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University of Washington
Abstract
CONCENTRATIONS AND REDISTRIBUTION OF PLUTONIUM, AMERICIUM
AND OTHER RADIONUCLIDES ON SEDIMENTS AT BRIKINI ATOLL LAGCOM
by Robert Paul Marshall

239+240Pu, 238P 241 207

U, Am,

The concentrations and distributions of Bi

155Eu’ 137CS and 60

Co in the sediments of Bikini atoll lagoon were invest-
jgated by radiochemical and radiometric analyses of 33 surface sediment
samples and 9 sediment cores collected in 1972. An initial survey of the
concentrations of the alpha emitting radionuclides in crater and lagoon
sediments was made using a thin source counting technique for measuring total
alpha radioactivity. The total alpha values obtained for a Bravo crater

239+240Pq. 238Pu, 241Am and

sediment were greater (ca. 13%) than the sum of
the natural radionuclide concentrations measured or estimated, indicating the
possibility of other alpha emittfng radionuclides which were bomb produced.
Sediments collected from a large area of the northern quadrant of the
lagoon, from two of the three detonation craters sampled, and from a region
southeast of the site of the underwater Baker detonation, typically contained
only finely pulverized sediments. Although these sediments contained the
highest concentrations of all radionuclides measured, the areal distribution

239+24oPu and 24?Am. viere

155

patterns of each of the radionuclides, except

dissimilar. Vhereas the highest concentrations of 239+24OPu, 24]Am.

137

Eu

and Cs were measured in surface sediments collected from lagoon stations,

238 207, 60

the highest concentrations of Pu (19 pCi/g), Bi (432 pCi/g) and "~ Co

(306 pCi/g) were measured in below surface crater sediment samples.

2394240 241

The shape of the major distribution of Pu and Am concentra-

tions in the lagoon may be described as roughly elliptical. The highest



239+240 24

concentrations of Pu (120 pCi/g) and Lom (103 pCi/q) measured in

any samples, occur at the focus of the “"ellipse" at a location in the

northwest quadrant of the lagoon about 6 km SSE of the Bravo crater.

155

The highest concentrations of Eu (139 pCi/a) were measured in samples

collected along the northern rim of the lagoon. If a radiological decay

155

correction is made for the Eu concentrations measured around the

northern rim of the atoll, it is found that the distribution patterns

r 239+240 241 155

fo Pu, Am and Eu across the lagoon are very similar.

To the east of the focus of the "ellipse", the concentrations of

239+24OPu 241 d 155

. Am an Eu decrease approximately exponentially to 2-5%

of the concentrations found near the focus. Although the highest concen-

tration of 137

137

Cs measured (29 pCi/g) also accurs near the focus, the

Cs concentrations decrease at a rate about 3.5 times faster per km than

the 2394240 241 155

Pu, Am and Eu concentrations measured.

In the northwest quadrant of the lagoon, a layer of fine sediments

from 8 to 11 cm in depth was found covering the normal sedimentary deposits.

234U'238 226,,_.234

Measurements of U and Ra:""'U ratios in samples of these

finely divided sediments show them to be very old corals, presumably from

the detonation craters. In two cores collected from this region of

239+240 241

high radionuclide concentrations, the concentrations of Am

155

Pu,

and Eu decrease linearly with depth at a rate of about 50% through

the layer of finely divided sediment. Sedimentation rates measured in

210

one of these cores (using the distribution of unsupported Pb concen-

trations) show that the layer of finely divided sediment collected was

deposited at an uniform rate between the 1950's and 1972. However, large

239+240, 238

differences in the ratios of Pu:"""Pu across the northwest quadrant



_(both areally and with depth) indicate that multiple locations have been
the sources for the high specific activity sediments deposited at the
different locations in the northwest quadrant.

Compared to the concentrations of radionuclides in the very fine
sediments collected in the northwestern 1agoon; the high concentrations
of radionuclides measured in the naturally coarse sediments %roh two mid-
lagoon stations directly downstream from the region of high radionuclide
concentrations cannot be explained by a linear correlation of the
radionuclide concentration with the proportion of fine sediment present
in the sample. Either a particle size or biogeochemical fractionation of
the debris and/or radionuclides is suggested to explain this observation.

60

Evidence that the differences in the spatial distributions of = Co,

207 239+240Pu 238 241 d 155

137 Bi (from those of R Pu, Am an

Cs and Eu) are

partly related to their chemical properties is suggested from thier dis-
tributions in sediment cores and from differences in their distribution
between the sediments and bottom waters of the lagoon. The ratios for

the latter comparison were made by computing the ratio (pCi radionuclide/m3

bottom water):{(pCi radionuciide/g surface sediment) at each station in the
lagoon where the radionuclide concentrations in total, particulate

(>0.3 ym) and soluble (<0.3 ym) fractions of bottom water samples have

been measured by other investigators. The ratios for 239+240Pu, 238Pu,

24 . .
1Am and 155Eu (especially those between the concentrations measured

between suspended particulates and sediments) were found to be very similar
at any given station in the lagoon. Compared to the actinide and

lahthanidE:EQEEE;Z;EEEE for total water samples (the range across the

lagoon is from 0.5 to 10), the ratios for SOCOL B37¢s and 2074 were

60Co, 22 times for 207Bi.

higher, by an average of about 7.3 times for




and 250 times for 137

Cs, indicating a greater distribution of these radio-
nuclides into the water phase at the several stations in the lagoon. The

relative constancy of the ratios found for the actinide and lanthanide

distribution coefficients between the particulate phases and sediments

are interpreted as an indication of their intimate association with

resuspended sediments which are finely divided; the high ratios for Co,

Bi and Cs suggest a dissolution and/or a higher rate of removal from

the sediments,
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1. INTRODUCTION

The fate of radioactive materials introduced into the world's oceans
continues to be a topic of considerable interest to marine scientists.
Research in this field has included investigations of the mechanisms of the
regional and global dispersal of radionuclides, the physical-chemical behavior
of radioactive pollutants in the sea, the use of artificially produced radio-
isotopes as tracers of environmental processes, and the uptake and concentra-
tion of radionuclides by biota. In addition, these studies have stimulated
additional measurements of concentratfons of naturally occurring radionuclides
and their use as tracers of environmental processes. In spite of the interest
in these areas, only limited data are available from in situ observations of
the physical-chemical properties and behavior of artificially produced radio-
nuclides introduced into the seas. It is not surprising, therefore, that a
recent trend in marine geochemical and radicecological research is directed
toward the study of the specific processes that control partitioning, specia-
tion, transport and concentration of chemical elements in the different
physical-chemical environs of the marine biosphere.

Bikini Atoll was one site for nuclear weapons testing between 1946 and
1958. In the seventeen years since cessation of testing, physical decay and
environmental processes have significantly removed or reduced in concentration
many of the radionuclides which resulted from the nuclear transmutation pro-
Cesses. Because of their relatively long physical half-lives, several fission

90 137 60 55 155

and neutron-induced radionuclides, such as Cs, Co, ““Fe, Fu and

207,.
Bi, can still be measured easily in sediments, soils and some biota at

Sr

Bikini. However, the parent materials of uranium and plutonium-239, as well

as many of the neutron-induced transuranium radionuclides such as americium

9

and neptunium, have physical half-lives of 102-10 years, and have not been
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significantly removed by physical decay. Many of these longer-lived by-
products decay by alpha particle emission and cannot be measured by simple
survey techniques.

Tn loc2] areas 2t Rikini Atol', a rotantial hcalth hazard *3 *the re-
turning Marshallese people may exist from long-1ived radionuclides. The
increasing potential for release of transuranics to other marine environments
fs suggested by the planned increased use of plutonfum in power reactors by
more than a thousand between 1971 and 2000 (Shapley, 1971).

In the marine environment, the dissemination of transuranium elements
occurs through biogeochemical processes which affect a transfer of materials
between the sediments, waters and biota of the ecosystem. In the contaminated
environment of Bikini Atoll, there has been 11ttle data published on the dis-
semination of radioactivity between the sediments and waters of the lagoon.
This has been partly due to the primary significance placed on biological and
other studies related to the prediction of radfation exposure to inhabitants
of the atolls. In addition, the sediments at Bikini were significantly dis-
turbed at some of the nuclear detonation sites and a significant period was
required to achieve a quasi-steady state condition of sediment and radio-
nuclides. Recent studies on the concentration of long-lived radionuclides
remaining in the lagoon environment indicate that nearly steady state con-
ditions may now exist. Although the problems of data interpretation presented
by the complex multisource introduction of radioactivity to the lagoon still
remain, the present condition offers unique opportunities and advantages for
the study of the physical and biogeochemical processes which govern and will
continue to govern the fate of radionuclides in this marine ecosystem.

Without extensive previous investigations of Bikin{ sediments, elucida-

tion of the concentrations of long-1ived radionuclides, and the processes
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which have and may continue to cause their distribution, is the logical
starting point for study.
2. OBJECTIVES OF THE STUDY

The objectives of this study were divided {nto tihree parts, as follows:

1. A review of relevant literature related to the oriqin, and the
physical and chemical characteristics of fallout debris and transuranic radio-
nuclides produced at Bikini Atoll.

2. Measurements of the concentrations of selected alpha and gamma
emitting radionuclides in sediment samples collected in 1972.

3. Interpretation of the measurements in terms of physical, hydrological
and chemical processes. Special attention is given to interpretations which
may be important to present redistribution processes and may relate the ob-
served data to data reported by other investigators.

Because of its significance and the difficulty of obtaining data for
alpha emitting radionuclides, the prime emphasis of this thesis is placed on

the plutonium and americium-241 data.

3. PROBLEMS, PROCESSES AND LITERATURE: AN OVERVIEW

To interpret the distribution of pollutants in the environment requires
consideration of many variables, including the physical-chemical properties of
both the pollutant and the components of the environment under investigation.
Since the scope of this study thus becomes very broad, careful consideration
of previous information concerning the pollutants fate and behavior greatly
facilitates subsequent study. The initial distribution of radioactive debris
from each test would be expected to be strongly influenced by the following
factors: (1) the size and location of each detonation; (2) local hydrological

conditions; (3) the physical-chemical properties of the radionuclides; (4)



At Bikini, the early diagenesis toward a steady state condition following
each test was complicated by subsequent testing in similar geographical loca-
tions. Similarly, redistribution of radioactive materials deposited on the
land, reefs, and littoral areas would occur from the action of longshore cur-
rents, tides, rainfall, groundwater seepage, waves and storms, including in-
frequent typhoons in the area.

In the review of the literature, the subject material was categorized in
ane of six general topics, as follows: (1) the production and occurrence of
transuranium elements; (2) the introduction of radioactivity in fallout from
the different devices detonated at Bikini Atol1; (3) the physical and chemical
properties of plutonium and americium in aqueous solution; (4) plutonium dis-
tributions in marine sediments; (5) the physical and chemical nature of Bikini
sediments and hydrological transport process; and (6) previous radiological
surveys of Bikini and Eniwetok sediments,

3.1 Production and Occurrence of Transuranium Isotopes

In 1940 the production and subsequent discovery of plutonium was
238 238, x—tr» 238
made by the nuclear reaction u (d,2n) Np 2.7 d° Pu, and was reported
by Seaborg and co-workers (1946). Plutonium-239 was discovered by Kennedy et
8l. 1n 1941 (1946). In 1942 Seaborg and Perlman (1948) demonstrated the nat-

-14

ural occurrence of about 10" 'g Pu/g U in pitchblende. In several subsequent

investigations the Pu/U ratio fn natural materials has been shown to remain
fairly constant at around 107" (Keller, 1971). The work of several investi-

gations has since indicated that the reaction chain responsible for naturally

occurring 239 Pu is 238U (n,y) 239U ?§7€4> p 2—%_3*’ 239Pu (Keller, op.

cft.). The source of neutrons for these reactions is predominantly from the
spontaneous fission of uranium and from (a,n) reactions of alpha particles

with nuclei of light elements in the uranium-bearing ore. Small quantities
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237Np (ca. 1.8 x 10'29 237Np/g 238U) have been reported in pitchblende by

of
Peppard and co-workers (19571)., Americium-247 was first isolated from an

{irradiated plutonium sample by Seaborg et al. in late 1944 (1949). Although

the half-lives of ‘44Pu, 247

Cm or other unidentified super heavy elements may
be long enough to provide for their (isotopic) persistence since primordial
times, none have yet been measured quantitatively (Keller, op.cit).

The formation of transuranium isotopes with proton or mass numbers differ-
ent from those of their parent occurs primarily by nucleon capture of neutrons,
deutrons and alpha particles supplied from particle accelerators or pulsed
fission or fusion reactions. In the process of operating a uranium-fueled
reactor, for example, isotopes of neptunium, plutonium, americium and curium
are formed and can be subsequently separated from the depleted uranium fuels.
The production of transuranium elemants is accomplished by successive neutron

capture reactions from products created from 238U or 239

Pu in nuclear detona-
tions or in reactors. Isotopes with mass numbers as high as 257 have been
found or identified from both laboratory and thermonuclear tests (Keller, op.
cft.). The mass yleld of heavy isotopes from the Mike and the Barbel and
Cyclamen thermonuclear experiments decreased in atom amounts approximately
logarithmically with increasing isobars from mass numbers of 239 and 242,
respectively (Diamond et al.,1960; Keller, op.cit.).

The major alpha-emitting radioisotopes of uranium, neptunium, plutonium
and americium which are produced from the detonation of plutonium or uranium
nuclear devices, and their mode of production as found in Lederer et al.(1967)
and Xeller {op.cit.), is shown in Fig. 1. From this diagram it is apparent
that relating the abundance of transurantum isotopes in environmental samples

to their oriqin from a specific radionuclide parent may be extremely difficult.

This 1s particularly true with respect to 238Pu, which can be produced by at



-1103® tulyig 3e paAJasqo sap}|onuolped o
s -qusJded | 34nbl

D wwa eydle paatl Buol 404 sdjysuojielad Jajybnep-jusied

| BuI!

uo1jou0dIP J0
a Aazkwuv awiy o uoydo3 JDAINN @mmm=
» skpoap DIaq PIAY JIOYS —-— - ——
| : onw skodap oydio PIAY fuo| ~-—m—
,_ . uoyoipod 043G = ¢
A\ uoyoipos oydiy = D
1v2
| s joli3ioW juslod = ¥
* ik 0949 K o9¢'ve 8 :
Wzl ¢
! D
-
| . Ndgce
uyy s 0
ndp @™ == "d op?® = V=Y * 62 ‘
' Kopge2 | skop 121 1k oo_._w
g uw 09! skop 2\ ¥ __
4 “ _
1 . Q
__ ONgcz dNge7@™"(¥ W) =" ONyg2
dNopz . N ’
‘ _ \M.r skop 89!
ujw G'€2 2 S “
“pi!
nrph 21 5 |
-9, _ -
1

: -=(ud .Cv.'}NmN"-Nah.cvl l’:ﬂnw
Noyz @™ (2 0)=" N ®=# uy==Necz

@m:i(} ‘U)m=

K g0leGY
D



238 235

least two pathways from U,via production from U, or as an unburned

i-purity in 239Pu device materials. It is also produced as a decay product

, o ‘ 25 2 26
of short-lived transamericium isotopes, 254No. 230, 246c¢ %2,

Fm, Cf

The isotzpic compr=*1on of snme plutonium fuels can be found in Keller

{op.cit.), and Poet and Martell (1972). The concentrations of 239 240

2394240

Pu and Pu

are commonly reported together (e.qg. Pu) since alpha spectroscopy
measurements cannot distinquish between their energies. Plutonium-238 is the
next most commonly reported alpha-emitting plutonium isotope in fallout. The
2394240, 238 .

Pu:"""Pu activity ratio measured in samples which have accumulated the
isotioe from fallout is about 20:1 (Noshkin, 1972).

3.2 Introduction of Radioactivity in Fallout

The composition, structures and origins of radioactive fallout
particles produced in the nuclear testing program at the Pacific proving
ground were investigated by Schell (1959) and Adams, Fairlow and Schell (1960;.
The formation of fallout particles were then, and have since been, shown to
be qoverned by the interactions of the condensing vaporized device and soil
materials in the cooling fireball and by entrainment and/or impaction pro-
cesses with non-vaporized materials swept into the fireball at later times.

Because of their extreme dilution, the individual radiocactive

elements are never concentrated sufficiently to condense as

individual metal or oxide particles but only condense on to

the particles which are being formed by the major vaporized

constituents and by the soil materials (Adams et al.,op.cit.).
A sianificant effort has been directed toward describing the fractionation
of radionuclides following nuclear explosions. Quantitatively, fractiona-
tion of volatile and refractory radioelements was first demonstrated by
Freiling (1962). Heft (1970) reported:

For land surface and subsurface detonations, the [particle

size] distribution functions may be expressed as linear

combinations of two or three log-normal distribution
functions. Fach component corresponds to a particle group
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which interacted with the radioactive cloud at a different

time, Earlier interaction generally corresponds to larger

particles, more hizh temperature effects on the particles,

and greater enrichment in refractory radioisotopic sphere.

Later interaction corresponds to smaller particles, less

temparature effect on the narticles, and qreater enrich-

ment in surface distributed volatile species.
Later fractionation of radionuclides betweeh the different phases of an inter-
acting environment were reported in the same year by Freiling and Ballou (1962}.
Freiling had previously characterized this "secondary” fractionation in terms
of the “degree” and "extent" to which it occurred. The term "degree of
fractionation" was coined to refer to the range of variability of radionuclide
ratios present in different collections; whereas, the term "extent of fraction-
ation was coined to refer to the quantity of a radionuclide which was not
present in a sample or phase in its ratio characterized by its production.

There were 23 detonations reported at Bikini at ten locations, as snown
in Fig. 2. The parameters for these detonations are given in Table 1. The
ylelds of the largest reported detonations were: Bravo, 15 MT in 1954 at
location B; Zuni, 3.53 MT in 1956 at location H; and Tewa. 5.01 MT in 1956 at
location G. There was also a “several MT" airburst detonation in 1956 re-
ported which probably resulted in relatively minor contamination of lagoon
sediments. Typically, two types of sites were used for testing nuclear
devices at Bikini--barge and surface--and each probably gave rise to fallout
particles of distinctly different composition and structure.

The first type was located on barges anchored over water deep enough to
prevent the incorporation of large quantities of sofl in the ensuing fireball
and cloud (sites A,F,D,E in Fig 2). Devices detonated on barges at Bikini
under these conditions contained large and similar gquantities of iron and

calcium (from coral barge ballast) as the principal condensation matrix

(Adars et al.,op.cit.). Spharical particles of dicalcium ferrite (2Ca0 Fep03),
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1
mostly less than 1 micron in diameter, contained about 85% of the radioactiv-
ity in the fallout droplets from these types of detonations (Scheli, op.cit.);
»+ <a=yrated scdium chloride (sea salt) droplets in which these insoluble
solids were suspended contained the remaining 15% of the measured radio-
activity,

The second type were detonations in shallow water or on land surfaces
(sites B8,J,G,1,C,H, in Fig. 2) and were used for the three largest tests con-
ducted at Bikini. From explosions of this type, Adams et al. found that
condensation of the vaporized materials typically occurring as impurities into
and on the surfaces of the coral soils swept into the fireball, producing two
distinct types of fallout particles. One was spherical particles of Ca0
partially hydrated to Ca(OH),. A surface coating of Ca(OH)z and/or CaC03 was
present due to the reaction of the particle with water vapor and atmospheric
€02 during the fallout. These particles were formed by high temperature
(>2570 C) vaporization of coral with subsequent condensation of the oxide as
2 spherical particle which had lost its normal porosity. The radicactivity
was 3lmost uniformly distributed throughout the particle. The second char-
acteristic particle was angular, and consisted of Ca{OH)2 with a thin outer
coating of CaC03. Some of these particles contained an unmelted coralline
sand fragment as a central core. The bulk of the radioactivity was con-
t2ined in the outer carbonate shell. The angular shape of these particles,
the lack of incorporated radioactivity, and the presence of occasional un-
Fodified sand grains led the authors to suggest that these particles were
formed from nonvolatilized coral which was heated enough to melt and de-

cartonate (800-900 C), while incorporating only an outer surface of condensing

redtonyclides, Occasionally, 10-micron and smaller spherical particles
Produced by direct condensation of the refractory Fe and Ca vapors at early

tires in the fireball were observed adhering to these particles.
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These investigators also described the effects of hydration and wetting
on the Ca0 - Ca{OH)}, perticies. Beccuse of the dersa low porosity nature of
these particles, their atmospheric hydration was dependent on the aqueous
environment encountered during "fallout." Complete hydration, observed over
several weeks time, was accompanied by a 1007 increase in particle volume and
the development of a crumbly, fluffy structure. When CaO/Ca(OH)Z particles
were wet with seawater, they becan to dissolve slowly. The freed calcium jons
reacted with sulphate ions in the seawater to form calcium sulphate-dihydrate
(gypsum) while the hydroxyl ions reacted to form insoluble Mg(OH)2. A hard
shell of Mg(OH)o formed around the particle, which, during the period of obser-
vation, apparently stopped any further intrusion of seawater as a region of
Ca(OH), remained on the inner surfaces of the often hollow spherical particles.
Tne remaining radioactivity was 2ssociated with the Ca(0F), in the center of
the sphere. Some of the freed Ca jons in the spheres also formed CaCU3 by
the reaction with the bicarbonate ions in seawater.

3.3 Chemical Properties of Plutonium and Americium in Aqueous
Environments

3.3-1 General Considerations

Plutonium (element 94) and americium (element 95) are
re~ters of the innter transition series of elements (from actinium (Z = 89]
to lawrencium {Z = 103) known as the actinide elements. These elements, like
their rare earth homologs, the lanthanides, and the main ("d®) group of
transition elements, are defined as those elements having partly filled d or
f quantum shells. The chemical bonding and complexing properties of trans-
Ttien elements are determined by the electronic environment around their

valence (bonding) electrons. Many chemical reactions possible for actinide

elements are understood by analogy of the similarities and differences between
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the valence electronic environments of actinides, and transition element
groups which have been studied more thoroughly. Chemical bondirg is related
.5e shieldirg of bonding (d or f) orbital electrons by s and p orbitals.

