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Abstract

CONCENTRATIO!!S AND REDISTI?IBUTIOH OF PLUTO!IILV1,AF!E!?ICIUM

AND OTHER RADIONUCLIDES ON SEDIP!ENTS AT RIKI!{IATOLL LAGOO!J

by Robert Paul Marshall

The concentrations and distributions of 239+240PU, 238PU , 241Am 207Bi
9

\

155Eu, 137CS and 60Co in the sediments of Bikini atoll lagoon were invest-

igated by radiochemical and radiometric analyses of 33 surface sediment

samples and 9 sediment cores collected in 1972. An injtial survey of the

concentrations of the alpha emitting radionucl ides 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 Eravo crater

23g+240Pu,
238PU 241~m and

sediment were greater (ea. 13%) than the sum of s/

the natural radionuclide concentrations measured or estimated, indicating the

possibility of other alpha emitting 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

23g+240Pu and
241

patterns of each of the radionuclides, except Am, were

dissimilar. k!hereas the highest concentrations of 23g+240Pu, 241Am, 155Eu

and 137Cs were measured in surface sediments collected from lagoon stations,

the highest concentrations of 238Pu (19 pCi/g),
207

Fli (432 pCi/g) and 60co

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

The shape of the major distribution of
239+240PU and 241Am Concentra-

tions in the laaoon ITMV be described as rouuhlv ellic)tical. The highest



concentrations of 239+24*Pu (120 pCi/g) and

any samples, occur at the focus of the “en”

northwest quadrant of the lagoon about 6 km
---

The highest concentrations of 155Eu (139 pCi/g)

collected along the northern rim of the lagoon.

correction is made for the
155

Eu concentrations

northern rim of the atoll, it is found that the

241
M (103 pCi/gJ measured in

pse” at a location in the

SSE of the Bravo crater.

were measured in samples

If a radiological decay

measured around the

distribution patterns

for 23g+240pu 241AM and 1559 Eu across the lagoon are very similar.

To the east of the focus of the “ellipse”, the concentrations of

23g+240Pu,
241

Am and 155Eu decrease approximately exponentially to2-5%

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

tration of 137CS measured (29 pCi/g) also occurs near the focus~ ‘he

137
Cs concentrations decrease at a rate about 3.5 times faster per km than

the ‘239+24*PU 241Am and 155Eu concentrations measured.9

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.

*34U.*38U and 2*6Ra.234Measurements of . . U ratios in samples of these

be very old corals, presumably from

collected from this region of

concentrations of *3g+240Pu, 241Am

finely divided sediments show them to

the detonation craters. In two cores

high radionuclide concentrations, the

and 155
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

differences in the ratios of 239+24*PU:
238

Pu across the northwest quadrant



(both areal”

the sources

y and w-th depth) indicate that multiple locations have been

for the high specific activity sediments deposited at the

in the northwest quadrant.different locations

Compared to the concentrations of radionuclides In

sediments collected in the northwestern lagoon, the high

the very fine

concentrations

of radionuclides measured in the naturally coarse sediments from 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.

Evidence that the differences in the spatial distributions of 6oco ,

137
Cs and 207

13i(from those of 239+240Pu, 238PU, 241Am and 155Eu) 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

+L)bottom water):(pCi radionuclide/g surface sediment) at each station in the
l(&CJ”

lagoon where the radionuclide concentrations in total, particulate ‘- @~ ‘{

(>0.3 pm) and soluble (<0.3~m) fractions of bottom water samples have

been measured by other investigators. The ratios for 239+2A0Pu, 238PU,

241
Am and 155Eu (especially those between the concentrations measured

between suspended particula~es and sediments) were found to be very similar

at any given station in the lagoon. Compared to the actinide and

Ianthanid for total water samples (the range across the

I

lagoon is from 0.5 to 10), the ratios for 6oco ,
137

Cs and
207Bi were

higher, by an average of about 7.3 times for 60
Co, 22 times for

207*i
s.



and 250 times for 137CS , 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 additfon, these studies have stimulated

additional measurements of concentrations of naturally occurring radionuclicfes

and their use as tracers of environmental processes. In spite of the interest

in these areas, only limited data are avaflable from in situ observations of.—

the physical-chemiral 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 radioecological research is directed

toward the study of the specific processes that control partftionjng, specia-

tion, transport and concentration of chemical elements fn the different

physical-chemical environs of the marine bfosphere.

Bikini Atoll was one site for nuclear weapons testing between 1946 and

1958. In the seventeen years since cessatfon of testing, physical decay and

environmental processes have significantly removed or reduced in concentration

Inanyof the radionuclides which resulted from the nuclear transmutation pro-

cesses. Because of

and neutron-induced

207
8i, can still be

their relatively long physical half-lives, several fission

radionuclides, such as ‘OSr, 137Cs, 60C0, 55Fe, 155Eu and

measured easily in sedirwnts, sofls and some biota at

8ikini. However, the parent materials of uranium and plutonium-239, as well

~S many of the neutron-induced transuranium radionuclides such as afT!eriCiUm

and neptunium, have physical half-lives of loz-~og years, and have not been
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significantly removed by physical decay.

products decay by alpha particle emission

survey techniques.

Many of these

and cannot be

longer-l”

measured

ved by-

by simple

hazard +3 ‘he re-

turning Marshallese peop?e may exist from long-lived radionuclides. The

increasing potential for release of transuranics to other marine environments

Is suggested by the planned increased use of plutonium in power reactors by

more than a thousand between 1971 and 2000 (Shapley,

In the marine environment, the dissemination of

occurs through biogeochemical processes Whfch affect

1971).

transuranium elements

a transfer of materials

between the sediments, waters and biota of the ecosystem. In the contaminated

environment of Bikini Atoll, there has been little 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

other studies related to the prediction of radiation

of the atolls. In addition, the sediments at Bikini

turbed at some of the nuclear detonation sites and a

placed on biological and

exposure to inhabitants

were significantly dfs-

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 comp?ex ~~tisource introduction of radioactivity to the lagoon still

remain, the present condition offers unique opportunities and advantages fOr

the study of the physical and biogeochemica? p~cesses whfch govern and will

continue to govern the fate of radionuclides in this marine ecosystem.

Hithout extensive previous investigations of Bikini sediments, elucida-

tion of the Concentrations of long-lived radionuclides, and the processes
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which have and may continue to cause their distribution, is the logical

;tarting

The

1.

physical

nuclldes

2.

emitting

3.

FOint for St’Jdy.

2. OBJECTIVES OF THE STUDY

origin, and the

and transuranic radio-

objectives of this study were divided into tilreeparts, as follows:

A reviewof relevant literature related to the

and chemical characteristics of fallout debris

produced at Bikini Atoll.

Measurements of the concentrations of selected

radionuclides in sediment samples collected in

Interpretation of the measurements in terms of

and chemical processes. Special attention Is given to Interpretations which

alpha and gamma

1972.

physical, hydrological

may be important to present redistribution processes and may relate the ob-

served data to dzta 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

To interpret the distribution of

LITERATURE: AN OVERVIEW

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 beco~~ very broad, careful consideration

of Previous information concerning the pollutants fate and behavior greatly

facilitates subsequent study. The initial distribution of radioactive debris

‘rem each test would be expected to be strongly influenced by the following

‘actors: (1) the size and location of each detonation; (2) local hydrological

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

‘fractionationof the radionuclides; and (5) local meteorological conditions.
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At Bikini, the early diagenesis toward a steady state condition following

each test was complicated by subsequent testing in similar geographical loca-

+~ons. 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

me of six general topics, as follows: (1) the production

was categorized in

and occurrence of

transuranium elements; (2) the introduction of radioactivity in fallout from

the different devices detonated at Bikini Atoll; (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 Transuranlum Isotopes

In 1940 the production and subsequent discovery of plutonium was

238U (d,2n) 238Np &+238rade by the nuclear reaction . Pu, and was reported

by Seaborg and co-workers (1946). Plutonium-239 was discovered by Kennedy et

al. in 1941 (1946). ln ~g42 Seaborg and Ferlman (1948) demonstrated the nat-

ural occurrence of about 10-14g pu/g u in pitchblende. In several subsequent

~nvestigations the pu/U ratio in natural ~terials has been shown to remain

fairly constant at around 10’11 (Keller, 1971). The work of several investi-

9at~ons has since indicated that the reaction chain responsible for naturally

occurring 239puis238u (n,,) 239u#&239~p ~#&>23gPu (Keller, oP.
.

cit.). The source of neutrons for these reactions IS predominantly from the

Spontaneous fission of uranium and from (a,n) reacttons Of

with nuclei of light elements in the uranium-bearing ore.

alpha particles

Small quantities
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of 237 -2 237
Np (ea. 1.8 x 10 g Np/g

238
U) have been reported in pltchblende by

peppard and co-workers (1!51). Americium-241 was first isolated from an

irradiated plutonium sample by Seaborg et al. in late 1944

the half-lives of 244PU, 247Cm or other unidentified super

be long enough to provide for their (Isotopic) persistence

times, none have yet been measured quantitatively (Keller,

The formation of transuranium isotopes with proton or

ent from those of their parent occurs primarily by nucleon

(1949). Although

heavy elements nay

sfnce primordial

Op.tit].

mass numbers differ-

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, amerfcium and curium

are fern’tedand can be subsequently separated from the depleted uranium fuels.

The production of transtiraniurlelemants IS accomplished by successive neutron

238
capture reactions from products created from U or 239Pu in nuclear detona-

tions or in reactors. Isotopes with mass numbers as high as 257 have been

found or identified f~m both laboratory and thermonuclear tests (Keller, Op.

Cft.). The mass yield of heavy isotopes from the Mike and the Barbel and

Cyclamen thermonuclear experiments decreased in atom amwnts approximately

logarithmically with increasing isobars from mass numbers of 239 and 242,

wspectlvely (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 lJraniUm

nuclear devices, and their ~de of production as found in Lederer et al. (1967)

and Keller (op.cit.), is shown in Fig. 1. From this diagram it is apparent

that relatfng the abundance of transuranium isotopes in environmental WTIpl(?s

tO their ori~in from a specific radionuclide parent may be extremely difficult.

This ts pdrtlcularly true with respect to 238
Pu, which can be produced by at
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least two pathways from
238

U,via production from
235U, or as an unburned

239
‘-oltrityin Pu device materials. It is also produced as a decay product

254N0 250Fm 246Cf 2~72Cm
of short-lived transamericium isotopes, * * s .

“+~~n of sow plutonium fuels can be found in KellerThe ;s~t:ol~ corllp~-i,-

(op.cit.), and Poet and Marten (1972). The concentrations of 239Pu and 240Pu

239+240
are commonly reported together (e.g. Pu) since alpha spectroscopy

measurements cannot distinguish between their energies. Plutonium-238 is the

next most commonly reported alpha-emitting plutonium isotope in fallout. The

23g+240Pu:238Pu 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

~articles produced in the nuclear testing program at the Pacific proving

ground were investigated by Schell

The formation of fallout particles

be governed by the interactions of

(1959) and Adams, Fairlow and Schell (1960).

were then, and have since been, shown to

the condensing vaporized device and soil

mterials 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 radioactive
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 significant effort has been directed toward describing the fractiOndtiO!’I

Of radionuclides following nuclear explosions. Quantitatively, fractiona-

t~on of volatile and refractory radioele~nts was first demonstrated by

Freiling (1962). Heft (1970) reported:

For land surface and subsurface detonations, the [piIrtiClt?
size] distribution functions may be expressed as linear
Combinations of two or three loq-normal distribution
functions. Each 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
p~rtic’ez, mc,-e hi~h terp~rat~re effects M the pdrticles,
and greater enrichment in refractory radioisotopic sphere.
Later interaction corresponds to smaller particles, less
temeratura eff~ct m th~ ~a~t!c’~~, ZV4 qreater t?~r;ch-
ment in surface distributed volatile species.

Later fractionation of radionuclides between 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 shown

in Fig, 2. The parameters for these detonations are given in Table 1. The

yields of the largest reported detonations were: Bravo, 15 MT in 1954 at

location B; Zuni, 3.53MT 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

sedinents. 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

PmVent the incorporation of large quantities of sotl in the ensufng fireball

and cloud (sites A,F,D,E fn Fig 2). Devices detonated on barges at Bikini

~~Pr these conditions contained large and similar quantities of fron and

C~lCiIJT(from coral barge ballast) as the prtnctpal condensation fTlatriX

(A~a~ et al.,op.cit.). SPh~rical parttcles of dicalcium ferrite (2Ca0 Fe2°3)s
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~stly 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. );

, ~’-!Jr?tedsodium chloride (sea salt) droplets in which these insoluble..

s~lids’were suspended contained the remaining 15% of the measured radio-

activity.

The second type were detonations in shallow water or on land surfaces

(sites B,J,G,l,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 ofCaO

Dartial”

present

C02 dur

y hydrated to Ca(OH)2.

due to the reaction of

ng the fallout. These

A surface coating of Ca(OH)2

the particle with water vapor

particles were formed by high

and/or CaC03 was

and atmospheric

temperature

of the oxide as(>2570 C) vaporization of coral with subsequent condensation

a spherical particle which had 10st its normal porosity. The radioactivity

was almost uniformly distributed

acteristic particle was angular,

Coating of CaCO~. Some of these

sand fragment as a central core.

