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. catagtrophic events, little alteration in the present distribution of
TRANSURANIUM RADIONUCLIDES IN COMPONENTS OF THE BENTHIC

ENVIRONMENT OF ENEWETAK ATOLL transuranics in the sediment is anticipated during the next few decades,

The Atoll seems to have reached a chemical steady state in the

239+240Pu between soluble and insoluble phases of the

2
239+L40Pu’

i f
V.E. Noshkin partitioning o

environment. Using an experimentally determined Kd for the

Lawrence Livermore Laboratory

University of California ' amount of dissolved radionuclides predicted to be in equilibrium with

3 concentrations in the sediment agrees well with recently measured
Environmental Sciences Division B -

average concentrations in the water at both Enewetak and Blkini Atells.

Livermore, California 94550
2394240

The remobilized Pu has solute-like characteristics. 1t passes

readily and rapidly through dialysis membranes and can be traced as 8

solute for considerable distances in the water. We estimate that 50% of

the present inventory of 239+2L0Vu in sediment wil] be remobilized in

ABSTRACT solution and discharged to the North Dquaterial bacific uver the next

' 250 yr,
Data on the concentrations and distributions of transuranium y

radionuclides in the marine environment of Enewetak Atoll are reviewed.
INTRODUCTTON
The distributions of the transuranics in the lagoon are very
C o . . Large inventories of several transuranium radionuclides (Ne73)
heterogeneous. The quantities of transuranics generated during the

ersist in the marine environment of Enewetak Atoll. Forty-three
nuclear test years at the Atoll and now associated with various sediment P Y

241 nuclear weapons tests were con dcted by the United States at Tnewetak
components are discussed., Whenever possible, concentrations of Am P k v

239+240P between 1948 and 1958. The testing produced close~in fallout debris

and u are compared. The lagoon is the largest reservoir of

. . P that was contaminated with transuranics and that entered the aquatic
transuranics at the Atoll and radionuclides are remobilized continuously n © q

to the hydrosphere from the solid source terms and are cycled with environment of the Atoll, More transuranics were transported westward

239+240P to Enewetak in airborne debris and water contaminated from nuclear

components of the blosphere. Although u 1s associated with

filterable material in the water column, the amount that is relocated testing at Bikini Atoll, Global fallout deposited a small additional

. amount of tr ranics to the Atoll, Presently the largest Inventory of
and redeposited to different areas in the lagoon is small., Barring unt o ansuranic ! ently arge v
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transuranics introduced from these source terms is associated with
components of the benthic environment,

Because of the high level of deposition the Atoll is now its own
transuranic source term, Plutonium, for example, is not permanently
fixed with the carbonates and other material with which it was
originally deposited in the lagoon and reef during nuclear testing.
Small amounts of plutonium are now remobilized, resuspended,
assimilated, and transferred continuously within the Atoll environment
by physical, chemical, and bioclogical processes.

More than half of the United States nuclear tests in the Pacific
were conducted at Fnewetak Atoll. Surface and tower shots left craters
and contaminated scrap on land agd generated radioactive debris that was
redistributed to the adjacent reef and lagoon. Megaton tests that left
underwater craters and barge shots in the lagoon contributed
significantly to the present transuranic inventory.

The impact.of nuclear testing and the fate of the residual
radioactive materials introduced to the aquatic environment at both
Enewetak and Bikini Atolls are the subjects of reports too numerous to
list herein. However, not until late 1972 when a radiological resurvey
of Enewetak Atoll was conducted to gather data for the development of
cleanup ané rehabilitation procedures for the resettlement of the
Enewetak people to their homeland did extensive measurements of
transuranics in the Atoll enviromment begin. The information was
published in the survey report (Ne73), which contains data on most

long-lived residual radionuclides, including plutonium and americium, in

components of the marine environment. The survey was followed by other
more extensive investigations, concentrating on measurement of
transuranice to better assess the impact of these radionuclides on the
environment and inhabitants of the Atoll and to increase our
understanding of the mobilization, reconcentration, and redistribution
processes from sources within the environment,

This paper contains a summary of data related to the concentrations
of the transuranium elements in components of the benthic and pelagic
environment of the Atoll lagoon. Data from the survey veport (Me?d),
more recent publications, and unpublished results from this laboratory
will be discussed. Some published and unpublished data from our studies
at Bikini Atoll will be presented when necessary {or comparison with
Enevwetak dataiand in the ahsence of Enewetak data, for the clarification
of characteristics of trancuranic radionuclide concentrations at the
Atolls. Whenever possible, the Atoll data will be compared with that

from other marine ecosystems,

GEOGRAPUHY AND ATOLL TEST HISTORY
Enewetak Atoll, with U.S.-assigned and native names and scveral
landmarks including the locations of craters formed by nuclear tests, is
shown in Fig., 1, U.S.-assigned island names will be used throughout
this report.
The Atoll consisted of a ring of 42 low islands arranged on a
roughly elliptical reef, 40.2 x 32.2 km (EmS4), with the clongated axis

in the northwesterly direction. Nuclear testing completely destroyed
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the islands of Gene and Flora, and only a sand bar now remains to

distinguish the island of Helen. Only 39 of the original 42 islands of

the Atoll remain and make up a total land area of approximately 6.9 km2

that 1s situated on the reef whose area is 84 kmz. The average depth of

the lagoon is 47.4 m; the maximum depth 1Is 60 m. The lagoon area is 933

2 e
km“. The sedimentary components in Enewetak Lagoon were studied

extensively during the late 1940s (Em54), The main components in the
lagoqn sediments included foraminifera, coral, Halimeda remains, shells
of mollusks, and fine material. Material finer than 0.5 mn in diameter
was too fine to identify and was classified as fine debris,
Distributions and average abundance of the sedimentary components were
described (Em 54), Fine debris made up 57% of the lagoon sediments and
was abundant throughout the lagoon to within a few hundred feet from the
shore.

A detalled description of the forms, living habits, populations,
and specific relationships of the aquatic blological components at the
Atoll is beyond the scope of this report. A significant number of
articles that were published between 1955 and 1974 and resulted from
research conducted at the Enewetak Marine Biological Laboratory were
compiled recently in a three-volume report (En76). The individual
reports dealing with specific ecological studies at the Atoll, are too
numerous to list. The reader is referred to the compilation (En76) for
descriptions of the biology and ecology of the Atoll,

The most severe radiological impact on the aquatic enviromment of

Enewetak occurred during the nuclear test years between 1948 and 1958.