Arong the groups of transition elements, the degree of shielding follows the

order:

main group
Lanthanides Actinides transition elements
(4f orbita1s)::> (5f orbitals) ::> (3,4 or 5d orbitals)
This spatfal difference in electronic structure results in chemical properties
of the actinide elements which are expected to be intermediate between the
characteristic behavior of the lanthanides and main group transition elements
(Cotton and Wilkinson, 1966).

The main group transition elements, by nature of having their valence
clectrons at the periphery of atom, interact strongly with 1igands. These
interactions result in large variations in the chemical properties of suc-
ceeding main qroup transition elements which are well known. In contrast to
the variations exhibited in succeeding "d" group transition elements, the
cherical behavior of the trivalent lanthanide elements in the marine environ-
rent 15 quite similar. This behavior is well illustrated by the relatively
iow concentration differences (when each element concentration is normalized
to 1ts natural abundance in shale) obsérved for the trivalent lanthanides in
sea water and mineralogical phaseﬁ of marine sediments (Goldberg et al.,1963;
Piner, 1975). Unlike the main group transition elements, the lanthanides form
restly fonic compounds and exhibit chemical properties which are largely deter-
Fined by the size of the M'3 jon. The size of each of the 14 succeeding
Tantranides steadily decreases with fncreasing atomic number (the lanthanide
cemtraction) and these elements thus form increasingly stronger metal-ligand

cortleres with decreasing size; which may partly explain the small
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concentration differences observed between the lanthanides in different
marine phases. In general, the actinides tend towards covalent-hybrid bonding

»

+.., nence,complax fLoration should be especially tvpical of the higher oxida-
tion states of these elements.

A characteristic property of transuranium elements is their ability to
exist in several oxidation states. The oxidation states of the elements
uranium through americium are shown below, after Keller (op.cit.). The acti-
nides of atomic number greater than americum exist predominantly in the +3

state. In this diagram, the most stable state in an aqueous solution free of

complexing agents is underlined.

Atomic number 89 an 9] 92 93 94 95

Element Ac Th Pa U Np Pu Am
3 3 3 3 3 3
Oxidation
state 4 4 4 4 4 A
5 5 5 5 5
6 6 6 6
7 7

The general chemical behavior of the compounds or jons of elements,
uranium through americium, when in the same oxidation state, is similar
evcept for their oxidation-reduction potentials (Cotton and Wilkinson, op.
C1t.). Because of the differences in the electronic environments of succeed-
'nc actinides, elements in different transition groups which have the same
tvoe of bonding electrons as a particular actinide may be more similar chemi-
¢e'lv to that actinide than are neighbor actinides.

In 2 pure aqueous solution, the principal cationic forms of the +3, +4,
oC

-v and the +6 states are M3+, M4+, MO0, and M02++, respectively. 1In the

strelest (aqueous) case, plutonfum has the unique chemical property of being
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able to exist in significant concentrations simultaneously in all four of its
lower oxidation states. The high reduction potentials associated with the
higher oxidation states of americium prevent its similar behavior, especially
if in the presence of oxidizable species (as in seawater); americium is ex-
pected to exhibit a marked preference for the +3 state. Unlike the higher
oxidaticn states of plutonium, Pu (IIl), like the trivalent rare earths, show
little tendency to form complex jons. Trivalent plutonium, which is stable in
acidic solutions, begins to hydrolize near pH 7, and at only slightly higher
pH, oxidizes to Pu(OH)4 (Andelman and Rozzell, 1968). Plutonium (1V) is noted
for formation of very stable hydrolysis products which can qrow to molecular
weights of 1010. Such large polymetric species are favored in increasingly
basic solution. Pu (IV) hydroxides are the most stable (hence abundant)
hydrolytic prnducts of plutonium in the aqueous state in the pH range of
natural water. The charge carried by colloidal Pu (1V) has been discussed by
Phodes (1957a, 1957b), Andelman and Rozzell {op.cit.) and has been further
¢iscussed by Price (1973) and Keller (op.cit.). These workers suggest that
in vitro colloidal Pu (IV) is positively charged below pH 7-8 and negatively
tharaed at higher ph's, Plutonium V greatly disproportionates above pH = 6,
(reiler op.cit.), is thought to exist only as the oxyion Pu0,+ in aqueous
selution (Andelman and Rozzell fop. cit.]) and correspondingly shows little
tendency to form chelates (Keller, op. cit.). Plutonium VI may behave some-
w8t sirilarly to Pu (III) but has greater tendency to form complexes, is

rere stable in basic solution and, with such divalent anions as carbonate, it
#¢y exist as an anionic molecule. The chemical properties of Pu (VI) and U

A1} are cormonly reported to be quite similar.
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3.3-2 Physical-Chemical States and Observations in situ
Lai and Goya (1966) showed that plutonium metal reacts
aly with seawaz:zr~ ielding 3 nonuniform distribution of solid reaction
products of which only about one ug per day went into solution for each mg of
reaction product produced. Kubose et al. (1968) investigated the dissolution
cf 238Pu02 microspheres (PuO2 is formed only at high temperatures) placed in
sea sediment. The dissolution rate determined after five months' exposure
w2s believed to be dependent on the development of an organic encrustation

238

forming over the Puly spheres. The dissolution rate of these microspheres,

assuming a mean microsphere diameter of 100 um, was about 4 ng/m2/s (Patterson
et 3al., 1974). When similar dissolution rate studes at temperatures of 120
ar? 190 C were carried out, large reductions in the dissolution rates were

attributed to the formation of a calcium sulphate coating on the PuQ2 spheres

(rudose et al., 1967a).

Recently, Patterson et al. (op. cit.) reviewed the literature dealing
»ith the dissolution of Pul, under environmental conditions. These investi-
g2t0"s have iﬂnﬁg that the dissolution of Pul, during its first few hours of

contact wwth éiiiifif is on the order of 100 times higher than that occurring

at later times. They also showed that the dissolution rate of 239

the order of 100 times lower than the rate for 238Pu02. The higher rates for
212 ,
Fu?, dissolution can be attributed to the much higher specific alpha radio-

e2tivity of 238Pu.

Pudy is on

Linaren (1966) found that when either Pu (II1), Pu (IV), Puly++ or dis-

] .

eive? plutonium metal was equilbrated with seawater, about 307 of the
rriulting species are anionic and about 70% are nonmigrating in an electric
1ot . : e
'$1 Wher high fired Pul, was dissolved in seawater, however, the distribu-
Ut wae 22¢

anionic, 23% cationic and 55% nonmigrating. Lingren suggests
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that the anionic species is the carbonato-complex of plutonium.

A comprehensive study of the elemental physical states of nuciear weapon
debris in seawater was reported by Freiling and Ballou (op. cit.) from in situ
and laboratory simulation experiments, using radioactive particles. They found
that the majority of the rare earth radionuclides measured were associated
with the particulate fraction of water samples and the remainder was associated
with the colloidal fraction. Although no plutonium or americium data were
presented, evidence for the simultaneous coexistence of several oxidatfon and
phyﬁfcal-chemical states for neptunium was found.

Sugihara and Bowen {1962) and Bowen and Sugihara (1963) found that the
rare earth radionuclides 144Ce and 147Pm, in fallout over the ocean, rapidly
become associated with sinking particulate matter after they enter seawater
and are consequently fractionated from soluble faliout radionuclides (such as
9OSr). While there exists an uncertainty as to the degree which individual
fallout radionuclides are jsotopically inert or equilibrated with their sea-
water counterparts after fallout, a rare earth-plutonium analogy is suggested
in that similar mechanisms (Noshkin and Bowen, 1972) can explain the depletion
of plutonium from oceanic surface waters. In regard to the geochemical
“trertness” of fallout radionuclides in seawater, Volchok et al. (1971) have
¢iscussed the relevant literature, and it appears that no definitive conclu-
stons can be drawn. It is also of some interest to note Sugihara and Bowen's
sutrestion that the fractionation of promethium (from cerium), via the appar-
#~% association of promethium with faster settling particles, is due to the
“t!ference {n oxidation states of Ce (+4) and Pm (+#3) in the ocean.

Several recent studies (Polzer, 1971; Silver, 1971; and Andelman and

P20l cop. cit.) have been directed toward the distribution of soluble
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species and the concentrations and physical-chemical forms of plutonium in
natural waters. However, as stated by Silver {op. cii.), the behavior of
rlutonium presents a far less troublesome problem than the definition of
"natural water." The complex chemical and variable situation existing within
the biologically productive environment at Bikini j1lustrates this problem

well. Schell (1974a) has reported on the physical-chemical states, in situ-
of ISSEU 239+240 241

Pu, and Am and other radionuclides in Bikini Lagoon.

r¢

v

Furopium and americium both apparently ethbit(iégfglgfﬂficmnponents, with //ﬁ;?j’q“
the >.3 uym particulate fraction containihg 18-100 and 30-100 percent of thlqjj;;;;)/
radionuclides, respectively. The remaining fraction was found as <.3 ym a :
was interpreted as being colloidal-particulate material. Plutonium, on the
other hand, was found to exhibit a large "soluble" fraction with the <, 3um
trection showing a large variability in relative proportion and the ».3 um
particulate fraction comprising between 4 and 75 percent of the total activity.

In summary, there exists an interesting question as to the dearee to
vich certain radionuclides (Ce, Pm, Eu, Pu, Am, Np, etc.) have been released
fro— their sphere of inffuence in the original fallout particle. It is also
evident that the very refractory nature of plutonium dioxide, which is a
rrssitle form of condensed plutonium, could have a significant effect on its
subsequent environmental behavior and redistribution. Very little is known
42yt the behavior of americium in the environment. Although a great deal
rere fs known about plutonium, the complexities of its distribution between
fev possible physical states is troubling. Evidence exists that Pu0p (C03)-2
' trn dominant soluble plutonium species in seawater, in vitro, although
“tivers mode) (op.cit.) would predict that the low complex forming tendencies

~d ~
"7 1he 4% state favor 1t as the dominant state in seawater. The presence of

"4 very stable and insoluble compounds Pu0, and colloidal Pu (IV) probably



19

dominate the solid phase of plutonium and controls the equilibrium between
ursequestered species in natural waters,

3.4 Plutonium and Americium Distribution in Soil and Sedimentary
tnvironments,

Andelman and Rozzell (1968, 1970, 1971) have presented a consider-
able body of information concerning the sorption of aqueous plutonium onto
silica. In these articles, they find that the relative amount of plutonium
sorbed by silica varies with the ionic strength, pH, concentration, and dis-
tribution of the sizes of the colloids in solution. Sorption was found to be
drastically reduced by the presence of 10'2 ﬂ_bicarbonate ion in solution.

The sorption of Pu (IV) onto silica was found to reach an apparent equilibrium
after 12-15 days' sorption. Aging solutions of Pu (IV) for up to five days
rrior to sorption resulted in progressively more sorption onto the silica.
Rfter five days aging, however, decreased sorption of plutonium occurred.
Treir results indicated that slow coagulation of the hydrolysis products of

®y (IV) yields colloidal species whose size determines their sorbability onto
stlfca. They conclude that the sorbable species were of two types, and include
ocsitively charged ions (which are rapidly sorbed) and Tow molecular weight

celloids. Desorption of plutonium from silica grains was found to proceed in

‘w2 stens. Approximately one-third of the sorbed plutonium was found to be
*1e*tlv bound and desorbed with a half time of 350 days, and two-thirds was
rele2sed into a water bath of "infinite" volume (at pH 7) within hours.
Cuursma and Parsi (1974) measured distribution coefficients between
" Titerranean Sea sediments and sea water spiked with Pu (III), Pu (IV), and
- (2] under both oxic and anoxic conditions. They found distribution co-
':"t‘tﬂts of about (10% {n each case, with half times for attaining an equili-

e -4
'# ef fromone to four days. This rate is not appreciably different from



the half time of five days found by Andelman and Rozzell (1971) for the Pu-
silica system. Kubose et al. (1967b, 1968, 1962) found that although the
plutonium released from PuO, microspheres was quantitatively removed from sea
water by shaking with sediment, adsorption of the products of Pu0y dissolution
from similar microspheres placed in sedimentﬁ in situ was highly dependent on
the flow rate of the overlying water. Their results were that 77% of the
plutonium activity released from the microspheres was adsorbed by surrounding
sedirents when calm water conditions existed, but that only 0.3% was adsorbed
when the flow rate of overlying seawater was high. This result may correlate
well with the prediction of Andelman and Rozzell (1968, p. 135) that "Pu (IV),
{f continually released into a flowing stream, would be expected to sorb more
o those silica particles which lie a distance downstream corresponding to the
ti=> of optimum agirg." Fukai and Murray {1974) fcurd that about 10% of the
Fu (IV) or Am (II1) sorbed onto Var river sediments in fresh water conditions
wa: desortadle with Mediterranean Sea water. They also noted that the
e2sorption-desorption behavior of Am (III) was much more sensitive to pH than
was the behavior of Pu (III).

The association of plutonium and americium with various terrestrial soils
"2t tenn investigated by a number of workers. These papers have been reviewed
Yy Francis (1973) and Price (op. cit.). Distribution coefficients for plutoni-
U™ “etween soils and various solutions are also presented by Higgins (1959).
% cemeral conclusion that can be drawn from these works is that, in the absence
¢! orcanic chelating agents, plutonium appears to te very immobile in the soils

'"resticated so far. Francis has emphasized, however, that research in arid

477 seri-arid climates has dominated the literature. Further, he concluded

» L ]
Al

the most 1ikely mode of plutonium entry into [terrestrial] food chains

Teazira to man (appears to be) that {fraction] chelated with naturally occur-

fire orcanic soil components.*
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Held et al. (1965) studied the relationship of atoll soil types and the
2istribution of fallout racionuclides at Rongelap Atoll. They reported:

The soils are calcareous, containing no inorganic
colleoids, and their exchange capacity is directly
related to organic content. In young soils the
highest levels of radiocactivity are associated with
soil algae found as a surface crust in undisturbed
areas and in coral fragments [which were infiltrated
with algae) in eroded area.

In these soils the rare earth radionuclides ]44Ce and ]47Pm generally

showed less penetration into the soils than any other radionuclides measured.
Noshkin and Bowen (op. cit.) have measured the concentration of 239+240Pu
in sections of six sediment cores from the north and south Atlantic Ocean and
the Mediterranea Sea. In a review article, Moshkin (1972) presents plutonium
concentration profiles in sediment cores from Buzzards bGay, Mass., and other
~°rtinenta) soils. The profiles presented in these papers show that relative
te the surface sediments the concentrations of fallout plutonium are reduced
t2 very small values in 20 cm, and, typically, in 10 cm in the Atlantic sedi-
Fent cores. With the exception of one core profile from the Central North

*viantic, the plutonium concentration in the cores decreases regularly with

o

u(”.'

71", appears convex in shape, and the plutonium concentration is reduced to
¢:. £0% of the concentration in the surface layer in roughly the first 5 cm
¢’ secirent. Moshkin (op. cit.) noted that the sediment deposition rate in

recion where the Buzzards Bay core was taken was "too low to account for

1"« presence of both 239Pu and ]37Cs at depth in the core." He concluded:

Cherical or biological reactions must be occurring
at the sediment-water interface to produce changes
in the interstitial waters and solid phases which

are sufficiently large to induce redistribution of

the plutonium and 137Cs taken up by sedimenting
material,
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3.5 Environmental Aspects of Bikini Atoll

3.5-1 Geography and Hydrology
Pikini Atoll is located in the Central Pacific Ocean
rear 11°N latitude, 165°E longitude. The coralline atoll rises 4600 meters
off the sea floor in the Northern Marshall Islands. The 629-square kilometer
lagoon area averages 47.5 meters in depth and is enclosed on all sides by an
exposed reef. An 18.3 meter lagoon terrace divides the deeper lagoon from
tne reef perimeter.

The hydrology of Bikini Lagoon has been the subject of papers by Von Arx
(1948, 1954), Munk and Sargent (1954), Munk, Ewing and Revelle (1949},
Johnson (1949) and Ford (1949)., The model of the winter lagoon circulation
shown in Figure 3 resembles a typical wind-driven, two-layer system of inland
lales. The circulation is driven by the action of wind, waves, tides and the
Ncrth Equatorial Current (Von Arx, 1954). Year-round entrance of seawater to
the lagoon occurs through passes on the southern perimeter of the reef and is
suiplerented during the winter by the tradewinds which force water over the
irter-island reefs during high tide. The surface waters that do not exhaust
Cyver southern and western passes or reefs sink and form a slower moving return

fizi mnich bifurcates at the eastern portion of the lagoon, forming two deep

%ete” spirals. Von Arx {1954) placed the 1imits of the upwelling zone in the

eettern lagcon at about 2500 meters from the midpoint of the east reef and as

7.0 J477-3302 meters wide. He also found that the direction and speed of

.
L

the surface and deep-water components is nearly constant at 3% of the

-
LS 3 R R A

12-hour average wind speed. This results in an average 9-13 meter

>ei surface layer, with average speeds of 15 and 25 cm/s in the summer

feetam ; . .
‘TreeTLand winter (tradewind) seasons, respectively (Von Arx, 1954). The
el mar

"r current speed is gencrally thought to be approximately one-third
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of that of surface water under normal conditions. The tradewind and doldrum
seasons brins winds primarily out of the NE and ESE, respectively.

Exchange budgets for the volume of water in the lagoon have been calcu-
lated by Von Arx (1:34) and Noshxin et al. (1374a); these rates differ con-
siderably. Unusual hydrological conditions have been documented by Ford (op.
cit.) which could cause large variations in the water exchange budget.

Yon Arx (1954) also measured coefficients of horizontal diffusion in
Bikini surface waters, using dye marker experiments. Munk, Ewing and Revelle
{op. cit.) estimated coefficients of vertical diffusion by using measurements
of the mixing rate of oxygen-rich reef water with lagoon deep water.

3.5-2 Lagoon Sediments

An extensive description of the physical, biological, and
che~ical aspects of the sediments of Bikini and nearby atolls has been made by
r. 0. Erary, J. I. Tracey, Jr. and H. S. Ladd (1954), While some of the field
stuties performed in association with these investigations occurred after
fritiation of nuclear testing at Bikini, there were, to this writer's knowl-
¢*~e, only minor putlished notes dealing with the post-Raker test sedimentary
ervironment of Bikini. Because of this, the description of the undisturbed
s¢ientary environment (as found in the 260-series USGS professional papers)

¢zotain most of the available background information.

The recf environment at Bikini is an extremely productive and complex

coTTity. About seven tons of organic matter/year/acre are produced as a

reiult of photosynthetic activity by the windward reef community; of this, an

€r2irate® 127 ray be available to nourish the animal assemblage of the lagoon
reteetal., op cit. p. VI). Lagoon bottom waters are estimated to average

Cf.:‘o * o v .
w-twerthioth the photosynthetic activity of the reef area (Sargent and

TR XL
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Emery et al. state (p. 57):

The lagoons cen be censidered as made up chiefly
of two distinct but superimposed environments:
(1) the topographic highs, characterized by
active growth chiefly of coral with relatively
little accumulation of granular material,and
(2) the gentle slopes or flat areas between
coral knolls where granular debris from the
reefs, from the water above, and from Halimeda
and Foraminifera growing on the bcttom are
deposited. Minor amounts of coral are found
in the flat area, as talus debris near the
base of the coral knolls and as growth in situ
on the bottom,

The coral knolls which dot the lagoon often reach gigantic proportions--
rising to within several fathoms of the lagoon surface. Wells (1954) totaled
{5 genera and 266 species of coral from the Marshall Islands and describes
treir species distribution in the atoll by zones bases on habit preferences

f2= vindvard or leeward, lagoon or seaward, depth, and temperature. Emery et

1

. {er. cit., p. €2) estimate that 5 to 20% of Bikini Lagoon is covered by

"t growth,

Both Anikouchine (1961) and Emery show that generally well-defined phy-

P

an¢ qeoaraphical parameters coincide with the distribution of unconsoli-

Sy

‘ sedirentary materials in Bikini and Rongelap Atoll lagoons. Foramini-

oy en fine "coral" debris (comminuted coral, Halimeda,shells) comprise the

' 8'uncant component of beach materials. The foraminifera Calcarina

. .
[

g . and !"arainopora sp. account for between 25% and 50% of the local
“mir of beach sands (Emery et al., op. cit. p. 58). In general, these
'w- ¢f forarinifera decrease in abundance with increasing depth to abund-

©¢f Trss than 107 at around 26 meters. Munk and Sargent (op. cit.)
" UTERT tat waves dissipate 500,000 horsepower against the windward reef at

“reletel and clastic reef material eroded by this frictional force

$° - raer 4y * N . 2 .
TTTrrTirio the lagoon, especially during high seas, and account for the



26

majority of the fine sedimentary deposits in this (or any other) part of the
Tanoon {Emery et 3)., op. eit. p. VI, VII, 26, 30, 31). In additicn, seci-
ments near the beach area are eroded and broken by wave action and reductions
\n the size of sedimentary material throughout the lagoon arise from the action
of boring organisms. The abundance of fine4debris reaches a maximum of 50%
to 75% several miles off shore. In general, this band of fine sediments is
widest on the south, west, and northwest half of the atoll's inner perimeter
and is nearly absent from the northeast and eastern regions, except off Bikini
Island (Emery et al.,op. cit. p. 58). Fine debris comprise less than 10% of
the components of samples in the central region of the lagoon (Emery et al.,
op. cit. p. 58, 62).

With the exception of the deepest regions of the lagoon (Halimeda growth
fs lirited bv decreasing sunlioht below about 55 m), Halimeda comprises the
vast remainder of lagoon sediments. Below the 55 meter zone, remains of some

127 species of benthonic and pelagic foraminifera make up the major proportion

©f trc sedirents, although they are present in lesser proportions throughout

t*e lacoon sediments (Emery et al., op. cit., p. 57,62). In a thesis on the
723331 sediments of Rongelap Atoll, Anikouchine (op. cit.) concluded that
“ririy all sediments are produced within the atoll and that no [natural] sedi-

rroiery raterial leaves the lagoon basin after deposition.
Erery et al. (op. cit.) made a limited mechanical particle size analysis
=77 sieves) of a few samples obtained by coring off Bikini Island.

