with fine material or even filter cloth, would be one way to

minimize an influx of suspended sediments throughout the course of the remain-

ing work. This technique would also be useful in the proposed replacement of

island topsoil with dredged sediments from the lagoon. Floating silt curtains

are another alternative for reducing siltation on the reef, though these have

a poor success record due to the practical problems of keeping them in place.

52. The placement of a beach fill of lagoon sediments by hydraulic

pipeline would be efficient and economical, but would cause a tremendous in-

crease in suspended sediments in the vicinity of the discharge. Placement by

end dumping from trucks and grading with dozers would reduce these problems

somewhat. Fine material from the beach fill would continue to be lost as the

fill material responds to the ambient waves and currents. A beach-fill mate-

rial as uniform and similar as possible to the native beach material would be

ideal in terms of minimizing siltation problems on the reef flat.
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PART VI: RECOMMENDED REFINEMENTS FOR FINAL DESIGN

Design Criteria Development

Climatology

53. The tropical cyclone climatology near Bikini Atoll should be de-

fined with greater precision prior to formulation of final design criteria for

a protective revetment. An additional data search should be undertaken, fol-

lowed by simulation of a set of extremes of storm-induced wave growth and

propagation in deep water. A revised deepwater extremal probability distribu-

tion of key physical parameters should be developed from these simulations.

Nearshore effects

54. The simpliftying assumptions made in this preliminary analysis re-

garding wave transformation to the edge of the reef, storm surge, wave break-

ing, wave setup, and frictional losses across the reef flat should be tested

and refined by both numerical and physical modeling prior to final design. A

nearshore finite-difference numerical model of wave refraction, diffraction,

and shoaling from deep water to the point of breaking could better define

breaker heights and depth of breaking. Such a model would account for the ef-

fects of the unique bathymetry surrounding the atoll. A separate numerical

model would be necessary to economically simulate concurrent storm surge ef-

fects. A two-dimensional physical model (i.e. a wave flume test) would be

necessary to refine the estimates of breaker zone characteristics and fric-

tional losses across the reef flat. Simulation of lateral relief of the storm

surge and wave setup across the reef flat to either side of the island would

require innovative procedures. The influence of typhoon scale onshore winds

would also be difficult to assess, unless winds can be superimposed on the

scale model.

Revetment Design

55. The structural stability and functional performance of the proposed

revetment should be tested in the physical scale modeling arrangement recom-

mended above. The armor size and geometry should first be reevaluated using

refined estimates of incident wave conditions, based on the numerical modeling

efforts also recommended above. The physical model should measure armor
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displacement, runup, and overtopping, according to conventional practice. It

should account for the effects of natural irregular waves, potential wave

grouping, and duration of exposure. The sequence of tests should define the

long-term expected damages of alternative geometries, resulting in an optimum,

cost-effective choice of armor size, slope, and crest elevation. These

factors cannot be reliably estimated by purely analytical means at this time.

Field Measurements

Surveys

56. Detailed topography of Bikini Island, in particular of its windward

shoreline, would be necessary for a more accurate estimation of material quan-

tities and associated construction costs. A detailed hydrographic survey of

the reef flat and nearshore regions along the windward shore would also be

necessary for accurate numerical and physical simulations, as well as for es-

timation of material quantities.

Oceanographic measurements

57. Water surface elevation and wave and current measurements along the

existing shoreline would be necessary in order to predict the stability and

performance of a revetment and a beach fill. Water surface elevation measure-

ments should be made to more precisely define pertinent tidal datums (e.g.,

mean lower low water, mean tide level, and mean higher high water) for refer-,

ence by surveys. Wave measurements should be made outside and inside the edge

of the reef flat opposite the proposed site of the landfill to measure wave

attenuation of the reef in as extreme a condition as possible. These measure-

ments could also serve to differentiate the astronomical tide from wave setup

associated with the trade winds. Both tidal and wave-induced currents, pref-

erably near the bottom, should be measured on the reef flat in the vicinity of

the site of the proposed landfill.

Geotechnical measurements

58. The characteristics of the landfill, cover, revetment armor, and

beach-fill materials must be precisely defined prior to final design efforts.