throughout the particle. The second char-

and consisted of Ca(OH)2 with a thin outer

particles contained an unmelted coralline

The bulk of the radioactivity was con-

tained in the outer carbonate shell. The angular shape of these particles,

tb~ lack of incorporated radioactivity, and the presence of occasional un-

~~lfied sand grains led the authors to suggest that these particles were

‘o-d from nonvolatilized Coral which was heated enough to melt and de-

cart~nate (800-900 c), while incorporating only an outer surface of condensing

radfonuclldes. Occasionally, 10-micron and smaller spherical particles

~~~~c~~ bv direct condensation of the Wfractory Fe and Ca vapors at early

tlW\ in the ~il..eball~re observed ad~~ring to these particles.
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These investigators also described the effects of hydration andwettlng

on the Cao - Ca(OH)2 p?7’ci:i2S. ~ec~use of the ders~ low porosft:~ 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 100% Increase In particle volume and

the development of a crumbly, fluffy structure. When CaO/Ca(OH)2 particles

were wet with seawater, they began to dissolve slowly. The freed calcium ions

reacted with sulphate ions in the seawater to form calcium sulphate-dihydrate

(gypsum) while the hydrtivl ions reacted to fom insoluble Mg(OH)2. A hard

shell of Mg(OH)2 formed around the particle, which,

vation, apparently stopped any further intrusion of

Ca(O}{)2remained on the inner surfaces of the often

70e rwnining radioactivity was associated with the

during the period of obser-

seawater as a region of

hollow spherical particles.

Ca(OP)2 in the center of

the sphere. Some of the freed Ca ions in the spheres also formed CaC03 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

cw-!ers of the innter transition series of elements (from actinium (Z s 89]

to lawrencium [Z = 103] known as the actinide elements. These elements, like

t~oir rare earth homoloqs, the Ianthanides, and the main (“dm) group Of

transition elements, are defined as those elements having partly filled d or

f quantum shells. The chemical bonding and completing properties of trans-

‘tic~ elemnts are determined by the electronic environment around their

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

~~e~n:< are understood by analogy of the similarities and differences between
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the vale~ce electronic

groups which have been

environments of actlnides, and transition element

studied more thoroughly. Chemical bonding is related

.:w shieIdiPg ~f bo~c’{~g (d or f) or~ita~ electrons M s and P orbita~s”

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

order:

> >

main group
Lanthanides Actinides transition elements

(4f orbitals) (5f orbitals) (3,4 or5d orbitals)

This spatial 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 Milklnson, 1966).

The main group transition elements, by nature of having their valence

electrons at the periphery of atom,, interact strongly with Itgands. These

interactions result in large variations in the chemical properties of Suc-

ceeding main group transition elements which are well known. In contrast to

thp variations exhibited in succeeding “d” group transition elements, the

c$e~ical behavior of the trivalent Ianthtnlde elements in the marine environ-

mflt is quite similar. This behavior is well illustrated by the relatively

;OW concentration differences (when each element concentration is normalized

t~ Its natural abundance in shale) observed for the trivalent Ianthanides in

spa water and mineralogical phases Of marine sediments (Goldberg et al. ,1963;

Piper, 1975). Unlike the main group transition elements, the Ianthanldes form

~stly iOniC compounds and exhibit chemical properties which are largely deter-

●!nefiby the size of the M‘3 ion. The size of each of the 14 succeeding

~aq~banides steadily decreases With increasing atomic number (the lanthanide

cr”~r~ction) and these elements thus form increasingly stronger metal-ligand

c=l~xes with decreasing size: which mav Dartlv exolain the small
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Concentration differences observed between the lanthanides in different

marine phases. In general, the actinlcles tend towards covalent-hybrid bonding

s ,., fience,cafip12x f: “r?tiC!n~ho,jld & ~specially tvpi~al of the hiqher oxida-

tion states of these elements.

A characteristic property of transuranium elements Is their abillty to

exist in several oxidation states.

uranium through americium are shown

nides of atomtc number greater than

The oxidation states of the elements

below, after Keller (op.cit. ). The acti-

americum exist predominantly in the +3

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

corylexing agents is underlined.

Atomic number 89 90 91 92 93 94 95

Element AC Th Pa U NP pU Am

~ 3 3 33 J
Oxidation

state ~ 44 444

g 5 ~ 55

g 666

77

The general chemical behavtor of the compounds or ions of elements,

u~aniwr through americium, when in the same oxidation state, is similar

•~cept for their oxidation-reduction potentials (Cotton and wilkinSOfl, Op.

cl:.). Because of the differences in the electronic environments of succeed-

lVZ ~Ctlnicfes,elements in different transition groups which have the same

:W ef bondina electrons as a particular actinide may be more similar chemi-

C+llV to that actinide than are neighbor actinides.

in a Pum aqueous solution, the principal cationic forms of the +3, +4,

●c 3+ 4+-, and the +6 states are M , M , M02 and M02U, respectively. In the

~’~l~s~ (aqueous) case, plutonium 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

hfnher 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

oxidatim states of plutonium, Pu (III), like the trivalent rare earths, show

little tendency to form complex Ions. Trivalent plutonium, which is stable in

acidic solutions, begins to hydrolize near PH 7, and at only slightly hiqher

pti,oxidizes to Pu(OH)4 (Andelman and Rozzell, 1968). Plutonium (IV) is noted

for formation of very stable hydrolysis products which can grow to nmlecular

weights of 101O. Such large polymeric species are favored in increasingly

basic solution. Pu (IV) hydroxides are the most stable (hence abundant)

hydrolytic products of plutonium in the aqueous state in the pfirange of

natural water. The charge carried by colloidal Pu (IV) has been discussed by

P,hodes(lgsla, 1957b), Andelmarl and Rc)zzel] (Op.eit. ) and has been further

discussed by Price (1973) and Keller (op.cit. ). These workers suggest that

In vitro Colloidal pu (IV) is positively Charged below pti7-8 and neqative?y——

charuet at higher ph’s, Plutonium V greatly disproportionates above pH = 6,

(~~;~erop.cit.), is thought to exist only as the oxyion PU02+ in aqueous

solution (Andelman and Rozzell [op. Cit.]) and correspondingly shows little

t~~d~ncv to form chelates (Keller, op. cit.). Plutonium VI may behave some-

~’at sirilarly to Pu (III) but has greater tendency to form complexes! is

‘~ 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

‘~!~ are comonly 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

~~y ~~:~,LC?v:z::+ :iel~~n~ a wnunifom distribution of solid reaction

~roducts of which only about one vg per day went into solution for each mg of

reaction product produced. Kubose et al. (1968) investigated the dissolution

23~
c? PuO~ microsphere (Pu02 is formed only at high temperatures) placed in

spa sediment. The dissolution rate determined after five months’ exposure

was believed to be dependent on the development of an organic encrustation

forminq over the 23aPu02 spheres. The dissolution rate of these microsphere,

assuming a mean microsphere diameter of 100 urn,was about 4 ng/m2/s (Patterson

etal., 1974). When similar dissolution rate studes at temperatures of 120

APA loo c were carried out, large reductions in the dissolution rateS Were

attributed to the formation of a calcium sulphate coating on the Pu02 spheres

(~:tihoseet al., lS67a).

Recently, Patterson et al. (op. cit. ) reviewed the literature dealing

~i%t the dissolution of Puf)2under environmental conditions. These investi-

.JLU$-d
Qt!fi-shave s cp that he dissolution of PU02 during its first few hours ‘f.

c~-:~c~ ~~’th ~awater is on the order of 100 times higher than that OCCUrring
L

They also showed that the dissolution rate of
239

Pu02 is on

times lower than the rate for *38PU02. The higher rates for

on can be attributed to the much higher specific alpha radio-

tingren (1966) found that when either p~ (III), pu (IV), pLI02+-+Or dis-

$c’vf’~Plutonium metal was equilibrated with seawater, about 30% of the

‘tdl~in~ SPPCieS are anionic and a’bout70% are nonmigratinq in an electric

f\*’4 . . ~PP hi~+ fired PU02 was dissolved in seawater, however, the distribu-

‘+Y- Wtiy22* anionic, 23% cationic and 55% nonmigrating. Lingren suggests

I
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that the anionic species is the carbonato-complex of plutonium.

A comprehensi’+e study of the elemental physical states of nuclear weapon

debris in seawater was reported by Freiltng and Rallou (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

wfth the colloidal fracti”on. Although no plutonium or americium data were

presented, evidence for the simultaneous coexistence of several oxidation and

physical-chemical states for neptunium was found.

Sugihara and Bowen (1962) and Bowen and Sugihara (1963) found that the

144
rare earth radionuclides Ce and 147Pm, in fallout over the ocean, rapidly

become associated with sinking particulate matter after they enter seawater

and are consequently fractionated from soluble fallout radionuclides (such as

92
Sr). While there exists an uncertainty as to the degree which individual

fallout radionuclides are isotonically Inert or equilibrated with their sea-

water counterparts after fallout, a rare earth-plutonium analogy is suggested

tn that similar mechanisms (Noshkin and Bowen, 1972) can explain the depletion

06 Plutonlum from oceanic surface waters. In regard to the geochemical

“l!’@~tnPss”of fallout radi~nuc?idps in seawater, Volchok et al. (1971) have

d~$cuss~d the relevant literature, and it appears that no definitive conclu-

SfO~S can be dra~. It is also of some interest to note Sugihara and Bowen’s

$~-””~tion that the fractionation of promethium (from cerium), via the aPPar-

●“! ~Ssociation of promethium with faster settling particles, is due to the

~“f*refICP in oxidation states of Ce (+4) and Pm (+3) in the OCean.

~ver~l recent studies (Polzer, 1971; silver, 1971; and Andelman and

bs:y”~, cog. 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. cit.), the behavior of

r.lutoniumpresents 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 illustrates this problem

well. Schell (1974a) has reported on the physical-chemical states, in situ-——

of 155EU 239+240PU and 241
s * Am and other radionuclides in Bikini Lagoon.

Europium and americium both apparently exhfbi
-components’ ‘i” $ ‘F/

)
the >.3 urnparticulate fractfon containing 18-100 and 30-100 percent of th (ir~ ~,1

L
~>’‘ ~

radionuclides, respectively. The remaining fraction was found as <.3 vm a

wa5 if

Other

trzct

terpreted as being colloidal-particulate materfal. Plutonium, on the

hand, was found to exhibit a large “soluble” fraction with the <.3um

on showing a large variability in relative proportion and

particulate fractfon comprising between 4 and 75 percent of the

In sunvnary,there exists an interesting question as to the

WIC$ certain raciionuclides (cc, PM, Eu, Pu, Am, Np, etc.) have

the 3.3 Un

total activity.

deoree to

been released

fro- their sphere of influence in the original fallout particle. It iS alSO

●violentthat the very refractory nature of plutonium dfoxide, which iS a

r“:s;~le fern of c~ndensed plutonium, could have a significa~t effect on its

$U~se~uent environmental behavior and redistribution. Very little iS knOWn

s~’~: the behavior of americium in the environment. Although a great deal

‘re 1$ knom about plutonium, the complexities of fts distribution between

F.?-toossible physical states is troubling. Evfdence exists that Pu02 (C03)-2

~~ ~“” do-inant soluble plutonium species in seawater, fn vitro, although——

‘-’:ver~~d~l (op.cit.) would predict that the low complex forming tendencies

C( ty” ‘? state favor it as the dominant state in seaWater. The presence of

‘“” V*PY stable and insoluble compounds PU02 and colloidal Pu (IV) probably
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dominate the solid phase of plutonlum and controls the equilibrium between

~~sequestered species in natural waters.

3.4 Plutonium and Americium @distribution in Soil and Sedimentary
tnvlr~~~-+s.

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

~blcarbonate 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.

After five days aging, however, decreased sorption of plutonium occurred.

?~eir results indicated that slow coagulation of the hydrolysis products Of

PU (Iv) yields colloidal species whose size determines their sorbability onto

silica. They conclude that the sorbable species were of two types, and include

~~~tively charged ions (which are rapidly sorbed) and low nwlecular weight

cc?loids. Resorption of plutonium from silica grains was found to proceed in

:* ste:s. Approximately one-third of the sorbed plutonium was found tt)be

:~ek?lv bound and desorbed with a half time of 350 days, and two-thirds was

~~~~SeC! into a water bath of “infinite” volume (at pH 7) within hours.

kUrSF~ and Parsi (1974) measured distribution coefficients between

~“~:~~ran~an Sea sedi~nts and sea water spiked with Pu (III), pU (IV), and

‘- (’IIunder both oxi~nd anoxic conditions. They found distribution CO-

pttt:!~nts of abut 104
J\_. n each case, with half times for attaining an equili-

t-1= e? fmm one to four days.
This rate is not appreciably different from
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the half time of five days found by Andelman and Rozzell (1971) for the Pu-

~jlica SyStPT. ~u~~se et al. (l!67b, 1968, 1962) found that alth~ugh t:~e

plutonium released from Pu02 microsphere was

watpr by shaking with sediment, adsorption of

from similar microsphere placed in sediments

quantitatively removed from sea

the products of Pu02 dissolution

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 microsphere was adsorbed by surrounding

sedinents when calm water conditions existed, but that only 0.3% was adsorbed

tie~ 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),

If continually released into a flowing stream, would be expected to sorb more

c~,those silica particles which lie a distance downstream corresponding to the

:1--3cf opti,rm zg;~~,” Fukai z~d Yurray (1974) fcund that about lC% of the

FU (IV) or Am (111) sorbed onto Var river sediments in fresh water conditions

~~~ desorbaole with Mediterrane~n Sea water. They also noted that the

absorption-resorption behavior of Am (III) was much more sensitive to plithan

rna~t$e behavior of Pu (III).

The association of plutonium and americium with various terrestrial SOilS

F!! EOOn investigated by a number of workers. These papers have been reviewed

~y Francis (1973) and Price (op. cit.). Distribution coefficients for plutoni-

~ ~et~en soils and various solutions are also presented by Higgins (1959).

1 c~”eral conclusion that can be drawn from these works is that, in the absence

c’ orc~~ic chelating agents, plutonium appears to be very immobile in the soils

!*ret:icatedso far. Francis has emphasized, however, that research in arid

~“fl$F~f-arid climates has dominated the literature. Further, he concluded

“3? “the mst likely mode of plutonium entry into [terrestrial] food chains

l~aqt?qto ~n (appears to be) that [fraction] chelated with naturally OCCUr-

nrrc orcanic soil components.”
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Held et al. (1965) studied the relationship of atoll soil types and the

:stribution of fallout raaioliuclides at Rongelap Atoll. They reported:,-

The soils are calcareous, containing no inorganic
callgid:, V.1->flfla~rd ~h,e~refi+.LI.f- Cd~dCi~~ is ~;rQCtly
related to organic content. In young soils the
highest levels of radioactivity are associated with
soil algae found as a surface crust in undisturbed
areas and in coral fragments [which were infiltrated
with alqae] in eroded area.

In these soils the rare earth radionuclides
144

Ce and
147

Pm generally

showed less penetration into the soils than any other radionuclides measured.