The types of nuclear events, shot frequencies, geographlical locations,
yields, generated particles, conditions after the tests, and other
factors determined the resulting distributions of transuranics and
influenced the physical and chemical forms of the elements deposited in
the benthic environment. A brief historical review of testing at
Enewetak, abstracted from several unclassified documents (Ne73, Ci64,
Hi62), explains a few conditions responsible for the trarsuranic
distributions and inventories at the Atoll,

The test series at Enewetak began .in 1948 (Operation Sandstone)
when 37-, 49-, and 18-kt devices were detonated from 200-ft towers on
the islands of Janet, Sally, and Yvonne between 14 April and 14 May., 1In
1951, testing was resumed (Operation Greenhouse) and [our tower shots
were conducted during a 47-da interval., The island of Janet was again
the location of twe ground zeros. In 1952, the first thermonuclear
device (Mike) destroyed the i{sland of Tlora on the northwest reef. The
Mike event was a 10.4-Mt surface detonation occurring on 31 October.
Water surging from the point of the explosion sent a wave Over adjacent
islands including Janet, the site of three previous fround zeros. The
original crater where Flora had once been had an irregular outline and
was more than 1 mi in diameter, which, before it was partially refilled
by the returning rush of coral sediment, was almost 200 ft deep. The
crater is presently 90 ft deep. The 1952 series of tests concluded with
the King event, a high-yield afr drop over Yvonne Island. In 1954 «
single device, Nectar, was detonated on a Large Jocated over Mike

Crater. Not only did this test greatly disturb the radionuclides
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already deposited in the crater sediments, but it also again sent a
surge of contaminated water over adjacent islands including Janet. In
1956, the Redwing series began with a tower detonation on Yvonne and
included two additional cratering events, LaCross and Seminole. LaCross
wag a 39.5-kt device detonated on an earth-filled causeway built on the
reef off the north end of Yvonne. Seminole, detonated on the island of
Irene, was first placed in a 15-ft diameter tank that was itself then
placed in a 50-ft-diameter tank filled with water before 1t was fired.
During 1958, the final year of testing at Enewetak, 22 tests of various
types were held at different Atoll locations during an 82-da period.

The series opened with a 86000-ft ballon shot over the Atoll on 28
April. On 5 May, a 18-kt device produced Cactus Crater on the northwest
end of Yvomne and west of LaCross Crater. During May 11 to 12, one of
the three tests was the Koa event, a 1,37-Mt nuclear device housed in a
tank of water and detonated on the east end of the Gene-Helen island
complex, A sizable crater was produced, connected with Mike Crater. On
June 8, the Umbrella device was detonated on the floor of the lagoon.
Twenty days later, the 8,9-Mt Oak device was fired on a barge 4 mi
southwest of Alice off the edge of the reef. The test left a crater
that breached to the lagoon, The Quince event on Yvonne lsland failled
to produce a fission yleld so that the plutonium within the device was
dispersed by high explosive, Subsequently another nuclear device was
successfully detonated over the same area that undoubtedly further
dispersed the nonnuclear-generated plutonium., In additien to the

nuclear tests, radionuclides were dispersed by plowing on many of the

islands during the test years., Unfortunately, none of the radiological

safety reports during these operations provided details to determine the
eventual fate of the radi5active debris, e.g., location and quantity of

the disposal (Ne73).

From this brief summary, we can assume safely that the transuranic
elements were introduced to the aquatic environment not only as
complicated carbonate particles fused or condensed with other material
from the environment or with devices and associated structures, but also
as soluble and particulate species of transuranium oxide.

Despite the complexities in the formation processcs, much of the
behavior of the transuranics is similar to those determined from
investigations of fallout and other aquatic pathways. The results from
the Atoll studies thereforc have great value in predicting transuranic

behavior and fate on a global aquatic scale,

TRANSURANICS IDENTIFIED AT THE PACITIC TEST SITE ATCLLS SINCE 1972
Neptunium

Concentrations of 237Np in several 1972 samples of unfiltered
lagoon and crater water from Enewetak were determined by mass
spectrometry {No74), The average concentration in six samples from the
lagoon was 0.058 + 0.013 fCi/l., Water samples from Mike and Koa craters
averaged 0.45 + 0.22 fCi/1., Outside of the lagoon and to the east of the
Atoll, concentrations in water samples from the open ocean surface
averaged 0.013 + 0,003 fCi/1. This comparison shows, as do results for

all other transuranics, that Atoll sources contribute the major {raction
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of the transuranic inventory in the water column of the lagoon. The

237
Np concentrations in the lagoon and crater water samples were less

-+
than 0.2% of the measured 239 240Pu concentrations in those samples.

Plutonium

Many types of samples from the Atoll contain 238Pu, 239Pu, 240

and 241 ¢ 239 240,

Pu,
Pu. Most reported values are the sum o Pu and
activities determined by alpha spectrometry. These radionuclides are
distributed widely throughout the Atoll] and were detected in nearly
every type of marine and terrestrial sample analyzed to date. Atoll
water samples, sedimentary components (including fine unidentifiable

carbonate sands, coral fragments, Halimeda debris, foraminifera, and

mollusk shells), living algae, benthic invertebrate tissues, planktonic

specles, and marine vertebrate tissue all contain 239+2A0Pu.

The distribution of 238Pu is as wide among components in the marine

environment as is 239+2Z‘OP

238, 2394240
u

u, but at lower concentrations. The

Pu ratio determined in a variety of aguatic samples from
different regions of the lagoon ranges from less than 0.04 to greater
than 0.50.

A few activity ratios of 24OPu:239

Pu was determined by mass
spectrometry, The ratios in two water samples collected from the lagoon
during 1972 were 0.432 and 0.289 (No74). Samples of mackeral bone and
viscera collected in 1972 near the island of Glenn had 2llor’u:”gl:’\.t
activity ratios of 1.15 + 0,25 and 1,27 + 0.26, respectively, while

goatfish viscera and tridacna tissue from nearby David had ratios of

0.68 + 0.07 and 0.66 + 0,19 (Ga 75), respectively, The activity ratios

10

in 56 soil samples from 7 islands ranged from 0.066 to 1.42 and averaged
0.84 + 0.37 (Ga7s), while the average ratio in 7 marine water and biota
samples was 0.66 + 0.40. Neither average value determined in the
environmental samples differed preatly from the average of 0.65 + 0.05
for global fallout debris (Kr 76). The similar isotopic ratlo in
mackeral tissue shows no obvious discrimination in uptake of isotopes by
tissues of organisms in the Atoll if feeding and living are restricted
to specific reglons of the Atoll.

The average ZAOFU:239PU ratio in the yearly growth sections cf a
live sample of Favites virens coral collected from the western basin in
Bikini Lagoon was 0.77 + 0.07 (No 75). This value 1s similar to the
isotopic ratio in Enewectak samples. However, the mean isotopic
concentration ratio in soil and vegetation of Bikini and Eneu Islands is
1.15 (Mo76), somewhat higher than the average in the Bilini coral
gample.

Since the 24OPu:239P\1 activity ratic in some environmental samples

; . 239
exceeds 1, it seems inappropriate to use the shorthand notation, Pu,

239 240

when referring to the sum of Pu and Pu activities as has so often

2394240 111
been done in the literature, Throughout this report, Pu wi

Vs 239
refer to the sum of the activities of the two radionuclides, while Pu

will refer to only that isotope.

In two Enewetak lagoon water samples collected during 1972 (No 74),

o 241 239+240 i
2z‘lPu was measured by mass spectrometry. The Pu: Pu activity

ratios as of December 1972 were 1.14 and 2,56, TIn the 1972 growth

section of the previously mentioned live coral from Bikini, the
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241Pu:239+240Pu activity ratio was 11,7 and the ZLlPU:239PU ratio was

2&1PU:239

21.0 + 1.1 (No 75). Recent values of the Pu ratio in soil

samples from Bikini and Eneu Islands and in Bikini island vegetation
averaged 22.0 + 3.3 (Mo 76) as of 1 January 1975. Correcting the 2MPu
in the November 1972 coral growth section for decay to 1 January 1975

241Pu:zBQPu ratio of 18.9 + 1.1. Bikini and Eneu Islands and

yields a
the sedimentary environment from which the coral was obtained were
contaminated principally with radioactive debris from the 1954 Bravo
event. The good agreement between the ratios determined in the
terrestrial and marine samples Indicates a lack of discrimination

241 239

between Pu and Pu 1sotopes in processes in these environments,

Bikini and Enewetak have very different isotopic ratios and therefore
different inventories of plutonium isotopes. The amount of 241Pu in the
environment regulates the projected Inventory of 2A1Am through growth

241Am that

and beta decay of the parent radionuclide. The amount of
will be generated at Bikini from 2A1Pu decay will exceed the amount
produced by this source at Enewetak.
Americium

The distribution of 2A1Am is also widespread in the aquatic
environment of the Atoll. Although the highest concentratlons of
plutonium and americium are in the same areas of the lagoon at Enewetak,
the two transuranics are distributed differently. The ZAlAm:239+2A0Pu
ratio in sediments collected during 1972 from the lagoon ranged from

0.06 to 0.93. Significant errors therefore can be introduced if one

transuranic {s used to predict the levels of others at any given

12

location in the lagoon. No other americium isotopes were detected in

the aquatic environment of eilther Fnewetak or Bikini.