““'ve-ztine (op. cit.) performed a more complete particle size analysis on

= 17 sedirent cores from Rongelap Atoll. The distribution of mean grain
(it withdenth in cores and in beach sediments obtained by Anikouchine are
Ve te Fagl &, The “average" sediment (curve 3) is seen to have nearly a

enny i ]
¢istritution of sizes. Forty-one sediments collected by coring were
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subjected to size and microscopic analysis. Anikouchine found that in general
azeper seccions of the cores contain finer mean grain sized material than sur-
face sections. Emery et al. (1954) noted small quantities cf acid insoluble
clay material finer than 4 y in Bikini sediments.

Emery et al. (op. cit.) set a two-tiered sediment trap in 34 feet of
water near the northwest end of Bikini Island. The top compartment was 22 cm
off the lagoon floor and collected .34 mg/cm/day of a sediment finer than
tmery observed in any cores. The bottom trap adjacent to the lagoon floor
accumulated 2.9 mg/cm/day of sediment with grain size distributions similar to
the surrounding bottom sediments (Emery et al.,op. cit. p. 39).

The porosity, specific gravity; and chemical composition of bulk and indi-
vidual Bikini sediment components are reported in Emery et a. (op. ¢it.). The
e-lorate compounds of Ca, Mg, and Sr totaled greater than 97% of the inorganic
camstituents of all sediment samples analyzed.

One of the few unclassified descriptions of the effects of atomic testing

te sedirents of an atoll lagoon is found in Glasstone (1950), which
**'aZ~s a description of the nature of the effects of the 20 Kt underwater
"7 tect conducted at Bikini. Following the test, investigation of the

" Yoitor shoued thet the nermal coarse-grained calcarecus debris near

- e

ttit site was converted to "mud" in thickness up to ten feet deep. The

¢vea rud was found to have a median diameter of 7.5 microns, with 75%

U mL 0 Yess than 20 microns in diameter, and 25% of the mud was less than

- T7TtTr n diameter. This distribution of particle sizes is nearly log-

" tetieen the 2.5 y and 20 y diameter limits measured. An estimated 3.68

¢-iiCyerds of sediment were "blasted out or placed in suspension” by

$rr tricnation and of this 1.42 x 106 cubic yards did not resettle into

(il o e N
¢ cerrestion. Fine mud was found on the lagoon bottom over an area
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of a mile in radius. If this removed material was completely and evenly
deposited over the above area, the layer of mud would have been about .52
-aters deep.

A second note concerning the post-testing sedimentary environments at
Bikini and Eniwetok is one concerning lagoon silt and turbidity in the water
column (Welander, 1966). He reported that the persistence of finely divided
solid materials from the testing caused many areas to be extremely turbid

even during the 1964 expedition to<§£££££:>’This was in spite of unusually

calr seas at the time. WUelander states

at Bikini, the west reef of \Namu Is. had heavy deposits
of silt near the crater area. Some silt was observed
on the lagoon side of the Aijrukiiji-Eniman Island
chains on the southern rim gf the atoll. The lagoon
water near Bikini [s. was s¢ turbid that visibility

was recuced to ahout 15-20 Ft. and noticeable turbidity
occurred on the lagoon side| of Enyu, Reere, and
Bokororyuro Islands. ‘Z

During testd { 3 1 year after detonations
in the {like Crater at Eniwetok Atollp plumes of silt were
seen dri \*_""—_ET‘EUt‘Uf—thE‘tFEngﬁa1ong the lagoon reef

towards and heyond Bogallua Island. There was marked
turbidity as well as silt deposition on the reef and in
the deeper water at various times and revealed by
underwater observations.

»"le only descriptive, this information serves to illustrate the extent to

[ "L

> fine sediments produced by near-shore detonations in isolated regions

<t atell spread throughout (at least) certain other near-shore areas.

3.€ Previous Radiological Surveys of Rikini and Eniwetok Atoll

Sediments

Despite numerous surveys of the Marshall Island environs (compre-

t'o.o . . . . .
' suTaries and detailed accounts of these expeditions can be found in

#1505 Welander, 1966; Joyner, 1962; Donaldson, 1963; and Hines, 1962)

P77 #re only occasional reports of the concentrations of artificially intro-

Lo e

Fecioisotodes in the sediments of Bikini Ato]l. Welander (1967} reported
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the concentration of seven gamma-emitting radionuclides in "mid-lagoon" and
Bravo Crater sediments collected in Auqust, 1964, Beck et al. (1967) reported
roncentrations of three gamma-emitting radioruclides in Bravo Crater sadi-
ments taken in May, 1967. Held (1971) reported 20781 and plutonium concentra-
tions in a@ Bravo Crater sediment collected in 1969. The concentrations of
selected radionuclides reported in these reports are shown in Table 2. Held's

vori. also noted the presence of a large variation in the ratio of 239+240

236Pu in Bikini soils, with ratios of 15:1 in Bravo Crater sediment, 2:1 in

Pu/

fneran Island soils and very high ratios in Bikini Island soils, due to un-

dntectatle 238Pu levels, "although they contained the highest concentrations

of 239+240Pu of th> samples analyzed."

Tr7L0 2. Concentrations of radionuclides reported in various Bikini
Lagocn sediments. pCi/g, dry, at date of collection

Location Mid-1agoon Bravo Crater

Date 19643 1964 1967P 1963¢

““o 3.2 - 10 100 - 390 49.7 -

154y 0 - 2. 230 - 330 - -
Dl 0 - 0.15 28 - 170 14.8 -
LR 0.29 - 1.4 0 26.1  56.8 - 53.5

U - 110 - 250 - 60.

cl Ly . - _ 4.0

¢. helander (1967); n=2 b. Beck et al (1967) «c. Held (1971)

Fels (unputliched results) measured the distribution of gross beta radio-

1 e
[

‘= sections of ten sediment cores taken from Rongelap Atoll in 1959.

.'." ~ ] . 3
' " coros, the gross beta radioactivity decreased from values ranging

* 1iv ¢/r/g, dry, in the surface one inch of sediment, to values

Il » Or to 2.9 ¢/m/g or less, in the 4-5 cm section. Three of

-
Crer Ry

“ one value higher than 2.9 ¢/m/g in a section deeper in the

.
et

cerved radioactivity originated from the local fallout of the
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pravo thermonuclear device.detonated at Bikini on 1 March 1954,
Recently, Nelson and Moshkin (1973) reported the results of a radio-
“cuical survey of the marine envircrment of Eniwetok Atoll. The ordering of

atundances of radionuclides found if Eniwetok Crater deposits was reported as

follows: 0sy » 239+240p, , 155 28pm > W3es 5 60cp 5 20755 5 238y,

102mRh , 125

Eu >

101 152

Sb > Rh > Eu. They found that all the radionuclides measured

were non-uniformly distributed, with significant portions of the lagoon floor
showing concentrations at or below the limits of detection. They computed the
rean concentration of several radionuclides in sediments across the lagoon and

calculated that 11% of the area of the lagoon was contaminated with ]3765 at

concentrations higher than the mean 137Cs concentration, whereas the percent-

are was 15-20% for 239+240Pu, ]55Eu and 24]Am. and 20-25% for 207Bi and 6OCo.

Trey speculate that in crater depressions at Eniwetok, bottom sediments are

probably not subjected to severe scouring or resuspension,
and the principal loss of activity from the deposits may only
be from slow release to the overlying water and diffusion
upwerds where the activities then mix with surface waters and
are diluted by advective processes.

authors also reported that “"since 1964, the concentration levels [of

‘. 12¢ 1 .
o <t, 37Cs. and 207!31‘] in the [Mike] Crater sediments have got,dimin-

. ]
L

*1 rates substantially faster than that predicted by radicactive decay.”

-7 777f\les of sediment cores collected in craters, 29783 was found to be

X R ”

~

*in surface layers compared to any other radionuclide measured.
te 7" . N N . o .
-~L. and Cs were found to increase in concentration with increasing

'm thr crater sediment and 241Am and 155

w 't A e,

Fu decreased in concentration

These authors presented convincing evidence that the sediments

'n these craters consisted of material redistributed from other

TtLoat the atol).
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Nevissi and Schell (1974) have reported on the distribution of 239+240Pu,

4 238, 297,. . .
A, U, Bi and several fission products in surface and deep water

c211ections at Pikini *cken concurrently with the sedimert samples reported

herein. The water collections were partitioned in situ in soluble-colloidal

(< .3um) and particulate (> .3um) fractions. Volumes of up to 4000 liters of
water were sampled at each sediment collection station. Some of these data are

shown in relation to the measured sediment concentrations and discussed in

iater sections of this report.

Noshkin et al. (1974a) calculated the past concentrations of radio-
nuclides in Bikini lagoon waters by assuming that the concentrations of radio-
ruzlides measured in dated coral sections were proportional to the marine con-

cerirations present at the time of coral growth. They conclude that the

¢L.e¢Gus concentrations of 60Co, 207Bi, 24]Am, ]SSEU. and plutonium isotopes at

‘10181 Atoll decreased between two and three orders of magnitude between 1954
er e 157¢

. The aqueous concentrations of radionuclides have not, according to

**+ coral concentration data, decreased since 1966. In these same coral

et A
RECRER

» Mass spectrometric measurements of the concentration of plutonium
Cieennge 238 230 .

Lttgres ©77py, 3 Pu, 240Pu, and 24]Am were made. On the basis of the Pu
“hTe ratios measured in the different coral sections, they warn that the

ferirontental behavior of isotopes may not be predictable by measurements of

"r 'scicie.  The concentrations of plutonium isotopes in the 1971-72 growth

.....

e o

These authors also report evidence (contrary to the findings of

e, ];.’"‘.‘

. 15963} that indicate 210

Pb was produced by (a) nuclear tests.
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TABLE 3. Concentration of plutonium isotopes in a coral section corresponding
to the growth year 1971-1972. Coral taken at Bikini Atoll at
station B-3. Noshkin et al., 1974

pCi/g, dry, *+ % error

238Pu 239+240Pu 240Pu 241Pu
0.005 + 18 0.13 = 7 0.058 ¢ 1 1.5 +6
Noshkin et al. (op. cit.) found the 239+240Pu concentration in the coral

averaged over the years 1968-1972 was 0.23 dpm/g. The coQSEEE:EEjgg—faclnr

between the coral and sea water (for this same period) was estimated éi z,ibo.
Sakanoue et al. (1971) found .0042 d/m/g 239+240Pu in a coral taken from an

fsland near the Ryuku islands south of Japan. If the plutonium (239+240) con-
centration in East China sea water {one of several also reported by Sakanoue)
s used to calculate a concentraticn factor, a similar value of 2,500 is
otained.

4. EXPERIMENTAL METHODOLOGY AND PROCEDURES

4.1 Collections and Preliminary Sample Treatment

An Ekman dredge and a 3-inch, inside diameter, gravity coring
cevice were used for the collection of surface sediments and sediment cores at
v~ locations shown in Fig. 5. The collections were made during October and

ve~her of 1972 aboard the Puerto Rico Nuclear Center ship RMV R, F. Palumbo.

’
-

.. F. G. Lowman (Puerto Rico Nuclear Center), V. E. Noshkin (Lawrence

»!verrore Laboratory), and W. R. Schell (Laboratory of Radiation Ecology) and

wriars of each of these principal investiagors' staff were responsible for

** samole collections detailed in Tables 4 and 5.

Fror the surface of each grab sample, a 7-cm diameter by 2.54 cm deep
“47iritical "core" (about 100 g dry weight) was removed for analysis as surface

beltrent. Although an attempt was made to collect sediment cores from every
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Table 4. Water depth, date and methods of collecting surface sediments.

Sampling
(Bottom) Collection Method of Sediment
Stati-n o, Dercn (m) Pate {1¢€72) Colle~tionl
B-2 s-20 53 8 November grab
B-3 s-23 30 8 November grab
B-4 s-21 32 8 November grab
B-6 s-14 31.1 6 November grab
B-7 s-18 49.6 6 November grab
B-8 s-12 43.8 5 November grab
B-10 s-5 100 3 November grab
B-1% s-1 32 31 October grab
£-16 s-8 22.9 4 November grab
B-16 s-7 47.2 4 November grab
B-18 s-9 28.6 4 November grab
-19 s-24 21.3 9 November grab
BE-19 s-25 21.3 9 November grab
E-20 g-22 56 8 November grab
b-21 s-15 52 6 November grab
t-olt s-11 56.7 5 November grab
=23 s=-17 49 6 November grab
L-24 s-10 41 5 November grab
-2 s-13 50.4 5 November grab
b=l 5=6 44.8 4 November grab
A 47.2 31 October grab
=30 s-3 47.2 31 October grab
t-1 s-30 40.7 13 November grab
-4 8-29 47 13 November grab
-1 =283 47 13 November dredge
-+ 5-33 38 14 November grab
S-e=31 30 14 November grab
=17 s-34 28 14 November grab
J-llou-ly 21.3- 6 November grab
25.3
:-%l 5~19 27.4 7 November grab
ST e 60 11 November grab
- =27 400 12 November grab

=il 30 14 November grab
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Tadle 5. HWater depih and date of collection of sediment cores.

Core Collection Depth of Length
Location Date Water of Core
B-30 31 Oct. 72 47 m 6 cm
B-15 31 Oct. 72 29 m 16 cm
B8-27 2 Nov. 72 53 m 10 cm
B-16 4 Nov. 72 23 m 6 cm
€-12 7 Nov. 72 23 m 15 cm
B-6 7 Nov. 72 31 m 3 cm
B-21 7 Nov. 72 52 m 16 ¢m
B-2 7 Nov. 72 53 m 40 cm
B-20 8 Nov. 72 56 m 12 cm
-3 13 Nov. 72 47 m 56 cm

te’.'irc station, only ten usable cores were obtained because the corer was
-7:i'e to penetrate and/or retain either the hard or unconsolidated sediments
*7 17 were encountered at some stations. A few cores and grab samples were
''''' &t the same station so that both types of sediment collections could be
cxtrmel. A1D samples were immediately frozen and were not thawed until they
Yo7t fricessed in the laboratory. Before processing the frozen sediment cores,

Tfr reitoraphs were taken to observe any varve or density anomalies. Fach

..

et% eatruded while stil] frozena and sawed into 2-cm thick sectiorns. The

rr of 4 . . . .
secirent from the exterior of the core sections was discarded in 1

t - EIE 2P

- Mmcve contarinants which might have been displaced during the

T osezimprs ‘ .
oo - :e-ﬂQr;tFi:n from Station B-2 was inadvertently allowed to warm to
NIRRT :n; before Drocegsing. The core liner was, however, plugged
oo the core, which remained horizontal, showed no perculiar-
ratination or extrusion.

".'0', o=
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sarpling, extruding and sectioning processes. Core sections and surface
samples were weighed frozen (wet) and again after 1-2 weeks of drying at 1C5 C.

Dried surface sediments were divided, as is illustrated by the flow dia-
~ram in Fig. 6, so that the chemical analysis could proceed independentiy of
radiometric analysis; also, representative samples remained from each station
so that sediment particle size or cther types of analyses could be made at a
Jater date. Splitting of the dried sediments was done by removing aliquots
from a well-mixed sample which was distributed as evenly as possible over the
side of a large beaker tilted horizontally. The size of the aliquots removed
for homogenization by grinding was determined by the degree to which a large
variation in sediment particle sizes were present. Many samples were well
sorted, either because they consisted predominantly (or entirely) of finely
crushed crater debris or naturally fine-grained materials. Some samples,
however, were poorly sorted and contained a large proportion of coarse materi-
al., Typically, from 5 to 15 grams of material was removed for grinding,
dependinyg on the amount which was estimated necessary to obtain an aliquot
representative of particle sizes in the whole sample.

Twenty-five to seventy-five gram aliquots of the remaining surface sedi-
ments or core secticns were similarly prepared in either 2" x 1" or 2" x 1/2"
cylindrical polyvinyl chloride containers for gamma spectrum analysis. Sedi-
ments not encapsu]ated for gamma-spectrum analysis, or ground up for other
analyses were stored as excess samples.

4,1-1 Total alpha measurements
Measurements of the total alpha radioactivity in aliquots of
ground surface sediments were made early in the course of the research for the
purpose of surveying the concentrations and determining the weight of each

sediment sample required for the subsequent plutonium analysis. Plutonium
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ccicentrations were initially estimated by using the approximating: total

1inha X % = plutoniur.  Although the initial results of these analyses were

enly of secondary significance to the purpose of the thesis topic, the data

~2s analyzed further arter the measurements of plutonium, americium, urarium,

radium and polonium in surface sediments were available. The goals were to

evaluate the accuracy of the rapid total alpha measurement technique employed
and to estimate the absolute concentration of total alpha radioactivity in

Because these goals were met with some success, the methodol-
Selected

the sediments.

ogy and data resulting from this work are included in Appendix 1.
data from Appendix 1 can thus be discussed (section 5.4) without introducing

unnecessary data to the main topic of the thesis.

4.1-2 Sample dissolution

Surface sediments and selected sections of sediment cores
which had been previously gamma counted were dissolved in boiling concentrated
nitric and, occasionally, hydroch1oric acid. The sample was then wet-ashed
with perchloric and nitric acids, evaporated to dryness, redissolved in dilute
(> 4M) nitric acid and filtered through a #42 Whatman filter paper into a
volumetric flask. Any insoluble material remaining on the filter paper was
treated to a second wet-ashing, boiled twice in concentrated HF, and treated
to a Na,C03-NaOH fusion. The fusion products were dissolved? in dilute HNOj,
filtered into the volumetric flasks and subsequently made up to 500 ml with

dilute nitric acid.

a. A minute amount of insoluble residue remained after the HF/fusion
treatment. Seven of the filter papers containing this trace residue
were analyzed for plutonium. The highest 239+240py concentration measured
was 0.5 pCi/filter. Typically, the concentrations were 0.1 pCi/filter.
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4.2 Procedures for Alpha Emitting Radionuclides

4.2-7 Cherdcal preoeedu—es used for isolating plutonium and
uranium.

Seraration of plutonium and uranium from the high calcium-

salt solutions was initially accomplished by employing solvent extraction,
vsing the Yiquid-1iquid anion triisoctylamine (TIOA) procedure of Butler (1968),
followed by the anion exchange resin (column) technique described by Harley
(1272). Both anion exchange procedures rely on the necessity (and ease) of
raintaining the plutonium and uranium in the +4 and +6 oxidation states,
respectively. Both methods used retain the actinides; however, the early work
indicated that neither method by itself was sufficient to reduce the salt
content of the enriched fraction enough to yield high resolution alpha spectra
when the samples were subsequently electroplated (by the method of Talvitie,
1%72). The advantage of the liquid-liquid ion exchange procedure of Butler
ts its speed of use and its high decontamination factor for the removal of
228Th. Its disadvantage is that it will not efficiently exchange either Pu
or U from high Ca++ concentration solutions imposed by the coralline sample
ratrix. On the other hand, the anion exchanae resin technique in Harley (op.
cit.) removes the salts, but does not completely remove 228Th. The advantage
of using both techniques together are the very high decontamination factors
provided for the removal of interferring radioisotopes and the near complete
absence of inorganic salts in the final sample.

During approximately the first two-thirds of the laboratory work, the
TICA procedure was employed before the resin anion exchange step. Low chemical
yields were found when using this sequence of procedures, and resulted in a

high error term in the measurement of 238Pu and uranium in several samples. By

using the column ion exchange before the liquid-liquid ion exchange,
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censistently higher chemical yields resulted for both the plutonium and

_raniur proceduras. A syncpsis of the final analytical procedure used for

.-+h plutonium and uranium is shown as follows:

Chemical Procedures for the Separation and rlating of

PTutonium, Uranium and MHeptunium from Coraliine Sedirents,

1.

An aliquot of the dissolved sample is spiked with a known

quantity of 242Pu or 236Pu or 232U and boiled to near dryness.

ANION EXCHANGE PROCEDURE

2,

(Plutonium) The residue is dissolved in a minimum amount of

8 M HNO3 (with heat). After cooling, about 100 mg of solid
NaNO, is added in small portions. The sample is allowed to
stand for 15 minutes before being slowly warmed to remove

the excess NO5.

(Uranium) The residue is converted to chlorides by evaporation
to near dryness twice with conc. HCL and then dissolved in a

minimum volume of 7 M HCL.

The solution is passed through a anion-exchange column in
which the resin (Bio-Rad Laboratories AG 1-X8, 100-200 mesh)
has been converted to either the nitrate form (for plutonium)
or the chloride form (for uranium) with 8 M acids.

The salts are washed through the column with 225 ml of 8 M HNO;
(if plutonium) or 9 M HCL (if uranium).

. The resin is further washed with 115 ml of 8 M HCL before

plutonium is elated with 150 ml of 0.4 M HCL, containing ,01 M HF.
Uranium is elated with 150 ml of 1 M HCL without an intermediate

wash step.

. The solution containing the dissolved transuranics is evaporated

to near dryness and wet-ashed with concentrated HCLO4 - HNO5.

TIOA EXTRACTION PROCEDURE

7. The residue is converted to chlorides by evaporation of two 10-ml

additions of concentrated HCL. After the last evaporation of ICL,
the residue is dissolved in 50 ml of 8 M HCL.
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The 8 M HCL-actinide solution is washed into a 250-ml separatory
funnel with 8 M HCL and 10 drops of 30% Hy0, are added.

25 mt of 107 purified TIOA-Xylene solution is added to the funnel
and sheben for greater than 10 seconds. Drain and discard the
lower aqueous phase.

Wash the organic phase with a 25-ml addition of 8 M HCL by shaking
for an additional 10 seconds. Drain and discard the lower aqueous
phase.

Plutonium is back extracted into 25 ml of 8 M HCL - .05 M NH4l
solution at 50-80 C by shaking for 1 minute and draining and
saving the lower aqueous$ phase.

Neptunium is back extracted into 25 ml of 4 N HCL-.02 N HF with
shaking for one minute.
Uranium is back extracted into 25 m]l of an 0.1 M HCL solution

with one minute of shaking.

The back extraction steps are repeated a second time in each case;
the two extractions are combined, evaporated to dryness, and
wet-ashed.

ELECTRODEPQSITION

14.

15.