The material characteristics of the existing windward beach, including any

longshore or cross-shore variations, should also be measured. These charac-

teristics should include size gradation, specific gravity, particle shape,

and, in the case of beach material, fall velocity in seawater.
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PART VII: CONCLUSIONS AND RECOMMENDATIONS

59. Construction of a landfill on the seaward reef flat at Bikini Is-

land protected from erosion by a revetment of locally available coral lime-

stone appears feasible. Conventional construction equipment and techniques

could be applied. Control of siltation during construction to protect marine

organisms on the reef flat would be the most challenging aspect of construc-

tion. The addition of a beach fill outside the landfill would increase the

problems of siltation control. Additional studies by specialists would be

necessary to formulate a means to accommodate plant growth above the landfill

of contaminated soil. Refinement of the landfill and revetment design should

involve further field measurements of topography, hydrography, water levels,

waves, and currents at Bikini Island. Additional numerical simulations of

deepwater wave growth and propagation during extreme events should be followed

by numerical simulations of nearshore wave transformation and water level ef-

fects. Physical modeling of wave attenuation across the reef flat at Bikini

Island should be applied to optimize the final landfill and revetment

geometry.
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APPENDIX A: NOTATION

a Linear wave amplitude; coefficient 0956)

b Empirical coefficient 0398)

B Thickness of the armor layer

CH Central pressure index

d Distance, n. m.; water depth, ft

db Breaking wave depth

Dn5O Equivalent cubic dimension of the median armor size

E Wave energy density

fw Bottom friction coefficient

F Cumulative distribution function

Fr Froude number

9 Gravitational acceleration

h Water depth; height of structure above bottom, ft

hb Water depth where wave breaks

hr Water depth on top of the reef

H Wave height

Hb Breaking wave height; depth-limited wave height at the reef edge

Ho Deepwater wave height

Hs Deepwater significant wave height, ft

k Wave number = 2n/L

kd Empirical coefficient associated with an armor unit's relative
resistance to displacement

k' Adjustment factor for onshore wind effects

kA Layer coefficient, for breakwater design

K Radius to maximum wind

L Wave length

Lo Deepwater wave length

m Offshore bottom slope

N Number of individual waves which strike the revetment

P Central pressure of a tropical storm or typhoon, mb

Q Overtopping rate per unit length of structure

Qo* Empirical coefficient related to specific site conditions

R Radius to maximum winds of a tropical storm or typhoon; wave runup

RT Return period of a rare event
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S Radiation stress due to wave motion

Sb Maximum wave setdown

Sp Maximum pressure setup

Sr Wind and wave setups at offshore edge of reef

S2 Dimensionless damage value, equivalent to the number of individual
armor units displaced per unit armor width on the face of a revetment

T Wave period

Ts Significant wave period, sec

Tz Average period

U Surface wind velocity

Umax Maximum sustained wind speed, knots

Vf Speed of tropical storm/typhoon movement, knots

Wr Unit weight of the armor material

ww Unit weight of seawater

W Stable weight of an individual armor unit

Wf Wind speed coefficient

X Extreme events of intensity; longitudinal coordinate in the direction
of the waves

a Empirical coefficient

Y Proportional constant

A Relative specific gravity of the armor material with respect to the
surrounding water

AP Central pressure index

Et Rate of wave energy dissipation

TI Combined wind and wave setup

Y1r Wave setup

6 Beach slope, angle from the horizontal

41 Bearing of storm center off Bikini Atoll measured clockwise from true
b north

Ot Clockwise angle from true north to the storm track, taken as pointing
toward the center of a compass rose

Average number of extreme events per year

Surf similarity parameter = tan e�/N(H-'-Lo

P Specific density of seawater

T Combined stress due to the surface wind and bottom friction

W Radial wave frequency = 2n/T
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PART 3 COSTS OF BERM AND CAUSEWAY ALTERNATIVES

Experiments initiated in February 1985 and still in
progress have demonstrated that removal of 30 cm of topsoil
brings the specific activity of Bikini Island soil down to
the level of that on Eneu and reduces the external exposure
rate to gamma rays from an average of 68 pr/h to 5 pr/h. The
analytical data completed thus far for food crops grown in
the experimental and control areas indicate a parallel
response.