Curium
. 242
No strenuous effort has been made to obtain an inventory of Cm
244 .
or “*"Cu in Enewetak by alpha spectrometry. Curium activities were

separated and measured in several lagoon water samples; 2“Cm activities
were less than 0.2 {Ci/l. No 2Asz or zM‘Cm was detected in sedlument
samples from the Bravo Crater at Bikinil Atoll (Re76).

Higher Transuranics

No information is available to this authors kuowledge on either

Berkelium or Californium in marine samples from Fnewetak or Bikini.

TRANSURANICS IN THI BENTHIC ENVIRONMENT OF LNEWETAK ATOLL

Surface Sediment Distributions and Inventories

239+240Pu

The distributions of and 241Am activities measured in
December 1972 and expressed as mCi/km2 in the 2.5~cm-thick surface layer
of sediment from the lagoon floor are shown in Fligs. 2 and 3. Isolines
were constructed to distinguish reglons ol the lapoon having similar
concentrations. The mean transuranic inventory in the surface layer and
the range of concentrations within the defined areas arc shown iIn the
two figures. Figs. 4 and 5 show regions of the surface sediwment layer

2
238PU:239+240PU and 241Am:239+h40

with similar Pu ratios.
The transuranic concentrations in the surface layer sediments were
determined in over 150 ball-milled surface samples of known thickness

and in 20 core samples obtained throughout the lagoon. The lagoon was
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divided into a grid consisting of a series of 6—km2 regions; at least
one sediment sample was obtained from each region to provide
radiological data for areal distributions. All sediments are composed
of different quantities of fine and coarse-~grained carbonate material,
shells, coral fragments, and Halimeda debris. To assess the sediment
inventory, no attempt was made to distinguish concentration levels In
specific scedimentary components. Figs, 2 through 5 illustrate the main
features of the transuranic distributions in the surface layer of the
lagoon sediment. Isolated regions of relatively high concentrations of
239+240Pu are evident in some lesser contaminated areas of the lagoon;
other small regions of high surface radicactivity might have escaped
detection. The areal distributions are based on available data from the
samples that were collected and analyzed.

The transuranics are distributed nonuniformly over the lagoon
floor. Highest surface concentrations are associated with the sediments
near, but not necessarily adjacent to, the locations of larger or more
numerous nuclear tests. Highest plutonium concentrations are associated
with the sediments from the northwest quadrant in a north- and
south-oriented elliptical area, roughly 2 to 3 km east of the islands of
Alice and Belle and several km southwest of Mike and Koa craters. A
second region of relatively high concentration is in sediments off the
shore of Yvonne Island. The activity in this region is lower than the
concentrations in sediments in the northwest, Most of the transuranic
inventory in the surface sediments can be separated roughly from the

lesser contaminated deposits by a line extending from the Southwest

14

Pagsage to the island of Tom (Munjor), which is south of Yvonne on the

+2 ¢
eastern reef, The surface 239 2‘0Pu concentrations north of this line

range between 2 and 170 pCi/g dry weight, while south of thls line the

surface concentrations were less than 2 pCi/g. All surface sediment

2394240,
Tu.

samples obtained during and since 1972 contained The

inventory in only the top 2.5-cm layer (mCi/ka) of sediment oxceeds the
activity deposited to the earth's surface as worldwide fallout in any
latitude band in the northern or southern hemisphere (Ha73).

Although the surface distribution of 241

239+240Pu

Am in the sediments appears

39424
2141A“1:2J9+2>()},u activities

similar to that of the ratio of
(Fig. 5) shows that the radicnuclides are not well mixed throughout the
surface deposits, The ratio in the sediments ranges from 0,06 to 0.93,
The mean ratic, however, determined by averaging 2Al/\m:23[’)+?Z‘()I’u
activities from all surface sediment samples, is 0.29 + 0.17, and the
ratio determined from the mean surface concentrations (Talle 1) Is 7,30
+ 0.06, The average ratio is similar to that found in central Pacific
and northeast Atlantic sediments (Li76), which receive only worldwide
fallout deposition but have, in contrast, one-half the average
concentration ratioc of surface sediments at Bikini (Ne75H)

2394240
The distribution ratio of 2381’\;:‘3"4‘001’

u in the surfuce sedinents,
shown in Fig. 4, demonstrates the nonunifermity amon; plutonium isotopes
in components of the sediment in the Atoll cnvironment. There are,

however, large geographical regions of the lagoon with vlmilar isotapic

ratios in the sediment. On the other hand, swall arcas of the Tagoon,

such as a 600-m strip on the lagoon side of Yvonne Island, contain

DOE ARG!ﬂm
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plutonium with {sotoplc ratios ranging from 0.05 to 0,38 (Ne73). In
Cactus Crater, at the northern end of Yvenne, the isotopic ratio of 0.55
in the sediments 1s one of the highest at the Atoll. The average
concentration ratio in the lagoon sediments determined from the mean
surface concentrations is 0,14, The average ratio determined in the
lagoon water samples during 1972, 74, and 76 is identical to the
sediment ratic. A steady state condition 1s reached where plutonium
isotopes are remobilized to the aqueous phase in proportion to their
concentrations in different regions of the sediments and reef
environments. One region of the lagoon sediments with lower or higher
isotopic ratios, for example, 1s not the dominate source term supplying
plutonium isotopes to the water éolumn.

In 1977 several core samples were obtained from the lagoon basin
near stations sampled in 1972, The ZAlAm concentrations in surface
sediment layers sampled in 1972 and 1977 were nearly identical showing
that there was little change in the surface concentrations of
transuranics at many lagoon locations during those years. Only small
quantities of the transuranics were remobilized or reworked to greater
depths in the sediment column during these years., Little resuspended
material from other areas of the lapgoon and with different
concentrations of transuranics were transported and deposited to the
areas that were resampled.