One ml of conc. HpS04 is added to the residue, which is' then
heated until white vapors appear. The beaker is cooled and about
20 ml of distilled water is added. One or two drops of a 5%
Thymol Blue indicator solution (in ethanol) is added with
swirling. The red color is made yellow by the addition of conc.
NH40H and the color is then further adjusted with dilte reagents
until the salmon-pink to straw-colored end point is reached

(pH 2.0-2.3).

After transferring the solution to a plating cell with a distilled
water rinse, the actinides are plated onto platinum discs, using

a rotating platinum electrode for the anode. Distilled water is
added occasionally to maintain the total volume of the plating

solution.
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polonium out of 0.3 M HCL onto silver discs (Beasley, 1969).

208

of Pu was used for the chemical yield determination.

follows:

43

After plating for 120 min. at 0.5 amperes, the plating solution
is made basic with one to three ml of concentrated NH40H. After
one minute the plating cell is removed, disassembled and the
disc is washed sequentially with distilled water, acetone and
finally flamed to a dull red color over a bunson burner.

4,2-2 Chemical procedures for isolating polonium-210.

Polonium-210 was determined by spontaneously plating the

Chemical Procedures for the Separation and Plating of

Polonium from Coralline Sediments

1.

[=,}

An aliquot of dissolved sediment is spiked with a known

208

activity of Pu and evaporated to dryness.

. The residue is completely converted to chlorides by repeatedly

adding distilled 6 M HCL and evaporating to dryness.

. The residue is dissolved in about 250 m} of 0.3 M HCL

(acid and water were both distilled in the laboratory).

Reagent grade ascorbic acid is slowly added to the solution
until all the iron in solution is complexed, as is judged
by the disappearance of any yellowish color, then a small
additional amount is added.

Polonium is spontaneously plated onto silver discs (one
side of the disc is coated with glyptal) by stirring the
solution in which the silver disc is suspended overnight.

The silver discs are removed and lightly patted dry after
a distilled water rinse. The side not covered with the
glyptal is alpha-counted.

4.2-3 Instrumentation of calibrations

The measurement of radioactivity by alpha spectroscopy

was made by using eight 300 mmZ ORTEC2 silicon surface barrier diodes. Each

a. ORTEC, Inc., Oak Ridge, Tenn. 37830.

A known quantity

The procedure is as
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of the two counting systems available for use consisted of four diodes, pre-
a—lifiers and amplifiers routed throu§h a router-mixer to each of four 128-
channel quadrants of a 512-channel multichannel analyzer (MCA). The MCA
-irory was dumped nto both typewciter (digitzl) and graphical {analog) out-
puts after typical counting periods of 800 minutes. The detector amplifier
g2in was adjusted to 10 KeV/channel. The resolution of the diodes (F4H!') was
27 KeV or better. Background count rates in the four diodes used for plutonium
and uranium analysis were 0-8 counts/800 minutes under each of the observed
alpgha peaks. Background count rates in the four diodes used for polonium
analysis were typically 5 counts/800 minutes/peak.

The absolute disintegration rate of the isotopes of plutonium, uranium
ard 2]OPo in the plated samples was determined by computing the ratio of the
count rate observed for each isotope to the count rate for a secondary
standard of known disintegration rate; corrections were made for background
count rate, alpha particle branching ratios, and any impurities in the radio-
chemical spikes.,

The disintegration rate of the secondary standards of plutonium was

236

determined by similar calibrations with a standard Pu solution supplied by

the ALC Health and Safety Laboratories (HASL). The reliability of the pluto-
nium calibration was verified by the agreement between the concentrations of

plutonium found by this laboratory and these found by other laboratories in

239+24OPu solution supplied by the

239+24OPu and 238Pu concen-

2 subsequent interlaboratory standard
Lawrence Livermore Latoratory. In addition, the
trations measured by this laboratory in seaweed and sediment samples supplied
ty the International Atomic Energy Agency were also in close agreement to
those recommended by the IAEA. The results of both these intercalibrations

are shown in Table 6.
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Interlaboratory calibration of 239'240Pu standard solution

rable 6.
L.L.L. No. 1100, Hoff et al. (1973) and IAEA standards.
239,240p,
laboratory (dpm/m1l) Technigue Reference Tracer
L.L.L. 1303 *+ 28 Direct Assay Counter Counting Standard
Efficiency 49.6% HE 241-Am
L.L.L. 1320 * 20 Pulse Height Analysis 242pu Environmental
Standard
L.L.L. 1265 £ 5 Mass Spectrometry 242py Mass Spec-
trometry Standard
M.C.L. 1255 * 15 Pulse Height Analysis 236py Standard
M.C.L. 1272 £ 6 Mass Spectrometry 242pu Mass Spec-
trometry Standard
L.F.E. 1330 £ 27 Pulse Height Analysis  236py
L.R.E. 1273 = 64 Pulse Height Analysis  236pu (H.A.S.L. Cali~-
bration Standard)
E.I.C. 1207 % 54 Pulse Height Analysis 236py (L.L.L. Cali-
bration Standard)
Mean Value (equal weights on all data) 1278
Error S.D. (Single Determination) 39
S.D. (Mean) 14
Mean Value (weighted) 1270
Error S.D. (Single Determination) 12
S.D. (Mean) + 4
IAEA Standards
Recommended Value L.R.E. Value
238Pu 239, 24OPL1 23 Pu 024opu
Sample No. Sample Type (pCi/a) (pCi/q) (pCi/g) (pCi/q)
AG-I-1 Seaweed 3.8 27.0* 3.1%* 23.4%%
0.1 0.1 0.1 1.0
SD-B-1 Sediment 0.042 0.96%* N.D. 0.85%*
*.004 $0.03 *.07
* Average of 18 different laboratory results.
il Average of four determinations.
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. . 232 . . ,
The distintegration rate of the U spike was determined by comparison
o ¢-2 activities of aliquots (in quadriplicate) of the 2320 spike and a ‘38U
238

¢r:- 2272 solution electroplated simultaneously onto platinum discs. The U

*.+icns used for the standard were prepared by dissolving precisely weighted

238U “D-38" metal supplied by the Lawrence Livermore

er.mts of 99+% pure
1o lory.

The 208Pu spike was supplied as a radiochemical standard solution by the
Avrshar/Searle Corporation and has been calibrated several times during the
;2% three years by intercomparing the radioactivity of plated samples with
V1.0, Battelle N. W. and the Lawrence Livermore Laboratory.

Peplicate determinations of thé plutonium concentration in a dissolved
v ront (section 8-10 cm of core B-é) were performed to provide an estimate
¢ :=~ analytical precision of the radiochemical procedures for plutonium
+-2'ysis.  The quantity of sediment (dry wt.) in each aliquot processed was
2’ 5. The chemical yield calculated from the counting data for these
seTles ranged from 22.6 to 40.8 per cent. The precision for the 239+24OPu
“izrrination was 5.3% of the mean concentration at 2. S.D. for the six

238Pu measurement was 11% of the mean at 2. S.D.

‘2= tre six analyses. The higher deviation about the mean for 238Pu replicates

e*2'vses.  The precision for

's protably due to poorer counting statistics (average of 124 counts/800

FieLtes in the 238 peak vs. 5000 counts/800 minutes in the 222t2%051utonium

238Pu concentrations found were within 2. S.D. counting

o}, as all six
*--ers of each other.
4.2-4 Quality control
Problems of individual sample contamination were addressed
"« the inclusion of spiked reagent blanks inserted into the normal flow of

s¢2les which were processed. From several such reagent blanks, no significant
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contamination problem was detected.a

Because a Yarge spectrum of artificially produced alpha emitting radio-
ruclides were present in the Bikini samples, it was decided that particular
attention should be focused on possible interferences. 7To evaluate the extent

tc which interferences might occur, all long-lived alpha emitting uranium

series and transprotactinium radionuclides were listed by their decay energies.
A similar table for those isotopes of plutonium, uranium and polonium of
interest in this study was made and is shown in Table 7. From the alpha
spectra of plutonium, uraniumband pd]onium samples (Figs. 7, 8 and 9) resulting
from this work, it was found that a fairly constant 0.2 MeV energy range (~15
times the peak FWHM resolution) was covered by the typical alpha particle

peak detected. Hence, all of the alpha emitting isotopes listed with a sig-
rificant proportion of their alpha particle decay energies within the 0.2 eV
limits of the decay energy of tﬁe isotopes in Table 7 were considered as being
possible interferences. A list of these radioisotopes is shown in Table 8.
The absence or removal of most of these radionuclides from the final samples
s discussed below.

In the plutonium and uranium procedures, radium is removed along with the
calcium in the chemical separation process. Isotopes of radon which might
interfere are short-lived and, being gases, present no problems. Decontamina-
tion factors of greater than 1000 are reported by Butler (op. cit.) for the

removal of Am, Th, and Np from the final uranium samples, and similarly high

a. One plutonium reagent blank had a net alpha count 0533.8 counts above
background in an 800-minute counting period in the Pu region of the

alpha spectrum. Because no other blanks showed such high values, this

samples was assumed to have been singly contaminated and no correction

was applied to the data as a whole.

b. The uranium concentrations of the surface sedimgnt samp]es.shown iq Table
13 were calculated from spectra with poor counting statistics, unlike that

shown in Figure 8.
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1a6LE 7. Alpha Particle Energies (MeV) and Per Cent Decay Abundances
( > .5%) for the Observed Radioisotopes of Plutonium, Uranium
and Polonium.

Energy and Energy and
Isotope abundance . Isotope abundance
236p, 5.77 (63%) 232, 5.32 (687)
5.72 (317) 5.27 (32%
238p,, 5.50 (72%) 234 4.77 (72%)
5.46 (28%) 4.72 (28%)
23%, 5.16 (73.3%) 235 4.60 (4.6%)
5.14 (15.1%) 4.56 (3.7%)
5.11 (11.5%) 4,50 (1.2%)
4.45 (0.6%)*
4.42 (4.0%)*
240p,, 5.17 (76%) 4.40 (57%)*
5.12 (24%) 4,37 (18%)*
4,34 (1.59)*
4.32 (3.0%)*
4.27 (0.6%)
4.22 (5.7%)
4.16 (0.5%)
208p, 5.1 (100%) 238 4.20 (77%)
210, 5.31 (100%) 4.15 (23%)
* The peak width taken for computing the concentration of 235U in the

spectra included the alpha particles emitted with these energies
(84.1% of the decays).

decontamination factors are reported for the removal of Cm and Cf (Butler,

1905), using the TIOA separation procedures. Although Berkelium is unusual
among the transamericium actinides in that it can exist in the 4+ oxidation
state (and therefore may not be separated from plutonium and uranium), it can
not exist in the 4+ state in an 8 M HNO3 -H,0, solution as was used to maintain
the oxidation states of Pu (VI) in the initial extraction step of the TIOA
procedure (keller, op. cit.; p. 556). Additionally, because Pu (III) is not
absorbed on anion exchange resin (Andelman and Rozzell, 1968), it can be

assumed that these procedures provide for the removal of Berkelium similarly to

that shown for the removal of the other trivalent actinides Pu, Am, Cm and Cf.
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Figure 7. FRepresentative alpnha spectra of a plutonium
sample seperated from a ccraliine sediment.
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Figurc 8. Alpha spectra of a uranium sample seperated
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Representative alpha spectra of a polonium
sample seperated from a coralline sediment.
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e TIOA ion exchange method used in these separations provide high decontami-
~it.on factors for the removal of uranium from the plutonium fraction {> 300/1)

ard for the removal of plutonium from the uranium fraction (>1000/1) (Butler,

PR
1ens ).

TABLE 8. Radioisotopes with alpha particle decay energies within 0.1 MeV
of the decay energies of the radionuclides shown in Table 7.

Padioisotope
0¢ interest Radioisotopes from which interference is possible

236p,, 223Ra, 224Ra, 225Ra, 227Th, 230U, 243‘244Cm, 245,247
247

¢38p, 222Rn, Ra, 224Ra, 228Th, 24]Am, 245Cm, 246Cm,

_239+240Pu 208P 210Po, 229 231 232 243Am. 248Cm

Th’ Pa, U’
229 231 233, 234, 237

249

Bk, Cf

223 Bk

242 209 226

Pu Po, Ra, Th, Pa, U, v, Np
ZORPO 229Th, 23]Pa, 239‘240Pu, 243Am, 248Cm
210p0 224Ra, 228Th, 232U, 239’240Pu, 24]Am, 243Am. 245Cm, 246Cm
238U 235U
235U _ 236U
234U 209P0’ 226Ra, 229Th, 230Th, 23]Pa, 233U, 237Np, 242pu
232U ZYOPO’ 222Rn. 224Ra, 228Th, 238Pu, 239’240Pu, 24]Am, 243Am,
245 246 247

Cm, Cm, Bk.

Because no information was found concerning the plating efficiency of

nuclides which would interfere in the analysis of polonium by the polonium

procedures used in this work, solutions with knovm quantities of 24]Am, 242Pu,

232, 228 224 208

U, Th, Ra and Po were prepared and plated as previously described.

Table 9 shows the results of this experiment. These results clearly showed

that interference by Pu, Am, U, Th, or Ra radionuclides is negligible.
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TABLE 9. Spontaneous plating of various radionuclides onto silver discs.

OPtt of nuclide ‘ DPM of nuclide
In Solution on Disc after
Plating 42 hrs.* % plating
SOLUTION A
28.3 Am-241 ' .012 0.043
35.8 Pu-242 .046 0.13
42.3 Po-208 7.41 17.3
SOLUTION B
12500 U-232 N.S. N.S.
12500 Th-228 100. 0.80
12500 Ra-224 27.8 0.22
42,8 Po-208 8.93 20.9

* Detector efficiency was 20%.

From visual observations of alpha particle spectra of the samples, a
further verification of the absence of these radionuclides in the plated
polonium samples was provided.

In the uranium spectra, however, a peak at 5.17 MeV was consistently
present (see Fig. 8). This decay energy does not correspond to that of any
dorinant alpha emitting decay of an isotope of uranium, and it most probably

results from 239+240

Pu contamination of the sample. This small interference
occurs, even though the plutonium decontamination factor was greater than 103,
because of the large activity ratio, Pu/U, in these samples. The concentra-
tions of the uranium isotopes measured were subsequently calculated from only
the counts measured in the high energy portion of each uranium peak; i.e. to

the region corresponding to that portion of the 232

239+240

U peak which was not sig-

nificantly affected by the Pu in the sample.
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From the results of these experiments and observations, Table 10 shows

+o radioisotnpes which were not verified to be absent from the final samples

ard thus could be contributing errors to the calculated concentrations of those

ﬁotopes reported in this work.

Hovever, it is not likely that any of the

radioisotopes shown in Table 10, if present in the final samples, would be

present in concentrations great enough to effect a misinterpretation of the

deta presented in this work.

TACLE 10. Radionuclides whose presence in the final plated sample are unknown
Isotope of Possible interferring
interest radioisotopes
236p,, 225,
239+240Pu 208Po, 210P0’ 2315,
242, 208P0‘ 231,
208p, 231Pa, 248Cm
210p,, 245Cm. 246Cm
234, 209Po, 231Pa, 233U

4,2-5 Computational methods
The error term reported for the concentrations of alpha-
eritting isotopes is the propagated alpha counting and calibration errer,

wi1ich was computed by using the following formula:

lo = [x].v[cts Xp + bkg Xp _ + 1 + ({error [S])2
(cts Xp - bkg Xp)2 <cts Sp (512
wiere [x] = concentration of isotope of interest
[S] = concentration of isotope used as chemical tracer
Xp = observed peak from alpha particles of isotope of interest
Sp = observed peak from alpha particles of isotope used for chemical

tracer
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cts = ohserved gross # of counts (in Xp or Sp)
error [S] - calibration error associated with concentrations of S.

When more than one aliquot of a dissolved sediment sample was

ana]yied, the isotopic concentration reported is that derived by weighing

each concentration measured by its associated counting error (as above) and
computing a weighted mean concentration and error (Stevenson, 1966).

The concentrations for all the isotopes of plutonium, uranium and 210Po

(v.i 210

Pb) reported are those measured at counting date. Of these, only
210

Pb has a physical half-1ife short enough ( Yy = 22.26 yr.) that the

concentration at the separation date would be appreciably different from the

concentration at the sample collection date. That the 210Po concentrations

reported are interpreted as being only about 6% lower than 210Pb concentrations

at the collection date was derived from the following reasoning. About three

an¢ one-half 2100 half-Tives ( ty = 138 d) had elapsed between the 21 OPo

separation (and counting) date and the sample collection date. Any unsupported

A K

""'Po originally present in the sample could have been present at only about
127 of its original unsupported concentration. Any ZIOPb produced by the

*.2lear testing program would have achieved equilibrium with 210Po long before

vese samples were collected. Therefore, it seems reasonable to assume that

"""y a large natural disequilibrium between 210Pb and 2]OPo would lead to sig-

*‘icant concentrations of unsupported 2'0Po or excess 10

o

Pb in these samples

chemical separation date. If such disequilibrium existed, it would

i te be reflected in the water column. Large natural 2me - 2mPo dis-

"-iiriums are not observed today, even near continental land masses (Schell
" €..1972). If one then assumes that the 210Po concentrations measured in
¥7it samples were those in equilibrium with 210pp, the reported #1%q concen-

f‘*3‘5dre 6+ about 5% lower (due to physical decay of the 210Pb) than the

- corcentrations in the sediments at the date of sample collection.
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4,3 Methods for Measuring Gamma-Ray Emitting Radionuclides

4.3-1 Instrumentaticn ard radiochemical calibrations for

24]Am. 20781. ISSEU, 60Co, 226Ra and ]37CS.

Aliquots of the scdiment samples were prepared for gamma spec-
trometric analysis according to Fig. 6, Section 4.1. The gamma-ray energies
¢¢ the several radionuclides measured are shown in Table 11.

Americium-241 concentrations in surface sediments were determined by

2 Ge(intrinsic)? detector and a 400-

¢rannel multichannel analyzer. Rismuth-207, ]55Eu, ]37Cs. 6OCo and 226Ra

counting its gamma radiation with a 1 cm

concentrations reported in surface sediments and all the gamma-emitting radio-
nuclides in the core sediments were measured with one of two 7.3%b. Ge(Li)C
detectors and 4096~channel analyzers.

TABLE 11. Energies of y-rays detected from the radionuclides
measured by ganma spectroscopy.

Isotope Enerqy of y-ray detected (MeV)
24T pm 0.060

207g; 0.570; 1.063

155, 0.085; 0.105

137 ¢ 0.662

60¢o 1.173; 1.332

226p, 0.1865 0,295, 0.352, 0.609, 1.121

(from 214pb daughter)

3. Applied Detector Corporation, Menlo Park, California.

b. Absq1ute detection efficiency for 1.33 MeV gamma rays relative to a 307
efficient Nal detector.

C. Nuclear Diodes Inc., Prairie View, I1linois. (Presently Edax International)
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The absolute counting efficiency of each instrument was determined as a
function of y-ray energy by counting a series of standards prepared in the
same geometry used to count the samples. Each standard contained a known

amount of a radinnuclide which was obtained from the N.B.S. or a commercial

supplier. An aliquot of each standard solution was added to an acrylic

casting resin and homogenized by stirring until thc resin set. Each encapsu-

lated standard was thus uniformly distributed in the volume of the counting

container at a standard density of 1.1 g/cc. The results of these calibra-

tions are shown in Fig. 10.

The results of interlaboratory comparisons on the concentrations of gamma

emitting radionuclides in environmental samples measured by this, and other,

laboratories are shown in Table 12. The concentrations measured in a seaweed

sarple agreed well with the reported probable concentration., The 137Cs

measured in the sediment sample was in slight disagreement with the reported

probable concentration. In spite of the cause of the discrepancy in the

3 Cs values, the agreements are within 11% in these environmental samples.
Because each of the bulk sediments which were y-counted in this work had

varying bulk densities (average density of 75 samples was 1.12 g/cc), the

cerversion factors used to calculate the concentration of each isotope in

t2ch sample varied somewnat from those used to calculate the concentrations

X3

¢- radionuclides in the IAEA standard samples shown in Table 12. Since the

to dpm conversion factors which are needed to calculate the absolute
"eicnuclide concentrations from raw counting data are complex functions of

*veral variables, including gamma-ray energies and bulk densities, the

¢ ~
. .

tions relating these variables were not determined. Instead, new cpm to

conversion factors were determined, using standards prepared at a bulk

¥ty of 1.35 by adding NaCL to the acrylic casting resin. The appropriate
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Figure 10. Absolute counting efficency of the Ge(Li} and Ge(Intrinsic)
detectors with gamma-ray energy as determined by counting
radionuclide standards made to a sample density of 1.1 g/cc.
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conversion factor for each sample.{density) was then approximated by interpo-
iation, assuming that the actual conversion factor varied linearly with
dgersity between the range of factors determined in the 1.1 and 1.35 g/cc
seendards.

The error that’cou1d result due to a nonadherence to the linear dependence
assurption described above was estimted by considering the case where density
sranges give rise to logarithmic rather than linear changes in the correction
factor. The maximum error that could result from a logarithmic instead of the
assumed linear dependence was estimated by finding the difference in the value
¢f the two correction factors which occurred at the extremes of sample density
encountered in this work (0.6 and 1.6 g/cc). The difference in correction
factors thus determined, using the two different correction factors, was 7.3%
fcr the sample geometry and density limit which yielded the highest error when
csunting 60 KeV gamma rays. For radionuclide concentrations which were deter-
rired by using higher energy gamma-rays, and for the majority of samples which
were not at the extreme limts of densities, the error which could arise due to
this uncertainty is smaller than 7.3%.

The abundance of each y-ray observed for a radionuclide (Table 11) was
vsed to calculate the concentration of the radionuclide present. Where more
then one radiation from one nuclide was observed, the reported value is that
cerived by weighting the concentrations determined from each gamma peak ob-
served by its associated relative counting error, and a weighted mean concen-
tration and error was determined (Stevenson, 1966). The error term associated
with the counting of individual energy gamma-rays are 2 S.D. errors based on
propagated counting statistics.