Noshkin and Bowen (op. cit.) have measured the concentration of 239+24*PU

in sections of six sediment cores from the north and south Atlantic Ocean and

th~ t!editerraneaSea. In a review article, Noshkin (1972) presents plutonium

concentration profiles in sediment cores from Buzzards Bay, Mass., and other

-’~tinental soils. The profiles presented in these papers show that relative

t~ the surface sediments the concentrations of fallout plutonium are reduced

!: v~ry s~all values in 20 cm, and, typically, in 10 cm in the Atlantic sedi-

:trt cores. k!iththe exception of one core profile from the Central North

~:lan:ic, the plutonium concentration in the cores decreases regularly with

<i;:t
* appears convex in shape * and the plutonium concentration is reduced to

c:. SO” of the concentration in the surface layer in roughly the first 5 cm

C( Sctirent. Hoshkin (op. cit.) noted that the sediment deposition rate in

:“ r~cion where the Cuzzards Bay core was taken was “too low to account fOr

~’””prcscncc of both 239
Pu and 137

Cs 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

P’kini Atoll is located in the Central Pacific Ocean

~,ear11’!4latitude, 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

s$c~c in Figure 3 resembles a typical wind-driven, two-layer system of inland

13ics. The circulation is driven by the action of wind, waves, tides and the

?(crthEquatorial Current (Von Arx, 1954). Year-round entrance of seawater to

t?c lagoon occurs through passes on the southern perimeter of the reef and is

<u;:le~nted during the winter by the traciewinclswhich force water over the

lr:~r-island reefs during high tide. The surface waters that do not exhaust

Ctcr so~:hern and ~lestem passes or reefs sink and form a slower moving retUrn

f ‘“ m-;ch bifurcates at the eastern portion of the lagoon, forming tk10deep!.1

me:e- spirals. Von Arx (1954) placed the limits of the upwelling zone in the

f~!!em laqcan at about 2500 ~ters from the midpoint of the east reef and aS

k,.,.. 2?”:-33?! meters wide. He also found that the direction and speed of

‘:!” {h’ surface and deep-water components is nearly constant at 3% of the

:-rJ!Q-: 12-hour average wind speed. This results in an average 9-13 meter

>*; ~~r~dc? layer, with average speeds of 15 and 25 cm/s in the SU~er

(f:;:n>~
~~~ winter (tradewind) seasons, respectively (Von Arx, 1954). The

:.+. ‘~!”” current speed is qenerally thought to be approximately one-third
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of that of surface water under normal conditions. The tradewind and doldrum

seasons brin~ winds primarily out of the NE and ESE, respectively.

Exchange budgets for the volume of water in the lagoon have been calcu-

:~tpd Ly ‘;ofiArx (i;:;) and r;csh~in et al. (1974a); 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. Mink, Ewing anfiRevelle

(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

Cho-ical aspects of the sedi~nts of Bikini and nearby atolls has been made by

~. 0. Er<ry, J. I. Tracey, Jr. and H. S. Ladd (1954). While some of the field

studies performed in association with these investigations occurred after

~nl~i?tion of nuclear testin~ at Bikini, there were, to this writer’s knowl-

py-,(., only minor publishefinotes dealing with the post-Raker test sedimentary

rnb~rop~nt of Bikini. 13ecause of this, the description of the undisturbed

$cfl’_r-,:aryenvi~nment (as found in the 2~0-series USGS professional papers)

c:”:a:n mst of the available background information.

l~c mef environment at Eikini is an extremely productive and complex

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

Of photosynthetic activity by the windward reef co~unity; of this, an

‘A 12W may be available to nourish the animal assemblage of the lagoon

c: al., op cit. p. VI). Lagoon bottom waters are estimated to average

ve.:~r:b ‘c~~ the photosynthetic activity of the reef area (Sargent and

!%:*!F9 15:;;.
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Emery et al. state (p. 57):

The lagoons c?n bc ccnsi~ered as macieUP chiefly
of two distinct but superimposed environments:
(1) the topographic highs, characterized by
active growth chieflv of coral with relatively
little ~~cumulation 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 bottom 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

rising to within several fathoms of

lagoon often reach gigantic proportions--

the lagoon surface. Wells (1954) totaled

(s genera and 266 species of coral from the Marshall Islands and describes

t“~ir species distribution in the atoll by zones bases on habit preferences

‘?- },inr!,;?rdOr leev~ard, lagoon Or seaward, depth, and temperature. Emery et

1. (CP. cit., p. 62) estimate that 5 to 20% of Bikini Lagoon is covered by

“-F:’ cjrcwth.

Foth I,nikouctiine(1961) and Emery show that generally well-defined phy-

...
“ ~~~ aeoaraphical parameters coincide with the distribution of unconsoli-.,..

:#.’Sediwntary materials in Bikini and Rongelap Atoll lagoons. Foramini-

~,., ~“’ fine “coral” debris (comminuted coral, Halimeda,shells) comprise the

‘~ ~’:”,?~qtcomponent of beach materials. The foraminifera Calcarina

, . *~,~; an? !’arainoporasp.- account for between 25% and 50% of the local

t .-‘-:” of beach sands (Emery et al., op. cit. p. 58). In general, these

‘!,.~( forz~inif~ra decrease in abundance with increasing depth tO abund-

Hunk and Sargent (op. cit.)‘ C’ l~~s than 10’:at around 26 meters.

* .,-.::r.*~’Jt Waves dissipate 500,000 horsepower against the windward reef at

.1
~1(’’~c:31and elastic reef material eroded by this frictional force

i. ‘?-”:” ~r:c the lagoon, especially during high seas, and aCCOUnt for the
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majority of the fine sedimentary deposits in this (or any other) part of the

Idflgan(:~ery et al., cp. cit. p. ‘/1,VII, 25, 35, 31). In adjit~cn} s~~i-

ments near the beach area are eroded and broken by wave action and reductions

in the size of sedimentary material throughout the lagoon arise from the action

of boring organisms. The abundance of fine debris reaches a maximum of 501

to 75X several miles cff 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 (Enery 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).

Nith the exception of the deepest regions of the lagoon (Halimeda growth

is Iir,itedbv decroasinq sunlioht hQIOW about 55 m), }Ialiru?ciacomprises the

vast nv,ainr!erof lagoon sedinwnts. Below the 55 meter zone, remains of some

~:: sr~cies of benthonic and pelagic foraminifera make up the major proportion

:4 the sedirents, although they are present in lesser proportions throughout

:’fiIacoon sediments (Emery et al., op. cit., p. 57,62). In a thesis on the

!csoa? sedi~nts of Rongelap Atoll, Anikouchine (op. cit.) concluded that

•r~r~,
all sedimnts are produced within the atoll and that no [natural] sedi-

~-:~r? r~tcrial leaves the Iaqoon basin after deposition.

[wry et al. (op. tit,) made a limited mechanical particle SiZe analySiS

-..!,*.
s~evcs) of a few samples obtained by coring off Bikini Island.

‘:’tC-:*‘nc (oP. Cit.) performed a more complete particle size analySiS on

“.:“- ~~ srdirmt cores from Rongelap Atoll. The distribution of mean grain

!’:*: “~h dp~th in cores and in beach sediments obtained by Aniko~chine are

~c,..w~~ F;q. ~. The “average” sediment (curve 3) is seen to have nearly a
:\.eTr:. distribution of sizes. Forty-one sediments collected by coring were
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subjected to size and microscopic analysis. Anikouchine found that in general

u~eper sec;ions of the cores contain finer mean grain sized material than sur-

face sections. Emery et al. (1954) noted small quantities cfacid insoluble

clay material finer than 4 u 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

?mery 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-

Vitua! llikinisediment components are reported in Emery et a. (op. cit.). The

‘4q, and Sr totaled greater than 975 of the inorganic:L-!sfzte co;’poundsof Ca, ,.

:c-stituents of all sediment samples analyzed.

o~~ of the few unclassified descriptions of the effects of atomic teStinCJ

,. !’E sediwnts of an atoll lagoon is found in Glasstone (1950), which

.,.*J5~L a description of the nature of the effects of the 20 Kt underwater

*,:- t~st conducted at Bikini. Following the test, investigation of the

: . 1..,=--,..d! shoed that the ncrmal coarse-grained calcareous debris near

..,*.,*.,... site was converted to “mud” in thickness Up to ten feet deep. The

.,-
‘ ~“f’~r’Jc!was found to have a median diameter of 7.5 microns, with 752

# t,,,~ I. lPSS than 20 ~icyons in diameter, and 25% of the mud was less than

-.,~,.. lC diar,PtPr.
This distribution of particle sizes is nearly 10g-

. ‘- :n:,~~~ the 2.5 p and 20 ~ diameter limits measured. h estimated 3.68
,. c ‘:: y~rds of sedimnt were-. “blasted out or placed in suspension” by
,- ;1,? :’tcr,ationand of this 1.42 x 106 cubic yards did not resettle into

C~(?*- t,.:rf.~~ionaFine 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 even’

deposited over the above area, the layer of mud would have been about

-P~p~~ deep.

Y

52

A second note concerning the post-testing sedimentary environments at

Bikini and Eniwetok is one concerning lagoon silt and turbidity in the water

column (Melander, 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 toa’ This was in spite of unusually

calr seas at the time. Uelander states

ad heavy deposits
Some silt was observed

Bokororyuro Islands.

1 year after detonations

towards and beyond 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.

●’”“Io only descriptive, this information serves to illustrate the extent to

*“’:’ fine sedirmts produced by near-shore detonations in isolated regiOnS

~’ ~+f’atoll spread throughout (at least) certain other near-shore areas.

3.f Prp~ious Radiol~qi~al Surveys of ~ikini and Eniwetok Atoll
3erilnents

&spite nu~rous surveys of the Marshall Island environs (COmpre-

‘*”’-’*Psu~arics and dctail~d accounts of these expeditions can be found in

- )P’e, ~~~i; Melander, 1966; Joyner, 1962; Donaldson, 1963; and Hines, 1962)

:’*.+ ‘ro on~Y occasional reports of the concentrations of artificially intrO-
+.4*

● ‘~e!o~:oto?cs in the sedi~nts of Bikini Atoll. Welander (1967)reported

I
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the concentration of seven gan?na-emitting raciionuclides in “mid-lagoon” and

Bravo Crater sediments collected in August, 1964. Beck et al. (1967) reported

concentrations ~f t$ree garma-emitting radioc!~clid~s in Bravo Crater ssdi-

2!)7
rpnts taken in Nay, 1967. Held (1971) reported Bi 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

mrl. also n?ted the presence of a large variation in the ratio of
239+240pu,

?3C
Pu in Bikini soils, with ratios of 15:1 in Bravo Crater sediment, 2:1 in

[Oeran Island soils and very high ratios in Bikini Island soils, due tO Ufl-

dpt~ctable 238Pu levels, “although they contained the highest concentrations

~. 239+240
Pu of th? samples analyzed.”

T?.”L~z. Concentrations of radionuclides reported in various Bikini
Lagocn sediments. pci/g, dry, at date of collection

Location t?ld-1ag~on Bravo Crater
Pate 1964a 1964a 1967b 1963c

b“co 3.2 - 10 100 - 390 49.7 -

I ‘Z:sb o - 2.1 230 - 330 -
137c~

o - 0.15 28- 170 14.8 -*..
I “-’Fi 0.29 -1.4 0 26.1 56.8- 53.5

;-.“.
--[b 110- 250 - 60.

L:.
$U 4.0

;. };~:lander (1967); n=2 b. Beck et al (1967) c. Held (1971)

}.cl~ (unpublished results) ~asured the distribution of gross beta radio-

.,:,, $., ~- Sections of ten sediment cores taken from Rongelap Atoll in 1959.

?.1 :c- Cor’s, the gross beta radioactivity decrrased from values ran9in9
..,,.

‘C 1~~ c/r/g, dry, in the surface one inch of sediment, to values

. ~.*,.*,.-...V., or to 2,9 c/m/g or less, in the 4-5 cm section. Three of
...

(~””. ~,t<one value higher than 2.9 c/m/g in a section deeper in the

““” ~’:~rved radioactivity originated from the local fallOUt of the
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-k-

pravo thermonuclear device.detonated at Bikini on 1 March 1954.

Recently, Nelson and Noshkin (1973) reported the results of a radio-

Cf(iCL?s~rvey cf :52 nar~~~ envircnmnt of Eniwetok Atoll. The ordering of

abundances of radionuclides found i<~~ deposits was reported as

follows: ‘*Sr > 23~+240pu , 155EU , 241An , 137Cs > ‘°Co > 2078i , 238pu >

‘ezr+,h>‘25sb>‘O’Rh> ‘52Eu. They found that all the radionuclicfes measured

were non-uniformly distributed, with significant portions of the lagoon floor

sbowincjconcentrations at or below the limits of detection. They computed the

man concentration of several radionuclides in sediments across the lagoon and

137
calculated that 11% of the area of the lagoon was contaminated with Cs at

137
co?ccntrations higher than the mean Cs concentration, whereas the percent-

239+*40Pu,
155

Eu and 241
207

60co.?rr was 15-20? for Am, and 20-25% for Bi and

:?CY 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 fron slow release to the overlying water and diffusion
upwerds where the activities then mix with surface waters and
are diluted by advective processes.

. . ..r
. auttiorsalso reported that “since 1964, the concentration levels [Of

4 .. 125<, 137C~ and 207.0 -b, * cBi] in the [Mike] Crater sediments have ot;dimin-

:“ ‘ ~! rates substantially faster than that predicted by radioactive decay.;’

‘* 207:“-’lles of sediment cores collected in craters~ Bi was found to be

*“”’:*’”:in surface layers compared to any other radionuclide measured.

‘.(-.... ~~fi137Cs were found to increase in concentration with increasing

. . . . !*

the Crater secfi~nt and 241 155-,. Am and Eu decreased in concentration
. .N. +.....,.. T~ese authors presented convincing evidence that the sediments

+ :( : lfithc~e craters consisted of material redistributed from other
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Nevissi and Schell (1974) have reported on the distribution of 23g+240Pu,

23SU 297
-:irfi, * Bi and several fission products in surface and deep water

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

(< .3um) and particulate (> .3vm) fractions. Volumes of up to 4000 liters of

~,a~erhere sampled at each sediment collection station. Some of these data are

Shoi(n in relation to the measured sediment concentrations and discussed in

i~ter sections of this report.

Noshkin et al. (1974a) calculated the past concentrations of radio-

nuclides in Bikini laqoon waters by assuming that the concentrations of radio-

f’,uclidcsmeasured in dated coral sections were proportional to the marine con-

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

cG.t~JS concentrations of 60Co, 207Bi, 241Am, 155Eu, and plutonium isotopes at

:!~l~i Atoll decreased between two and three orders of magnitude between 1954

/.- lC;(. The aqueous concentrations of radionuclides have not, according to

~’I Ccral concentration data, decreased since 1966. In these same coral

,.,. - ● ✎ e...
-L,., rass spectrometric measurements of the concentration of plutonium

‘::::;05 233PU,
*39PU *40pu and *4~Am were made

9 9 . On the basis of the Pu

. .
‘.~:rraties measured in the different coral sections, they warn that the

F“Ttror.-cr,talbehavior of isotopes may not be predictable by measurements of

.* I%p:c;p. The concentrations of plutonium Isotopes in the 1~71-72 growth

,. “~’~” of t~lccoral, as reported by Noshkin et al. (op. cit.) are shown in

I
1

(
,
,

,

t

\

I

~

I

I

i

:’? -,-. These authors also report evidence (contrary to the findings of..
.,. *., l~{?) 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
1 1

238PU 239+240PU 240Pu 24’Pu

0.005 f 18 0.13 t 7 0.058 f 1 1.5+6

Noshkin et al. (op. cit.) found the
239+240

Pu concentration in the coral

averaged over the years 1968-1972 was 0.23 dpm/g. The concentr~

between the coral and sea water (for this same per~od) was estimated e.—

Sakanoue et al. (1971) found .0042 d/m/g
239+240

Pu in a coral taken from an

Island near the RyGkfi islands south of Japan. If the plutonium (239+240) con-

centration in East China sea water (one of several also reported by Sakanoue)

it used tc calculate a concentration factor, a similar value of 2,500 is

O!!ained.

4. EXPEI?I!IENTALMETHODOLOGY AND PROCEDURES

4.1 Collections and Preliminary Sample Treatment

An Ekman dredge and a 3-inch, inside diameter, gravity coring

t+i}~ewere used for the collection of surface sediments and sediment cores at

l’filocations shovm in Fig. !5. The collections were made during October and

~~~hcr of 1972 aboard the Puerto Rico Nuclear Center ship RMV R. F. Palumbo.

‘-;” F. G. Lowman (Puerto Rico Nuclear Center), V. E. Noshkin (Lawrence

‘tr~~re Laboratory), and U. R. Schell (Laboratory of Radiation Ecology) and

‘Cor$ Of each of these principal investiagors’ staff were responsible for

“- $awle collections detailed in Tables 4 and 5.

‘~r the surface of each grab sample, a 7-cm diameter by 2.54 cm deep

C!’i’ft-ical“core” (about 100 ~ dry weight) was remved for analysis as SUrfi3Ce

w:!r~fit. Although an attemPt was made to collect sedi~nt cores from t?Very
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Table 4. Water depth, date and methods of collecting surface sediments.

Statinn ::ti.

E-2 S-20

B-3 s-23
B-4 S-21
B-6 S-14
E-7 s-18
E-8 S-12
B-1o s-5
B-15 S-l
!3-16 s-8
E-16 s-7
B-16 s-9
b-19 s-24
!3-19 s-25
L-20 s-22
L-21 S-15
:.-”:.. S-n
1“-.?3S-17
1>-2; s-lo
1-2: S-13
~.-:, s-6
{.-:; s-;
~.-j‘J~-3

,’-1 S-30
“’-.”,s_;q
-: 5-22
-, S-33

:’-. .1~-:
,.-\--. ~-~<
.’-1; :;-~*J.-

-11
.- !-1’)

:- .”,, .-:,
., -

:- S-:7

4.-. . . .

Sampling
(Bottom)
~ey*’. {~~

53
30
32
31.1
49.6
43.8

100
32
22.9
47.2
28.6
21.3
21.3
56
52
56.7
49
41
50.4
44.8
47.2
47.2

40.7
47
47
38
30
28
21.3-
25.3
27.4
60

400

30

Collection
pa t.c {1s”-2)

8 November
8 November
8 November
6 November
6 November
5 November
3 November

31 October
4 November
4 November
4 November
9 November
9 November
8 November
6 November
5 November
6 November
5 November
5 November
4 November

31 October
31 October

13 November
13 November
13 November
14 November
14 November
14 November
6 November

7 November
11 November
12 November

14 November

Method of Sediment
CCllentionl

grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab
grab

grab
grab
dredge
grab
grab
grab
grab

grab
grab
grab

grab
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TJble S. Water d~p~h and date of collection of sediment cores.

Core Collection Depth of Length
Location Date Uater of Core

B-30 31 Oct. 72 47 m 6 cm

B-15 31 Oct. 72 29 m 16 Cm

B-27 2 NOV. 72 53 m 10 cm

B-16 4 NOV. 72 23 m 6 cm

C-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 cm

B-2 7 NOV. 72 53 m 40 cm

B-20 8 NOV. 72 56 m 12 cm

c-3 13 NOV. 72 47 m 56 cm
I

!e-. ‘lrc station, only ten usable cores were obtained because the corer WIS

‘ ‘c to penetrate and/or retain either the hard or unconsolidated sediments“-..,

I
L“’:- uere encountered at some stations. A few cores and grab samples were

1
“..,- ~~ the sane station so that both types of sediment collections could be 1

~:-r:-r:. All samples were i~diately frozen and were not thawed until they
1

1~--’ :rt:~ssed in the laboratory. Before processing the frozen sediment cores,

“t: F’c::craphswere taken to observe any varve or density a!lOMalieS. Each
I

“- ●t: extruded while still frozena and sawed into 2-cm thick SeCtiOflS. The
I

ff ~’ Sedlmnt from the exterior of the core sections was discarded in
I

t.-,. -- W“CVC contaminants which might have been displaced during the

--~
J “,. \e::~r*. con? from station B-2 was inadvertently allowed to warm tO

‘~- :?-raturc before processing.
a! The core Iiner was, however, plugged

~“‘.’e-:’,~n~ the core, which remained horizontal, showed no percu~iar-+9++: o“ ela*ln&tion or extrusion.
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sanpling, extruding and sectioning processes. Core sections and surface

‘) a~]dagai~ after 1-2 weeks of drying at 1C5 C.sa~ples were weighed frozen (~<e.

