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Abstract -

VVarious marine organisms collected from southern-
hemisphere waters around Cape Town were analysed by radio-
chemistry and alpha-spectrometry for Pu-239, 240, Hany of
these organisms were also analysed for Pu-238, Po-210 and
those isotopes of thorium and uranium that are alpha-emitteré.
In some samples an estimate of the Ra-226 content was also
- made,

The Pu-239 concentrations are compared with the values
reported in the literature for similar organisms found in
- the northern’hemisphere and an atteﬁpt is made to relate the
differences in concentration to differences in the quantity
of fall-out Pu-239 delivered to the sea-surface in the two
hemispheres,.  Within the limits of experimental error it
appears that the Pu~239 content of recent fall-out is
- reflected in the Pu-239 concentration in many marine
- organisms,

The Pu-238/Pu-239 ratio was determined accurately on
five samples and was surprisingly low when compared with
the ratio in fall-out. It is postulated that Pu-239 might
be selectively taken up by marine organisms in preference %o
SNAP-9A Pu-238.

Collateral determinations of a large number of alpha-
emitting isotopes in a wide range of marine organisms were
~carried out. While no clearcut relationships between the
elements emerged, the results gave many clues to the behaviour
of these isotopes in:the marine environment. Current theories
about this behaviour, and the published data concerning these
isotopes, are reviewed and discussed in the light of this wbrk.
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 PART I

" BACKGROUND, RESULTS AND DISCUSSION



CHAPTER 1

Introduction

During the past few years there has been increasing con-
cern about the impact of man's activities upon the environment.
In particular, the advent of the nuclear age has led to wide-
spread anxiety about the dangers of introducing radioactive
nuclides into the environment. Artificial radiocactivity has
always been very carefully contained and controlled and there
is no doubt that the popular press takes a delight in exaggerat-‘
ing these hazards. Nevertheless, it is essential that a close
watch should be kept upon environmental radiocactivity.

In 1944 the dischafge of effluent from the reactors at the
Hanford atomic plant introduced radionuclides into the Pacific
Qcean via the Colombia river., In July 1945 the first nuclear
‘device was detcnated in New Mexico (the Trinity test) and fall-
out bégan. Since then radioactive nuclides have been added to
the oceans in wastes of various kinds and as a result of:fall-
out from numerous nuclear explosions. The result of this has
been a gradual build'up of longer-lived nuclides in the biosphere.

Hopefully, atmospherié testing is on the decline but the
utilization of nuclear energy for peaceful purposes is increas-
ing rapidly and the 0il crisis can only reinforce this trend.

I+ seems certain, moreover, that even with improvéd waste- |
management technigques, some of this artificially produced radio-
~activity will find its way into the sea,

This radioactivity subjects marine organisms to doses of
radiation over and above the natural background level and it
‘is very important that we should have a clear understanding of
‘the behaviour of the various nuclides in the oceans and of their
transport along aguatic chains.

Early workers in the field of radio-ecology concentrated
on the beta-emitting nuclides. This was because the major
portion of the long-lived activity from a nuclear bomb blast
is due to nuclides such as Sr-90, Cs-137 and Fe-55, all of
which decay by a beta-process. Furthermore, the natural iso-
tope K-40, which is also a beta-decay isotope, accounts for
“about 97% of the activity in sea water.  However, during the
last ten years many cases have been observed where the alpha-



2.
emitting Po-210 contributes a major portion of the natural
burden of ionising radiation (25, 43, 99). 1Indeed in a recent
review Woodhead (150), after discussing the dose commitment from
environmental radioactivity, has stated that: "The greater
proportion of the background dose rate to ALL groups of orga-
nisms considered is due to incorporated radioactivity, alpha-
emitting nuclides (principally Po-210) being the main source
and K-%0 delivering most of the remainder.,"

0f the alphé—emitting nuclides introduced into the environ-
ment by man the most important, by far, are the plutonium iso-
“tepes. It has been estimated that fall-out from nuclear
explosions alone has introduced over 400 kCi of Pu-239 into
the atmosphere (62), Furthermore, it has become evident that
- plutonium is concentrated significantly by many organisms in
the sea (103, 107, 153, 150). As a result some of these organisms
" may receive appreciable doses of alpha-radiation from accumulated
plutonium while the concentration of plutonium in water itself
is still very low, In fact, it now appears that when the
relative biological effectiveness of alpha-, beta- and gamma-
radiation is considered, fall-out plutonium contributes more
than fall-out Sr-90 or Cs-137 to the artifiéial radiation
exposure of many marine species (103). '

It is particularly important to learn as much as possible
about the environmental distribution of plutonium in view of
the increasing number of applications that are being found for
its isotopes. Seaborg has estimated that the annual world pro-
duction rate of Pu-239 will increase from about 20 000 kg in
the 1970-1980 period to 80 000 kg in the period 19%0-2000. He
also visualized that the annual rate of production of Pu-238
could increase from the present 19-20 kg to 100 kg in 1980~
1990 with the amount in use in pcwer sources for mechanical
heart pumps reaching perhaps 6 000 kg by the turn of the century
(80).