The concentrations of all the isotopes measured by y-spectrometry in this
wrk are corrected for decay to the date of the collection shown in Tables 3

angd 4.
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5. RESULTS

Thirty-three surface sediment samples and 75 sections from nine sediment

24 207,. 155 137

cores were measured for the y-emitting radionuclides Am, Bi, Eu, Cs

,nd60cg. A1l of the surface sediments and about one-half of the core sections
were analyzed for 238Pu and 239+240Pu. Over 150 plutonium analyses were made

in the course of the project. In addition, 22 uranium, 39 21OPo and 26 226Ra

concentrations were measured in selected sediment samples.
238Pu, 239+240Pu, 241Am 20781, ISSEU’ 137CS and GOCO

3

Tne results of the

measurements are shown in Appendix II (surface sediments) and Appendix 111

(sediment cores).

5.1 Radionuclide Distributions in Surface Sediments
239+240Pu, 238pu 24]Am. 20781, ]55Eu, ]37CS

*

The concentrations of
and 60Co in surface sediments, in additon to being found in the appendix data
tables, are displayed at their respective collection stations within the atoll
by a series of areal distribution maps. To obtain the best estimate of the
concentration of each radionuclide at each station for use in these maps, all
of the concentrations measured in lagoon surface sediments {including the 0-2
cm sections of the cores) collected at the same sampling station were averaged.
In crater-station samp]esa, the measured concentrations were similarly
averaged, with the following exceptions: Samples C-10 (s-34) (Tewa) and C-N
{s-16) (Zuni) contained radionuclides in much lower concentrations than did
the several other samples from these crater stations, and were omitted from
the average. The low concentrations measured in these samples may be partly

due to the fact that these two sediments were collected away from the central

a. Note that in "crater-stations,” only the prefix "C" is common to the

samples from the same station. See Fig. 7 for the sample numbers which
were common to the same stations.

e e e e o

—
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crater depression and contained smaller amounts of fine sediments (see Sec.
5.2). In the sarples collected from the Bravo Crater area, each individual
station concentration is shown, due to the large and systematic variation in
the concentrations of some (but not all) radionuclides which occurred at the
five collection sites across the diameter of the crater.

5.1-1 Plutonium-239+240

The areal distribution of 239+240Pu in surface sediments is

shoom in Figure 11. The most striking characteristic of the distribution is
the high concentration in the northwest quadrant.of the lagoon. The concentra-
tions measured in this portion of the lagoon are more than two times greater
than the concentrations measured in any crater station surface sediment. The
concentration around this area decreases rapidly with distance away from

stations B-2 and B-20, particularly to the southwest. Because only a few

239+240

sampling stations were established around this region of high Pu concen-

trations, especially to the north and east of Stations B-2 and B-20, it is not
possible to delineate the shape or structure of the concentration gradients
existing in this area with certainty. The data show that the major distribu-
tion of 239+240Pu across the lagoon is centered in the northwest quadrant of

the lagoon and decreases roughly exponentially along a line which is parallel

to the northern reef. The lowest concentrations measured fell between 3 and 5
pCi/g and were observed in several collections from the eastern and southern
regions of the lagoon. These low concentrations are 2.5 to 4.5 % of the highest

concentration measured in the northwest quadrant of the lagoon.

The 239+240Pu concentrations measured in sediments from three sampling
stations (B-18, B-30, and Zuni Crater) are significantly higher than the con-
centrations measured at nearby stations. These high concentrations probably

reflect the localized, and apparently less widespread, areal distributions of
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plutonium resulting from the testing of devices in these areas, as shown in
Fig. 2. It should be noteu that the region of high activity suggested by the
64.2 pCi/g concentration measured in the sediment collected at Station B-18
off the Yurochi-Aomoen Isiand complex refers to an area of the lagoon used for
the disposal of contaminated material removed from these same islands (Smith
and Moore, 1972). The 35.8 pCi/g concentration in sediments from the eastern-
most lagoon station {B-30) suggests that a denser grouping of sampling
stations may reveal a larger area of contamination around this area. It was
possible that, at this station, debris from the Baker test was sampled, as
described by Glasstone (1950). In addition, Station B-30 is in the upwelling
region of the lagoon and may thus be hydrologically different from other
lagoon stations. If Station B-30 received debris from the Baker test, it is
indeed surnrising that the 3.73 pCi/g concentration measured in sediments
collected even closer to the Baker testing area to the north is so low. A
possible factor may be that the higher radionuclide concentrations measured
in Station B-30 sediments is related to the fact that these sediments were
collected in 47 meters of water, whereas the low radionuclide concentration
found in sediments at Station B-15 were collected on the slope of the lagoon
terraces at a depth of 32 meters.
5.1-2 Americium-241
The distribution of 241Am across the lagoon (Fig. 12) is

systematically related to the pattern found for 239+240P

2394240

u. The activity
ratios of Pu/247Am in surface sediments of the northwest quadrant vary
between 1.66 and 1.85 in Bravo Crater, and are 1.24 at Station B-2, and about
1.39 in Station B-20, B-19, Tewa Crater and B-18 surface sediments. The

ratios found at Central and Morthwestern lagoon stations are closely related,

and range from 1.49 to 1.58. In the eastern and southern regions of the atoll,
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239+240,, ,241

Pu/™" 'Am ratios tend to exceed 2.0. In Zuni Crater and Station B-30

surface sediments, atypical ratios of 7.1 and 6.0 were found, and at Station
8-10 on the outer reef slope, the calculated ratio is 14.0. The different.

ratios measured may reflect the signatures of debris from different devices

tested in the southern and eastern areas of the atoll.

5.1-3 Plutonium-2238

The distribution of 238Pu in surface sediments across the

lagoon (Fig. 13) is radically different from the distribution of 239+240,

241 238

or Am. The concentrations of Pu found in Bravo and Zuni craters were

significantly higher than the concentrations found in any lagoon sediments.

The 238Pu concentration in surface sediment from Bravo Crater decreased

rapidly towards the N.E. from a high value in the center of the crater. This
areal concentration gradient may be part of the pattern extending along the

northwestern reef of the lagoon. Surface sediments in the central lagoon

238 239+240

appear nearly uniformly contaminated with Pu. The low Pu ratios

found in Zuni Crater sediments easily identified debris from this detonation

from any other observed in the lagoon. The low radionuclide concentrations

239+240

and high Pu/238Pu ratios found in sediments directly north of the Zuni

Crater illustrates the large concentration gradients that can result in sedi-
ments near a large test.

Figure 13 also shows that lagoon sediments south of the Tewa test site

238 2394240

contain unusually low concentrations of Pu,relative to Pu. Since

239+24OPu/238Pu ratios are not high in surface sediments from Bravo Crater,
it seems 1ikely that at least one of the origins of this plutonium debris
with large isotope ratios is from the 5-MT Tewa test detonated in 1956. If
this observation can be substantiated by other evidence, it should follow

that low 239+24OPu/238Pu ratio material, probably from the east of the
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Tewa site, has been transported along the reef perimeter masking the Tewa
ratio signature in surface sediments in the Crater area environs.

5.1-4 Europium-155

155

The arcal distribution of Eu in lagoon surface sedi-

ments is shown in Figure 14. The highest concentrations were found along the

northern sector of the lagoon at Stations B-19 and B-18. At most other

stations across the lagoon, the areal distribution of 155

239+240

Eu is very similar to
the distributions of Pu. Considering the chronology of the testing
schedule at Bikini, the short (1.91 year) physical half-life of this radio-

]SSEU concentrations

nuclide may be responsible for both the relatively low
measured in Station B-30 sediments (assuming Baker test debris was sampled
here), and the relatively high concentrations found in sediments in the north
central sector of the Tagoon. The nature in which large areas of the lagocn
239+240, 155 241Am/155

Pu/ ““Eu or
tion of these three radionuclides from individual tests are similar. Further,
155

show similar Eu ratios indicate that the distribu-

the relatively short half-life of Eu is useful in separating the extent to

which debris produced at different times is distributed in areas containing
radicactivity from several detonations.

5.1-5 Cesium-137

137

The distribution of Cs in lagoon sediments is shown

in Figure 15. The highest concentration of ]3765 measured was found in sedi-

239+240Pu/]37Cs ratios

across the lagoon illustrates that at least two areal distributions of ]37Cs

ments collected at Station B-20., The distribution of

are responsible for the concentrations measured: one centered at Station B-20

in the northwest quadrant; and one centered in the Zuni Crater area. The

239+240, ,137

distribution of Pu/ ' “'Cs ratios to the east of Station B-20 show a

rapid increase from a ratio of 3.92 at Station B-20 to a ratio of 184 at
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2394240

Station B-30. Compared to the nearly logarithmic decrease in Pu

137

concerntrations between these stations, the concentrations of Cs decrease

239+240p ) concentrations measured. The

137

at a rate of 3.5 times faster than the

239+240

distribution of similarly increasing Pu/ ~'Cs ratios to the northwest

of the Zuni Crater range from 5.76 to around 30-40 and indicate the second dis-

tribution observed.

These data show that relative to the distributions of 239+240Pu. 241Am,

155 137¢¢ concentrations are restricted in geo-

137

and Eu, the regions of high

graphical area. Such localized regions of high Cs concentrations were
also noted by Nelson and Moshkin (1972) in the surface sediments of Eniwetok
Atoll lagoon. Because ]3705 has volatile radioactive precursors, its initial
distribution might be expected to be significantly different from the re-
fractory radionuclides Pu, Am and Eu.
5.1-6 Bismuth-207 and Cobalt-60
The areal distribution of the concentrations observed for

2078i and 6060 (Figs. 16 and 17} is intermediate

239+240p

the induced radionuclides

238

between that for Pu and that for u. The similarity of the dis-

207 60 o 239+240

tribution of Bi and ""Co t Pu is that decreasing concentrations in

lagoon sediments appear to radiate from high concentrations at Stations B-2

239+240 239+240p,,20705 ave almost constant

60

or B-20; the ratios Pu/6OCo and

across the central lagoon. The similarity of the distribution of ~ Co and

207 238

Bi to that found for Pu is that the highest measurcd concentrations of

these three radionuclides occur in crater sediments and show large and system-
atic variations at different locations in Bravo Crater.

Bismuth-207 is an induced radionuclide produced by reactions such as
20781. The lead was present probably as a device or harge con-

struction material. Since the major source of 20781 to the lagoon environment

206Pb (d,n)
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appears to be from the Bravo Crater area, the lagoonward distribution of this
radionuclide may serve as a useful tracer.

Cobalt-€0 is produced mainly by the reaction 59Co (n.Y)GOCo. Cobalt-59
for this reacticn may have been supplied from cobalt present in iron, which .
was used in large quantities for device and barge construction (Schell, 1975a;

239+240p, 600, Latios of 5-10

 Adams et al., op. cit). Compared to the typical
found in lagoon sediments, lower ratios and high concentrations of 6060 are
present in both Bravo and Zuni Crater sediments. The absence of high concen-
trations of 60Co from crater sediments collected in Tewa Crater and at Station
B-19 can be explained again by hypothesizing that surface sediments in this
region are covered by (or diluted with) material transported to this region

from the reef perimeter to the east. The relative depletion of 60

Co (t;i =
5.27 yrs.) from Station B-30 sediments can be explained by decay of the radio-
nuclide between the Baker (1946) and post-Baker (1954-58) testing periods.

5.1-7 Distribution of the ordering sequence of radionuclide
concentrations measured at each station.

The distribution of the several radionuclides measured in
surface sediments across the lagoon show only occasional patterns which are
useful in tracing the specific origin of the radionuclides measured at each
ctation. In an attempt to make more use of the concentration data, it was
found that there exists patterns in the areal distribution of the ordering
sequence of radionuclide concentrations. Except as noted in Fig. 18, the
ordering sequence found can be separated into two types, where the concentra-

tions of 239+24OPu, 24]Am and ]SSEU were always greater than the concentrations

of 207Bi. 137Cs or 60Co. The first type is for the ordering of 239+24OPu,

247 155

Am and Cu. The ordering sequence Pu >Eu >Am predominates across the

lagoon, while the sequences Eu > Pu > Am, and Pu > Am > Eu were found in the
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northern and eastern sectors of the atoll, respectively. In addition, in

groups of stations (within the dotted lines in Fig. 18) the relative ordering

of 6060, 137Cs and 207

Bi changed, delineating still smaller areas. The
sequences found may thus serve as di<crimirants for groups of stations where
the ordering sequence of radionuclides concentrations are the same. As an

239+240Pu/238pu found in surface sedi-

additional discriminant, the ratios of
ments at each station are added to the figure, since these ratios may also
retain the signature of debris from individual devices. Comparison of these
two "discriminant functions" show that although individual detonations may

have disseminated unique propartions of radionuclides, mixing and/or fractiona-
tion of the radionuclides and dehris from the several tests have left few con-
clusive signatures of individual sources in the lagoon sediments.

155

The relatively high abundance of Eu in north central lagoon sediments

may illustrate the area over which debris ejected from the Station B-18 and
(-8 test areas has had major influence on the concentrations present in surface

sediments. It may also be of significance to note the possible correlation

239+240, ,238

Pu/ Pu ratios south of Tewa Crater,

239+240pu/

between the distributions of high

2394240 1

to the distribution of high pu/2%81, 137655000 and 1om

]SSEu ratios which are common both this area and the test areas around Station

B-18 and Tewa Crater.

5.1-8 Uranium, Radium-226 and Polonium-210

238 234, 226

The naturally occurring isotopes U and u, Ra and

210 238

Po are members of the U decay series {Fig. 19). The structures of orga-

nisms which comprise the sediments of coralline atolls accumulate these radio-

210 210

nuclides from sea water. In addition, deposition of Ph and Po in the

sediments results from aeolian and pluvial transport process. Because the

activity ratio 230Th/234U in recent coral is less than 0.005 {Thurber et al.,
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1965), the 226Ra initially accumulated by coral gradually decays with time
in the sediment column as it is buried, and then later slowly increases to

230Th and 234U as 230Th grows in from 234U. Thurber et al.

equilibrium with
{;p. cit.) found that this equilibrium was establisned at a depth of about
24 meters in drilling cuttings from an island at Eniwetok Atoll.

226Ra concentrations in

The results of the measurements of uranium and
lagoon surface sediments are shown in Table 13. Unfortunately, the uranium
analysis made on this batch of samples resulted in low chemical yields and

2394240
e

th Pu background peak, previously described, could not be resolved

and subtracted from the 232U tracer peak; therefore, the uranium concentrations
in Table 13 may be systematically Tow by up to 10%. Because the total number
of counts measured in these samples was small (note the concentration error
term), the uranium concentrations given should be viewed only as preliminary
observations. Despite the uncertainties noted above, the 238U concentrations
measured (with the exception of the concentration measured at Station B-20)
fell within a concentration range of 0.68-1.2 pCi/g which is similar to the

1.1 - 1.2 pCi/gm values reported in Eniwetok Atoll soil-sediment (before the
beginning of nuclear testing) by Thurber et al. (op. cit.). The spread of the
uranium concentrations measured is similar to the variations found by other

investigators in different types of carbonate secreting organisms (Sackett,

1972; Sackett and Potratz, 1963).

226, ,234

The distribution of the radionuclide activity ratio Ra/~" U in several
of these Bikini sediments (Table 13) show significant departure from the value
of 0.09 which is characteristic of recent Eniwetok corals (Thurber et al.,op.
cit.). With the exception of the intermediate ratio at Station B-3, the sedi-
ments from stations previously found to be outside of the regions of greatest

radionuclide contamination (the stations above the dotted line in Table 13)
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226 234U ratios of 0.09, within the limits of the error term

vielded Ra/
alcutated for the ratio, as given by Thurber et al. (op. cit.). In contrast,

-rface sediments which were collected close to the craters and which con-

rsined high concentrations of most radionuclides (those below the dotted line

in Table 13) gave higher 226Ra/234U ratios. The unusually high concentrations

of226Ra (relative to uranium) in these later surface sediments may thus indi-
cate that they are ancient sediments which have been brought to the surface

and distributed in the lagoon from the detonation craters. Although the

granium concentration in the sediment from Station B-30 was not measured, the

high 226Ra concentration measured indicates that this sediment is also ancient
crater area material.

The distribution of 2mPo (Z]OPb) concentrations measured in surface sedi-

ments is shown in Appendix II, Table 4. 1In Appendix 111, (Tables 1-5) are

210Po measurements made on the surface (0-2 cm) sections of the sedi-

found the
210 . .
Pb concentrations measured occur in

ment cores. Nearly all of the high
How-

sediments collected from the most contaminated portions of the lagoon.
ever, this is not surprising considering the presence of old corals with high

To "normalize" the Zlon data, the

226 . .
Ra concentrations in the same area.

225Ra concentrations {Table 13) were subtracted from the Z]OPb concentrations

to find the concentration of unsupported 2me in the sediments. At the

station where data from surface grab and surface core sediments were avail-

210Pb concentrations used were obtained by calculating a weighted

able, the
210Pb. Table 14 shows the

{by the measurement error) mean concentration of

concentration of unsupported 210Pb calculated. The distribution of unsup-

ported 270Pb concentrations across the atoll shows no correlation with either

the distribution of other radionuclides measured or with specific geographical

At the stations located in

areas. The range of concentrations is not high.
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Distribution of unsupported 2wa concentrations in surface
sediments. pCi/g, dry, * propagated counting errors.

Station and Sample 2me, unsupported
Location + 2 S.D.
B-4  S-27 '0.317 + 0.0663
B-16 S-8 0.311 + 0.073
C-11  s-16 0.242 + 0.064
c-11  s-19 0.02 + 0.13
B-24 $-10 0.75 + 0.102
B-22 S-11 1.12 + 0.233
B-3  S-23 0.098 + 0.072
B-2  §-20 0.59 + 0.24
B-18  $-9 0.37 +0.11b
B-25 S-13 0.223 + 0.076°
B-27 S-4 0.576 + 0.070
c-8  $-3 0.34 + 0.12
B-23 S-17 . 0.00 + 0.08P
C-4  $-29 0.45 + 0.16
B-30  S-2 0.468 + 0.086
B-20 §-22 0.12 ¢ 0.15
B-6  S-14 0.14 + 0.242:b
226

Ra concentration used for calculation was a minimum detectable
limit.

226Ra concentrations not included in Table 13 are B-18, 0.24:0.11;
B-25, 0.336+0.045; B-23, 0.592+0.058; B-6, 0.243+0.243 (mdl) in
pCi/g + 2 S.D.
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the north and eastern perimeter of the lagoon, the concentrations range from
0.31 to 0.47 pCi/g. These stations contained debris from most of the detona-
tions conducted in the atoll. The range of values for unsupported 2wa in
Jagoon sediments (0.0 to 1.1 pCi/g) may reflect the hydrology and sedirenta-
tion rates in the water column above the various collection sites. The un-

210

supported Pb concentrations measured may thus result largely from natural

aeolian and pluvial processes .

5.2 Distribution of Findely Divided Sediments

Many of the samples collected for analysis in this study were
found to consist predominantly of coralline particles which are much smaller
in size thah natural Marshall Island atoll sediments as described by Emery et
al. (op. cit.) and Anikouchine (op. cit.). These sediments were probably
pulverized and distributed in the lagoon after each nearshore detonation.
Because finely grained (pulverized) sediments contained the highest concentfa-
tions of radioactivity measured, it would seem reasonable to attempt to corre-
late the concentration of radioactivity with the proportion of grained sedi-
ments present in each of the samples.

The proportion of finely divided material in each sample was estimated
visually. More precise measurements would have to be based on particle size
and component statistics due to the smooth nature in which artificially
produced and naturally fine-grained components grade together in some samples.
In addition, photomicrographs were taken of surface sediments collected by
coring at Station B-20 to estimate the range of particle size present in a
lagoon surface sediment which was finely divided.

Surface sediments collected from stations C-1, 3, 4 (Bravo Crater), B-2
and B-20 consisted of fine-grained material. Surface sediments collected

from stations C-6, C-8, B-21 and B-30 contained small proportions of slightly
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larger sized material. Sediments collected from stations B-19 and B-18
contained approximately 20-40 percent of pulverized material. All other sedi-
~nts contained widely varying proportions of fine material, but gererally less
than approximately 10-15 percent by yolume. If the physical appearance of
sediments which were collected by coring differed appreciably from surface
sediments, these differences are noted in the text accompanying the discussion
of the radionuclide profile with depth in the core.

Two observations can be made regarding the distribution of pulverized

239+240Pu, for example. Sediments collected

sediments and the distribution of
at stations C-5, C-10 and C-11 (S-16), which had much lower concentrations of
radionuclides than did sediments collected at the nearby stations C-1, 2, 3, 4
and C-6, 8 and C-11 (S-19), respectively, also contained lower proportions of
fine-grained components. Although similar correlations seems to hold for most

of the sediments collected across the lagoon, there are three obvious exceptions.
These exceptioné occur for sediments collected from stations B-21, B-22 and

B-24, which are located to the south and east of the area of high radionuclide
concentrations measured at stations B-2 and B-20. Station B-21 is located at

the extreme southern end of the region of high radionuclide concentrations.

The circulation of the deep water in fhis region of the atoll is not given by
Von Arx (1954), but the finely divided sediments found here are similar in
appearance to the sediments collected at stations B-2 and B-20. Even though
both stations B-21 and B-20 have similar proportions of fine sediments, only
about 23% of the 239+24OPu measured at Station B-20 was found at Station B-21.

In contrast, stations B-22 and B-24, which are located some distance downstream
and to the east of the area of high 239+240Pu concentrations, contain low pro-
portions of finely divided material (less than ~15%), but contain about 43 and

239+240

39 percent of Pu measured at Station B-20.
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The difference in the specific activity (pCi/g) of the fine-grained
debris collected at stations B-21 and B-20 can be explained by one or combina-
tions of two processes. One is a dilution in the concentration of radioactive
sarticies depocted at Station £-71 hy lewer specific activity material arising
from biological activity or erosion of the reef. Secondly, the difference in
the specific activity of the sediments at stations B-21 and B-20 could arise
yia a physical or chemical fractionation of the radioactivity in, or from,
debris which is transported in suspension. A physical fractionation could
arise by differences in the specific activity of different sized particles.

The specific activity of relatively larger sized particles deposited at

Station B-21, for instance, may be lower than that of small particles deposited
further downstream. Chemical fractionation of radionuclides may be a function
of the length of time radicactive particles remain suspended. Particles which
were deposited at Station B-21 may thus have lost a higher proportion of their
surface-associated radioactivity than those deposited at stations B-2 or B-20.
The relatively high specific activity of the sediments collected at stations
B-22 and B-24 would be consistent with deposition of the high specific activity
material fractionated--whether by physical, chemical or biological processes--
from sediments suspended upstream.