The largest inventory of transuranics at Fnewetak Atoll is
associated with the components of the lagoon sediment. The estimated

lagoon sediment Inventories given in Table 1 were determined from Figs,

16

2 and 3 by summing the products of the areas in the lapoon by the
average inventory of the transuranics present there. There are

c 239+240P 241

approximately 250 Ci of u and 75 C1i of Am unevenly

distributed throughout the 2,5-cm-thick surface sediment Jayer of the
lagoon. The total 239+2A0Pu inventory in island soils, sampled to
depths of 35 to 150 cm, is estimated from available data (Ne73, No76) at
< 25 Ci, Transuranic distributions in surface sediment at'Bikini Atoll
were constructed and inventcries were estimated from published (Ne75,
No75) and unpublished data (No78a). Bikini sediment inventories were
estimated from substantially less data than were available from
Enewetak. Future results from Bikini might change the present estimates
of transuranic inventories given in Table 1, Analysis of 25 cores (12
to 21 cm deep) from different locations in Bikini and Tnewetak Jagoons
showed that only 21 + 11% of the 227 2%0py and 16 + 67 of the **Yan
(No78a) in the sediment column is associated with compeonents in the top

234+240,

2,5-cm layer. I the average Pu inventory in the surface

sediment is only 21% of the total fnventory to a mean depth of 16 em for
. 2394240 \

the entire lagoon, then the estimated Pu inventory in the

sediment column to a l6-cm depth at Fnewetak and Bikini are 1.2 and 1.5

kCi, respectively. UYowever, in a few decper corces that are difficult to

24
239+ ‘OPu and ZélAm were detected at

obtain from carbonate deposits,
depths below 20 e¢m, The inventories computed to a depth of 16 cm then
can be assumed only to represent lower limits. Using the average

igotope ratios from samples from the Atell environment (discussed

earlier), an estimate of the concentration for each plutonium isotope

~ruiVBE
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241Am in the Atoll sediments is made (see Table 1), Transuranic

and
isotopes deposited from global fallout of weapons debris are estimated
from available data (Kr76, Ha73) and are also given in Table 1.

The inventory at the Atolls of transuranics produced by weapons is
only a small fraction of the total quantity deposited to the earth
surface with global fallout debris. Some specific marine environments
were contaminated with substantial quantities of transuranics from other
source terms., However, these lagoon sediments are the most contaminated
aquatic regions in the world that recelved transuranic inputs only from

4 4
239y, 200p, 2Wdp 20

nuclear weapons, The estimated
inventories at Bikini exXceed the respective isotopile inventories at

Enewetak, while 238Pu is higher in Enewetak Lagoon. Inventories of

241 241

Am at Bikini will increase by 25% from Pu decay, while only a 10%
241 241
increase over present Am levels is expected at Enewetak from Pu
decay.

TRANSURANICS ASSOCIATED WITH COMPONENTS IN THE SEDIMENT COLUMN

Using the definition eof Emery et al. (Em54) for classifylog fines
as material less than 0,5 mm in diameter, 23 surface samples and several
cores wvere separated into finc and coarse fractions. The dry weight of
the fines ranged from 25 to 80%Z of the total dry weight of the surface
volume (No78a). A similar range of fine material was found in Bikini
Atoll sediments, At least 93% of the sediment weight in Mike and Koa
crater deposits was fine material., In over 98% of the sediment samples

241 d 239+240

from Enewctak lagoon, the Am an Pu concentrations (pCi/g)

18

associated with the fine sediment components were greater than or equal
to the concentrations associated with the coarse fraction. The activity
of 241Am and 239+240Pu in the fines was 0,6 to more than 10 times that
in the coarse fraction, These distributions between size fractions are

239+240.

very unlike those encountered for fallout of Pu in sediments in

Buzzards Bay, Mass., where the 239+240Pu was not preferentially
assoclated with the fine fractions of sedimentary deposits (Bo76). This
difference is perhaps not unexpected, because most of the transuranic
inventory deposited to the lagoon environment was probably associated
with small particulate carbenates. During the years after nuclear
testing, some plutonium has exchanged slowly as & result of chemical
reactions with exposed surfaces of the larger sedimentary components.
The transuranic inventory at lagoon locations, however, is
dependent on the local abundance of the fine and coarse materials,
Table 2'5hows the 2A]Am concentrations in the {ine and rvoarse components
of two core samples from mid-lagoon locaticns at Encwetak. The fraction
of the coarse components in the sediment column of core 6 decreases with

. 241
The Am concentration

depth and in core 1 increases with depth,
associated with the {ine fraction in the surface 2-cm section Is 2 to 5
times the concentration associated with the coarse fraction; but because
the fine material in the surface layer of core 6 accounts for only 25%
o 241
of the total dry weight of the sediment volume, 587 of the Am in the
surface 2-cm layer is associated with the coarse fraction., 1In core 1,
o 241 . R
on the other hand, 95% of the total Am in the surface 2-cm laver is

. . i1
associated with the fine fraction. Although the 24 Am concentrations

pos ARCHIVE
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(pCi/g) associated with the fine material at various depths in the
sediment column exceeds the concentrations assoclated with the coarse
components in both cores, the inventory of the radionuclide (pCi/cmB)
within any depth interval associated with the fine and coarse components
can be variable throughout the sediment column, Areal transuranic
deistributions like those shown in Figs. 2 and 3, but associated with
only the fine or only the coarse component of sediment, would differ,
The vertical distributions of the transuranics in the lagoon
sediment are very complex. No generalization about the shape of the
concentration profile in an§ region can be made. Table 2, for example,

241

shows a Am peak associated with the fine components of core 6 at

depths of 25 to 30 cm with 1ittle 2“/\.m associated with the coarse
components at these depths, In core 1, the highest 241Am concentrations
are associated with the fine components between depths of 8 to 10 cm in
the sediment column, The 2ldl\m concentrations assoclated with the
coarse component in both cores generally decrease gradually with depth.
Transuranic concentrations increase, decrease, or remain constant with
depth in sediment cores from other lagoon locations (No78a). The
concentrations of 239+240Pu and 241Am associated with the carbonate
components in four cores taken along a 1,5-km transect across Mike and
Koa Craters are shown in Flg. 6. The concentrations in the sediments
from the Atolls' largest craters are surprisingly nonhomogenous.
Turbulence and large scale mixing of the sediments during and after
testing should have produced a much more uniform distribution than that

23H240

found. The Pu concentration in the sediment column at station
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17E 1is fairly unifo;m to a depth of 50 cm, At station 16E, the

241

concentration increases with depth to 35 cm. The Am concentration in

the sediment column at station 16E decreases with depth. No correlation

ig obvious between the 241Am and 2354240

Pu concentrations associated
with the components of these crater sediments. The craters should act
as natural sediment traps but little sedimentation in the Mike and Koa
craters has occurred since the bottom depths were redetermined in 1964,
In 1964 the maximum bottom depth of Mike Crater was 27.4 m below sea
level (Ne73), We have found no measurable change in the depth of the
crater bottom during the period 1972-1977. Only esmall quantities of
resuspended or reef-generated particulate material are then transported
in the water masses Lo the western reef. Very little sedimentary
material therefore escapes from the lagoon and any resuspended botlom
material probably settles out égain on the lagoon floor close to its
orfgin., The complex areal and vertical patterns of transuranics
detected in this relatively small region of the lagoon where the
distributions are expected to be more uniform are but examples of the
complex patterns in the lagoon.