Dried surface sediments were divided, as is illustrated by the flow dia-

~ran in Fig. 6, so that the chemical analysis could proceed independently of

radiometric analysis; also, representative samples remained from each station

so that sedimnt Particle size or ether types of analyses could be made at a

later 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

crusned crater debris or natural~y fine-grained materials. Some samoles,

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,

depending 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-

rents 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 encapsulated 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 sedi~nts 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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cG;centrationswere initially estimated by using the approximating: total

2
:;;tax –= pllitoniur.

3
flltfiouohthe initial results of these analyses were

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

,~s analyzed further after che me~suremnts of plutonium~ amerlcium~ uraciLnt

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

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

ogy and data resulting from this work are included in Appendix 1. Selected

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, hydrochloric acid. The sample was then wet-ashed

with perchloric and nitric acids , evaporated to dryness, redissolved in dilute

(> 4fl)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 Na2C03-?laOH fusion. The fusion products were dissolved in dilute }{!103,

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 containin this trace residue
were analyzed for plutonium. 8The highest 239+24 Pu concentration measured
was 0.5 pCi/filter. Typically, the concentrations were 0.1 pCi/filter.
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4.2 procedures for Alpha Emittinq Radionuclides

4.2-1 CFi&?rl{C31 ~lTC?( ~:-cs used for isolating plutonium and

saltsolutions

uranium.

~en~ratinn of c~<tcnium and uranium frnm the high calcim-

was initially accomplished by employing solvent extraction,

d-liquid anion triisoctylamine (TIOA) procedure of Butler (1968),

anion exchange resin (column) technique described by Harley

~singthe liqu

followedby thl

(1972). Eoth anion exchange procedures rely on the necessity (and ease) of

rdintaining the plutonium and uranium in the +4 and +6 oxidation states,

respectively. Both ,methods used retain

indicated that neither method by itself

content of the enriched fraction enough

the actinides; however, the early work

was sufficient to reduce the salt

to yield high resolution alpha spectra

Aen the samples were subsequently electroplated (by the method of Talvitie,

~:72)o The advantage of the liquid-liquid ion exchange procedure of Butler

is its speed of use and its high decontamination factor for the removal of

228Th. Its disadvantage is that it will not efficiently exchange [

or U from high Ca++ concentration solutions imposed by the corall”

f-atrix, On the other hand, the anion exchange resin technique in
nnn

either Pu

ne sample

Harley (op.

cit.) removes the salts, but does not completely remove ‘LuTh . The advantage

of usinq both techniques together are the very high decontamination factors

provided for the removal of intprferring radioisotopes and the near complete

absence of inorganic salts in the final sample.

During approximately th~ first two-thirds of the laboratory work, the

TIOA 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 exchanqe before the liquid-liquid ion exchange,
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~cflsistentlyhigher chemical yields resulted for both the plutonium and

“r:clJ!:procedur~s. A :ynsps~s cf t$e final analytical procedure used for

.-~tiplutonium and uranium is shown as fo?lows:

Chemical Procedures for the Separation and i’latina of
lutonlum, Uranium and IIeptunium fron Coralline Sec!lrents.

1. An aliquot of the dissolved sample is spiked with a known
242

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

ANION EXCt{ArlGEPROCEDURE

2.

3.

4.

5.

6.

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

8~HN03 (with heat). After cooling, abou$ 100 mg of solid

Naf102 is added in small portions. The sample is allowed to

stand for 15 minutes before being slowly warmed to remove

the excess N02.

(Uranium) The residue is converted to chlorides by evaporation

to near dryness twice with cone. HCL and then dissolved in a

minimum volume of 7 ~HCL.

The solution is passed through a anion-exchange column in

which the resin (E?io-Rad Laboratories AG l-X8, 100-200 mesh)

has been converted to either the nitrate form (for plutonium)

or the chloride form (for uranium) with 8 ~acids.

The salts are washed through the column with 225 ml of 8~liN03

(if plutonium) or9fl HCL (if uranium).

The resin is further washed with 1T5 ml of 8flHCL before

plutonium is elated with 150ml of 0.4~HCL, containing ,01 UHF.

Uranium is elated with 150 ml of 1 ~tiCL without an intermediate

wash step.

The solution containing the dissolved transuranics is evaporated

to near dryness and wet-ashed with concentrated HCL04 - HN03.

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 I{CL,

the residue is dissolved in 50 ml of 8~HCL.
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8.

9.

10.

11.

120

13,
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The 8~HCL-actinide solution is washed into a 250-ml separator

funnel with 8 ~HCL and 10 drops of 30% H202 are added;

25 ml of 10% purified TIOA-Xylene solution is added to the funnel

~,ndsh~~en fcr greater than 10 seconds. Drain and discard the

lower aqueous phase.

Wash the organic phase with a 25-ml addition of 8 ~HCL by shaking

for an additional 10 seconds. Drain and discard the lower aqueous

phase.

Plutonium is back extracted into 25 ml of 8~HCL - .05 MNH41

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-.O2 N HFwith

shaking for one minute.

Uranium is back extracted into 25 ml of an 0.1 flHCL 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.

ELECTRODEPOSITION

14.

15.

One ml of cone. H2S04 is added to the residue, which isthen

heated until white vapors appear. The beaker is cooled and about

20ml 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 cone.

NH~OH and the color is then further adjusted with dilute 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. Distill~d water is

added occasionally to maintain the total volume of the plating

solution.
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16. 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

polonium out of 0.3~tiCL onto silver discs (Beasley, 1969). A known quantity

of 208
PU was used for the chemical yield determination. The procedure is as

follows:

Chemical Procedures for the Separation and Plating of
Polonlum from Corall ine Sediments

1. An aliquot of dissolved sediment is spiked with a known
208

activity of Pu and evaporated to dryness.

2. The residue is completely converted to chlorides by repeatedly

adding distilled 6 tlHCL and evaporating to dryness.

3. The residue is dissolved in about 250ml of O.3~HCL

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

4. 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.

5. 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.

6. 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 oRTEca silicon surface barrier diodes. Each

a. ORTEC, Inc., Oak Ridge, Term. 37830.
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of the two counting systems available for use consisted of four diodes, pre-

1 ~nlifiers and amplifiers routed through a router-mixer to each of four 128-
{

~ ~hannelquadrants of a 512-channel multichannel analyzer (FICA). The MCA

.t.;c~y ~;’jdurped ~nto bcth :y;exriter (digit:l) and graphical (ana;ocj)o~t-

~
~

~uts after typical counting periods of 800 minutes. The detector amplifier

! g~in was adjusted to 10 KeV/channel. The resolution of the diodes (F!IIH!!)was

~ :2 KeV or better. Background count rates in the four diodes used for plutonium
\
!~ and uranium analysis were O-8 counts/800 minutes under each of the observed

1
k alpha peaks. Background count rates in the four diodes used for polonium

i

1
analysiswere typically 5 counts/800 minutes/peak.

The absolute disintegration rate of the isotopes of plutonium, uranium

I
~rd 210

Po in the plated samples was determined by computing the ratio of the
It
~ count rate observed for each isotope to the count rate for a secondary

I
I standard of known disintegration rate; corrections were made for background

~

!
count rate, alpha particle branching ratios, and any impurities in the radio-

chcnical spikes.

~’ The disintegration rate of the secondary standards of plutonium was

1 determined by similar calibrations with a standard
236

J Pu solution supplied by

1
the AEC Health and Safety Laboratories (HASL). The reliability of the pluto-

1 niu~ calibration Was verified by the agreement between the concentrations of

~
i Plutonium found by this laboratory and those found by other laboratories in

1 239+240a Subsequent interlaboratory standard Pu solution supplied by the
t 239+240PU and 238pu concen-

Lawrence Liverrnore Laboratory.
f In addition, the

I trations measured by this laboratory in seaweed and sediment samples supplied

ky the International Atomic Energy Agency were also in close agreement tO
t

1

those recommended by the IAEA. The results of both these intercalibrations

1

are shovm in Table 6.
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L.L.L.

L.L.L.

L.L.L.

M.C.L.
M.C.L.

L.F.E.
L.R.E.

E.I.C.

Mean ValUe

Error S.D.

S.D.

MeanValue
Error S.D.

S.D.

Sample No.

AG-I-1

SD-B-1
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Interlaboratorycalibrationof 239,240PU standard solution
L.L.L. No. 1100, Hoff et al. (1973)and IAEA standards.

233*~~oPu
(dpm/ml)

1303 * 28

1320 f 20

1265 f 5

1255 f 15
1272 * 6

1330 * 27
1273 * 64

1207 ~ 54

Technique

Direct Assay Counter
Efficiency 49.6%
Pulse Height Analysis

Mass Spectrometry

Pulse Height Analysis
Mass Spectrometry

Pulse Height Analysis
Pulse Height Analysis

Pulse Height Analysis

(equal weights on all data)
(Single Determination)
(Mean)
(weighted)
(Single Determination)
(Mean)

IAEA Standards

Recommended Value
238pu 239,240pu

Sample Type ~ (pci/q)

Seaweed 3.8 27.0*
*0.1 *O-1

Sediment 0.042 0.96*
f.oo4 IO*O3

Reference Tracer

Counting Standard
HE 241-Am
242pu En~ir~nmental

Standard
242Pu Mass SpeC-

trometry Standard
236pu Standard
242pu ~ss Spec-
trometry Standard
236PU
236Pu (H.A.s.L. Cali-
bration Standard)
236Pu (L.L.L. @li-
bration Standard)

L.R.E. Value
238pu #240PU

fEQAL (pci/q)
3.1** 23.4**

*O-1 *1.-J

N.D. 0.95*
*.07

● Average of 18 different laboratory results.
●* Average of four determinations.
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232
The disintegration rate of the U spike was

.4 ~.: activities of aliquots (in quadriplicate) of

~::.::~isolution electroplated simultaneously onto

determined by comparison

the .232
U spike and a

238”

platinum discs. The
238U

,.. . .’.?:?s used for the standard were prepared by dissolving precisely weighted

238
&-r.-:s of 99+% pure U “D-38” metal supplied by the Lawrence Livermore

,.-r::~ry,
. .

~hc 208
PU spike was supplied as a radiochemical standard solution by the

~~”s$m/Searle Corporation and has been calibrated several times during the

“I-*t$ree years by intercomparing the radioactivity of plated samples with*-..

$.:.:,,Battelle N. U. and the Lawrence Livermore Laboratory.

Pcplicate determinations of the plutonium concentration in a dissolved

;/. :’:Lln+ - (section 8-10 cm of core B-2) were performed to provide an estimate