Even if there were to be no further nuclear tests, it is
inevitable that some of this vast amount of plutonium will find
its way into the biosphere.  Moreover, the half life of Pu-23G
is 2,4 x 10% yearsy so the effects of any release of this iso-
tope into the environment will be felt for. thousands of years
to come,

Up to the present time all determinations of plutonium
in the marine environment have been carried out in the northern
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hemisphere, where falléout has béen conéiderably higher than
in the southern hemisphére. It was considered impbrtant there-
fore tobestablish the current levels of plutonium in the waters
of the southern hemisphere before the inevitable growth of the
nuclear industry resulted in further additions to the environ-
ment, The establishment of the base-lineShould be invaluable
when assessing the significance of any subsequent increase in
concentration.

" Because of the difficulties associated with analysing sea
water itself and because the real dangers arise out of the
biological accumulation of radioactive isotopes, it was decided .
to concentrate on the ahalysis of a range of organisms. This
would give us some insight into the way in which plutonium is
carried up the food chains and would help us to decide which
organisms would be most suitable for analysis during a pro-
jected long-term programme aimed at monitoring the marine environ-
- ment.

Plutonium is a very toxic element. From the moment of its
discovery its dangers have been emphasised to a degree which can
almost be described as alarmist. ZLangham (75) contends that we
know more about the physiology, toxicity and industrial medical
control of plutonium than of any other element in the periodic
table. The toxicity of plutonium is, of course, due to the fact
that many of its isotopes are alpha-radioactive, and in assess-
ing the danger of exposure to its isotopes it is important to
consider their concentration relative to those of the other
alpha-emitting nuclides present.

All natural materials are radioactive to some degree and
‘all organisms are subject continually to a low level of radiation
from within their tissues, from the immediate environment and
from cosmic rays. About half the naturally occurring radio-
nuclides are alpha-emitters and many of them are present in the
environment at concentrations considerébly higher than current
plutonium levels, However, as Woodhead has pointed out, "While
both natural and fall-out radio-nuclides have been measured in
a great diversity of marine organisms there is not a single
species or group for which a complete set of data is available"
(150).. It is becoming increasingly obvious that if we are +to
obtain a clear understanding of the role of the alpha-radioactive
‘nuclides in the marine environment, it is essential that simul- '
taneocus measurements .of the concentrations of as many alpha=-
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emitters as possible should be made on the same sample. Only

in this way can we keep the importance of the different isotopes
in perspective and only in this way can we gain some insight
into the behaviour of the natural alpha-emitters as they decay

through their complex chains.

Also, the alpha-emitting nuclides have great potential

- as oceanographic and geochemical tracers. The plutonium iso-
topes, with their known dates of introduction into the environ-
ment, could prove of great value in this way. The members of
the three natural series have alfeady been used for dating and
as tracers (19, 67, 93) but considerably more information is

still needed.

The purpose of the research described in this dissertation
was primarily to establish the current levels of the plutonium
isotopes in marine organisms_in South African waters but, for
the~reasohs given above, the analytical methods were extended
to include as many alpha-emitting nuclides as possible. Thus,
several organisms were analysed for various isoctopes of
plutonium, uranium, thorium and polonium, whilst plutonium
and polonium only were determined on many more. An estimate
of the Ra-226 content was also made for some samples. |

| Part I of this thesis contains all these results and they
are presented and discussed in Chapters 4 and 5. Chapters 2 and
contain, respectively, a description of the~alpha-emitting
nuclides and a review of published data concerning their
occurrence and behaviour in the marine environment.

Part II is devoted to the experimental aspects of this
project, - In'Appendix I alpha~spectrometry and the analyticalv
chemistry of the alpha-emitfers are discussed. The problems
encountered during the development of the analytical methbds
-are described. The final procedures adopted are outlined,
the accuracy and precision of the results obtained are
discussed and typical spectra are shown. Finally, in |
Appendix II detailed analytical procedures are given.