Halimeda, shells, coral, and foraminifera fragments were sorted
from the coarse fraction of several sediment samples by hand. Table 3
shows the 239+2ao?u concentrations associated with each component in the
surface layer from two leocations in Fnewetak Lagecon and at various

239+240Pu concentration

depths in a core from Bikini lagoon. The
agsociated with Halimeda fragments at station 40C only slightly exceeds

those in fragments from station 3D. The concentrations assoclated with

DOE ARCRIVES



Z1

the separated foraminifera and coral fragments from station 40C are,

however, at least 2.5 times higher than those associated with their

239+240

respective components at station 3D, The distribution of Pu 1is

different among components in the sediment from different regilons of the

lagoon. The fine fraction at these locations contained the highest

239+240Pu

concentration of To within our analytical precision, the

Re A
238Pu:239*2~0Pu concentration ratio is identical in the components from

both stations,

In the sediment column from Bikini station B3, 239+2[‘0Pu is
associated with all components that were separated, At all depths in
the sediment column, the highest concentration of 239+260Pu in the
coarse components was associated with Halimeda fragments. Sedimentation
of labelled material to the lapgoon occurs at a rate that is too slow to
account for the buried activities below a few mm in the sediment
column. Although the age of the Halimeda fragments, coral, and other
components at depths greater than & few cm must therefore predate
the test years, 239+2A0Pu is associated with these components,

The possibility that subsurface remains labelled during testing
were buried later in the sediment column by large scale turbulence can
be discounted. Coral or Halimeda fragments directly subject to a
nuclear explosion probably would not retain their identity. In recent
yearly prowth increments of a living sample of Favites virens coral from

station B3, the 239+240Pu concentrations averaged 104 + 12 pCi/kg

(No75). This value agrees well with the 239+240Pu concentrations in

dead coral remains in surface layers at station B 3. In no yearly
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5
growth increment from this coral since 1954 was the 239+"A0Pu

concentration below 104 + 12 pCi/kg. Lower concentrations are
associated with coral remains deeper in the sediment column, From the
radiological record retained in the skeletal matrix of the Favites
virens, coral labelled during 1954 and 1958, for example, should have

239+240 > and 4.5 x 10° pCi/kg, respectively

Pu concentrations of 39x10
(No75), These concentrations ave orders of magnitude larger than those
in any subsurface coral remains, Thils data, therefore, does not support
transleccation of labelled coral material deeper into the sediment column
by physical processes during or after tcsting. Burrowling organisms
could redistribute some fraction of labelled sedimentary components tc
depths in the sediment column, However, when the 239+2A0Pn activites
associated with each component at various depths are comparted to the

239424
activity in the corresponding component at the surface, the o OPu

activities differ. For example, between 5 to 10 cm the 239+240Pu
concentrations associated with the coral, Halimeda, foraminifera, and
shells are 1.29, 0.83, 0.43, and 0.34 times the concentrations
associated with those components in the surface layer., Burrowing and
mixing processes by organisms are not likely to move specific component
selectively down through the sediment column.

The data iIndicate that all plutonium does not remain associated
with the sedimentary materail with which it was originally deposited.
Small quantities of plutonium are remobilized continuously from the
sediments to the lapocon water column by surface exchanpge mechanisms.

Plutonium is also detected in the interstitial water extracted in situ

now &?Cﬁw
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from sediments (No78b) at higher concentrations than those in the
overlying bottom water at Enewetak Atcll, By equilibration, small
quantities of 239+240Pu from the sediments are exchanged and released .
Vertical diffusion moves the radionuclides to the sediment water
interface where the plutonium mixes with the lagoon water mass.
Remobilized plutonium can then be concentrated by members of the marine
food chain. Vertical diffusion can also move the exchanged plutonium in
the interstitial fluid deeper into the sediment column. Exchange of

plutonium with exposed carbonate surfaces might account for the

concentrations assoclated with material decper in the sediment column.

TRANSURANICS ASSOCTATED WITH THE CALCAREOUS ALGAE, HALIMEDA

Debris from the calcareous algae, Halimeda, is the second most
abundant component of Enewetak Lagoon sediments (EmS4) and covers an
estimated 26%Z of the lagoon floor (Em54). Live species were collected
by divers and during d%edging operations from numerous locations at both
Enewetak and Bikini. Because algae were shown previously to concentrate
plutonium (No72), the role of this benthic algae is recycling the
transuranics at the Atoll should be assessed.

The mean concentration factor for 239+240

Pu associated with algae
species from both Atolls is 6 x lOA and ranges from 1 x to 32 x lO4
(No78a), To within the precision of our measurements, the concentration
factors for plutonium at the two atolls and of different Halimeda
specles from both atolls do not differ (No78a). Concentrations of

24
239+ OPu associated with the live algae ranged from 0.4 to 22 pCi/g wet

24

wedght, and the concentrations in the water where the algae were

obtained ranged from 10 to 116 fCi/1., Surface sediment concentrations
at the stations (No78a, Ne75) were compared to the algae concentrations
at these sites, The average ratio of the 239+2A0Pu concentrations

associated with the Halimeda species (pCi/g dry weight) to that in the

top 2.5-cm sediment layer (pCi/g dry welght) was 0.24 + 0.13 and the

2Al.t’\m concentration ratio was 0.32 + 0.24. Concentraticns of 2’W}"‘,J'Ol’u
and 2[‘lAm in the sediment ranged from 9 to ﬁﬁ_pti/u and from 1.1 te 67
pCi/g, respectively., On an equivalent \:w:'g;ht basis thne live henthic
algae have lower 230*2/‘“}’\1 and ?M/\m levels than sediments in the

immediate environment. The average plant to scediment concentration

239+240

24 o i .
Pu and ~ JAm are not statistically dffferent,  Thus,

239*‘2402,u and Z“]Am in processes

ratio of
there 1s no discrimination between
beginning with remobilization of the transuranics frow the enviromment
and ending with concentraticn by the algae.

ceoncentrations in algae,

Table 4 summarizes data on transuy
water, and sediment from Cactus Crater at Enewetak, The data show that
the 238Pu:239+2401’u ratio in the plants, water, and sediment are
identical. In this crater ecosystem marine algac do not discriminate
among the plutonium isotopes in the enviromment. The plant:scediment
concentration ratios of 239+240Pu and zalAm are nearly identical, which
again shows that the processes of environmental release and plant uptake

of the two transuranics are similar,

The mean surface sediment inventory of Pu ot Enewertal 1s 249

Ci (Table 1). The lagoon is 933 km” in area and the average specific
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gravity of the Halimeda and other sediment components is 1.8 g/cm3 carbonate matrix and {ts associated transuranics in the sedimentary

239+24 . 4 wi ) ic frac
(En54). Activities of 0qu associated with the algae are related deposits, The transuranics associated with the organic fraction

itd g ) the benthic or pelagic
to the activity in the surface sediment. The mean wet:dry ratio of the released during decomposition are recycled to the ben ¢ or pelagic

. > 1 term the algae could play a key role in
Halimeda species is 2.3, and the average wet weight of the plants, environments. Over the long term alg play y

yC : g ics the sedi ts and ¢ 0us environment.
without holdfast, is 6.4 + 3.8 g (No78a). Therefore, the average cycling the transuranics between the sedimen lqueons en
4
23942 OPu concentration associated with the live Ralimeda species at

] M CONCEN TIONS IN THE LAGOON STA WATER
Enewetak is 0.62 pCi/g wet weight. Approximately 4,0 pCi are associated PLUTONIUM CONCENTRA ! : R

d ber of lag ater samples have been collected
with each plant. If the number of Halimeda plants were known, the mean A considerable number of lagoon wa samp c

i b E lysis by is la catory since 1972 (Ne/d, No74,, Nolé,
plutonium inventory associated with the iiving Halimeda reservoir could for plutonium analysis by this laboratory six (R YOI

. 8 di rogress at the Atoll that require data
be computed. Unfortunately, no estimates of Halimeda biomass at No78b) everal studies are in progress b 1

& s In lagoon water so that the number of samples and the
Enewetak are available. During the late 1940s, the mean sedimentation on concentrations in lag

locations sampled are predicated by the current program requirements,

rate of Halimeda at Bikini was estimated at 3.8 mm/yr (EmS4). If this
¢ 2304240

Contours o Pu concentrations in the water show complex

sedimentation rate is applicable to Enewetak Atoll, approximatley 1 Ci

2394240

i s (No74) 1 rious regions of the lagoon. The
of Pu is deposited annually in the sediments in association with distribution patterns (No74) in various regio £