Figure 20 is a photomicrograph of surface sediments from Station B-20,
adhering to scotch tape, at 20x magnification. The largest particles observed
are about 200 u in diameter. However, many of these particles are agglomerates
characteristic of dried sediments. Figure 21 is a photomicrograph of Statiop
B-20 surface sediments dispersed in water (pH = 10) and’magnified at 80x.
Nearly all of the particles observed in these samples are smaller than 50u in

diameter and a large number are smaller than 10u in diameter. The very small



i ~ure 20. Reflected light photomicrograph of station B-20 surface sediment adherinag to
scotch tape. 20 X magnification. Many particles are aggiomerates of the dried sediments.

Figure 21, Transmitted light photomicroaraph of station T-22 surface sediment. Sample
was dispersed in water {pH 10), and an alfquot placed on a glass slide. 80 X magnification.



size of these particles places them in a size distribution obviously smaller
+wan “hose reported by Anikouchine (op. cit.), and more nearly like that re-
poted by Glasstone (op. cit.).

5.3 Distribution of Racionuclides vith Depth in Sediment Ccres

Measurements of the concentration distribution of elements in the
sedimentary column are fundamental to the study of sedimentology and the
exchange of materials across the sediment-water interface. In Bikini lagoon,
measurements of the radionuclide distributions with depth were considered to
be particularly informative, since debris from several detonations have been
added to the lagoon at different times.

Nine sediment cores were collected from various locations in the Tagoon
(Table 4). The radionuclide concentrations measured in the core collections
are shown in Appendix IIIl and in Tahles 15 and 16. Three types of profiles
of the radionuclide concentration with depth were ohserved. These occurred
in: {1) Crater sediments (Stations C-3 and C-12) which had either relatively
homogenous and/or constant distributions of most radionuc]fdes with depth;
(2) Northwest quadrant lagoon sediments (stations B-2, R-20 and R-21) which
had large proportions of finely pulverized material and whose radionuclide
concentrations changed reqularly with depth; and (3) central and eastern
lagoon sediments (stations B-15, B-16, B-27 and B8-30) which had variable
radionuclide concentrations with depth.

5.3-1 Crater station profiles
The distribution of radionuclides measured in the sediment
core collected from the center of Zuni Crater (station C-12) are shown in
Tables 15, 16 and Table 4 in Appendix IIl. MNo appreciable portion of the
sediments in the Zuni Crater core were finely pulverized. The distribution

of all radionuclides measured in this core were nearly constant with depth,
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and in seven of the nine sections a unique concentration sequence of the

L 239+240, 155, 238, 60 137 281, 20Tp. ool

ode Pu
A long core of entirely pulverized sediment was collected from the center
of the Bravo Crater. Three seqments of this 56-cm core (the 0-12, 26-34 and
48-56 cm segments) were cut into 2-cm sections for the radionuclide measure-
ments. The concentrations of radionuclides (Fig. 22) measured in the two
lower segments of the core were similar to the uniform concentrations measured
in the Zuni Crater core. In the surface 12 cm, however, a well-defined layer
of high radionuclide concentrations was centered at the 6-8 cm depth. Elevated
concentrations of all radionuclides were measured in this section, which con-

tained the highest concentrations of 238Pu (8.3 pCi/g), 20781 (432 pCi/g) and

60Co (306 pCi/g) measured in any Bikini sediments, except for the one higher

238Pu concentration (19.0 pCi/g) found in Zuni Crater sediments. The ordering
sequence of radionuclide concentrations in different regions in the core
differed greatly. The sequence in the.0—2 cm section of the core differed
from the sequence in lower sections and from the sequence found in any of the
three other grab samples collected across the crater, which individually also
differed from each other. In the 2-12 cm region of the core the order in the
sections was Bi >Co >Eu >Am >Cs. In the 26-34 region, three of four sections
had the order Co > Bi > Eu > Am > Cs and in the 48-56 cm region of the core,
the sequence was Co > Am > Eu > Bi > Cs or Co > Am > Bi > Eu > Cs. Since
plutonium was only measured in one section in each region, its placement is
not included as characteristic of larger regions. The low 239+240Pu/238Pu
ratios found in the upper 12 cm of this core, however, illustrates that the
origin of these radionuclides was different from those found in the lower

regions. The radionuclides measured in the uppermost layers may be remnants

from one of the smaller post-Bravo tests conducted in this area. The
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239+240PU/238PU ratios of 27.5 and 33.3 found in the two deeper segments of

the core are similar to several other ratios found in surface sediments of the
lagoon which were collected away from the region south of Tewa Crater.
5.3-2 HNorthwest Lagoon Quadrant Profiles

Three sediment cores were collected from this region of
the lagoon (stations B-2, B-20 and B-21). The distribution of radionuclides
in surface sediments (section 5) and the distribution of finely divided sedi-
ments (section 5.3) in this region of the lagoon have been discussed previously.
Pulverized sediments were found at all three stations, although the radio-
nuclide concentrations were significantly lower at Station B-21 than at B-20

and B-2. -

239+24OPu 24 60

The distribution of . Am and ~Co in the sediment core col-

lected at Station B-2 is shown in Figure 23. Several features of this long
core were found to be similar to features in other sediment cores collected

from the northwest quadrant.

241 239+24OPu 155 137

The distribution of Am R Eu and Cs concentrations

measured in this core were very similar, except that: (1) the absolute concen-

137 241 155

Cs measured were lower than the Am and Eu concentrations

239+240

trations of

by a factor of 10, and (2) the Pu concentrations measured were siightly

more irregular with depth than the concentrations measured for 24 or ]55Eu.

239+240 241 155Eu

In the top 11 cm of the core, the concentrations of Pu, Am,

137

and Cs decrease regularly with depth to 50% of their respective concentra-

tions as measured in surface sediment. The sediments in this part of the core
consisted of mixtures of pulverized material and Halimeda, beginning in the

8-10 cm section. In the 12-26 cm regions of the core, the concentrations of

239+240 241 155 137

Pu, Am Eu and Cs decreased nearly logarithmically with depth.

In the 28-38 cm region of the core, the concentrations again decreased slowly
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with depth. The last section of the core, which contained about 20-407
uylimeda, showed a large increase in radionuclide concentrations which, unfor-
Halimedd

tunately, cannot be verified as a real characteristic of the sediment column

without a deeper core.

The distribution of 60Co and 207Bi concentrations in the core are unusual

in that decreasing concentrations (with increasing depth)} were not present in
the upper 10 cm of the sediment core. While the concentration of 6OCo is
relatively constant in the upper 12 cm of the core, the concentration of 207g;

increases 40% with increasing depth between the 2-4 and 8-10 cm sections.

207

Below the 8-10 cm section in the core, the concentration of Bi decreases

‘mudvlike that found for 241Am, 155Eu and 137Cs; however, the concentration of

239+240

60Co is more constant with depth. The distribution of Pu ratios

measured in différent sections of the core are divided by the ratio of 21.1
found in the 18-20 cm section. Below the 18-20 cm section, the ratios in-
crease with depth from 92.9 to 144, while above the 18-20 cm section the
ratios range from 72.7 to 88.4

The ordering sequence of the radionuclide concentrations measured in this
core varied with depth. Below the 0-2 cm section, the order changed from that
shown in Figure 19 to the order: Pu > Eu > Am > Co > Cs > Bi in the 2-6 cm
region; to Pu > Eu > Am > Co > Bi > Cs in the 6-26 cm region (one section
differed); to Co > Pu > Eu > Am > Bi > Cs between 26 and 38 c¢m (one section
differed): to Pu > Eu > Am > Co > Bi > Cs in the 38-40 cm region.

Station B-20 Sediment Core.

The distribution of 239+240Pu, 24]Am and 155Eu concentrations in this
core (Figure 24) are again quite similar and decrease with depth by 507 at

about the 9 cm section. At 11 cm in the core, a sharp break occurred between

the finely divided material in overlying sections to sand. Considering the
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239+240

range and distribution of Pu ratios measured in surface sediments

across the lagoon, the ratios found in the three sections of this core are
yniquely high; possibly indicating a common source(s) for a majority of the
plutonium contamination in the sediment column collected at this station.
Only in the 6-8 cm section of this core does the radionuclide ordering
sequence differ from that found in surface sediments (Figure 19). In this

2394240

section, where the relatively low Pu/238Pu ratio of 175. was found,

241Am and 155

the ordering of Eu concentrations is reversed from those in other
sections. This order, Pu > Am > Eu, is found in sediments only in the four
sections in the bottom of the Bravo Crater core and in the eastern lagoon.
Bismuth-207 concentrations were below the limit of detection in most
sections of the core. However, in the 0-2 cm section, the concentration of

20781’ was at least 4-5 times higher than in any lower section.

60 ]37Cs decrease, respectively, to 50% of

The concentrations of ~Co and
their largest concentration, at the 9 and 11 cm levels in the core. However,
neither of these radionuclides show steadily decreasing concentrations in
the upper layers. The concentration of 60Co in the 0-2 cm section of the
core is significantly lower than its concentration in lower sections. The

137(?3 in the 0-2 cm level of the core shows nearly no change

cencentrations of
with depth.
Station B-21 Sediment Core

The concentration profiles of all the radionuclides measured in this
sediment core are roughly similar in that the concentrations increase to a

24]Am) and then decrease

maximum at between 5 and 7 cm (except at 3-5 cm for
to 50% of their highest measured concentrations at between 9.5 and 12 cm.
The sediments in this core were composed of finely divided material to a depth

of 10 ¢m, after which rapidly increasing proportions of Halimeda began to
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appear. Similar to the radionuclide distributions found in the B-2 sediment
core, increased concentrations were measured in the lowest section of this
core. As in both other cores from this region of the lagoon, the 239+240Pu
ratios measured with deptn in the core showed only a slight increase with depth.

In the 8-16 cm region of the core, the ordering sequence of radionuclide
concentrations changed from those found in surface sediments (Fig. 19) to the
order Pu > Eu > Am > Co > Bi > Cs. This sequence is the same as that observed
below the 6 cm section at Station B~2 and in surface sediments in the far
western region of the atoll.

5.3-3 Central and Eastern Lagoon Sediment Cores
The four sediment cores collected from the central and

eastern regions of the atoll (stations B-27, B-16, B-15, B-30) were similar in
three respects. First, there was no significant net increase or decrease in

the concentration of radionuclides measured betvieen the upper and lower sec-

tions in any of these four cores. Second, the distribution profiles of

239+240 24]Am, 155Eu ‘37Cs. 207

Pu, Bi and 60Co concentrations are roughly

239+240

similar with depth in the individual cores. Third, the Pus238py ratios

measured in all but the lower section of the cores from Station B-27 were
similar to the ratio in the surface sediment section. Because of the very
short (6 cm) length of the station B-16 and B-30 cores, no further interpre-
tation of the observed radionuclide profiles is warranted. Except for the

241 239+240

ordering of Am in one section, and Pu in the 10-12 cm section immedi-

ately below, the ordering sequence of radionuclide concentrations in the 16 cm
core from Station B-15 is the same as in surface sediments (Fig. 19). In

the 10-cm core collected from Station B-27, the sequence of 60Co. 207Bi and
]37Cs concentrations measured did not change with depth from that shown in

Fig. 19. However, in the 4-8 cm region, 241Am was higher in concentration
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than was 239+240Pu, and in the 8-10 cm section the ordering sequence was the

;ame as at lagoon stations B-16, R-25 and B-22 to the west.

The constancy of the concentrations of all radionuclides measured to
depths of 10 c¢m (core B-27) and 16 cm (core B-15) shows that a considerable
penetration of radionuclides has occurred in these sediments which appear to
be normal lagoon deposits. Assuming a negligible natural sedimentation rate,
the penetration of radionuclides into these sediments is significantly greater
than was observed by Held (these results are presented in section 3.4) in
Rongelap Atoll sediments. However, these two sediment cores were the longest
obtained from any station in the atoll having unpulverized sediments, sug-
gesting that these sediments may have been significantly less consolidated than
average, This could explain both the length of the core and the radionuclide
concentration with depth.

5.3-4 Uranium, Polonium-210 and Radium-226
As noted previously, the radioisotope activity ratios

238 226, ,234

234U U and Ra/"" U existing in carbonate sediments reflect the degree of

/

disequilibrium between the incorporated parent and daughter radionuclides of

the uranium series. On a time scale of ca. 103—106 year, these ratios can pro-

210Pb which is present

vide information on the age of the depnosits. Similarly,
in concentrations above those maintained in situ by 226Ra decay, permits sedi-

mentation rates to be determined over a time scale of about 150 years.

In Sections 5.1 and 5.2, the high 22PRas23*

U ratios measured in the most
contaminated, and pulverized, surface sediments collected, are interpreted as
showing that these sediments are ancient deposits removed from the detonation
craters, In Section 5.1-8, the areal distribution of relatively constant un-

supported 2]OPb concentrations is interpreted as evidence for the slow accumu-

210

lation of the Pb by natural processes. The distributions of these
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naturally occurring radionuclides was also used to help detail the origin
and accumulation processes of sediment and transuranic radionuclides with

depth in the sediment column, in selected samples. The results of these

226

measurements are found in Table 15 (uranium), Table 16 (" Ra), and Appendix

III(Z]OPO)-

station C-3 (Bravo Crater) Sediment Core.

238, 226

The distribution of “°°U, 210

Ra and Po concentrations measured in the

Station C-3 core are also shovm in Figure 22. A1l three radionuclides show
increased concentrations in the 0-10 c¢m region of the core, compared to their

concentration in lower sections. Although the distribution profiles of these

three radionuclides are not as well detailed as the 24]Am or 155

226Ra, 210Pb and uranium concentrations in the

Eu profiles

measured, the increase in the
0-1C cm Tayers is not apparently different from the well-defined increase in

241 155

the Am and Eu concentrations which were observed in detail. Although

the absolute uranium concentrations measured in the 0-2, 6-8, 30-32 and 50-52
tm-sections of the core varied by a factor of 4, the 234U/238U ratios in each
section varied from 1.06 by less than 2% (< 1 S.D. propagated counting error).

238U and 234U contamination

These observations indicate that either: (1)
have been selectively added to sediments in the upper 8-10 cm of the core in
activity concentrations similar to those present in (on) the coral in lower
sections (whose radiological signatures differ in other respects), or (2)
the pulverized materia) in the upper 8-10 cm of the core is old sediment (of
about the same apparent age as the sediments in deeper sections) wh{ch
naturally contains a higher uranium concentration, or (3) the 238U-234U
enrichment on the particles in the 8-10 cm section did not originate from

bomb materials, but was artificially concentrated on the particles; first by

a volatilization of the coral sediment in the fireball, and then condensation
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Table 16. Distribution of 226Ra in sediment cores collected at

Stations C-3 and B-2.
pCi/g,dry,t propagated counting errors

Core ho. and 226

Ra
Depth (cm) t2. 5.0,
CORE C-3
24 0.96 Z 0.20
4-6 1.70 = 0.26
8-10 1.36 = 0.19
28-30 0.90 £ 0.10
52.54 0.88 X 0.11
CORE_B-2
2-4 0.208 I 0.094
8-10 0.125 ¥ 0.082
14-16 0.088 % 0.060
20-22 0.111 T 0.052
30-32 0.124  0.086
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of the refractory radionuclides on the Ca0-Ca(OH), - CaC0, particle matrix

which was deposited here. Despite the source of 234U and 238U measured in

these sediments, a slight 235U enrichment is indicated for the 8-10 cm sedi-

nert section by the low 238U/235U ratio measured.

If either of the second two possibilities given are responsible for the

observed uranium concentration differences with depth in the core, the in-

226 210

creased concentrations of Ra and Pb, which appear to be similarly

enriched in upper sections of the core, can be explained by the same process
responsible for the elevated uranium concentrations. Similarly, since it is
difficult to envision an artificial pathway for the production of 226Ra. the

first possibility noted above is not consistent with increased concentrations

226

of Ra in the sediment. The third case above is no different than the

primary fractionation of radionuclides first described by Freiling (1962)
except that naturally occurring, rather than bomb produced, radionuclides
are involved.

Station B-2 Sediment Core

226

The distribution of 210Po (210Pb) and Ra concentrations measured in

the Station B-2 sediment core are shown in Figure 24. The concentrations of

210Pb in the surface sediment of the core is about four times higher than that

which can be supported in situ by 226Ra decay, again indicating an external

210 210Pb concentrations in the upper 12 cm of

241Am and 239+24ﬁPu concen-

source for the Pb measured; The

the core decrease at about the same rate as do the

trations. Although the rate of decrease in lower layers is not well defined,

e 210Pb/226Ra ratio decreases to 1 at a depth somewhere in the 11 to 22 cm

210

th

region of the core. Such concentration profiles for Pb are typical of

marine sediments accumulating 210Pb from natural sources (Schell, 1974b).

226

The concentrations of Ra measured in the 2-4, 8-10 and 14-16 cm sections of
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the core decrease steadily with increasing depth in the core. Because none

of the 226pa concentrations measured in these, or deeper, layers, differed

by an amount greater than 2 S.D. counting errors, it is not clear whether any

real (significart) concentra<ion differences exist between the three sections.

226 210

Along with the Ra and Po concentrations measured in surface sedi-

ments at Station B-2, the concentrations vs. depth in the core were used to

determine the "sedimentation rates" based on the 2me age dating technique.

Typical resolution of the supported and unsupported Z]OPb in the core, using

the available 210Po (210Pb) concentrations and an average 226Ra concentration
of 0.138 pCi/g, gives a "sedimentation rate" of 0.32 cm/yr in the upper 20 cm.
This rate is clearly not possible, since only 18 years have elapsed Since
testing in 1954 and this rate would predict 63 years to accumulate the sedi-
ment (20 cm?0.32 cm/yr = 63 yrs.). However, two observations suggest that the
sediments below the 9-11 cm region in the core were deposited differently from
those above this depth. The first is that the appearance of the sediments
changed from entirely pulverized material to pulverized material and a small

amount of Halimeda in and below the 8-10 cm section of the core, as discussed

210

in Section 5.3-2. Second, the unsupported Pb concentrations measured in

0-2, 4-6, 6-8 and 10-12 cm sections decrease exponentially with depth, indi-

cating a constant sedimentation rate for the upper sediment layers. Below this
depth the 2]OPb concentration§ are not significantly different from the 226Ra

concentrations measured, indicating no unsupported 2me. The "sedimentation

rates" were thus calculated, using the four 210Pb concentrations measured in

the upper 11 cm of sediment. Both the 0.138 pCi/g average, and best fit values

of the 226Ra concentration in the 0-16 cm layers of the core were used to calcu~

late the concentrations of unsupported Z]OPb. With the average 226Ra concen-

trations, a rate of 0.56 cm/yr. is indicated for the upper 11 cm of sediment;
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using the best fit concentrations of 226Ra for each section, a rate of 0,84

:n/yr is indicated. With the constant rate of sedimentation indicated for the
upper 11 cm of sediment, the time calculated for the deposition is 20 years

using the rate determined by subtraction of the average 226Ra concentration, and
13 years using the best fit 226Ra concentrations measured in each sediment core

sectiofi. The "age" of the sediment deposited at the 11 cm depth in the core is

226

thus 1952 or 1959, using the average or best fit Ra concentrations, respec-

tively.

The implication of these data is that two different processes are respon-
sible for deposition of the 40 cm of sediment collected in this care. These
data indicate that slow accumulation of sediment of a very small particle size
has occurred in the upper layers, whereas at some point below 11 cm in the
core, rapid accumulation of both fine and natural size components predominated.
Inspection of Figure 23 and  Appendix table II shows that both 60Co and
207Bi have markedly different concentration profiles from other radionuclides
in the core above and below about 11 cm. This may indicate that not only the
process but also the source or radionuclide composition of the contaminated
debris may have differed for the two depth regions in the sediment column.
Station B-20 and C-12

The distribution of uranium concentrations measured in the sediment cores
collected from stations B-20 and C-12 are shown in Table 15. The few concen-
trations measured give no indication of systematic change with depth in the

238U:235

cores. In the station B-20 core, the U ratios found are not appreci-

ably different from the ratio of 21.8, characteristic of the relative uranium

. 234,238

isotopic abundance of sea water. Th U: U ratios found are significantly

lower than the ratio (1.15) characteristic of sea water and are interpreted as

indicating, as discussed in Sections 5.1-7 and 5.3-4, that these coralline
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sediments are also very old.

238U:235 nd 234U:238

The ratios Ua U in the sediments collectec in Zuni

Crater (station C-12) are quite different from any other ratios measured in

232,,.235

tne lagoon. The low “““U:“ °U ratio found may indicate a significant enrich-

235

ment in U (relative to its concentration from sea water) in at least the

surface sediment section of the core. In addition, the ratio 234U:238U

measured in the three sections of the core is higher than the ratio (1.15)

reported to be characteristic of similar coralline sediments. These "uncommon'

ratios can be explained by enrichments in 235U and 234

238

U, or by a relative

U. Because of the difficulty in rationalizing a relative
234

depletion of

238

depletion of U, a possible explanation is that U was present in a device

fueled with 235U. The plausibility of such an argument can be based on two

234U (as judged from the abundances of uranium isotopes in

235U

factors: (1) that

235U enriched N.B.S. reference standards) is concentrated greatly in

enriched uranium, compared to its relative natural isotopic abundance; and (2)

235U is fissionable, 234U is not commonly so regarded. Because the

234U is 2.9 x 103 times greater than 235U, fission of

234U:235

whereas
specific activity of

235 U activity ratios in non-fissioned

only U would result in elevated
uranium, and could explain both the anomalous ratios measured.

5.4 Total Alpha Radioactivity

The methodology used for measuring the total alpha radioactivity

of the Bikini sediments is presented in Appendix I. The samples were pre-
pared with thicknesses less than the range of the alpha particles in the
matrix. The matrix, which is essentially pure CaC03, is constant from sample
to sample. Self-absorption corrections for each sample were made, using a

relation derived from a standard sample. The method gives relative activity

concentrations directly, or "“absolute" concentrations after a correction for
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fractionation between the whole and prepared sample is made. The data
resu?ting from these analyses were used with three goals in mind, as stated
in Section 4.1-1. The first was to optimize the sediment sample size for the
piutonium analysis. This goal was simply met as described in Section 4.1-1
and proved entirely satisfactory.