CHAPTER 2

The Alpha-Radloactlve Nuclides

2.1 Introductlon

The alpha-radioactive nuclides found in the environment
can be classified into two main groups: those which occur
naturally and those which are artificially produced. '

Approximatelyvhalf of all the naturally occurring radio-
nuclides are alpha-emitting,'and most of them belong tc the
three series of radicactive isotopes known as the uranium,
thorium and actinium series. These groups consist of a series
of elements which include thorium, uranium, radiwy radon and
lead. In the marine environment the mother-daughter equilibria
in the series are frequently completely disturbed by the differ-
ing physico-chemical behaviour of the two isotopes. Apart from
their intrinsic interest, these disequilibria and the general
decay patterns have been used in the age determination of corals,
shells and sediments and for the determination of sedimentation
rates in the oceans. Some, e.g. radium and radon, are used as
oceanographic tracers in the study of water-mass transport.
Figure 2.1 shows the three decay series. The half-life of each
isotope is given below each symbol. Some plutomium and uranium
isotopes that are not nafurally occurring are included out of.
interest. The alpha~particle energies are not shown here but
Table 6.1 gives the energies of all the alpha-emitting nuclides
that are likely to be found in the environment.

Naturally occurring radionuclides that are not members of
the three series have been found in nature. Thus in 1972
Hoffman et al. (59) detected Pu-244 in a natural sample (a
bastnasite)at a level of 10'18g of Pu-244 per gram. The half-
life of Pu-24b 1s 8,3 x 107 years. This is the shortest-lived
naturally occurring alpha-emitter that has been detected in
nature. Cherry and Shannon (29) have arbitrarily taken 8 x 107
years as the cut-off for nuclides in the category Isolated
alpha-radicactive nuclides with long half-lives., They list six.

sucly nuclidesi none of them have been detected in the marine
environment to date, but for completeness they are listed in
Table 2.1. ' '
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Table 2.1

Isolated alpha~-radioactive nuclides with

~half-lives greater than 8 x 107 years .

Nuclide Half-life (years)
Pu-244 8,3 x 107
P+-190 6 x 1011
Hf-174 3 x 1015
Gd~152 | 1,1 x 104
Sm=147 1,1 x 1011
Ng-144 2 x 1015

The most important of the artificially produced alpha-
radioactive nuclides are listed in Table 2.2,

Some artificially produced alpha-emitting nuclides

‘Nuclide Half-life (years)
Pu-242 3,8 x 10°

- Pu-240 6,58 x 103
Pu~239 2,4 x 10M
Pu-238 | 8,64 x 10%
Am-241 4,58 x 10°
Np-237 2,1 x 100
Cm-242 1 . 4,5 x 10-1
Cm-244 1,76 x 1ot

All the artificially produced and many of the naturally
'occurring alpha~emitting radionuclides belong to the chemical
group of elements known as the actinides or the 5f transition
series. This series consists of the fourteen elements which
follow actinium (z = 89) in the periodic table. They result
from the successive addition of electrons to the empty 5f
orbitals of the precursor element and are analagous to the
lanthanide or 4f transition series. The chemistry of the
actinides is, however, far more complex than that of the
lanthanides, This is because in the actinide series the
energies of the 5f, 6d, 7s and 7p orbitals are comparable
over a range of atomic numbers (especially_U.- Am) and the
orbitals also overlap spatially. As a result the actinides
in the early part of the series exhibit a variety of oxidation
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states., Furthermore, they are prone to complex formation and
readily‘form complexes with halides, sulphates and even certain
il -bonding ligands. They hydrolyse readily;it has been
established, for example, that the Pu¥* ion cannot exist in
solution below 0,05 M in acid.

All this and the fact that these elements are present in
the sea at infinitesmally low concentrations makes it very
difficult to make predictions about the behaviour of the
actinides in the marine environment from their chemical pro-
perties, In fact, it is hoped that information about the way
in which they are absorbed and concentrated by marine organisms
will give us some insight into the chemical and physical pro-
perties of.the different isotopes'in sea water.

Apart from the actinides, the three other elements that
have alpha~emitting isotopes of interest are radon, radium and

polonium,

Radon is a rare gas with typical rare gas chemistry. The
half-lives of both Rn-222 (U-series, t%=3.82 days) and Rn-220
(Th-series, t3=56 sec) are short and no attempt has been made
to determine the concentration of these isotopes . in marine

organisms.