2394240
{ c s of rface and botton Pu concentraticns in
Halimeds detritus. This quantity represents only 0.4% of the surface spatial patterns of surface

solution and in association with filterable matcerial are verv different

238, 239+240
Pu:

sediment inventory and yet a smaller fraction of the total inventory in
the sediment column, However, if the life span of each plant is 1 yr, as are the Fu ratlos in the water mass. A cetatled
for example, a quantity of 239+240pu equivalent to half the present discussion of the plutonium levels in the pelagic environment of the
sedimert inventory, or 125 Ci, could be recycled with the algae in lagoon is in preparation (No78b). 1Instead of relating all results from
approxirately 175 yr. Spies et al. (Sp78) demonstrated that when live the analysis of lagoon water savples collected since 1572 with
Falimeda from Enewetak were cleaned and treated with 1N acetic acid, the hydrological, seasonal, or spatial factors, we will summarize some of

i lated to remobilizatlion and redisctribution of
acid soluble fraction, or the carbonate material, contained 58% of the the data that is relate ‘ .
2394240, plutonium,

total Pu, while 427 remained bound to the plant tissues. As the

In 1972, 1974, and 1976 a sufficient pumber of water samples from
2 .
the lagoon were analyzed for 219+”A0Pu to pevmdt an estimate of mean .

radioelements are released to the enviromment leaving the skeletal V‘S’;
Sy

YA %
- BT
NG B

3

plant decomposes after death, the orpanic material and assoclated

i
&
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concentrations in the lagoon. A summary of the mean concentrations is

239+240Pu concentration in the

given in Table 5. In 1972 the average
lagoon was determined for 34 unfiltered surface and bottom samples, A
more detailed water sampling program was conducted in 1974, 1In 1976, a
smaller number of water samples were collected around the perimeter of
the lagoon 2 km off the shore of the reef. Water samples collected
during 1974 and 1976 were filtered through l-um filters, In the
discussion to follow, the estimated average soluble 239+ZAOPU
concentrations shown in Table 5 refers to material passing through a
l-ym filter.

During July 1974, the soluble 22TH240

Pu in the lagoon water ranged
in concentration from 2 to 75 £Ci/1. The percentage of the total
activity associated with the filterable material in the water samples
during 1974 and 1976 ranged from 2 to 547 and from 12 to 947,
respectively, The concentrations of plutonium radionuclides in solution
above fallout background concentrations in the lagoon water is direct
evidence of the remobilization of transuranics from the solid phases of
the environment. Dissolved plutonium released from the sediments of
Cactus Crater was traced for considerable distances along the reef by\a
plutonium radionuclide balance, involving the change in the
238Pu:239+2401’u ratio in the water, and dyes to trace the crater water
(No78c). The dissclved plutonium moves in solution apparently without
interacting with the sediments deposits during transport. The dissolved

plutonium passes readily through dialysis membranes (No78c),

Equilitration between dissolved plutonium in the crater sea water and
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low activity sea water contained in dialysis bags is achieved in 3 da
(No78c). These characteristics suggest that the plutonium remobilized
to the environmental waters has very solute~-like characteristics. It is
temptling to suggest, considering the environment, that the remohilized
chemical species is some form of carbonate complex.

239+240,,

The average concentration ¢f total u in the water was
essentially the same in 1972 and 1974 but a marked decrease was noted
during 1976. 1In 1976, the average concentration associated with the
filterable material in the lagoon doubled over the mean 1974 level and
the mean soluble concentration was reéuced to half. VForty percent fewer
samples were collectea in 1976 than in 1974, During the 1974 program,
samples were taken at stations throughout the lagoon, whereas the 1976
samplings were restricted to loéations only 2 km from the reef. Similar
239+240Pu concentrations were found in water samples from the few 1974
locations resampled in 1976, which suggests that any corputed mean
concentration in the lagoon is contingent on the number and location of

238, ,239+240
Pu:

samples. The mean Pu ratio in the lagoon water samples in
1972, 1974, and 1976 were virtually the same. Differences in sample
ratios between soluble and particulate phases were noted sometimes, but
the average ratjos associated with the two phases from all stations were
not significantly different.

234240,

During 1974 and 1976, 1.5 and 0.7 Ci of u, respectively,

were found in solution and 0.27 and 0.53 Ci were assvcfnted with
e

particulate materfal. These latter quantities vepresent less than O,

of the plutonium Inventory In the suvface sediment and Teso than 0,047



29

of the inventory estimated to a lé-cm depth in the sediment column
(Table 1). The average quantities of soluble plutonium in the water are
also small fractions of the sediment inventory. Therefore, in recent
years only small fractions of the Atoll plutonium inventory is either
remobilized to the solution phase or resuspended to the water column.
During 1976 zooplankton samples contained less than 17 of the

239+240Pu activity in the total material filtered from an equivalent

volume of water (No78b). The remaining 239+240

Pu in the particulate
material is therefore associated with other forms of suspended matter,
Between 1960 and 1963 Johannes investigated the composition of the
suspended particles In the lagoon (Jo67). Progressing from the eastern
reef toward the lagoon, suspended benthic algae and sediment particles
became less abundant with depth of the water as they settle to the
bottom, and suspended macroscopic organic aggregates, consisting largely
of mucus released by coral, increased progressively in size and number
(Jo67). Often calcareous grains resuspended near the reef,
microorganisms, copepod fecal pellets, énd other undifferentiated
material were incorporated with the aggregates, These materials and
other particles produced in the pelagic environment are the most
important food components for lagoon zooplankton and certain
plankton-feeding fish (Ge74). The small quantities of plutonium
ingested with this particulate debris is dispersed over the lagoon by
these organisms. Herbivorous fish play a role in the generation of
particles in the water column (Sm73). These fish are not efficient

assimilators; while satisfying their energetic requirements, they

30

disturb large quantities of material and release large amounts of
unagsimilated material containing plutonium in their feces. Moriarty
(Mo76) estimates that a 200-g mullet, a specles common to Enewetak,
which feeds by scooping up bottom material to sift and remove small
algae, will pass 50 g of dry sediment through 1ts gut per day.

Bottom particles from the NW quadrant of the lagoon where highest
plutonium concentrations in sediment are found usually have high
plutonium concentrations, indicating that a fraction of the plutoniumn in
the particulate phase may originate from turbulent resuspension of the
sediment components in deep (60 m) water. This resuspended material and
associated plutonium is probably not transported for any distance in the
lagoon. Previous results indicate that the material is redepesited in
the same general area of 1its crigin. Only a few of the variety of
active processes capable of generating and moving particulate plutonium
in the water mass have been considered. It {s remarkable that these and
other processes resuspend so little of the plutonium inventory. Barring
catastrophic events, the present distribution and inventory of plutoniun
in the sediments will be only slightly altered durinp the years by
relocation of labelled material from other regions in the lapoon.

Laboratory studies with contaminated sediments and =oils from
Fnewetak show that plutonium is rapidly partitioned between the solid
phase and solution, reaching oquﬁlibriuh after several days with an
average distribution coefficient for plutonium of 1.8 x 105, Table 6
shows this aund some recent determinations of the distritution

coefficlent for plutenium in laboeratory and field experiments using a

B0
2 psc” =
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variety of sediments, Considering the difference in the types of
environmental samples represented in Table 6, 1t is striking that the Kd
for plutonium differs so little.