Second, an attempt was made to estimate the accuracy of the rapid tech-
nique by comparing the total alpha concentrations with concentrations obtained
by conventional techniques. The data shows that the simple technique developed
to estimate the total alpha radioactivity of the Bikini sediments provided
concentration data which is within about 11% of the concentrations estimated
when the counting data are subjected to a more accurate but time-consuming
treatment. The more accurate treatment requires a knowledge of the range of
the alpha particles present in the sample. Since this requires either a
knowledge of the relative proportions of the alpha 2mitting radionuclides
present, the rapid method employed represents a considerable time-saving if
only "survey" results are needed. The concentration data generated by either
the rapid or conventional treatments was compared to the alpha radiocactivity

239+240Pu, 238Pu, 24]Am, and the

obtained by summing the concentrations of
alpha emitting members of the 238U decay chain measured directly and/or esti-
mated in the samples. These comparisons show only approximate agreement.

Some of the concentrations obtained by the total alpha technique also give
impossibly low or high concentrations. This probably resulted because of
inhomogeniety of the radionuclides in the milligram sized aliquots measured by
the total alpha method. Because of this and other uncertainties discussed in
Appendix I, further comparisons of the alpha radioactivity measured by direct

spectrometric and the rapid technique were abandoned. If pursued, the sample

inhomogeniety problem could be minimized by replicate analvsis to provide more



104

reliable concentrations. The other problems encountered involve uncertain-
ties in the differential fractionation of radionuclides during sample prepara-
tion procedure.

The third goal was to attempt to provide an estimation (which was free
of some of the uncertainties mentioned above) of the total alpha radioactivity
in a single sample. The data for this treatment was provided from the analysis
of the "standard"sediment for which 22 different sized aliquots were prepared
and counted. This provided, as well as a means of reducing the sample inhomo-
geniety problems, a semiempirical justification, or check,of the calculated
range of the alpha particles in the sample. The alpha radioactfvity measured

in this “standard" Bravo Crater samplea was found to be 14.4% (21 pCi/g) less

than the 145, pCi/g concentration obtained by summing the measured concentra-

239+240 24]Am, 238Pu, 234 276

tions of Pu, U, and Ra and its alpha-emitting
daughter radionuclides in the sample. In this one sample, as opposed to the
others measured, the differences between the summed alpha activities measured
by spectrometric techniques and those measured by using the total alpha tech-
nique were not believed to arise from bias introduced by imperfectly prepared
or unrepresentative aliquots. The large difference in the concentrations
obtained by the two methods can thus be due to the presence of alpha-emitting
radionuclides other than those measured individually, or to an incompiete or
incorrect treatment of the data. If the latter case is the major cause of the
difference in the concentrations found, it is most likely that the error arises
from either: (1) fractionation of the radionuclides during the sample prepara-
tion process or, (2) to an error in the computed density (thickness) of the
sample which completely attenuates the alpha particles emitted. The dearee

of radionuclide fractionation which occurred during the sample preparation

a. L.R.E, No. 25653, Mo. 5, Ratch 2 of 4, 155-160 ft.
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process was evaluated for the most abundant alpha-emitting radionuclides,
239+240Pu. The assumption made following this evaluation was that the other
alpha-emitting radionuclides were similarly distributed between the whole and
aliquoted samples. A second possibility for the different summed concentra-
tions is that the mean range of the alpha particles calculated for use in the
concentration calculation was incorrect. Because this is a difficult parameter
to estimte, it might seem to be the most 1ikely parameter to have an appreci-
able error. However, the fit of the theoretical self-absorption curve calcu-
lated by using this range to the experimental self-sbsorption curve (Appendix
Fig. 2) is in excellent agreement.

It is obvious that several other alpha-emitting radionuclides other than
those measured individually in this sample are present in the Bikini sediments.
These radionuclides are both those which are naturally occurring and those
produced during the nuclear testing. The most abundant naturally occurring

radionuclides (under natural conditions) not measured in this work were 230Th

and the members of the 235 232

tions of 230Th and 235

U and Th decay chains. Although the concentra-

U in this sample were not measured, their probable

abundances can be estimated. The activity concentration of 230

234

Th should not

exceed the measured U concentration (2.45 pCi/g),which would be a conserva-

tive estimate. The sum total concentrations of all the naturally occurring

235U chain alpha emitting radionuclides cannot exceed 1 pCi/g, assumina that

o 235

th ! concentration is 1/21.8 of the measured 234ll concentration and that

all the 235 235

U daughter radionuclides were in radiocactive equilibrium with uU.
The concentrations of 232Th measured in both recent and old Fniwetok corals
is very lTow (Thurber et al., op. cit.) so that it might be expected that the
presence of 228Ra in these sediments vould set an upper 1imit to the contribu-

tion of alpha concentrations from this decay chain. Moore and Krishnaswany
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228Ra/226Ra concentration ratio in a coral at (as

(1972) have measured the
high as) 0.2. Thus, the maximum alpha radicactivity contribution from

members of this decay chain is in the neighborhood of (0.2 X 1,06 X 5)=1.06
pCi/g. The most likely candidate for the majority of the measured excess

total alpha radioactivity, assuming that these numbers are real, are artifici-
ally concentrated and/or bomb produced radionuclides. The 1ist of potential
contributors is large. The approximately 16 pCi/g values which can be attribu-
ted to these "unknown" radionuclides is a significant (13%) portion of the
alpha radioactivity burden which was measured spectrometrically in this sedi-

ment and should be investigated further.

5.5_ Reliability of the Data

The degree which the radionuclide concentrations measured are
representative of the true areal distribution of radionuclide concentrations
measured in the sediments are dependent on several considerations, including:
(1) the error in the analytical measurement, (2) the reliability of the
laboratory (within sample) suhsampling procedures, and (3) the field sampling
"bias" or error. In this study, the field sampling error consists of two
parts. One is the (within station) variance introduced by sampling from the
distribution of concentrations present in the small area designated as a
“sampling station.” This problem was viewed as the in situ homolog to the
laboratory subsampling problem noted in No. (2) above. The second field
sampling uncertainty concerns completely missing larger areal concentration
distributions by inadequate sampling. In this regard, the 30 stations
sampled in the lagoon were certainly not enough to detail all the local varia-
tions and more sampling is necessary to adequately evaluate the several bio-
geochemical problems of interest.

The error in the analytical measurement was dealt with in sections 4.2-3
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and is generally confined to counting error. Estimates of the (laboratory)
within-sample variance, and the (field) within-station sampling variance have
been made below; in summary, the errors were found to be variable but small
enuugn to prevent gross misinterpretation of the data presented.

A complete schematic of the procedural aspects of sampling and sub-
sampling have been outlined in Figure 6. The samples collected in the field
were subjected to two subsamplings which may have introduced errors into con-
centration later associated with "whole sediment" concentrations. The first
subsampling involved aliquoting portions of the whole dried sediments into
containers for gamma spectroscopy or for homogenization (grinding). Since
the aliquots of surface sediments taken for grinding were much smaller than
the aliquots for core samples, an estimation of the errors introduced in the
former aliquoting provides an upper limit to the errors that might be en-
countered in aliquoting the larger core subsamples. To estimate the variance
introduced by aliquoting portions of dried surface sediments, the three major
types of sediments (crater fires, naturally coarse grained, and mixtures of

2394240
Pu.

each) were subdivided and analyzed for The results of these tests

vere expressed as coefficients of variation, as computed below, and are shown

S.D.

where: S.D. = one standard deviation;
X = mean
The largest variance is shown by the mixture of fines and unpulverized
Halimeda at 35%. This value is an upper limit since the test used aliquots

two to three times smaller (due to available sample) than those used for the

actual samples of this consistency.
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TABLE 17. Coefficients of variation of 239+240Pu concentrations measured in
subsamples of dried Bikini sediments.

Set No. __Samnle descrintion Mo. Aliquots Aver. Wt. Aliquots C.V.
A Crater fines 5 5.16 g 13%
4 of above 5 aliquots - 5.1%
B Unpulverized crater
area sediments 5 15.7 g 2.8%
C Mixture of fines and 5 5.23 ¢ 35.%
unpulverized Halimeda
etc. i

The second subsampling was of the homogenized surface sediments for the
chemical analysis and total alpha radicactivity measurements. The variance
which would arise from this step was not addressed experimentally. However,

239+240Pu concentration

Nelson and Noshkin (op. cit.) reported analyzing the
in duplicate subsamples of nine "homogenized" coral samples taken at Eniwetok
Atoll. Before aliquoting the duplicate samples, the sediments were oven-

dried and pulverized in a ball mill. Ho sample sizes were given, aﬁd in one

of the samples (35A,a) the 252+240

Pu concentration was reported only as an
upper limit. The relative standard deviation of the remaining eight sets of
duplicate analyses ranged from 0.0 to 21.4%. The mean of the eight relative
standard deviations is 12.7%. This variance is similar to the 13% found in

the "Set A" data shown in Table 17.

The in situ sampling error was indirectly addressed by a comparison of

the concentrations of radionuclides which were measured in both surface sedi-
ments and the surface 2 cm of the sediment cores collected at the same station.
The differences in the concentration of the various radionuclides measured in
sediments collected by the two techniques result, of course, from both

sampling (in situ) and laboratory subsampling bias. However, by assuming that
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repeated sampling would yield samples whose measured concentrations of radio-
nuclides would be normally distributed about some mean concentration, the
relative standard deviation of measurements from such a set of collections

.an be used &s a measure of the cverall variance due to both collection and
analysis. The variance found for each radionuclide measured were expressed as
coefficients of variation, and are shown in Table 18. Using the convention
that underlined values for core sediments are positive (and others are neqga-
tive) deviations from a coefficient of variation of zero, the mean and the
standard deviation of the mean were computed. The mean (coefficient of varia-
tion) computed was found to be positive (6.86), indicating that the coring
method of sample collection may have tended to collect higher radionuclide con-
centrations in surface sediments. This may reflect the fact that the "surface
sediments” taken by the grab samples were 2.54 cm deep collections, and the
“surface sediment” sections of the core samples were 2.0 cm deep. The standard
deviation of the values is 22.3 percent of the mean. Although only eight
duplicate samples were available for comparison, it is of significance to note
that the coefficients of variation found for plutonium are not greatly dif- ‘
ferent from those found for other radionuclides.

The results and discussion above were developed to attempt to make
manageable a very complicated subject from the data available. These data
show that while cumulative errors for sampling and analyses are about * 207
for surface sediments, the order of magnitude of these errors is relatively

small compared to range of concentrations found across the lagoon.
6. SUMMARY AMD CONCLUSION

The areal distribution of radionuclides presented in Section 5 develop

a basic model of the radiological contamination of the Bikini sedimentary
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environment. Without doubt, more samples would benefit the model greatly.
Hovever, the distributions available are sufficiently detailed to provide
information on some of the basic phenomena responsible for the distributions
observad.  Towards this qoal, the author has, in previcus sections, directed
attention to interpretations of much of the data which can be simply made on
the basis of a small number of consistent processes. In the following section,
an integration of these interpretations is attempted with the goal of sug-
gesting mechanisms for the distributions measured.

Given a dynamic hydrological environment at Bikini, the most significant
contamination of the sedimentary environment, a priori, would arise from the
large surface bursts (such as Bravo, Koon and Zuni) whose firehalls strongly
interacted with the soil horizon, and from similar interactions of deep
lagoon or barge bursts such as the Paker and Tewa tests. At Bikini, the
initial introduction of highly centaminated debris to the lagoon from detona-
tions of this type can be described as the deposition of a large mass of
chemically altered coralline soils in a matrix reduced in size and containing
the condensed radionuclides. A large mass of crushed corailine material of
a relatively low specific activity was also ejected. The areal distributioh
of the different matrix materials would overlap and at progressively greater
distances away from the detonation craters the mixed particles would descend
through the water column at rates determined by their size and shape. In the
aqueous environment, the particles were subsequently transported a distance
determined by their settling velocity and the speed of prevailing currents.
This would act to yield a concentration of finer particles in surface deposits

which would be progressively more pronounced, but also progressivele more
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diluted in concentration by natural sediments, after settling out of sus-
pension at distances downstream corresponding to longer suspension periods.

Tompkins et al. (1970) suggests a generalized specific activity vs.
particle size distribution for radioactive debris produced by the Bravo detona-
tion. The specific activity is shown to increase very rapidly with decreasing
size for particles smaller than 44y in diameterand to decrease with increasing
size as 1/D or 1/D2 (for refractory and volatile radionuclides) on particles
larger than 300u indiameter. The combination of the cloud and subsequent
aqueous phase processes which act to fractionate the particle sizes would thus,
a priori, also act to fractionate the radioactivity; these processes could be
in evidence in the logarithmically decreasing concentration profile, which
this work suggests was deposited over a short time period in the central depth
region of the Station B-2 core, and in surface sediments away from the regions
of highest activity.

The sedimentation rate measured in the upper 11 cm of sediment collected
at the station closest to the Bravo Crater (Station B-2) shows that this
| material was deposited at a constant rate between the 1950's and 1972. The

226Ra:234U ratios in surface sediments (and with depth in the Station 8-20

sediment core) in the northwest quadrant show that although the initial source
for the fine sediments deposited at these locations was the detonation craters,
the present location of the source supplying the material for redistribution
is not known. The importance of this point should not be underestimated, for
the location and extent of the source of these fine sediments may determine
the continued availability of the radionuclides for redistribution.

It is clear, from the large size of the Bravo, Tewa and Zuni craters,
that a huge quantity of pulverized sediment has been removed from the craters.

The great majority of this material was probably removed immediately following
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of maintaining a large flow of finely divided sediment out of certain craters
at Eniwetok long after testing stopped. It is quite likely that a signifi-
cant amount of this material has been deposited outside the crater in the
large areas between the craters and the stations sampled, and is the source

for the material which has been redistributed lagoonwards. The 239+240Pu:

238Pu ratios measured in the craters and at various stations in the northwest
quadrant suggest three possibilities for the source of the redistributed
material deposited at Station B-2: (1) from locations between Station B-2

and the Bravo Crater, (2) from (1) above and from the area between Station B-2
and the northern reef (near Station B-19), or (3) from (1) or (2)-above and
also from within the craters. The logic of this hypothesis follows from the

239+280p,,,238p, ratios in the 11 cm of redistributed sedi-

findings that the Pu:
ments at Station B-2 are about 80, whereas the ratios measured in the fine
sediments collected in Bravo Crater sediments are about 20, and the ratios at
Station B-19 are about 125.

Presently, the possibility of a large-scale loss of contaminated sedi-
ments from within the Bravo Crater is not indicated from the data of Schell
(1975b). He found 95 T.U (3H) in the deep waters of Bravo Crater and only 4
T.U., which is similar to the concentration of ocean water, in the surface
vaters of the crater, indicating a lack of mixing between the surface and
deep waters. Because mixing would be required for the suspension and loss of
particulates over the lips of the crater walls, which surround the crater,
sources outside the Bravo Crater are suggested for sediments being redistribu-

239+24OPu ratios

ted towards Station B-2. At Station B-20, the very high
found {and other evidence as discussed in Section 5.1-7) suggest that a

singular source, closer to Station B-19, is (or was) the source for the old
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contaminated sediments presently found in this area.
One of the most dominant aspects of the distributions of the several radio-
nuclides measured are the differences between them. The major distributions

239+240 241 155 137

of high Pu, Am, Eu and Cs concentrations, which are located

in northwest quadrant surface sediments, differ greatly from the distributions

238Pu, 20781 and 60Co, whose highest concentrations were found in crater

of
sediments. A great deal of the differences found can reasonably be attributed
to the difference in the source terms, each of which contributed varying
quantities of debris to the different locations in the lagoon. In that one of
the most interesting aspects, relative to the marine chemistries and environ-
mental fractionation of the different radionuclides, may be their different
spatial distributions, it is unfortunate that the complexity of the multi-
source term introduction of the radioactivity appears to prohibit comparisons
to be made of the distributions from individual source terms. A great deal of
the ambiguity which prohibits comparisons to be made arises from the mixing of
debris produced by the Zuni and the Station B-18 area tests. UWithin the
region of the lagoon encompassed by stations B-18, C-8, B-19, B-20, B-22 and

207 i, 6 155Eu differ not only from each

B-24, the distributions of “078i, °OCo and
other, but also from the fairly constant proportions in which they occur {com-
pared to 239+240Pu) in the eastern, central and northeastern 1agoén. Except
for ]37Cs, the fairly constant ratios of the radionuclides to 239+24OPu in the
central lagoon can be interpreted as evidence of a low degree of chemically
related fractioﬁation between the several radionuclides in the debris de-
positied here.

It is clear that without the ability to demonstrate either the initial or
present radiochemical composition of the source terms to the various stations

sampled in the lagoon, investigations of the extent to which various
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radionuclides have been fractionated (by dissolution, leaching, diffusion, etc.)
can thus only be made: (1) within samples (such as sediment cores) having had
only one source term, (2) by comparison with previously determined radionuclide
concentrations at specified locations, (3) by the comparison of sediment-water
relationships, or (4) by comparison of these data with data collected in the
future. With respect to (1) above, the notably more constant concentration
of 60Co in the 12-40 cm region of the sediment core collected at Station B-Z

60

may be a signature of a rapid early time fractionation of the ~“Co between the

rapidly settling particles deposited. In the upper regions of the station B-20
sediment core, and in data presented by Nelson and Noshkin (1973) from Eniwetok
Atoll, 20781 (relative to other radionuclides) is enriched in surface sediments,
and 60Co and ]3765 either decrease or are more constant in concentration with
depth than are other radionuclides measured. In addition, in the core col-

Jected at Station B-21, 60Co is also relatively depleted in surface sediments.

These distributions may result from slow diffusion of the 60Co and 137

Cs, or by
other chemically mediated losses and subsequent aqueous phase transport of the
radionuclides away from particles suspended in transport. Further, the deple-
tion of 13705 (relative to 239+24OPu) from the sediments away from the regions
of high radionuclide concentrations in the northwest quadrant may also be an
example of the chemical solubility of the Cs. Such an explanation for the
anomalous distribution of ]3765 may be preferred to explanations based on its
volatile precursors (137Xe,'1371). This follows because, in theory,,]37Cs
would be expected to enrich in smaller sized, later time fallout, which would
appear to mean that its areal distribution would be less, instead of more,
restricted to small geographical areas.

With respect to the historical literature, only a few radionuclide con-

centrations measured in this work can be compared with those reported
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previously. This is due to the large concentration gradients exhibited by
some radionuclides "within the Bravo Crater” and at "mid-lagoon” which were
reported as the collection sites for the previous collections. If mid-lagoon
is taken as Station B-25, the concentrations of 60Co and 207Bi found in this
work, and decay corrected to 1964, are well within the range of concentrations

137

measured by Welander (1967) in 1964. The concentration of Cs measured in

this work, corrected for decay to 1964, however, is 100% higher than the upper
range of ]37Cs concentrations reported by Welander; this could indicate that
transport of 137Cs may be occurring from higher concentration regions upstream.

In the Bravo Crater (using the concentrations measured in surface sediments at

137 239+240Pu and

Station C-3) the concentrations of Cs (decay corrected),
238Pu are lower by 34%, 18% and 24%, respectively, than those measured in
samples collected in 1969 by Held (1971); this indicates that radionuclides

may be leaving this area. Some care should be exercised in the application of
these figures, however, because of the uncertainty in the collection sites and
the possible differences in sample collection techniques.

With respect to (3) above, some date (Nevissi and Schell, 1974; Schell,
1974a; Noshkin et al., 1974; Lowman, 1973) are presently available on the
concentration of radionuclides in the waters of Bikini Atoll Lagoon. Although
water samples were not collected at each of the sediment samplinog stations
reported herein, the number of water samples collected are large and the inter-
pretation of the water data encompasses a tremendous (and uncompleted) task.
Such a treatment is outside of the scope of this work. However, in Tine with
the interpretation of the radionuclide distributions in the sediments, the

ratios of the radionuclides mecasured in bottom water and surface sediments

were computed as a measure of the possible differences between the fraction-

ation of radionuclides between the sedimentary (source) and aqueous phases.
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for this purpose, only the radionuclide concentrations reported in bottom
waters (3 m above the sediment-water interface) were used, and the ratio-
pcnmﬁ bottom water/pCi/g surface sediment was computed at each sampling
station‘onTy where the concentrations of individual radionuclides in the

water were reported in both soluble and particulate concentration {except for
238Pu and ]3765 which were not reported in soluble and particulate fractions).
These comparisons are shown in Fig. 25, in a histogram showing both the total
and particulate water/sediment ratios. This diagram shows that striking
similarities, as well as large differences, exist between the distributions

of the radionuclides in the sediment and bottom water. Of considerable
interest is the close similarity of the particulate/sediment ratios of 239+240
Pu, 24]Am, and 155Eu at each station. Although significant contentrations of
"soluble" species occur at many lagoon stations, these data suggest that
either: (1) these radionuclides enter the water column together via their
intimate association with finely resuspended sediments, or (2) that their
initial chemical reactions are similar. It should be pointed‘out that except
for a high vé]ue measured in Station B-2 deep water, the absolute concentra-
tions of "soluble" plutonium found within the northern and within the southern
group deep water stations are similar. This fact emphasizes a conservative
nature for the distribution found for "soluble" species, rather than an
alternative explanation which would be changes in the physical-chemical states
between the "soluble" < 0.3um and particulate > 0.3um fractions. Thus, as
opposed to the concentration of soluble species, the concentrations of the
particulate fraction appears related to sedimentary processes.

‘The few data points available for 238Pu indicate no significant dis-

similarity between the sediment-water distributions of total 238Pu and

239fZAOPu. However, since no data are presently available on the soluble/
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Q
Ratio of the concentrations of 23“+240PU,

241 207 155 137

238Pu,

Am, Bi, Eu, Cs and 60Co between bottom

water and sediments at several locations in Bikini

atoll lagoon.

1. Water concentrations of 239+240Pu are average
values from: Nevissi and Schell (1974);
Noshkin et al. (1974b); and Lowman (1973).