.’ :“- analytical precision of the radiochemical procedures for plutonium

J“::]sis. The quantity of sediment (dry wt.) in each aliquot processed was

1: p
>. The chemical yield calculated from the counting data for these

~~~!es ranged from 22.6 to 40.8 per cent. The precision for the 23g+240Pu

fi:?rrlnationwas 5.3% of the mean concentration at 2. S.D. for the six

b-?:j”ses.The precision far 238
Pu measurement was 11% of the mean at 2. S.D.

,.
4:” t?e SIX analyses. The higher deviation about the mean for 238

Pu replicates

1:~m!ablv due to poorer counting statistics (average of 124 counts/800.

239+240r“-:cs in the 238 peak vs. 5000 counts/800 minutes in the plutonium

:~:1),as all six 238
Pu concentrations found were within 2. S.D. counting

●--crsof each other.

4.2-4 Quality control

Problems of individual sample contamination were addressed

‘~ “e lncluSion of spiked reagent blanks inserted into the normal flow of

~~ales which were processed. From several such reagent blanks, no significant
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contaminationproblem was detected. a

Because a ?ar9e spectrum of artificially produced alpha emitting radio-

~ticlideswere present in the Bikini samples, it was decided that particular

~:tentionshould be focused on possible interferences. To evaluate the extent

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

seriesand transprotactinium radionuclides were listed by their decay energies.

A similar table for those isotopes of plutonium, uranium and polonium of

interestin this study was made and is shown in Table 7. From the alpha

spectraof plutonium, uraniumband polonium samples (Figs. 7, 8 and 9) resulting

fron this work, it was found that a fairly constant 0.2 MeV energy range (*15

tines the peak FMHM resolution) was covered by the typical alpha particle

peak detected. Hence, all of the alpha emitting isotopes listed with a sig-

nificant proportion of their alpha particle decay energies within the 0.2 lleV

liritsof the decay energy of the 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

Is 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

interfereare 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 !Ipfrom the final uranium samples, and similarly high

a. One plutonium reagent blank had a net alpha count o 5.8 counts above
1background in an 800-minute counti~period in the 38Pu 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 sediment samples shown in Table
13were calculated from spectra with poor counting statistics, unlike that
shown in Figure 8.
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T~~LE 7. Alpha Particle Energies (MeV) and Per Cent Decay Abundances
( > .5%) for the Observed Radioisotopes of Plutonium, Uranium,
and Polonium.

Energy and

m
abundance w

232U
236PU 5.77 (52%)

5.72 (31%)

234U
238PU 5.50 (725)

5.46 (28%)

239PU 5.16 (73.3%)
235U

5.14 (15.1%)
5.11 (11.5%)

240Pu 5.17 (76%)
5.12 (24%)

2oi?po 5.11 (100%) 238U

2’OPo 5.31 (100%)

Energy and
abundance

5.32 (689’)
5.27 (32%)

4.77 (72%)
4.72 (28%)

4.60 (4.6%)
4.56 (3.7%)
4.50 (1.2%)
4.45 (0.6%)*
4.42 (4.0%)*

4.40 (57%)*
4.37 (18%)*
4.34 {1.5%)*
4.32 (3.05)*
4.27 (0.6%)
4.22 (5.7%)
4.16 (0.5%)

4.20 (772)

4.15 (23Z)

● The peak width taken for computing the concentration of
235U in the

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

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

19;5), using the TIOA separation procedures. Although Berkelium is unusual

awng the transamericium actinides in that it can exist in the 4+ oxidation

$tate (and therefore may not be separated from plutonium and uranium), it can

not exist in the 4+ state in an 8 M HN03 -H202 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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~e TIOA ion exchange method used in these separations provide high decontami -

~or the remov?.1 af ur3niurr from the plutonium.::;cnfaitOrS ~ fraction (~ 300/1)

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

...I;’)dj.

TA!3LE8. Radioisotopes with alpha particle decay energies within 0.1 HeV
of the decay energies of the radionuclides shown in Table 7.

P,tdioisotope
O’ interest Radioisotopes from which interf~rence is possible

236PU

239+240PU

242PU

2q2Po

210Po

23GU

235U

2340

23?U

223Ra, 224Ra,

222Rn, 223Ra,

208Po, “*PO,

20gPo, 226Ra,

22gTh, 231Pa,

224Ra, 228Th ,

‘Sll

236U

2*9P0, 226Ra,

2’OPo, 222Rn
*

245Cm, 246Cm,

225Ra, 227Th, 230U, 243’244Cm, 245’247Bk, 24gcf

224Ra, 228Th,
241AM 245Cm 246cm 247Bk

9 * 9

22gTh, 231Pa, 23*U, 243Am,
248CM

22gTh, 231Pa,
233U 234U

9 s 237Np

239’2d0Pu, 243Am, 248Cm

23*U, 23g’240Pu, 24’Am, 243Am, 245Cm,
246CM

22gTh, 230Th, 231Pa, 2331J,
237

Np , 242PU

224i?a, 228Th, 238pu, 239’240pu, 241Am, 243Am,
247Bk

.*

Because no information was found concerning the plating efficiency of

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

241AM
procedures used in this work, solutions with known quantities of 9

242PU ,

232U 228Th 224Ra and 208
$ s PO were prepared and plated as previously described.

Table q 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.

DPflof f’wclide DPt!of Ruclide
In Solution on Disc after

Plating 42 hrs.* % platina

SOLUTION A

28.3 Am-241 .012 0.043

35.8 Pu-242 .046 0.13

42.8 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 vas 20%.

From visual observations of alpha

further verification of the absence of

polonium samples was provided.

particle spectra of the samples, a

these radionuclfdes in the plated

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

dominant 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
U peak which was not sig-

239+240nificantly affected by the Pu in the sample.
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From the results of these experiments and observations, Table 10 shows

. - radioisot~pes which were not verified to be absent from the final Sarp?es+*.J

~rj thus could be contributing errors to the calculated concentrations of those

isotopesreported in this work. However, it is not likely that any of the

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

presentin concentrations great enough to effect a misinterpretation of the

t!?tapresented in this work.

T/,rLE10. Radionuclides whose presence in the final plated sample are unknown

Isotope of Possible interfering
interest radioisotopes

236PU 225Ac

23g+240Pu 208Po, 210Po, 231Pa

2420U 208Po, 231Pa

208Po 231Pa, 248Cm

2’OPo
245Cm 246Cm

s

234U 20gPo, 231Pa,
233U

er,itt’

w5ich

4.2-5 Computational methods

The error term reported for the concentrations of alpha-

ng isotopes is the propagated alpha counting and calibration error,

was computed by using the following formula:

1 r = [x].

/

cts XP + bkq XP + 1 + (error [S])2

(cts XP - bkg XP)2 - [s]2

kklere[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 = observed 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

analyzed, 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 *’”Po

(v$i. 210Pb) reported are those measured at counting date. Of these, only

210
Pb has a physical half-life short enough ( % = 22.26 yr.) that the

concentration at the separation date would be appreciably different from the

concentration at the sample collection date. That the
210

Po concentrations

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

Pb concentrations

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

a~~ one-half 210
Po half-lives ( t!j = 138 d) had elapsed between the *’”Po

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

21?
PO originally present in the sample could have been present at only about

l;:of its original unsupported concentration. Any 210Pb produced by the

‘=:~eartesting program would have achieved equilibrium with 210Po long before

:+~scsa~ples were collected. Therefore, it seems reasonable to assume that

...
Y a large natural disequilibrium between 210

Pb and
210Po would lead to sig-

disequilibrium existed, it would

Large natural 210Pb - 210Po dis-

near continental land masses (Schell

210 210““’~c~ntconcentrations of unsupported Po or excess Pb in these samples

1: ;’~ chemical separation date. If such

“,tIctc be reflected jn the water Column.

w.-Il:rjun5 are not observed today, even

.. k’.,,1972). If one then assumes that the 210
Po concentrations measured in

“:0 ~a~~leswere those in equilibrium with 210Pb, the reported
210Po concen-

210‘ot~::-$are 6f about 5Z lokler (due to physical decay of the Pb) than the

‘:‘Rcentrations in the sediments at the date of sample collection.
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4.3 Methods for Measurin g Gamma-Ray Emittinq Radionuclides

4.3-1 Instrumentation and radiochemical ~alibrations for
241h ~07Bi 155EU 60C0 226Ra and 137Cs

* s 9 * ●

Allquots of the sdi~ent samples were preps-ed for garmia spec-

~rornetricanalysis according to Fig. 6, Section 4.1. The gamma-ray energies

C! the severs? radionuclides measured are shown in Table 11.

lme~icium-241 concentrations in surface sediments were determined by

countingits gamma radiation with a 1 Cmz Ge(intrinsic)a detector and a 400-

c!annelmultichannel analyzer. Rismuth-207, 155Eu, 137CS, 60Co and 226Ra

concentrations reported in surface sediments and all the gamma-emitting radio-

b Ge(Li)cnuclidesin the core sediments were measured with one of two 7.3% ,

detectorsand 4096-channel analyzers.

TABLE 11. Energies of Y-rays detected from the radionuclides
measured by ganrna spectroscopy.

Isotope Energy ofy-ray detected (MeV)

241Am 0.060

207Bi 0.570; 1.063

155Eu 0.085; 0.105

‘37CS 0.662

60co 1.173; 1.332

226Ra 0.186; 0.295, 0.352, 0.609, 1.121
(from 214Pb daughter)

~. Applied Detector Corporation, Menlo Park, California.

b, Absolute detection efficiency for 1.33 !,levgarnrna rays relative to a 30%
efficient Nal detector.

C.NuclearD~OdeS Inc., prairie view, Illinois. (presently Edax International)
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The absolute counting efficiency of each instrument was determined as a

function ofy-ray energy by counting a series of standar~s prepared in the

same geometry used to count the samples. Each standard contained a known

amount of a r~dicnuc?id~ winic:]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 hy stirring until the 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 shovm 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

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

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

137
Cs values, the agreements are within 11% in these environmental samples.

Because each of the bulk sediments which were y-counted in this k:orkhad

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

c~”wsion factors used to calculate the concentration of each isotope in

c~~~sanple varied somewhat from those used to calculate the concentrations

~’ radionuclides in the IAEA standard samples shown in Table 12. Since the

‘~-to dpm conversion factors which are needed to calculate the absolute

“~l~nuclide concentrations from raw countinrj data are complex functions of

‘>’~ralvariables, including gamma-ray energies and bulk densities, the

‘--:~ionsrelating these variables were not determined. Instead, new cpm to
..~-. ‘3nverSiOn factors were determined, using standards prepared at a bulk

“-:}~Y of 1.35 by adding lJaCL to the acrylic casting resin. The appropriate
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conversionfactor for each sample (density) was then approximated by interpo-

lttjon,assuming that the actual conversion factor varied linearly with

~r,sitybetween the range of factors determined in the 1.1 and 1.35 g/cc

~:c~c!ards.

The error that could result due to a nonadherence to the linear dependence

~5Surptiondescribed above was estimted by considering the case where density

:~?ncesgive rise to ~OgZirfthMfC rather than linear changes in the correction

factor. The maximum error that could result from a logarithmic instead of the

?ssmed linear dependence was estimated by finding the difference in the value

Cg the two correction factors which occurred at the extremes of sample density

e~countered in this work (0.6 and 1.6 g/cc). The difference in correction

ftctorsthus determined, Using the two different correction factors, was 7.3%

~Cr the sample geometry and density limit Which yielded the highest error when

cwnting 60 KeV gamma rays. For radionuclide concentrations which were deter-

rir,edby using higher energy gamna-rays, and for the majority of samples which

~re not at the extreme limts of densities, the error which could arise due to

t$isuncertainty is smaller than 7.3%.

The abundance of each Y-ray observed for a radionuclide (Table 11) was

u$edto calculate the concentration of the radionuclide present. \/heremore

than one radiation from one nuclide was observed, the reported value is that

c!erivedby Yieighting the concentrations determined from each gamma peak ob-

$ervedby its associated relative counting error, and a weighted mean concen-

trationand error was determined (Stevenson. 1966). The error term associated

Uith the counting of individual Cnerqy gamma-rays are 2 SOD. errors based on

Propagated counting statistics.

The concentrations of all the isotopes measured by Y-spectrometry in this

Work are corrected for decay to the date Of the collection shown in Tables 3

and 4.
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5. RESULTS

Thirty-three surface sediment samples and 75 sections from n~ne sediment

ares were measured for the Y-emitting radionuclides 241Am, 207Bi ,
155EU 137c~

9

and60coe All of the surface sediments and about one-half of the core sections

238
were analyzed for Pu and 23g+240Pu. Over 150 plutonium analyses were made

in the course of the project. In addition, 22 uranium, 39 210Po and 26 226Ra

concentrations were measured in selected sediment samples.

238PU 23g+240Pu,
241AM 207Bi, 155EU, 137C~ and 60C0

Tne results of the Y 9

measurements are shown in Appendix 11 (surface sediments) and Appendix 111

(sedimnt cores).

5.1 Radionuclide Distributions in Surface Sediments

The concentrations of *39+240PU, 238Pu, 241Am,
2°7Bi

* ‘55Eu, ‘37CS

and ‘0Co 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 O-2

cm sections of the cores) collected at the same sampling station ,were averaged.

In crater-station samplesa, 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. !Iote 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.

1,,



craterdepression and contained

5.2). In the samples collected

stationconcentration is shown,

the concentrations of some (but

62

smaller amounts of fine sediments (see Sec.

from the Bravo Crater area, each individual

due to the large and systematic variation in

not all) rad onuclides which occurred at the

fivecollection sites across the diameter Of

5.1-1 Plutonium-239+240

the crater.

The areal distribution of
239+240

Pu in surface sediments is

shown 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

stations B-2 and B-20, particularly to the southwest.

sampling stations were established around this region

distance away from

Because only a few-.

of high
239+240

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+240

Pu 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+240
Pu 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 “

Fig. 2. It should be noteti that the region of high activity suggested by

64.2 pCi/g concentration measured in the sediment collected at Station B-’

n

the

8

off the Yuroclli-Aomoen Isiand complex refers to an area of the lagoon used for

the disposal of contaminated material removed from these same islands (Smith

and Hoore, lg72). 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 sur~rising 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

in Station B-30

collected in 47

may be that the higher radionuclide concentrations measured

sediments is related to the fact that these sediments were

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 cf 32 reters.

5.1-2 Americium-241

The distribution of
241

Am across the lagoon (Fig. 12) is

systematically related to the pattern found for 239+240Pu. The activity

ratios of 239+240Pu/24’ Am 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 Northwestern laqoon stations are Closely related

and range from 1.49 to 1.58. In the eastern and southern regions of the ate’ 1,
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239+240Pu/24’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

5-10 on the outer reef slope, the calculated ratio is 14.0. The different

ratios measured may reflect the signatures of debris from differe~t devices

tested in the southern and eastern areas of the atoll.

5.1-3 Plutonium-238

The distribution of 238
Pu in surface sediments across the

lagoon (Fig. 13) is radically different from

or 241AM
The concentrations of

238
. Pu found

significantly higher than the concentrations

the distribution of 23g+240Pu

in Bravo and Zuni craters were

found in any lagoon sediments.

The 238
Pu 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

appear nearly uniformly contaminated with 238PU. The low
239+240 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+240PU, 238and high Pu 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

238contain unusually low concentrations of Pu,relative to 23g+240Pu. Since

239+240PU,238
Pu ratios are not high in surface sediments from Bravo Crater,

it seems likely that at. least One of the origins of this plutonium debris

with large isotope ratios is from the 5-IITTe\la test detonated in 1956. If

this observation can be substantiated by other evidence, it should follow

that low 23g+240Pu/238 PI-Jratio material, probably from the east of the

.
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Tewa site, has been transported along the reef perimeter masking the Tewa

r~tio signature in surface sediments in the Crater area environs.

5.1-4 Europium-155

The areal distribution of
155

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

155
stations across the lagoon, the areal distribution of Eu is very similar to

the distributions of 239+240Pu. Considering the chronology of the testing

schedule at Bikini, the short (1.91 year) physical half-life of this radio-

155
nuclide may be responsible for both the relatively low Eu concentrations

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 lagoon. The nature in which large areas of the lagoon

239+249Pu/155Eu or 241Am/
155

show similar Eu ratios indicate that the distribu-

tion of these three radionuclides from individual tests are similar. Further,

the relatively short half-life of
155

Eu is useful in separating the extent to

which debris produced at different times is distributed in areas containing

radioactivity from several detonations.

5.1-5 Cesium-137

The distribution of
137

Cs in lagoon sediments is shown

137
in Figure 15. The highest concentration of Cs measured was found in sedi-

23g+240Pu/
137

ments collected at Station 13-20. The distribution of Cs ratios

137CS
across the lagoon illustrates that at least two areal distributions 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

distribution of 239+240PU, 137
Cs ratios to the east of Station !3-20show a

rapid increase from a ratio of 3.92 at Station B-20 to a ratio of 184 at
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Station B-30. Compared to the nearly logarithmic decrease in 23g+240Pu

137
concentrations between these stations, the concentrations of Cs decrease

239+240
at a rate of 3.5 times faster than the Pu concentrations measured. The

distribution of similarly increasing
239+240PU, 137

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+24”PU,
241AM

9

and 155
Eu, the regions of high

137
Cs concentrations are restricted in geo-

Such localized regions of high
137

graphical area. Cs concentrations were

also noted by Nelson and Noshkin (1972) in the surface sediments of Eniwetok

Atoll lagoon. Because
137

Cs has volatile radioactive precursors, its initial

distribution might be expected to be significantly different from the re-

fractory rddionuclfdes Pu, AF and Eu.

5.1-6 Bismuth-207 and Cobalt-60

The areal distribution of the concentrations observed for

the induced radionuclides
207

Bi and
60

Co (Figs. 16 and 17) is intermediate

between that for
238Pu and that for 23g+240Pu. The similarity of the dis-

tribution of
207

Bi and
60co to 239+240

Pu is that decreasing concentrations in

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

239+240
or B-20; the ratios Pu/6*Co and 23g+240Pu/207 Bi are almost constant

The similarity of the distribution of