During 1986 results became aailable showing that
removal of topsoil would also limit productivity. However,
it is now known that with adequate care the excavated plot
can be as productive as the unexcavated (natural) one.

The removal of 30 cm (1 foot) of topsoil at Bikini
Island would produce large amounts of waste vegetable atter
and approximately 719,000 cubic meters 941,000 cu.yd. of
contaminated topsoil. Three principal alternatives have been
considered for the disposal of the spoil. The cost estimates
for these and other rehabilitation alternatives were
developed in detail by a panel of engineers, chaired by BARC
member Arthur S. Kubo, which met in January 1986. The
panel's report constitutes Appendix C of BARC Report No. 4.

The 1986 cost estimates based on the 1986 design were as
follows:

(a) Construction of a berm 13 feet high, 6600 feet
long), on the ocean-side reef on Bikini Island. This would
require an additional 64,000 cubic yards of armor stone,
mined from the reef. Total cost: 43 million.

(b) Dumping (after bagging or by tremie) into the
lagoon's Bravo Crater, some 19 miles away; or dumping on Nam
Island across the lagoon (or some other island), thereby
raising its elevation four feet. Total cost: 45-59
million.

(c) Using the spoil in the construction of a causeway 
miles long between Bikini and Eneu Islands and requiring
420,000 cubic yards of armor stone, mined from the reef.
Total cost: 73 million.

During 1986 and early 1987, the U. S. Army Coastal
Engineering Research Center (CERC) at BARC's request
accomplished a design analysis for a protective structure
(berm) to be constructed on the ocean-side reef contiguous to
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and fronting Bikini Island, "Preliminary Design of a Landfill
and Revetment on Bikini Island, Republic of the Marshall
Islands". This report in its entirety is presented in
Appendix C, Part 2 above.

The CERC report describes a berm design that should
withstand an extreme storm event with a 50-year return
period. This extreme storm is similar to Typhoon Rita that
approached within 12.4 nautical miles of Bikini Atoll on
October 11, 1978. Rita struck the atoll with maximum surface
winds estimated at 71-knot maximum sustained surface wind and
deepwater significant waves of 26.8 feet in height.

The cumulative distribution function to estimate return
periods is based on 59 events. Using this same distribution
function, the sustained wind speed for the events of 75- and
100-year return periods are estimated at 80 and 84 knots,
respectively. Events severer than Typhoon Rita are not
recommended for the present design analysis because:

a. The relatively wide reef flat filters out most of
the high energy components in the deepwater waves
through breaking and friction dissipation processes.
Higher waves at the site could result from larger storm
surge. However, the incremental effect of wind speed is
not expected to have a significant impact on wind setup
computation.

b. Unlike rigid-type structures, the planned
landfill will be protected by large-sized rubble units.
Displacement of some of the armor stones rather than a
total failure is expected during events severer than the
design condition. Repairing a damaged rubble structure
is often economically justifiable when compared with a
large first investment for an overly conservative
structure. (Excerpt from CERC Report).

Based on the design event and avoidance of the most
ecologically productive areas of the inshore reef flat, a
landfill and revetment design is proposed. Figure 
illustrates a typical cross section. Figure 2 outlines the
plan view of the landfill. Further, the Bikinians have
requested that minimal destruction of the sandy beach take
place in establishing the landfill. Figure 3 shows the cross
section of a proposed beach restoration concept.

The construction work suggested by this CERC design is
compared to the original berm plan and budgetary cost
estimate in Table .
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Using design similar to the CERC design for the
five-mile causeway between Bikini and Eneu Isiand, the
construction effort differences are reflected in Table 2.

The construction effort to accomplish the CERC design
modifies the budgetary cost estimates based on foreign labor
of Report No. 4 as follows:

(a) Construction of berm: Increase from 43 million to
$48 million.

(b) Construction of causeway: Increase from 73
million to 93 million.