Table 1 shows that the mean plutonium inventory associated with the
sediment components in the top 2.5 cm at Enewetak is 249 Ci. The lagoon
sediment has an average density of 1.8 g/cm3 (Em54) and occupies an area
of 933 kmz. The mean depth of the lagoon is 47.4 m, Using this data
and the Kd for plutonium of 1,8 x 105, a simple model can be constructed
to predict the average concentration expected in the lagoon water by
assuming that the plutonium in solution is in equilibrium with that in
the sediments., At any time the amount of plutonium in solution is
limited by the séturation of the solution under equilibrium conditions.
The rate at which water and the dissolved plutonium is flushed from the
lagoon is balenced by input of uncontaminated ocean water, which is
rapidly saturated with remohilized plutonium from the Atoll source
terms. If plutonium is cycled through an intermediate host such as the
Halimeda, the rate at which plutonium is released from decaying plants
must be balénced Ly uptake in the new growth, thercby maintaining a
state of equilibrium. Given that equilibrium conditiouns exist, the mean
plutonium inventory in the lagoon water and concentration expected in
solution computed from the basic equation relating Kd to water and
sediment concentrations are 1.4 Ci and 32 £Ci/1, respectively. There is
general agreement between the average quantity of 239+ZZ‘OPu predicted
and measured in solution (see Table 5). In 1976 the computed value

differed from the measured mean soluble concentration by a factor of
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two. Although this i1s not a large discrepancy, the nvoraée

conéentration, as was mentioned previously, probably does not represent
the real mean for the lagoon at the time sampled. Using the appropriate
dimensions for the Bikini Lagoon, sediment data from Table 1, and the Kd

. 239#240P

fo u, the average inventory in the water column and

concentration computed at Bikini are 1.7 C1 and 60 fCi/1, respectively.
During December 1972, the mean soluble 239+240Pu inventory and
concentration in the lagoon water were J.2 Ci and 42 + 21 £Ci/1,
respectively (No74), and in January 1977 the respective values were 1.4
Ci and 49 + 21 fCi/1 (No78b), These average values also are consistent
with the amounts predicted.

For many reasons, it may be argued that some of this agreement is
fortuitous. Nevertheless, having found general agreement between
computed and twice-measured average concentrations in both lagoons
between 1972 and 1977, the geneval usefulness of this simple equilibrium
model in predicting long term average concentrations in lagoon water is
demonstrated. From radiclogical record; retained in yearly growth of
coral sections (No75, No78a), Blkini and Fnewetak Lagoon water along
with dissolved species ig estimated to be exchanged apprexlmately twice
per yr. At this rate of exchange under steady state conditions,
slightly more than 250 yr will be required té reduce the plutonium
inventory in the sediment by 50%. The rates of the mobilization and
migration processes of plutonium away from the Atoll to the equaterial
Pacific waters are much faster than the rate of radicactive decay,

These figures and results should be congsidered when the consequences of

)4
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disposal methods for transuranic wastes to the oceans are discussed,
Some massive corals collected f{rom the atolls contain well-defined

growth bands dating from the collection time to the early 1950s, Each

yearly growth concentrates plutonium in proportion to the levels in the

239+240Pu associated with

environment (No75, No78a), Concentrations of
growth increments dated since 1965 in three Enewetak corals from
different locations in the lagoon and one Bikini lagoon sample are given
in Table 7. The average amount of plutonjum concentrated by the coral
from 1965 until the year of collection is computed and shown in Table 7.
The average absolute concentrations in the corals are different as
expected, and reflect the local environmental concentrations in the

239+2A0Pu concentrations

region. In only a few growth sections are the
different from the mecan by more than a factor of two, and only coral 1
and 2 show this magnitude of variation, Corals 1 and 2 were obtained in
the water on the lagoon side of the eastern reef. The patterns of
current in this region of the lagoon are variable, and the windward reef
community contributes a significant det%ital load with associated
plutonium to the lageon. Since growing coral is a point source in the
environment, small changes in even the local circulation, to name one of
many factors, will greatly alter the plutonium concentration in the
vicinity of the coral. It 1s rather more surprizing that, for the most

part, the 239+240PU levels associated with the last 9 yr of growth are

‘239+2A0Pu levels

nearly constant, which shows that the dissolved
available to the corals in a specific region have also been similar

during the last 9 yr,
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These results from coral and other studies demonstrate that
Encwetak lagoon has attained a chemical steady state conditicn with
respect to plutonium remobilization from solid components to scolution.
Not only will the simple equilibrium model explain average
concentrations in lagoon water, but it can be used to ecstimate local
concentrations expected in the waters from areas of the @toll with
different levels of contamination. By using appropriate concentration
factors for plutonium, the quantities accumulated by marine organisms
anywhere in the lagoon can be estimated. The data on biotic
concentration can be used to estimate the potential dose to man if part

or all of the Atoll were to supply his marine [food requirements.
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Table 1. Estimated transuranic sediment inventory: Enewetak
and Bikini Atolls, 1 January 1973, ’

Significance,” in IAEA Symp. Proc., Transuranium Nuclides in

Enewetak Atoll (area, 933 km?)

the Environment, IAEA, Vienna, p. 25. 239+240p, 238p,  239p, 240p,  24lpy  24lpp
Sm73 Smith S.V., 1973, "Carbon Dioxide Dynamlcs: A Record of Areal activity to 2.5-cm depth (mCi/km?) 267 38 145 122 493 81
Total radioactivity to 2.5-cm depth (Ci) 249 35 135 114 460 76

Organic Carbon Production, Respiration and Calcification in Total radioactivity to lb-cm depth (Ci) 1185 167 642 543 2190 475

the Eniwetok Reef Flat Community," Limnol. Oceanogr. 18,
— Bikini Atoll (area, 629 km?)

106. Areal activity to 2.5-cm depth (mCi/kn?) 492 16 229 263 4809 265
Total radivcactivity to 2.5-cm depth (Ci) 309 10 144 165 3025 132
7 ies R.B. h X.V. and Colsher J., 1978, "D . P ‘
Sp78 Spies B., Marsh X an olsher s ynamics Total radicactivity to l6-cm depth (Ci) 1470 76 686 786 14405 1140
of Radionuclide Exchange in the Calcareous Algae, Halimeda,"
Global fallout from weapons testing,
Limnol. Oceanopr., to be submitted, Jan. 1971

Wa76 Wahlgren M.A,, Alberts J.,J., Nelson D.M. and Orlandini Total radioactivity (kCi) 319 22% 192 127 3010 72

K.A,, 1976, "Study of the Behaviour of Transuranics and .
Weapons, 8.6 kCi; fallout debris from SNAP 9A, 13,4 KkCi.

Possible Chemical llemologuces in fake Michigan Water and

Biota," in IAFA Symp. Proc., Transuranium Nuclides in the

Environment, IAEA, Vienna, p. 9,



Table 2. 2%1Am associated with components in core sanples of sediment.