60

across the central lagoon. Co and

207
Bi to that found for

238
Pu is that the highest measured 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

206 207pi
Pb (d,n) I . T])plead was present probably a!

207B,
struction material. Since the major source of

a device or barge con-

to the lagoon environment
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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-60 is produced mainly by the reaction
59

Co (n,Y)60Co. Cobalt-59

for ~his reacticn ray b?ve been supplied from cobalt present in iron, which
.

was used in large quantities for device and barge construction (Schell, 1975a;

Adams et al., op. tit). Compared to the typical 23g+24”Pu/60Co ratios of 5-10

found in lagoon sediments, lower ratios and high concentrations of
6r)coare

present in both Bravo and Zuni Crater sediments. The absence of high concen-

trations of
60

Co from crater sediments collected in Tewa Crater and at Station

E-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+ =

5.27 yrs.) from Station 13-30 sediments can be explained by decay of the radio-

nuclide between the Baker (1946) and post-Baker (1954-58) testing periods.

surface sed-

5.1-7 Distribution of the ordering se
concentrations measured at each

The distribution of the several

ments across the lagoon show only occas

uence of radionuclide
station.

radionuclides masured

onal patterns which are

n

useful in tracing the specific origin of the radionuclides measured at each

~tation. 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 23g+240Pu,
241

Am and
155

Eu were always greater than the concentrations

of207Bi 137Cs or 60C0
B . The first type is for the ordering of 23g+240Pu,

241
Am and 155

Eu. 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 60C0 137Cs and 207
s Bi changed, delineating still smaller areas. The

;Pquences faund may thus ser$~~ as di:.crirlir.antsfor groups of stations where

the ordering sequence of radionuclides concentrations are the same. AS an

additional discriminant, the ratios of
239+240pu, 238Pu found in surface sedi-

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 ~

have disseminated unique proportions of raciionuclides, mixing and/or fractiona-

tion of the radionuclides and debris from the several tests have left few con-

clusive signatures of individual sources in the lagoon sediments.

The relatively high abundance of
155

Eu in north central lagoon sediments

may illustrate the area over which debris ejected from the Station B-18 and

C-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

between the distributions of high
239+240PU, 238Pu ratios south of Tewa Crater,

to the distribution of high
239+240PU, 207Bi 137

s Cs/60Co and low
239+240PU,

155
Eu ratios which are common both this area and t$e test areas around Station

B-18 and Tewa Crater.

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

The naturally occurring isQtopes
238

u and 234U, 226Ra and

210
Po are members of the

nisms which comprise the

nuclides from sea water.

238
U decay series (Fig. 19). The structures of orga-

sediments of coralline atolls accumulate these radio-

In addition, deposition of
210

Pb and
210

Po in the

sediments results from aeolian and pluvial transport process. Because the

activity ratio 230Th/234 U 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

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

{Jp. cit.) found that this equilibrium was established at a depth of about

24reters in drilling cuttings from an island at Eniwetok Atoll.

The results of the measurements of uranium and
226Ra concentrations in

lagoon surface sediments are shown in Table 13. Unfortunately, the uranium

analysis made on this batch of samples resulted in low chemical yields and

the 239+240
Pu background peak, previously described, could not be resolved

232
and subtracted from the U tracer peak; therefore, the uranium concentrations

in Table 13 may be systematically low 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

238
observations. Despite the uncertainties noted above, the U 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 Thurberet 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).

The distribution of the radionuclide activity ratio
226Ra,234

U in several

of these Bikini sediments (Table 13) show significant departure from the value

Of 0.09 WhjCh is characteristic of recent Eniwetok corals (Thurber et al,,op.

cit.). With the exception of the intermediate ratio at Station B-3, the sedi-

nwnts 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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~iclded
226Ra,234

U ratios of 0.09, within the limits of the error term

Icalculatedfor the ratio? as given hy Thurber et al. (op. cit.). In contrast,

i

“jrfacesediments which were collected close to the craters and which con-

tainedhigh concentrations of most radionuc?ides (those below the dotted line

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

z of226Ra (relative

catethat they are

anddistributed in

to uranium) in these later surface sediments may thus indi-

ancient sediments which have been brought to the surface

the lagoon from the detonation craters. Although the

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

high
226

Ra concentration measured indicates that this sediment is also ancient

:raterarea material.

The distribution of
210P0 ~zlo

Pb) concentrations measured in surface sedi-

oentsis shown in Appendix 11, Table 4. In Appendix III, (Tables 1-5) are

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

210
mmt cores. Nearly all of the high Pb concentrations measured occur In

sediments collected from t$e most contaminated portions of the lagoon. How-

ever, this is not surprising considering the presence of old corals with high

226
Ra concentrations in the same area. To “normalize” the

210Pb data, the

226
Ra concentrations (Table 13) were subtracted from the 210

Pb concentrations

to find the concentration of unsupported 210Pb in the sediments. At the

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

able, the 210
Pb concentrations used were obtained by calculating a weighted

(by the measurement error) mean concentration of 2’OPb. Table 14 shows the

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

ported 210Pb concentrations across the atoll shows no correlation with either

the d

areas

stribution of other radionuclides measured or with specific geographical

The range of concentrations is not high. At the stations located in
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Distribution Gf unsupported
210

Table 14. Pb concentrations In surface

sediments. pCi/g, dry, ~ propagated counting errors.

Station and Sample
210Pb, unsupported

Locatfon t 2 S*O.

B-4 S-27 ().317 * o.066a

B-16 S-8

C-n s-16

C-n S-19

B-24 s-lo

B-22 S-n

B-3 S-23

B-2 S-20

B-18 s-9

B-25 S-13

B-27 S-4

C-8 S-31

B-23 S-17

c-4 S-29

B-30 S-2

B-20 s-22

B-6 S-14

0,311 *00073

0.242 ~0.064

0.02 fo.13

().75 *o.loa

1.12 i0.23a

o.098 t 0.072

0.59 *0.24

().37 to.llb

o.223 f 0.076b

o.576 *0.070

().34 fo.12

o.00 f0.08b

0.45 AO.16

o.468 t 0.086

().12 to.15

0.14 A o.24a~b

a. 226Ra concentration used for calculation was a minimum detectable

limit.

b. 226Ra concentrations not included in Table 13 are B-18, 0.24t0.ll;
B-25. 0.336t0.045; B-23, 0.592*0.058; B-6, 0.243t0.243 (mall)In
pCi/g * 2 S.0.
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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 210Pb in

lagoon sediments (9.0 to 1.1 p~i~g) may reflect the hydrology and sedimenta-

tion rates in the water column above the various collection sites. The un-

210
supported Ph concentrations measured may thus result largely from natural

aeolian and

5.2

pluvial processes .

llistributiGn 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 than natural liarshall 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 concentra-

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. Nore 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-

-~~~s contained widely varying proportions of fine m~terial I 5ut generally less

than approximately 10-15 percent by ,volume. 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

sediments and the distribution of 23g+240Pu, for example. Sediments collected

at stations C-5, C-10 and C-n (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-n (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 exceptions 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 !3-2and 13-20. Station B-21 is located at

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

The circulation of the deep water in this 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 13-2and E-20. Even though

both stationsB-21 and B-20 have similar proportions of fine sediments, only

239+240about 23% of the Pu 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

239+240and to the east of the area of high Pu concentrations, contain low pro-

portions of finely divided material (less than -15?~), but contain about 43 and

39 percent of 239+240
Pu measured at Station B-20.



The difference in the specific activity (pCi/g) of the fine-grained

&hriS 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

/dr:i:i2S c!e:d:ted at 5t3tion ?-?1 by ?Cwer specific activity material arising

frombiological 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

Via 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 dovmstream. Chemical fractionation of radionuclides may be a function

of the length of time radioactive 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 13-20.

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 P in diameter. However, many of these particles are agglomerates

characteristic of dried sediments. Figure 21 is a photomicrograph of Station,

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 50~ in

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



.~r~20. Reflectedlightphotomicrographof statlor] u-~” . . .
finy particles are agglomerate

., ...-..-.7fl X magnification.
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?
s of the dried sediments.
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-. . ..4-- ?- ‘1 surface sediment. Samp
80 x magnific
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sizeof these particles places them in a size distribution obviously smaller

.~ln ‘:hosereported by Anikouchine (op. cit.), and more nearly like that re-

poted by Glasstone (op. cit.).

5.3

Sedirmtary

exchange of

Distribution of Rac!ionuclides ~’ith Depth in Sediment Ccres

Measurements of the concentration distribution of elements in the

column are fundamental to the study of sedimentology and the

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

(Table 4). The radionuclide concentrations measured

ocations in the lagoon

n the core collections

?re shown in Appendix 111 and in Tables 15 and 16. Three types of profiles

of the radionuclide concentration with depth were observed. These occurred

in: (1) Crater sediments (Stations C-3 and C-12) which had either relatively

homogeneousand/or constant distributions of most raciionuclides with depth;

(2) !iorthwest quadrant lagoon sediments (stations B-2, K2CI and R-21) which

had large proportions of finely pulverized material and whose radionuclide

concentrations changed regularly with depth; and (3) central and pastern

lagoon sediments (stations B-15, B-16, B-27 and !3-30) 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,

sediments

of all rad

16 and Table 4 in Appendix III. NO appreciable portion of the

n the Zuni Crater core were finely pulverized. The distribution

onuclides measured in this core were nearly constant uith depth,
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and in seven Of the nine sections a unique concentration sequence of the

~&~23g+240pu> 155E”> 238P”> 60co >

A long core of entirely pulverized

of the Bravo Crater. Three seqments of

137cs > 241Am > 207Bi was found.

sediment was collected from the center

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
238

Pu (8.3 pCi/g),
207

Bi (432 pCi/g) and

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

238
Pu concentration (19.0 pCi/g) found in Zuni Crater sediments. The orderin9

sequence of radionuclide concentrations in different regions in the core

differed greatly. The sequence in the O-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 > Fli> Eu ~ Am > Cs and in the 48-56 cm region of the core,

the sequence was Co > Am > E’u> Bi s Cs or Co Y Am > Bi > Eu z Cs. Since

plutonium was only measured in one section in each region, its placement is

239+240 ~u,238pu
not included as characteristic of larger regions. The low

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-eravo @StS conducted in this area. The
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239+240Pu/238 Pu 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 Northwest 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

and B-2.

The distribution of 23g+240Pu,
241

Am and 60Co in the sediment core

B-20

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.

The distribution of 241Am,

measured in this core were very

trations of
137

Cs measured were

23g+240Pu, 155Eu and
137Cs concentrations

similar, except that: (1) the absolute concen-

lower than the 241Am and
155

Eu concentrations

by a factor of 10, and (2) the
239+240

Pu concentrations measured were slightly

241
more irregular with depth than the concentrations measured for Am or 155Eu.

In the top 11 cm of the core, the concentrations of 239+24*PU, 241Am,
155EU

and 137
Cs decrease regularly with depth to 50C~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

8-1o cm section. ln the 12-26 cm regions of the core, the concentrations of

239+240PU 241AM 155EU and 137
9 9 Cs decreased nearly logarithmically with depth.

In the 28-38 cm region of the core, the concentrations again decreased slowly
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last section of the core, which contained about 20-40?

a large increase in radionuclide concentrations which, unfor-

be verified as a real characteristic of the sediment column

core.

The distribution of 6*C0 and
207Bi concentrations in the core are unusual

inthat decreasing concentrations (with increasing depth) were not present in

60
theupper 10 cm of the sediment core. Mhile the concentration of Co is

relativelyconstant in the upper 12 cm of the core, the concentration of
207Bi

increases40% with increasing depth between the 2-4 and 8-10 cm sections.

fklowthe 8-10 cm section in the core, the concentration of
207

Flidecreases

241M 155EU and 137
much like that found for 9 Cs; however, the concentration of

60
Co is more constant with depth. The distribution of 23g+240Pu ratios

measured in different 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-

creasewith 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 O-2 cm section, the order changed from that

shown in Figure ?9 to the order: Pu>Eu>Am>Co>Cs>fli inthe2-6cm

region; to Pu z Eu > Am > Co s Bi s Cs in the 6-26 cm region (one section

differed); to Co z Pu s Eu > Am > Bi z Cs between 26 and 38 cm (one section

differed): to PU > EU > ArI> Co > Bi > Cs in the 38-40 cm region.

Station B-20 Sediment Core.

The distribution of 239+240Pu, 241Am and
155

Eu concentrations in this

core (Figure 24) are again quite similar and decrease with depth by 50? 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
rangeand distribution of Pu ratios

acrossthe lagoon, the ratios found in the

measured in surface sediments

three sections of this core are

Miquely high; possibly indicating a common source(s) for a majority of the

~lutoniumcontamination in the sediment column collected at this station.

onlyin the 6-8 cm section of this core does the radionuclide ordering

sequencediffer from that found in surface sediments (Figure 19). In this

section,where the relatively low
239+240PU, 238

Pu ratio of

241 155
the ordering of Am and Eu concentrations is reversed

sections. This order, Pu > Am > Eu, is found in sediments

sectionsin the bottom of the Bravo Crater core and in the

175. was found,

from those in other

only in the four

eastern lagoon.

Bismuth-207 concentrations were below the limit of detection in most

sectionsof the core. However, in the O-2 cm section, the concentration of

207
Bi was at least 4-5 times higher than in any lower section.

The concentrations of
60

Co and
137

Cs decrease, respectively, to

theirlargest concentration, at the 9 and 11 cm levels in the core.

50% of

However,

neitherof these radionuclides show steadily decreasing concentrations in

(33
theupper layers. The concentration of Co in the O-2 cm section of the

coreis significantly lower than its concentration in lower sections. The

concentrationsof 137
Cs in the 0-9 cm level of the core shows nearly no change

tdthdepth.

stationB-21 Sediment Core

The concentration profiles of all the radionuclides measured in this

Sedimentcore are roughly similar in that the concentrations increase tO a

~Ximum at between 5 and 7 cm (except at 3-5 cm for 241
Am) and then decrease

tO so: of their highest measured concentrations at between 9.5 and 12 clll.

Thesedinientsin this core were comPOsed of finely divided material to a depth

Of 10 Cm, after ~Jhich raPid~Y increasing proportions of }+alimeda began tO
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appear. Similar to the radionuclide distributions found in the B-2 sediment

co~e, increased concentrations xere measured in the lowest section of this

As in both other cores from this region of.the lagoon, the 23g+240Pucore.

ratiosmeasured with deptn in the

In the 8-16 cm region of the

concentrations changed from those

core showed only a slight increase with depth.

core, the ordering sequence of radionuclide

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 !?-2and 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, &30) were similar in

three respects. First, there was no significant net increase or decrease in

the concentration of rac!ionuclides measured between the upper and lower sec-

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

23g+240Pu, 241Am, ‘55Eu, ‘37CS, 207Bi and
60

Co concentrations are roughly

23g+*40Pu/
238

similar with depth in the individual cores. Third, the Pu 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

core from Station B-15 is the same as in surface sediments (Fig. “

the 10-cm core collected from Station R-27, the sequence of 60co ,

137
Cs concentrations measured did not change with depth from that

9A*

Fig. 19. However, in the 4-8 cm region, C%’Am was higher in concentration

in the 16 cm

9). In

207
Bi and

shovin in



~a~ 239+240
Pu, and in the 8-10 cm section the ordering sequence was the

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 cm (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

234U/238U and
226Ra,234

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-

210
vide information on the age of the deposits. Similarly, Pb which is present

226
in concentrations above those maintained in situ by Ra 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 226Ra/234 lJratios 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
210

Pb concentrations is interpreted as evidence for the slow accumu-

lation of the 210
Pb by natural processes. The distributions of these
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naturallyoccurring radionuclides was also used to help detail the origin

~n~accumulation processes of sediment and transuranic radionuclides with

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

~asurements are found in Table 15 (uranium), Table 16 (226Ra), and Appendix

III (*’”PO).

5tation C-3 (Bravo Crater) Sediment Core.

238U 226Ra and 210P0
The distribution of ,

Station C-3 core are also shown in Figure 22.

increased concentrations in the 0-10 cm region

concentration in lower sections. Although the

concentrations measured in the

All three radionuclides show

of the core, compared to their

distribution profiles of these

three radionuclides are not as well detailed as the
241

Am or 155Eu profiles

measured, the increase in the 226Ra, 2’0Pb and uranium concentrations in the

tl-1~ cm layers is not apparently different from the well-defined increase in

the 241
Am and

155
Eu concentrations which were observed in detail. Although

the absolute uranium concentrations measured in the O-2, 6-8, 30-32 and 50-52

cmsections of the core varied by a factor of 4, the 2341.V238U ratios in each

section varied from 1.06 by less than 2% (< 1 S.D. propagated counting error).