The detailed budgetary cost estimates to modify the
design and construction cost of Report No. 4 to reflect the
CERC preliminary design are presented in Tables 3 and 4 In
both cases, the original construction schedule is unchanged.
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TABLE 1. ESTIMATED REVETMENT AND BEACH RESTORATION MATERIAL QUANTITIES.

Estimated Quantity
Component Material BARC Report. No. 4 CERC Report

Filter Polypropylene Geo-
textile 35,000 SY 295,000 SY

Cover Coarse Gravel and
Cobbles 0 210,000 CY

Armor Coral Limestone, 2200-1b.
median size 64,000 CY 93,000 CY

Beach
Restoration Coral Sand 0 113,000 CY

TABLE 2 ESTIMATED CAUSEWAY REVETMENT MATERIAL QUANTITIES.

Estimated Quantity
Component Material BARC Report. No. 4 CERC Report

Filter Polypropylene Geo-
textile 35,000 SY 1,944,000 SY

Cover Coarse Gravel and
Cobbles 0 1,384,000 CY

Armor Coral Limestone, 2200-lb.
median size 422,000 CY 613,000 CY
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TABLE 3 BUDGETARY COST ESTIMATE TO CONSTRUCT THE BERM.

Component Hourly Rate Budgetary Cost Estimate
Foreign U.S. Foreign U.S.

CERC Preliminary Design

Load, Move and Place
210,000 CY Cover $12.12/CY $15.55/CY $2,545,000 $3,266,000

Drill and Shoot
93,000 CY Armor Stone $ 8.68/CY $14.13/CY 807,000 1,314,000

Excavate, Sort and Haul
93,000 CY Armor Stone $28.57/CY $34.63/CY 2,657,000 3,221,000

Place
93,000 CY Armor Stone $ 4.72/CY $ 9.09/cy 439,000 845,000

Filter Cloth � $1.60/SY 472,000 472,000

Beach Restoration
113,000 CY Coral Sand $ 2.94/CY $ 3.42/CY 332,000 386,000

Subtotal $7,252,000 $9,504,000

Report No. 4 Design

Drill and Shoot
64,000 CY Armor Stone $ 8.67/CY $14.13/CY $ 555,000 $ 904,000

Excavate, Sort and Haul
64,000 CY Armor Stone $28.56/CY $34.63/CY 1,828,000 2,216,000

Place
64,000 CY Armor Stone $ 5.27/CY $ 9.64/CY 337,000 617,000

Subtotal $2,720,000 $3,737,000

Estimated Cost Change +$4,532,000 +$5,767,000
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TABLE 4 BUDGETARY COST ESTIMATE TO CONSTRUCT THE CAUSEWAY.

Component Hourly Rate Budgetary Cost Estimate
Foreign U.S. Foreign U.S.

CERC Preliminary Design

Load, Move and Place
1,384,000 CY Cover $ 7.47/CY $ 8.98/CY $10,337,000 $12,434,000

Drill and Shoot
613,000 CY Armor Stone $ 5.97/CY $ 9.07/CY $ 3660,000 $ 5560,000

Excavate, Sort and Haul
613,000 CY Armor Stone $24.80/CY $30.60/CY $15,202,000 $18,758,000

Place
613,000 CY Armor Stone $ 325 CY $ 5.55/CY $ 1992,000 $ 3402,000

Filter Cloth � $1.60/SY $ 3110,000 $ 3110,000

Subtotal $34,301,000 $43,264,000

Report No. 4 Design

Drill and Shoot
422,000 CY Armor Stone $ 5.97/CY $ 9.07/CY $ 2520,000 $ 3826,000

Excavate, Sort and Haul
422,000 CY Armor Stone $24.80/CY $30.60/CY $10,465,000 $12,913,000

Place
422,000 CY Armor Stone $ 4.04/CY $ 6.38/CY $ 1705,000 $ 2694,000

Subtotal $14,690,000 $19,433,000

Estimated Cost Change +$19,611,000 +$23,831,000
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TYPICAL CROSS-SECTION
Bikini Island Landfill nd Revetment
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Figure I - Landfill and revetment cross-section
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TYPICAL CROSS-SECTION

Bikini Island Revetment and Beach Fill
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Figure 3 Revetment and beachfill cross-section