3 Radiocactivity
Core 6 Concentration (pCi/g dry weight) Inventory (pCi/cm?) associated with Relative amount of
Fine fraction Coarse fraction coarse component coarse fraction
Depth (em) (7 o)™ (% o) Fine fraction Coarse fraction %) (% dry weight)
c-2 5.97(23) 2.84(28) 0.57 0.78 57.8 74.6
2-4 4.99(7) 1.81(11) 1.54 0.99 39,1 64.0
L6 6.44(%) 2.08(12) 2.68 0.95 26.1 52.4
6-8 5.51(6) 1.40(11) 2.88 0.63 17.9 46.4
5-10 3.10(6) 0.96(19) 1.74 0.39 18.3 41.6
10-15 0.72(18) 0.20(40) 0.38 0.09 19.1 45.9
15-20 <0.09 <0.09 <0.05 <0.05 - 48.6
29-25 5.83(7) <0.09 3.75 <0.03 8.0 37.0
25-30 11.1(7) 0.16(42) 6.91 0.06 0.9 39.0
30-35 0.06 <0.08 <0.02 <0.02 - 48.3
33-40 0.06 <0.04 <0.04 <0.03 - 36.6
=
Core 1
G-2 42.5(3) 12.9(16) 43.4 2.2 4.8 14.6
2-4 30.4(6) 6.31(5) 24.7 3.7 13.0 41.8
4~6 34.8(5) 4.,90(13) 26.1 2.3 8.1 38.0
6-8 41.1(3) 4.91(20) 33.7 2.4 5.6 37.2
2-10 51.0(3) 4.07(14) 37.6 2.4 6.0 G4 4
10-15 25.2(3) 0.98(17) 10.5 0.7 6.3 62.8
15-19 lost 0.36(17) 0.2 - 93.0
13-25 3.55(18) 0.23(34) 0.2 0.01 4.7 90.7

The one sigma counting error expressed as the percent of value listed.
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Table 4. Concentrations of tranuranium radionuclides in
Halimcda Algae and Cactus Crater.

Radionuclides Halimeda monile* Crater sediment Crater Water
241am (pCi/g dry wt) 2.53 % 0,30 9.2+ 2.0
239%240py (pCi/g dry wt) 18.68 + 0.033 82 % 2 116 £ 62 FCi/14
238py; 239+240p, 0.54 * 0,03 0.54% 0,02 0.53%0.02
241 pm, 239+240py 0.14 * 0.02 0.11£0,02
281pm (Hlalimeda: sediment)¥ 0.28
2394240py (Halimeda: sediment)+ 0.23
Concentration factor for 23%%240py = 7.5 x 10" (Ci/kg wet wt per pCi/kg Hp0.)

*
Wet wt: dry wt = 2.13.

*Average concentration in 8 water samples from the crater bottom collected between
1974 and 1977,

*pCi/g dry wt Halimeda = pCi/g dry wt sediment.

44

Table 5. Plutonium concentrations in the water column at Enewetak Atoll.,

Sampling time

December 1972 July 1974 April 1976

Mean concentrations in

lagoon water (fCi/1)

Soluble (< 1 um) 35 16

Particulate (> 1 um) 6 12
Total 39 41 28

Mean 738py. 230H2i0py 0.12 0.13% 0.13

Watey Ltolump inventory

(mC1i/km*)

Soluble 1.65 0.76

Particulate . 0.29 0.57
Total 1.84- 1.94 1.33

Lagoon Inventory (Ci)

Soluble 1.54 0

Particulate 0.27 (.53
Total 1.70 1.81 1

Water Inventory - % of

Sediment Inventory

Water Inventory compared

to top 2,5 cm of sediment

surface (%)

inventory

Soluble 0.67 0.29

Particulate - 0.2
Total 0.68 0.50

Water Inventory Compared Lo

top 16 cm of scdiment ()

Inventory

Soluble 0.13 0.056

Particulate ) 0.00°3 0.045
Total 0.14 0.15 0.10

DOE. ARCHIVES
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Table 7. Concentrations of 239%240py yn yearly growth sections of

. Recent d inati f the distri 1 fflici lutonium. i
Table 6 c cterminations o h istribution coe cient for plu Enewetak and Bikini coral (£Ci/g dry weight)

. * f
Sediment type Ky range Kq average Reference Year of growth Coral f1 Coral #2 Coral #3 Coral #4
section Enewetak Enewetak Enewetak Bikini

Enewetak, coral soil

and sediment (lab . s 1974 7,40
i - 5 . blist ‘ ! :
desorption study) 4x10%-3x10 1.8x10 Unpublished 1973 3.9012)* 19.6(5) 5 2014
. 1972 2.3(9) 35.5(4) 6.7(13) 130(7)
Enewetak groundwater : ;
particulafes 1.4x104%-10° 2.5x10° No 76 1871 0.9(25) 13.5(6) 7.0010) 130(7)
. 1970 1.3(14) 5.0(12) 6.3(12) 100(5)
1969 4.9(10) 41.7(4) 5.9(11) 100(4)
Trombay Harbour -
X ! . 1968 7.9(8) 10.4(6) 6.9(10) 100(2)
3 5 . 8x10%-1, 5 .9x10%
suspended silt 4.8x107-1.3x10 0.9%10 Pi 76 1967 3.6(6) 12.9(7) lost 100(5)
Bikini Tewa Crater 1966 5.1011) 11.2(7) 3.7(13) 90(5)
sediment (Lab desorption 1965 3.2(9) 10.5(6) 6.0(8) 110(%)
study, oxic-anoxic
conditions) 4x104-4x10% 2.2x10% Mo76
Average
Windscale area 5%, 50% s ?i;z?ntza;;?‘:
: ) b_ n
silt, 45% sand. 0.6x10%-22x10 0.5x10 He?5 of collection)  3.7%2.1 17.8512.5 6.111.1 108+15
Humboldt Bay, Calif.,
suspended clay-silt l?a; Of. oct. 73 April 74 I . .
particulates 4.7x10%-11,8x10" 0.8x10% Unpublished data, collection ct. pri Aug. 74 Rov, 72
this laborat .
Lake Michigan, suspended 118 Laboratoery Species Favia pallida Gonrastrea Favia palliida tavitioes viren
particulates 3.0x10° Wa 76 retiformis
Mediterranean sediment "
(Lab sorption study) 1.3x10%-9.4x10% N()AS)(lOS Du 74 One sigma counting eorror expresscd as the percent of the value listed,

Mean 1.4x%10% cnza/g

*
Quantity of 239%240p, {ound to the sediment per unit dry weipht of sediment divided by

the amount of 233+240py §n water per cm3.
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TABLE CAPTIONS

Table 1. Fstimated transuranic sediment inventory: Enewetak and
Bikini Atolls, 1 January 1973,

Table 2. 241Am associated with components in core samples of
sediment.,

Table 3. Plutonium concentrations associated with sediment
components (pCi/g dry weight).

Table 4, Concentrations of transuranium radionuclides in Halimeda
Alrae and Cactus Crater,

Table 5. Plutonium concentrations in the water column at Enewetak
Atoll.

Table 6. Recent determinations of the distributlon coeflficient for
plutonium.

Table 7. Concentrations of

9424
23' 2 OPu in yearly growth sections of

Enewetak and Bikini coral (fCi/g dry weight)

FIGURE CAPTLONS
Fig. 1 Map of Enewetak Atoll with rames and locations of the islands

and the 6 nuclear craters,

24
Fig. 2 Activities of 23942quu (mCi/kmz) associated with the sediment

components in the top 2.5-cm layer of Enewetak Lagoon.

Fig. 3 Activities of 2“Am (mCi/kmz) associated with the sediment

components in the top 2.5-cm layer of Enewetak Lagoon.

238Pu:239+2L0P

Fig. 4 Activity ratios of u in the surface sediments of

Enewetak Lagoon.
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1 2 -
Fig. 5 Activity ratios of 261, 23240

Enewetak Lagoon.

239+240. 241

Fig. 6 Vertical and areal distributions of Pu and

activities in sediments in Mike and Koa Craters (pCi/g)

Pu in the surface sediments

Am
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