These observations indicate that either: (1) 238U and 234U contamination

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 material in the upper 8-10 cm of the core is old sediment (of

about the same apparent age as the Sediments in deeper sections) which

238U 234U
naturally contains a higher uranium concentration, or (3) the -

enrichment on the particles in the 8-10 cm section did not originate from

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

a volatilization of the coral sediment in the fireball, and then cOnCff?llSFitjOR



97

ao
o“
+1

w
o.
o

*+itl

Omlm
000. . .

++ +1+1 ++id +1 ++*

Ln*mw
0.00
0000

●

oo” &o”
* +4-I+1+1+1*

*cuzln
0 ?-00~o. &o.

*+-I*++

-
cm
0.
o

+- I*+4 * ii +1

c-me
Omto

● .*
“o
u

++++*+4*+1++ +i+l+l
i
n

F-mo -

al

w In

a3
u!



98

Table 16. Distribution of 226Ra in sediment cores collected at

Stations C-3 and B-2.

pCi/g,dry,~ propagated counting errors

Core i{o.and
226Ra

Depth (cm)
~ 2. S.D,

CORE C-3

2-4 0.96 ~ 0.20

4-G 1.70 ~ 0.26

8-10 1.36 ~ 0.19

28-30 0.90 :0.10

52-54 0.88 :0.11

CORE B-2

2-4 0.208 : 0.094

8-10 0.125 ~ 0.082

14-16 0.088 ~ 0.060

20-22 0.111 ~ 0.052

30-32 0.124 ~0.086
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of the refractory radionucl ides on

which was deposited here. Despite

these sediments, a slight
235

U enr”

the CaO-Ca(OH)2 - CaC03 particle matrix

the source of
234

U and 238U measured in

chment is indicated for the 8-10 cm sed”-

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

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

226
creased concentrations of Ra and

210
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

of 226
Ra in the sedim~nt. The third case above is no different than the

primary fractionation of rad

except that naturally occurr

are involved.

Station B-2 Sediment Core

onuclides first described by Freiling (1962)

ng, rather than bomb produced, radionuclides

The distribution of Zlopo (210Pb) and
226

Ra concentrations measured in

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

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

226which can be supported in situ hy Ra decay, again indicating an external——
210

..
210source for the Pb measured. The Pb concentrations in the upper 12 cm of

the core decrease at about the same rate as do the
241

Am and
239+240

Pu concen-

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

the 210PII,226
f?aratio decreases to 1 at a depth somekhere in the 11 to 22 cm

210region of the core. Such concentration profiles for Pb are typical of

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

The concentrations of 226
Ra measured in the 2-4, 8-10 and 14-16 cm sections of



v

1(-?0

~h~core decrease steadily with increasing depth in the core. Because none

226
of tbe Ra concentrations measured in these, or deeper, layers, differed

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

rea](significant) conccntr~t~ oridifferences exist between the three sections.

Along with the
226

Ra and
210

Po concentrations measured in surface sedi-

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

determinethe “sedimentation rates” based on the
210

Pb age dating technique.

Typicalresolution of the supported and unsupported
210

Pb in the core, using

210P0 ~210 226
the available Pb) concentrations and an average Ra concentration

of 0.138 pCi/g, gives a “sedimentation rate” of 0.32 cm/yr in the upper 20

This rate is clearly not possible, since only ?8 years have elapsed since

cm.

testing in 1954 and th

iwnt (20 cmSO.32 cm/yr

sediments below the 9-

s rate would predict 63 years to accumulate the sed’-

= 63 yrs. ). However, two observations suggest that the

1 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

210in Section 5.3-2. Second, the unsupported Pb concentrations measured in

O-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
210

Pb concentrations are not significantly different from the 226Ra

concentrations measured, indicating no unsupported 210Pb. The “sedimentation

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

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

of the
226

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

late the concentrations of unsupported 226
210Pb. With the average Ra concen-

trations, a rate of 0.56 cm/yr. is indicated for the upper 11 cm of sediment;



226
usingthe best fit concentrations of Ra for each section, a rate of 0.84

:n/yris indicated. With the constant rate of sedimentation indicated for the

upper11 cm of sediments the time calculated for the deposition is 20 years

226
usingthe rate determined hy subtraction of the aver~ge Ra concentration, ani

13years using the best fit
226

Ra concentrations measured in each sediment core

sectiCWi.The “age” of the sediment deposited at the 11 cm depth in the core is

thus 1952 or 1959, using the average or best fit
226

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 core. 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
60

shows that both Co and

207
Bi 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 chanqe with depth in the

238U.235cores. 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

The 234UC238isotopic abundance of sea water. . 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.

238ur235u and 2341,.238
The ratios . . U in the sediments collected in Zuni

Crater (station C-12) are quite different from any other ratios measured in
920

The low ‘d”U:
225

t:lelagoon. U ratio found may indicate a significant enrich-

235
rent in U (relative to its concentration from sea water) in at least the

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

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”

235
ratios can be explained by enrichments in U and 234U, or by a relative

238U
depletion of . Because of the difficulty in rationalizing a relative

depletion of
238

U, a possible explanation is that
234

U was present in a device

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

factors: (1) that 234U (as judged from the abundances of uranium isotopes in

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

235U

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

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

234
U is 2.9 x 103 times greater than

235
specific activity of U, fission of

235
only

234U.235
U would result in elevated . U activity ratios in non-fissioned

uranium, and could explain both the anomalous ratios measured.

5.4 Total Alpha Radioactivity

The methodology used for

of the Bikini sediments is presented

pared with thicknesses less than the

measuring the total alpha radioactivity

in Appendix I. The samples were pre-

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

concentrate ons directly, or “absolute” concentrations after a correction for
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fractionation between the whole and prepared sample is made. The data

resultin9 frOm these analyses were used with three goals in mind, as stated

in Section 4.1-1. The first was to optimize the

plutonium analysis. This goal was simply met as

and proved entirely satisfactory.

Second, an attempt was made to estimate the

sediment sample size for the

described in Section 4.1-1

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 112 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 smitting 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 radioactivity

obtained

alpha em

mated in

by summing the concentrations of 23g+240Pu, 238PU,
241

Am, and the

tting members of the
238IJdecay chain measured directly anrl/or esti-

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 1, further comparisons of the alpha radioactivity measured by direct

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

inhomgeniety problem could be minimized by replicate anal’:sis to provide more
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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 radioactivity 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-

tions of 23g+240Pu,
241Am 238PU 234U and 226Ra and its a,pha-emit~ing

s 9 *

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

obtained by the two

radionuclides other

incorrect treatment

aliquots. The large difference in the concentrations

methods can thus be due to the presence of alpha-emitting

than those measured individually, or to an incomplete or

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 degree

of radionuclide fractionation which occurred during the sample preparation

a. L.R.E. No. 25653, No. 5, Batch 2 of 4, 155-160 ft.
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process was evaluated for the most abundant alpha-emitting radionuclides,

239+240
PU* 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 likely 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

235
and the members of the U and 232Th decay chains. Although the concentra-

tions of 230
Th and

235
U in this sample were not measured, their probable

230abundances can be estimated. The activity concentration of Th should not

234exceed the measured U concentration (2.45 pCi/g),which would be a conserva-

tive estimate. The sum total concentrations of all the naturally occ’lvrinq

235
U chain alpha emitting radionuclidt?s cannot exceed 1 pCi/g, assuming that

the 235
[Jconcentration is 1/21.8 of the measured

234(1concentration and that

235 235U
all the U daughter radionuclides were in radioactive equilibria with .

The concentrations of 232
Th measured in both recent and old Fniwetok corals

is very low (Thurher et al., op. cit.) so that it might b~ expected that the

~z~
Presence of Ra in these sediments voulci set an [J~f)!?r limit to the contribu-

tion of alpha concentrations from this deca,v chain. Hoore and Krishnas~famy



(1972) have measured the

high as) 0.2. Thus, the
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228Ra/226 Ra concentration ratio in a coral at (as

maximum alpha radioactivity contribution from

members ~f this decay c~ain 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 list 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) subsampling 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 pioblem 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

em.~gn to prevent yl’ossmisintcrpretat;on 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 subsamp?ings which may have intr~duced errors into con-

centration later associated with “whole sediment” concentrations. The first

suhsampling 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 th~ variance

introduced by aliquoting portions of dried surface sediments, the three major

types of sediments (crater fires, naturally coarse grained, and mixtures of

239+240PU
each) were subdivided and analyzed for . The results of th~se tests

were expressed

in Table 17

where: S.D, =

as coefficients of variation$ as computed below, and are shown

S.D.
C*V. =— i x 100

one standard deviation;

T= mean

The largest variance is shown by the mixture of fines and unpulverized

~alimeda at 35%. This value is an upper limit since the test used aliquots

two to three times snlal~er (due to available sample) than those used for the

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

subsamples of dried Bikini sediments.

Set !40. Sam~le description !’o.Aliauots Aver. W. Aliouots C.V._ _ —-——.- -_ —..—— L.—— ——

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 Flixture of fines and 5 5.23 g 35.%
unpulverized Hal;meda
etc. 9

The second subsampling was of the homogenized surface sediments for the

chemical analysis and total alpha radioactivity measurements. The variance

which would arise from this step was not addressed experimentally. However,

Nelson and Noshkin (op. cit.) reported analyzing the
239+240

Pu concentration

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. No sample sizes were given, and in one

239+240
of the samples (35A,a) the 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 “SetA” 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 no~ally distributed about some mean concentration, the

relative standard deviation of measurements from such a set of collections

.an be used as a measure of the overall varidnce due to bath 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 nega-

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 radionuclicfe 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 t 207

for surface sediments, the order of magnitude of these errors is relatively

small compared to range of concentrations found across the lagoon. -

6. SIINMARY AND 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.

However, the distributions available are sufficiently detailed to provide

information on SOEW of the basic phenomena responsible for the distributions

~bserv2d. Tow:rds this qoal, t.’,eauthor has, in previous 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 th~ 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, ~priori, would arise from the

large surface bursts (such as 13ravo, Koon and Zuni) whose fireballs strongly

interacted with the soil horizon, and from similar interactions of deep

lagoon or barge bursts such as the Raker and Tewa tests. At Bikini, the

initial introduction of highly contaminated 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 coralline material of

a relatively low specific activity was also ejected. The areal distribution

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 he progressively more pronounced, but also progressively more

I

I
I



-..

112

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 44v in diameterand to decrease with increasing

size as l/D or l/D2 (for refractory and volatile radionuclides) on particles

larger than 30gu in diameter. The combination of the cloud and subsequent

aqueous phase processes which act to fractionate the particle sizes would thus,

~=, 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

at the station closest

material was deposited

rate measured in the upper 11 cm of sediment collected

to the Bravo Crater (Station B-2) shows that this

at a constant rate between the 1950’s and 1972. The

226Ra.234
. U ratios in surface sediments (and with depth in the Station B-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 knovm. 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 radionucl ides for redistribution.

It is clear, from the I?rge 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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the detonation.

i
of maintaining aI

at Eniwetok long
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Ilowever, as noted by Uelander (1966), currents were capable

large flow of finely divided sediment out of certain craters

after testing stopped. It is quite likely that a signifi-

1 cant amunt of this material has been deposited outside the crater in the

J large areas between the craters and the stations sampled, and is the source

for the material which has been redistributed lagoonwards. The 23g+240Pu:

238
Pu 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

and the Bravo Crater,

and the northern reef

Station B-2: (1) from locations between Station B-2

(2) from (1) above and from the area between Station B-2

(near Station R-19), or (3) from (1) or (2) above and

also from within the craters. The logic of this hypothesis follows from the

findings that the 23g+240Pu:238 Pu ratios in the 11 cm of redistributed sedi-

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 13-19are 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 ’35T.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

waters of the crater, indicating a lack of mixing between the surface and
I

deep waters. Because mixing would be required for the suspension and loss of

particulate over the lips of the crater walls, which surround the

sources outside the Rravo Crater are suggested for sediments being

ted towards Station B-2. At Station B-20, the very high 23g4”240Pu

crater,

redistribu-

ratios

found (and other

singular source,

evidence as discussed in Section 5.1-7) suggest that a

closer to Station B-19, is (or was) the source for the old



114

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+240PU 241Am 155EU and 137Cs concentrations, ~h.
of high * s

in northwest quadrant surface sediments, differ greatly from

of238pu 207Bi and 60
* Co, whose highest concentrations were

ch are located

the distributions

‘ound in crater

sediments. A great deal of the differences found can reasonably be attributed

to the difference in

quantities of debris

the most interesting

mental fractionation

the source terms, each of which contributed varying

to the different locations in the lagoon. In that one of

aspects, relative to the marine chemistries and environ-

of the different radionuclides, may be their different

spatial distributions, it is unfortunate that

source term introduction of the radioactivity

the complexity of the multi-

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. Hithin the

region of the lagoon encompassed by stations B-18, C-8, B-19, !3-20, B-22 and

B-24, the distributions of
207Bi 60C0 and 155

9 Eu differ not only from each

other, but also from the fairly constant proportions in which they occur (com-

239+240
pared to Pu) in the eastern, central and northeastern lagoon. Except

for 137
Cs, the fairly constant ratios of the radionucl ides to

239+240
Pu in the

central lagoon can be interpreted as evidence of a low degree of chemically

related fractionation betv~een the several radionuclides in the debris de-

posited 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

relationsilips, or (4) by comparison of these data with data collected in the

future. With respect

of 60
Co in the 12-40 cm

may be a signature of a

to (1) above, the notably more constant concentration

region of the sediment core collected at Station B-2

60
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, 207Bi (relative to other radionuclides) is enriched in surface sediments,

and 60Co and 137Cs either decrease or are more constant in concentration with

depth than are other radionuc?ides measured. In addition, in the core col-

lected at Station 6-21, 60Co is also relatively depleted in surface sediments.

These distributions may result from slow diffusion of the
60

Co 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 137
Cs (relative to

239+240 Pu) from the sediments away from the regions

of high radionuclide concentrations in the northwest quadrant may also be an

example of the them’

anomalous distribut”

volatile precursors

would be expected tf

appear to mean that

restricted to small

cal volubility of the Cs. Such an explanation for the

onof137 Cs may be preferred to explanations based on its

(’37Xe, 1371). This follows because, in theory,. ‘37CS

enrich in smaller sized, later time fallout, which would

its areal distribution would be less, instead of morej

geographical areas.

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

centrations measured in this work can be Compared with those reported



116

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

60
is taken as Station B-25, the concentrations of Co and 207Bi found in this

work, and decay corrected to 1964, are well within the range of concentrations

measured by Welander (1967) in 1964. The concentration of 137CS measured in

this work, corrected for decay to 1964, however, is 100% higher than the upper

137
range of Cs concentrations reported by Welander; this could indicate that

transportof
137

Cs may be occurring from higher concentration regions upstream.

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

Station C-3) the concentrations of
137

Cs (decay corrected), 23g+240Pu and

238
Pu 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 (Vevissi and Schell, 1974; Schell,

1974a; P!oshkin 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 samplino stations

reported herein,

pretation of the

Such a treatment

the number of watpr samples collected are large and the inter-

water data encompasses a tremendous (and uncompleted) task.

is outside of the scope of this work. However, in line with

the interpretation of the radionuclide distributions in the sediments, the

ratios of the radionuclides measured in bottom water and surface sediments

were computed as a measure of the poss

ation of radionuclides between the sed

ble differences between the fraction-

mentary (source) and aqueous phases.
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Forthis purpose, only the radionuclide concentrations reported in bottom