238

2. Water concentrations of Pu are from Lowman

(1973).

3. Water concentrations of 137Cs are from Noshkin
et al. (1974b).

60

155 7Bi and ““Co

20

4, Water concentrations of Fu,

are from Schell (1974a).

241

5. Water concentrations of Am are from Nevissi

and Schell (1974).
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particulate fractionation of 238Pu in Bikini water, speculation on the

relationship of this environmentzi data, to the published laboratory studies,

is avoided.

Figure 25 shows that relative to 239+240Pu, 24]Am and 155Eu, the radio-
nuclides 20781, ]37Cs and 60Co are more greatly distributed into the aqueous
phase and therefore may be leaving the sediments at higher rates, assuming

similar concentration-flux relationships between the radionuclides. Assump-

207B1' and (greatly

tions of this sort are risky, but the elevated 60Co,
elevated) ]37Cs ratios led support to a hypothesis that although the major
differences in the relative distributions of the two groups of radionuclides
probably arose from differences via their introduction from different source
terms, chemical dissolution of 60Co, 20781 and ]37Cs from particles in the
aqueous phase, both initially and at later times, may be important considera-
tions to the observed, and future (re)distributions of the radionuclides.

The distribution of the ratios shown in Figure 25 show differences both
between radionuclides and between sampling stations that pose a host of
relevant and basic questions. It is evident, for instance, that between the
relatively protected (from lagoon current) detonation craters and the lagoon
stations, large differences in the relative proportions and physical-chemical
states of the radionuclides exist. Further, although deposition, dilution
and/or solution of 239+240Pu, 241Am and ]SSEu contaminated debris is evident
from the low particulate/sediment ratios in mid-lagoon stations B-24 and B-27,
the concentration of the 20781 and 6OCo particulate fraction does not
decrease, indicating the presence of several physical-chemical states for the

radionuclides and particulate material in the water ;olumn. While particulate/

water ratios found which are greater than 0.4 - 0.8 are consistent with the
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faster rate of decrease in the radionuclide concentrations in sediments

(v.s. the water column) the high ratio (4.14) found at Station B-20 cannot

he so explained with the existing data, indicating either that regions of much
higher concentration exist upstream, or that this area itself is a significant
source of suspended sediments. The remarkable constancy of the particulate/
sediment radionuclide ratios demand further explanation in themselves. The
process of suspension, deposition and redistribution of fine sediments at
Bikini Atoll may be a dominant biogeochemical process to be understood in the
redistribution of transuranium radionuclides in the Bikini Lagoon ecosystem.
Both sampling designed to understand this process and thorough treatments of
the water collection data should result in significant contributions to the
study of marine biogeochemistry and the behavior of transuranic radionculides

in environmental conditions.
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7. RECOMMENDATIONS

210

(1) It is recommended that profiles of unsupported Pb concentrations,

at other lagoon stations which have accumulations of finely divided sedi-
ments, be made to better understand the horizontal redistribution process.
(2) Additional sedirent sampling is recommended to better define the
the areal distribution of radionuclides around the craters, especially in
the northwest quadrant of the Yagoon.

(3) Because the distribution of radionuclides between the sediments and
bottom waters of the lagoon appear to be a valuable means of understanding
the initial distribution of radionuclides in the water column, it is
recommended that future sediment sampling be accompanied by a sampling of
the adjacent bottom waters.

(4) An investigation of the physical-chemical properties of the parti-
culate material and associated radionuclides suspended in the water column
is recommended in order to better understand their origins, behavior and
cycling in the lagoon ecosystem. An interesting approach to this problem
would be to measure, in pariculate material separated (by size) on milli-
pore type filters used in series, the weight, proportion of organic
material, and the concentrations of radionuclides on the different sized
filters collected at a few selected lagoon and crater stations. Such
measurements might be suppiemented by leaching experiments and by S.E.M.
photography to identify the particle types.

(5) Measurements of the total alpha radiocactivity of a coralline
sample which has a known alpha disintegration rate is recommended to
empirically verify the presence of the fraction of alpha emitting radio-

nuclides not accounted for in the Bravo crater sediment analyzed.
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Appendix 1

Methods and Measurements of the Total
Alpha Radicactivity in Bikini Atoll
Lagoon Sediments.
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INTRODUCTION

A method of thin source (i.e. less than the alpha particle range)
rreparation of samples utilizing a IZnS screen and phototube counting was
developed. The counting procedures are the same as for tne method using
thick sources described by Turner et. al. (1), and applied by several
investigators [Turner (2); Cherry (3), (4); Hasson and Cherry (5);
Shannon and Cherry (6)]. Applications ¢f the thin source counting
technique have been made by Osanov and Popov (7) and Curtis and Heyd (8).

Estimation of the range of the alpha particles in the sample and
the detection screeen, and inhomogeneity problems in source preparation
constitute the greatest errors in the accurate determination of alpha
concentrations in sclids. These problems were reviewed by Cherry (9),
who concluded that the alpha particle ranges in non gaseous media are
complicated and have not been well defined for general application.

The range of an alpha particle in asy medium is a function of the
atormic numter (Z) of the medium, and the energy (E) of the alpha particle
emitted. Hence, in environmental samples, the mean value of each of
these two variables, wnich is determined from the composite proportions
of the individual components (Z and E), is needed since only one nuclide
and/or one clemental absorber is rarely present. In the coralline atoll of
Bikini and matrix of the absorber is constant from sample to sample.

The Z of calciu.. carbonate, which constitutes the sediments of coralline
environments, on an atom fraction basis, is 10.0.

EXPERIMENTAL METHODS

A dried subsample (5-15%) of each sediment sample was ground to a
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fine powder by hand with a mortar and pestle and approximately 1.5

gram aligquots of this subsarple were suspended in 50 milliliters absolute
ethanol in a two-ounce polyethylene bottle. Each bottle was shaken and
allowed to stand for three minutes,'at which time a suspension was
pipetted from one inch below the ethanol surface and filtered through a
tared 47 mm 0.45 um Hi1lipors1 filter and filter ho]derz using a vacuun
filtration apparatus. Directly under the Millipcre filter was placed

an absorbent pad {(supplied with filters). By careful addition of the
suspension a relatively uniform layer of material was deposited over

the inner circular area (9.435 cm2) of the filter funnel. The filters were
vacuum dried with dry air for two minutes, after which the initial

absorbant filter pad was replaced with a dry one, and further dried for

5 minutes, or until a cood flow of dried air is established through the
filter. The filter was then removed and placed cn a tared 2" stainless
steel counting planchette. A third absorbant pad is placed over the
filtered sample and the assembiy is placed under a weight in a vacuum
dessicator to keep the Millipcre filter flat during drying. After drying at
least 18 hours, the planchette and filters were weighed3 and covered with

zinc sulfide screens4 which were neld tightly acainst the dried sample

with saran wrap.

]Mi111pore Corporation, Bedford, llassachusetts 01730.
2M11lipore Corporation, number XXID 047 20.

3The cellulose acetate filters lost a relatively constant 3.378 mg due to
the 3-10 miililiters of ethanol filtered. This may be avoided by using
other available Millipore filter materials.

4T_ype AST-3, avaiiable from Wm. 3. Jchnson & Assoc., Inc., Mountain Lakes, N.J.
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The scintillations produced in the ZnS screen were counted with a
swo-inch photomultiplier tube coupled to a linear amplifier and
scaler. The counting efficiency for the ZnS screen is 47% based

9OSr)

en a weightless source ca]ibration.4 The contributicn of (
beta particles to the observed count rate was measured to be negligible.
The mean backcround count rate was .033 cpm, which was usually

negligible.
LPPLICATIONS

Rapid Estimation of Total Alpha Radioactivity.

At the begirning of the program, only limited knowledge of
the relative abundances (hence ranges) of the various alpha-emitting
radionuclides was available for the coralline Bikini natrix. An
empirical self-absorption correction method was developed using a
“standard" coral sediment collected in the Bravo Crater. By plotting
the net count rate (cpm/mg) of several different thicknesses {expressed
as mg/cmz) of this standard sample on semilogarithmic paper, an
empirical self-absorption relation was developed (Appendix figure 1).
By assuming that the observed dependence was indeed log normal, the
slope of the best fit straight line can be used as a mass attenuation
ccefficient.s The absolute activity of any other samrple wvas then
obtained by correcting the ccunt rate (cpm/mg) to zero thickness
(i.e. no self-absorpticn), using the slope of the standard sample

by assuming the relation:

5Frank Ryan, LRE Memorandum, 6 Cctober 1972.
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[ 1 dpm
com T (stope) (mass)], | [_p_.]
[pg ] observed {? oFf. M9 corrected (1)

wnere:
_ 2
mass = mg/cm
slope = .1591 (From Appendix figure 1.)

efficiency = .47

An attempt was made to evaluate the fractionation effects
of pipetting only the smaller sized particles for the total
alpha measurement, compared to the activity of the entire sample.
For this, aliqucts of the whole and pipetted fractions of the Bravo
Trater “standard” samnle and fcur lagoon samples were analyzed chemically
for plutonium. The results are shown in Appendix Table 1. Similar
fractionation was found between the four different lagoon samples reflecting
homogenization yet constant fractionation from manual grinding. These
particular samples were selected because they represented the extremes
and means of both the concentrations and the actual physical size
ranges encountered in lagoon sediments. The surprising difference shown
between lagoon samples and the Bravo “standard" sample is probably due to
the very fine and well sorted sizes of the Bravo Crater material, which
was close to the limits of grinding in the undisturbed state. These
average fraction factors, when multiplied by the constant 450.45 and by
the corrected activities obtained from equation 1, gave the activity of

whole coralline sediments in pCi/g as shown in Appendix Table 2, column A.
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239, 240 i . Ny
Pu in Whole and Pipetted Aliquots of the
Bravo Crater Standard

Arcperndix Table 1.

dpm n maria _Whole

Sample g - 13.2. atic frection

Eravo Crater

"standard”
Vihole A 154.1 * 2.8 875+ .035
Fraction A 17€.2 6.6
Knole B 157.3 + 4.4 L899 + .037
Fraction B 174.9 = 5.4

‘T""“"""“"‘T """""""""""""" e it il dedd

Average Fracticnation 8870

B-15 S-1
Whole R.23 +# .43 .B5€  + .063
Fracticn 14.8 % 1.5

B-18
Whole 137. % 13. 534 % .059
Fraction 257. ks 14.

B-19
thoTe 361, * 25. 544+ 086
Fraction 6E3. + a4,

B-2
Whole - 238. * 2. L5347 o+ 062
fraction 435, * ih,

Average Fracticnation .5452
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Quantitative Estimation

As the chemical analysis of the samples for alpha emitting radio-
nuclides was being completed, it was decided to evaluate further the total
élpha survey techniques for the possibility of more general application.
The total alpha counting data from the lagoon samples were used again
to obtain the total alpha concentrations using more conventional self-
absorption correction methods (based on geometrical considerations) and
the range of the alpha particles in the sample (7,8). Using the energy
of each alpha radiation emitted from radionuclides found in Bikini
sediments, each alpha particle range in calcium carbonate was calculated
from its range in standard air (as found in Evans (10)) using Braggs

rule in the form6

CacCo
;

.01 7

R
5 (2)

3 air
= Ri [1.00 + (.06 - .0086 Z) log Ei]
M

where:

R = range in mg/cm2

(]
I

atomic No. of CaCO3 = 10.0

~
L]

2 atomic No. of 4He = 2

(sl
1]

alpha particle decay energy in Mev

M = mass of 4He = 4

The mean alpha particle range for the mixture of radionuclides in each

sample is then:

6Fried1ander, Kennedy and Miiler. Huclear and Radiochemistry,
John Wiley and Sons, 1964. pg. 95.




i =x

CaC04 <™ . Acti] + + Rx | Actx

kY = 4/ i ﬁcttJ Act, (3)
i=1

These mean ranges were determined for the Bravo Crater “standard” sample
(using the concentrations in Appendix Table 3); and for those lagoon samples

o 23O+240Pu, 24]Am and *ha 238

wher U decay chain contributors to the sample
alpha radioactivity were measured.

Using the meen range (4.58 mg/cmz) calculated from equation 3 for
the Bravo crater "standard" sediment, conventional self absorption relations
(equation 4) were used to predict the values of the counting rate versus

sample thickress in the Bravo Crater "standard" sample.

(PYeFf )« (2) o (F.F.) = pCi/g
[ _l_g] { wt (mo)] (4)
1 -2 R || 7000 |'(2.22)

where:
Eff = counting efficiency = 0.47

S = sample mg/cm2

]

R 2

]

range of the alphas (mg/cm

F.F. = fractionation factor = 0.5452 for lagoon samples or .887Q for
the Bravo "standard"

These values, along with the observed values are shecwn in Appendix Fijurs 2.
The agreement of the two curves is very good with the exception of four
points which occur nearest to the critical thickness range. These
deviations may reflect the importance of surface irregularities at these

thicknesses. The mean count rate of all the aliquoted samples which had
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tapendix Table 3. Alpna Activities of the Bravo Crater "Standard"

| Activity
fluclide pCi/g + 2S.D.
280 o 37.38 + .46
239,240p,, 70.14 * 4.7
238p, 4.96 .46
238y 1.96 + .53
234 2.45 + .61
226p, 1.06 £ .17
222 1.06 £ .17
21854 1.06 + .17
214pg 1.06 £ .17
210p,, 2.93 t .9
Total 1241 + 4.9

thicknesses greater than £.58 mg/cm2 vas thus used to calculate the total
alpha radioactivity in the “standard" semple.

To measure the total alphe radicactivity of the many lagocn sediments,
only one sample was prepared for eech station. To avoid needing to

238U decay series in

measure the concentrations of the members of the
each sample, the irean range was computed only for the 12 lagoon sedimz=nts
for which these data were available; the range in these samples were then‘
plotted against the total alpha radioactivity in each sample to derive

an average dependence of the mean range to the total alpha radioactivity

present in the various samples (Appendix Figure 2). In the high activity

samples the range i3 primarily a function of the Pu and Am radionuclides.
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The various raties of each radionuclice which were encountered had little
effect on the computed range. As the tctal activity decreases, the

23¢

"7 U chain radionucliues become fncreasingly important and the range
changed regularly. Since the 238U decay chain memhers were not meesured
in every lagoon samole, the total alnha concentration of each samnle

was initially estimated from equation 4 using an initial range of

4.5¢4 mg/cmz, the mean of all measurzd lagoon sample ranges with con-
centrations greater than 70 pCi/g. If the concentration calculated

was within the wrange 3.33 to 74.4 ol /g, the better range of the alpha
radiations in the sarple was computzd using the initial concentration
calculated and the range-activity relation frem Appendix Fig. 3, which

is mathematically expressea by:

= _ — 2
Rn = J5051.9 (pCi/g - 74.4)° + 2.23 (5)
200.8
where: Rn = new range in mg/cm2
pCi/g = activity computec using 4.548 mg/cm2 in eguation 4

The new range is reirserted into equation 4 and the concentration
in pCi/g is recalculated. If the activity was less than 3.33 pCi/g,
4.23 mg/cm2 was used as the range. Only one reiteration of the cycle
1s necessary.

The activities obtaired by this method are shown ir Appendix table 2,
cclumn B, The activities firuom direct measuremants are shown in colun C
for comparison.

One can see that the rapid technique gives values that ere about
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17% greater than those obtained Ly the more cornventional total alpha

method. This difference arises becausc equation 1 {s only an approximation.
ine obzerved diffevences baiwaun the concentraticns computed using the rapid
or conventional techniques and the spectrcmetric methods are more rander,
These later differences imay arise firom some combination of four main
factors,

The first is that alpha emitters other than those measured chemically
are present in these contaminated sediments.

The second is that because the milligram sized aliquots of the
suspended ground-up sediments aralized are probably slightly inhomo-
seneously contaminated, deviaticns in the sample count rate which arise
from unrepresentative sample alicuoting cannot be averaged out as was
the case for the Eravo Crater "standard" sample.

Third, while the ccncentraticn fractionatior in fcur samples was
found to be constant for plutonium, fractionation of the other radio-
isotopes was not evaluatea.

The last factor is that of the errors inherent in the determination
of the range of the alpha particles needed for calculations in the second
methad. Although this problem is resolvable by empirically determining
the range of the alpha particles in each sample, as was done for the
Bravo Crater standard sample, this procedure is tedious and is a major
probien in the determination of the absclute concentration cf alpha

emitters in solid samples.
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Appendix I1

Radionuclide Concentrations in Surface Sediments.
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The concentration of 238Pu reportad in Appendix Table 5 is in a few
casas the resuit of ~wultiple determinations. BRecaus2 these concentrations
er? also determinad comewhat differzntly from the procedure outlined in
section 4.2-4, the procedure used to calculate the concentration in these

samples is discussed bSelcw.

Early in the analytical work it was found that several samples had

239+240, ,238

unusually high ratios of Pu/"" Pu. Because the sample size was opti-

239+240

mized for the Pu concentration, as estimated from the total alpha

measurements, the Tow chemical yields resulting at this early time resulted

. 23 . . . . ..
in 8Pu concentrations in sone final samplas at or below tne limits of

detection. After modification of the separation prccedures so that larger

‘samples could be run with better chemical yields, aliquots of these

238

relatively very low Pu concentration sediments, and others previously

analyzed, were rerun without the addition of a radiochemical tracer.

238

This proviced en accurate means of determining the Pu concentrations in

the samples where the 238Pu concentration was originally belew the detectior
2394240

Timit,] and provided for an additicnal verification of the Pu/ZJdPu

ratios measured in samples for which this ratio had previously been

.
235, tracer added for yield determinations. The

determined with a
results of these comparisons are shown in Appendix table 4.

Inspection of the plutonium ratics obtainad from the analysis of
spiked and unspitag alizuots of tha same dissolved sediments shows that

with the exception of sample iHo. C-4, the two ratios obtainea fer each

sample agree within a 1 S.D. deviation about tho mean, tased orn counting

1

238, 239+240Pu ( 39+240PU 238

Pu Ist aliquot)+ /777Pu (2nd aliquot).
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Compariscn of the ratio 23SHLZL"OPu/Z"gPu obtained from
analysis c¢f aliquots of dissolved surface sediments
measured with and without the additicn of radio-
chemical tracers.

. 2394240
Ratio §§§————BE- MER I propagated counting error
Pu

STATION Ist analysis 2nd analysis

NUMBER (with tracer) (without tracer)
B-2 238p, 3.D. 9. 7.
B-3 26.87% 3.5 24.3% 4.2
B-16 (5-8) 150 ¥ 130 62. Y.
B-18 31.7 T 1.9 | 26.6 * 3.1
B-19 (s-24) 238y .. 125 g, !
B-20 238, 8.0, 227 o7, 1
B-22 297 % 99, 186 ¥ 27.
B-24 190 130 | 208t 79,
B-27 165 61 13 fas
B-30 (S-2) 30.1 ¥ 3.0 | 38,8 % 4.3
C-4 21.2 315 25.3 5 1.4
C-8 (s-31) 86. * 16. 73.5 ¥ 7.0
C-11 (5-19) 1.94% o5 1.92 % .10
C-11 (5-16) 4.13 ¥ .29 3.76 & .57
D-4 1.4 T1.5 8.4 f2.6
1.

Sample spiked.

See text for explanation.
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239+240, ,238.

errors. In addition, the only samples which showed Pu/~""Fu ratios

noce than only slightly different frem each other in absolute value

238

(samples B-16, B-22, B-27) were those with the larcest relative Pu

counting errers. Becausez the error term in these first two sets of

238

plutonium ratios arise mainly from the error associated with the Fu

concentrations ineasured, these different ratics can be assumed due to normal

238Pu counting rates and/or an effect related to

23E

variations in the low

236 Pu

the addition of the Pu tracer (in the first case). Since the

concentrations measured in these three samples weas lower than in the unspiked

sample, it is obvious that the tracer impurities were not resulting in

238

calculated Pu ccrcentrations which were greater than were present.

238 239+230p neasured in surface

30+200

The concentrations of Pu and

sediments are shcwn in Appzndix Table 5. The Fu concentrations and

measurement errors reportzd were cemputed Yor individual samples as previously

explained (section 4.2-4). The 238Pu concentraticns in all but those

239+240Pu/238

samples for which the ratios Pu were redatermined {shown

in Mppendix table 4) were celculated in a similar manner. For these late~
samples, the ratio reported is the ratio comouted from the two analvses

by weighting each ratio bty its propogatad counting errcor (by the method

-

of Stevenson, {op. cit.]; and a weighted mean ratic and error was computed.
- Z . . . .
ihe 38Fu concentration in trese few samnles wes then calculated vsing the
equation in fool note 1 on the previous paga. There were two excentions
to this orocadure. No samgle 3-19 or 2-20 (Appendix taole 4) remained

for a second plutonium analysis so that a second sample previcusly stored
as excess hed to he dissolved for the analysis, anc the semple was, in

s . 242 . . .
addition, spiked the " "Pu. In the analysis, the fusion porticn cof ths

dicsolving the sample pracedure was inadvertently omitted. Beceause cf

———
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this, the plutoniun in the sample may not have equilibrated with the

504240
tracer and the absolule concentrations of 2 4“P 238

u and Pu

measured vwere considered suspect end only the ratio of the two isotopes
was used. This was done only becausc nc addizional sanple remainad easily

accessible and no cther analysis were available for data. In the cese of

238 . :
these twd sarples, the “EPu concentration wac celculated as explained abeve,

239+240Pu nd 236+240, ,,236

only the and Pu/" " Pu measurements were obtained frem

different subsamplies of the original whole sedirent szmple.

. x:! . -
The concentrations of <~1/"m are also shown in Appnendix Teble 5.

20781, 155Eu 137 60

The corcentrations of , Cs and

Co measured in surface

2105 (210

sedimerts are shoun in Appendix Tahle 6. The concanirations of Po Pb)

.

measurec are shown in Appandix Table 7.  The mathods and errors associatec

with the results shicvn are explained in section 4.3.
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Appendix Table 7. Distribution of 210po in surface sediments.

pCi/g, dry, + propagated counting error.

Station Sample Z]OPO
Location Location *2 s.D.




Appendix 111

Radionuclide Concentrations in Sediment Cores.
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]37Cs vith depth in sediment cores $-29 and B-21.
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