waters (3 m above the sediment-water interface) were used, and the ratio-

~Ci/m3bottonlVlater/PCi/g surface sediment ~Jas computed at each samp]ing

station on~Y where the concentrations of individual radionuclides in the

water ~~erereported in both solubleand particulateconcentration(except for

238
PU and 137Cs 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 radionucl ides in the sediment and bottom water. Of considerable

interest is the close similarity of the particulate/sediment ratios of
239+240

Pu,
241Am

“soluble”

either: (’

and 155
Eu at each station. Although significant concentrations of

species occur at many lagoon stations, these data suggest that

) these ractionuclides enter the water column together via their

intimate association with finely resuspendedsediments~ or (2) that their

initial chemical reactions are similar. It should be pointed out that except

for a high value 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
238

F’u indicate no significant dis-

238
similarity between the sediment-water distributions of total Pu and

23g+240Pu. However, since no data are presently available on the soluble/
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230+240pu 238PU
Figure 25. Ratio of the concentrations of * s

241Am, 207Bi, 155Eu, 137Cs and
60

Co between bottom

water and secfimentsat several locations in Bikini

atoll lagoon.

1.
239+240

Water concentrations of Pu are average
values from: Nevissi and Schell (1974);
Noshkin et al. (1974b); and Lowman (1973).

2. Water concentrations of
238

Pu are from Lowman
(1973).

3. Water concentrations of
137

Cs are from Noshkin
et al. (1974b).

4. Water concentrations of 155Eu, 207Bi and 60co
are from Schell (1974a).

5. Water concentrations of
241

Am are from Nevissi
and Schell .(1974).
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238
particulate fractionation of Pu in Bikini water, speculation on the

relationship of this environmental data, to the published laboratory studies,

js avoided.

Figure 25 shows that relative to 23g+240Pu,
241

Am and
155Eu, the radio-

207Bi 137Cs and 60
nuclides s Co 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-

tions of this sort are risky, but the elevated
60C0 207

* Bi and (greatly

137
elevated) Cs 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 so~rce

terms, chemical dissolution of 60Co, 207Bi and 137Cs 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

23g+240Pu,
241 155and/or solution of Am and Eu contaminated debris is evident

from the low particulate/sediment ratios in mid-lagoon stations B-24 and B-27,

the concentration of the
207

Bi and
60

Co particulate fraction does tiot

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 qreater than 0.4 - 0.8 are consistent with the
“
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onuclide concentrations in sediments

(v.s. the water column) the high ratio (4.14) found at Station 6-20 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. RECON4ENDATIONS

(1) It is recommended that profiles of unsupported 210Pb concentrations,

at other lagoon stations which have accumulations of finely divided sedi-

ments, be made to better understand the horizontal redistribution process,

(2) Additional sedinent sampling is recommended to better define the

the areal distribution of radionuclides around the craters, especially in

the northwest quadrant of the lagoon.

(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

recommended that future sediment sampling be

the adjacent bottom waters.

the water column, it is

accompanied by a sampling of

(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 particulate 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 supplemented by leaching experiments and by S.E.M.

photography to identify the particle types.

(5) Measurements of the total alpha radioactivity of a coralline

sample which has a known alpha disintegration rate is recormnended 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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INTROJUCTIO:J

A method of thin source (i.e. less than the alpha particle range)

~veparatf~nof sa~]?]~s utilizing a zns screen and phototube counting was

developed. The couil~ili~ procedures are.the same as for the method using

thick sources described by Turner et. al. (l), and applied by several

invastigatot-s [Turner (2); Cherry (3), (4); Hasson and Cherry (5);

Shannon and Cherry (6)]. Applications cf 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

tl{edetection screeen, and inhomogeneity problems in source preparation

constitute the greatest errors in the accurate determination of alpha

concentrations in solids. 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 ai;y medium is a fuilction of th~

atonic number (Z) of the medium, a~d the energy (E) of the alpha particle

emitted. Hence, in environmental samples, the mean value of each of

these two variables, which is determined from the comp~site proportions

of the individual components (Z and E), is needed since only one nuclide

and/o~ one elemental absorber is rarsly present. In the coralline atoll of

Bikini and matrix of the absorber is constant from sample to sample.

The ~of calci~,,,carbonate, which constitutes the sediments of coralline

environments, on an zitom fraction basis, is 10.0,

EXPERIMENT}\L METHODS

A dried subsample (5-152) 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

jrom aliquo:s of this suksa~p?e were suspended in 50 milliliters absclute

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 thrGugh a

tared 47 mm 0.45 urn~lillipor:l filter and filter holder2 using a va.cuuII

filtration apparatus. Directly under the }lillipcre 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.c35 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 ~inutes, or until a :ood ;low of dried air is established through the

filter. The filter was then removed and placed on a tared 2“ stainless

steel counting plancnette. A third absorbant pad i~ placed over the

filtered sample and the assemb:y is placed under a weight in

dessic,ator to keep the Ilillipcre filter flat during drying.

least 18 hours, the planchette and filters were weig}:ed3 and

a vacuum

After dryin9 at

covered ‘with,

zinc sulfide screens4 which were held tightly against the dried sanple

with saran wrap.

1Millipore Corporation, i3edford, Ilassachusetts 01730.

2
I’lilliporeCorporation, num,ber XXIC 047 20.

3The cellulose acetate filters lost a reldtivsly constant 3.378 mg due to
the 3-10 milliliters of ethanol filtered, 7his may be avoided by using
other available !Iillipore filter m~terials.
.
4Type AST-3, available from I!m.3. Johnson & Assoc., Inc., !~ountain Lakes, !;.J.
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T’he scintillations produced in the ZnS screen were counted with a

t~;u-inchphotomultiplier tube coupled to a linear cmplifier and

scaler. Tl}ecounting efficiency for tf~eZnS screen is 47% based

cn a weightless s~urce calibration. 4 The contribution of (90Sr)

beta particles to the observed count rate w~s rnea.suredto be negligible.

The mean background count rate was .033 cpm, which was usually

negligible.

APPLICATIONS

Rapid Estimation of Total Alpha Radioactivity.

At the beginning of the program, only limited knowledge of

the relative abundances (hence ranges) of the various alpha-smitting

radionuclides was available for the coralline Eikini rmtrix. .%

empirical self-absorption correction rwthod 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

2as mg/ccl ) of t!lisstandard sample on semilogarithrnic 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

coefficient, 5 T!~eabsolute activity of any other sarple was then

obtained by correcting the ccuiit rate (cpm/mg) to zero thickness

(i.e. no self-absorption), using the slope of the standard sample ‘

by assuming the relation:

5Frank Ryan, LRE !;enoranduni,6 Cctober 1972.
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]&.=[*1 corrected[a~~,ervede“’0”)‘ma”) (1)

mere:

mass = mg/cm2

slope = ,1591 (Frcm 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

Crater “standard” Sample 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 45!7.45 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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A~pevd:x Tab;e 1.
239, 240

Pu in Whole ~lldPipetted P,liquots of the
Bravo Crater Standard

QY!i 1 s.~. whole

Sample
Fdtic ——

9 frection

I I

I
;ravo Crater
‘standard;;

B-15 S-1

!ihcle
Fracticn

B-18

Whole
Fraction

B-lrj

Whole
Fr?ction

B-2

8.23
14.8

137.
257.

36?.
663.

238.
435.

+---- - - - - - - -- .. . .. - - - ----- - --- - - - -

.43
1.5

13.
14.

25.
94.

12.
(.5.

--------

/’,~~rage Fracticnatic!l

.556

.534

.544

.547

,063

.0!5!3

.C86

.f)G?

,----- -
.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

~lpha survey techniques for the possibility of more general application.

The total alpila counting data from the lagoon samples were used again

to obtain the total alpha ~oncentra.tions 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 3raggs

rule in the form6

CaC03 air
Ri = Ri

[
1.00+ (.06-

1

.0086 Z) log Ei -
.01 Z1

-R Z2 (2)

L

where:

R= range in mg/cm2

Z1 = atomic No. of CaC03 = 10.0

‘2 = atomic No. of 4He = 2

Ei = alpha particle decay energy

M = mass of 4He = 4

J

in h!ev

The mean alpha particle range for the mixture of radionuclides in each

sample is then: r

6
Friedlander, Kennedy and Miller. !Iuclear and Radiochemistry,
John Miley and Sons, 1964. pg. 95.
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._
CaC03

[1

~-x ~ Acti]+ . . . [-1+Rx Actx
--
? ‘L’”%

Actt

i=l

(3)

These mean ranges were determined for the Bravo Crater “standard” sample

(using the concentrations in Appendix Table 3); and for those lagoon samples

230+240Pu, 241Am and the
238

where U decay chain contributors to the sample

alpha radioactivity were measured.
.

Using the mean range (4.58 mg/cmz) calculated from equation 3 fGr

the Bravo crater “standard” sediment, conventional self absorption relations

(equation 4) were used to predict the values of the counting rate versus

saRp12 thickness in the Bravo Crater “standard” sample.

(cpm/Eff.)*(2) ● (F.F.) = pCi/g
(4)

where:

Eff = counting efficiency = 0.47

S = sample mg/cm2

R = range of the alphas (mg/cm2)

F.F. = fractionation factor = 0.5452 for lagoon samples or .887J for
the Bravo “standard”

These values, along ‘t~iththe observed values are shcwn in Appendix FiJ1’re2.

Th!eagreement of the t(wocurves 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 cf all the aliquoted samples which had
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:ppendix Table 3. Al~na Activities of the Bravo Crater “Standard”

Activity
[Iuclide pCi /g i 2 S.D.
—-—

241M 37.38 ~ .46

239,240PU 70.14 * 4.7

238PU 4,96 ~ .46

238U 1.96 ~ .53

234U 2.45 ~ .61

226Ra 1.06 ~ .17

222Rn 1.06 f .17

2’8P0 1.06 f .17

2’4P0 1.06 f .17

2’OPo 2.93 ~ .96

Total 124.1 k 4.9

thicknesses greater than 4.58 rng/cr~Lwas tl~us used to calculate the total

alpha radioactivity in tile“standard” s?.mple.

To measure the total alpha radioactivity of the rr:anyla~ocn sedimcfits,

only one sample was prepared for c?ch station. To avoid needing to

233
measure the concentrations clf t~le mEmbers of the U dec~y series in

each sample, the i~~an range V!as ccmputed only for tkle12 lagoon sedi~:l~ts

for Which these data ‘were available; the range in these samples were thGn

plotted against the total alpha radioactivity in each sample to derive

an aver~ge depencier!ceof t}ie rrea~ range to the total alpha radioactivity

present in th,evarious samples (Appendix Figure 3). In the high activity

samples the range is pril~~rily a ful~ction of the Pu and .Amradionuclides.
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ous ratics of eai:h radionucli(e which were encountered had little

effect on the computed rmge. As the tctal activity decreases, the

~3(”
u cnain radionucl ;Jes became ir]cr::iising;yimp~rtant and the range

~38
changed regularly. Since the U ckc;iy chain members were not reesured

in every legoon sample, the total al!)!~aconcentration of each sam!.)1~

I.~~sinitially estimi~d frocIequation 4 using an initial rafigeof

4.5W rtlg/cm2,the mea~ cf all r:lsasuredlagoon sample ranges with con-

ceiltratians greater than 70 pCi/g. If the concentration calculated

was within the i-,~t)~c 3.33 to 74.4 DC: ‘n,., the better range of the alpha

radiations in tilescmple was cmnputcd using ti]einitial concentration

calculated and the range-activity relation frcm Appendix Fig. 3, which

is mathematically expresssd by:

Zn =

i

5Q51.9 - (PCi/g - 74.4)2 + 4.23
zoo ,8

R,,= new range in mg/cn2

pCi/g = activity computeti using 4.5M mg/cm2 in equation 4

The new range is rcir,serted into equation 4 and tileconcentration

in pCi/g is recalculated. If the activity was less than 3.33 pCi/g,

4.,23mg/cn:2 ‘,,~as used as the range. Only one reiteration of t!lf: cycle

is necessat-j

The act

colunm E. TI

vities uhtaic:ed by this method are shov:n ir. Apperldix table ~,

e activities fi-()~ dirsct r,leasuremsntsare ~hcv.m in COIUIU? C

for comparison.

One can see that the rapid technique gives values that ?.re about



145

li~~greater than those oiltained by the more conventional total alpha

method. This difference arises because equation 1 is only an approximation.

;OQ ob;crved ciifT’e\~!ricc~ bJJ:,aLFl the ccccentraticns c’:mputed using the rapi:i

or cofiventional techniques and the spectrcmetric methods are more rancio~.

These later diffarer?c~s lnay arise fi-~r~some co~bin~tion of four main

factors.

The first is that alpha emitters other than those neasured chemically

are present in these cotltaminated sediments.

The second is that because the milligram sized aliquots of the

suspetided ground-up sediments ~nalired arc probably slightly inkomo-

geneously contaminated, deviations in the sample count rate which 2rlSe

from unrepresentative sample aliqucting cannot be averaged out as was

the c~,se for the Eravo Crater “standard” sample.

Third, while the concentration fractionation irl fc~!~samples was

found to be constant for plutonium, fractionation of the other radio-

isotopes ~!as!lotevaluated.

The last factor is that of the errors inherent in the det~rwination

of the range of the alpha particles needed for calculations in the second

method. Although this problem is resolvable by empirically determining

the range of the alpha particles in each sample, as was done fcr the

Bravo Crater sta.~da.rdsample, this procedure is tedious and is a mjor

probiel!lin the determinatio~ of the absolute concentration Gf alpha -

emitters in solid samples.
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Appendix II

Radionuclide Concentrations in Surface Sediments.



148

Ttle COnCCntr~.tifJn of 238
Pu reported in Appendix Table 5 is in a few

cases the result. of .Lul:iple determinations. Eecaus.2 these concentrations

FV ,IISO del.el-min~ii !,(]~:ef:(ij~t diff~r+rltly fr-orq the procedure outlined in

sect;on 4.2-4, the procedtire used to calculate tt-econcentration in these

samples is discussed 5elcw.

Early in the analytical work it was found that several samples had

unusually high ratios of
239+240PU,238PU.

Because the sample size was opti-

239+240
mized for the Pu concentration, as estimated from the total alpha

~~?as~rem~nts, the low chemical yields resulting at this early ti~e resulted

in 238Pu Concentrations in soue final s~mpl~s at or be~o!~ the limits of

detection. After modification of the separation procedures so that larger

samples could be run with better chsmical yields, aliquots of these

238
relatively very low Pu concentration seciiments, and others previously

analyzed, were rerun without the addition of a radiochemica.1 tracer.

TtI ~ s
238

provided an accurate means of determinirig the F’uconcentrations in

the samples wherethe
238

Pu conccntrdtion was originally b~lcw the ctetectior

limit,l and provided for an additional verif~cation of the
239+240PU,258PU

ratios rrleasureciin samples for which this ratio had previously b~en

determined with a
235Pu tracer added for yield determinations. The

results of th~~se comparisons’”are shown in Appendix table 4.

Inspection of the plutonium ratios obtained from the anal~sis of

spiked and unspil.~d ali:~uots of tha same dis~ol\ed sediments shows that

with the exception of sample i’{o.C-4, the two ratios obtained fcr each

sample agree within a 1 S.0. deviation about the mean, based on counting

1238~u = 239+240 Pu (lst aliquot)~
239+240PU, 238Pu (2nd aliquot).
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23g+240Pu/
238

,4ppendix Table 4. Comparison of the ratio Pu obt~ined from
analysis cf aliquots of dissolved surface seclinents
measured with ~nd without the ad~!iticfiof radio-
chemical tracers.

Ratio 23g+240Pu :
1 S.0. propagated counting error

238PU
STATIOfl
NLHIBER

B-2

B-3

B-16 (S-8)

B-18

B-19 (S-24)

B-20

B-22

B-24

B-27

B-30 (S-2)

c-4

C-8 (S-31)

C-n (s-19)

C-n (S-16)

D-4

1st analysis 2nd analysis
(with tracer) (without tracer)

238Pu 13.D. 96. : 17.

24.82 3.5 24.3 ~ 4.2

150 : 130 62. :12.

31.7 :1.9 26.6: 3.1

238Pu B.D. 125 ~14. ‘

238Pu B.D. 227 ~27. ‘

297 : 99. 186 ~ 27.

190 :130 208 : 79.

165 ~ 61 113 : 17

30.1 : 3.0 34.8: 4.3

21.2 :1.5 25.3: 1.4

86. ~ 16. 73.5! 7.0

1.94 ~ .05 1.92: .10

4,13: .29 3.76: ●57

1L4:L5 8.4 ~ 2.6

1.
Sample spiked. See text for explanation.
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errors. In addition, the only samples which shol,~ed239+24(lpu/238:u ratios

n.~(e than only slightly differerit frcm each other in absolute vcilue

(samples B-16, B-22, B-27) were those with the largest relative 238Pu

counting errors. Because the error term in these first ti~osets c)f

plutonium ratios arise mairlly from the error associated with the 238Fu

concentrations illdd;(l)-~d, ~hese different ratics can be assumed due to n~r~l~l

variations in the low 238Pu counting rates and/or an effect related to

the addition of the 236Pu tracer (in the first case). Since the 23&Pu

concentrations rrieastiredin these three sarples w~s lower than in the unspiked

sample, it is obvious that the tracer impurities were not resulting in

238
calculated Pu cccceritretionj ;;hich\/ere greater than

The concentrations of 238
Pu and 239+240 Pu measured

sediments are shcwn in Appsridix Table 5. The 239+22’%

wer~ present.

in surface

concentration: al

measurement errors repori:d were ccripu’.edfor individual samples as ~rev

explained (section 4.2-4). T!le23SPu concentrations in all but thlose

samples for iikich the r?t.ios 239+240Pu/233Pu were

in fppentiix table 4) ‘were c~lculated in a similar

sanlples, the ratio reported is the rdtio computed

c

Ously

For these late”
~rw,nner.

frcm the ttio analysss
t

by weighting each ratio by its propogdtsd counting errc,r (by the method I

of Stevenson, [:)[’. cit.]; and a weighted n:e~.nr~tic and error was compjt:d.

23?~“he Pu concentration in ttese fw sdnples ‘,j~s then calculated usin~ tt,e

as excess h~d to he dissolved for the analysis, antithe sample v!as,

addition, spiked the ~a~p~. Iilthe analysis, tfiefusio!l pgrticn of

dissolving the sanlpl~~prllc~~urs was inadvert~ntly omitted. Bec~use

in

t!l?

Cf
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this, the plutoniull in the sample may not have equilibrated with the

229+24sPU and Z3CPU
tracer end the absolute co~c~ntrations of ,,

measured k(ere consickre? suspect ?.nd orlly the ratio cf the two isotopes

was used. This was done only because nc addi’:ional sacple remair.ad easily

accessible aridno ether ai~alysis were available for data. In the CLLS of

t!le5i!th’~Sdl!plEL, ~’.~e
?38

Pu concrmtration was c~lcLlated as explained above,

only the 23g+2’40pu a~~
23cI+2co

738Pu measurements were obtained frcnPc/

different sui)samples of the original whole sedirent smple.

The concentrations of
241

Am are also show in f,ppendix T~ble 5.

The cclr,centrationsof 207Bi, 155Eu, 137CS and ‘°Cn nw?sured in surface

sedinwr,ts are jhoilil in ~fi)pendixTable 6. The concentrations of
210Fo (~lflPb)

measured are shok.m in App:ntiix Tdble 7. The methods ~r,derrors associated

w;th the results siickrn are cxplainecl in sectian 4.3.
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Appendix Table 7. Distribution of 21OPO in surface sediments.

pCi/g, dry, ~ propagated counting error.

Station
Location

Sample
Location

*’”Po
*Z S.D.



Appendix III

Radionuclide Concentrations in Sediment Cores.
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