Radium is the heaviest Group II element. The members of
this group form a élosely allied series in which the chemical
and physical properties of the elements vary systematically
with size. They are all highly electro-positive metals;
readily losing their two external electrons for form divalent

~cations, It appears that approximately 90% of the calcium and
magnesium present in sea water is ionic (49) and it seems likely
therefore that the same applies to radium.

Polonium has teen shown to be the most important con-
tributor to the alpha-radioactive dose of many marine organisms
(99,25, }43) and as such is of particular relevance to the present
discussion. Unfortunately relatively little is known about the
chemistry of polonium, largely because the intense alpha-~
radiation of Po-210, the longeét lived polonium isotope (t3=
138 days), makes it very difficult to study. In addition
investigations into the solution chemistry of polonium have
been complicated by the ease with which it hydrolyses and forms
colloids. However, polonium is the heaviest member of the
Chalcogen group of elements (0, S, Se, Te, Po) and there is a
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close chemical resemblance of polonium to tellurium and also
to bismuth, its neighbour in the periodic table.

The Chalicogens have the ns? npu outer electronic con-

figuration and are therefore predominantly non-metallic with
gradually increasing metallic characteristics as one progresses
down the group. Polonium itself is a typical metal and,as is
%o be expécted from the electronic configuration; can exist in
the stable oxidation states -2, +4 and possibly +6.

Polonium is present in sea water at incredibly low con-
centrations (3 x 10-17 M) but may be concentrated many thousands
of times by marine orgahisms, and,as with the actinides, it is
possible that increased knowledge about this concentration pro-
cess will enable us to make deductions about the chemical and
physical forms in which polonium exists in the oceans,

A discussion of the various alpha-radioactive isotopes
that are found in the environment and the inter-relationships
between them now follows. For the purpose of discussion they
will be classified into the following groups:- |

1) Nuclides in the uranium series

2} Nuclides in the thorium series

3) Nuclides in the actinium series

4) 1Isclated huclides with long half-lives (greater than

- 8 x 107 years) .

5) ‘Artificially produced nuclides with half-lives less

than 108 years

" 2.2 The Uranium Series

At the head of this series we have U-238 and U-234
separated by the two much shorter-lived nuclides Th-234 and
Pa-234., In the terrestrial environment they are generally
found to be in radioactive equilibrium but in the marine
environment the situation is more complicated. The dis-
equilibrium between these two uranium isotopes is discussed
in Chapter 3.

The typical U-238 ccncentration in rocks is about 2,8 ppm.
In general, igneous rocks and granite contain higher concen-
trations than sedimentary rocks such as limestone and chalk,
although some sedimentary rocks of marine origin do contain
very high levels of uranium,

‘Traces of Ra-226, at a level of about 1 pCi/g, are
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present in most geological materials., Ra-226 decays to the
rare gas Rn-222, somé of which is continuously emitted from
land surfaces to escape into the .atmosphere. This Rn-222 and

its short-~lived decay products constitute the main part of
 the radioactivity of ground-level air. The actual concen-
tration of Rn-222 in the air varies considerably and depends
upon the rate of emanation from soils, atmospheric thermal
'stability, local meteorological conditions, time of day and
distance from the coast. Rn=-222 has a half-life of 3,8 days
and its daughter Po-218 decays rapidly to Pb-210, a beta-
emitter. The half-life of Pb-210 (22 years) is much longer
than its mean residence time in the troposphere, which is
probably somewhere between one and four weeks (29, 140), A
natural fall-out of Pb-210 and its daughters Bi-~210 and Po-210
then results and these nuclides are incorporated into the bio-
sphere and the geosphere,

The half-life of Bi-210 is only five days and its dis-
equilibrium situation is relativeiy uninteresting. However,
the half-life of Po-210 is 138 days and the Pb=210 - Po-210
disequilibrium has been intensively studied during recent years,
Thus the Po-210/Pb-210 activity ratio in ground level air v
usually ranges between 0,05 and 0,30 but ratios of greater than
unity are found in industrial regions., This implies that a
significant amount of Po-210 is released from coal burning.

It is estimated that in the latitude zone between LOON and
60°N the quantity of artificial Po-210 is about 10%-20% of
that arising naturally (140)., v

The deposition rate of Pb-210 in rain water is 3 mCi/km2
p.a. The level in rain water is of the order of 1 - 5 pCi/l
while that of Po-210 is five to ten times less. The concentra-
tions in surface water are usually ten to a hundred times less
than in rain water (140),

2.3 The Thorium Series

The Thorium series is headed by Th-232 and is made up of
different isotopes of the same elements as the Uranium series,
“The equilibrium situation is, however, much simpler.

Like uranium, thorium is more abundant in basic than in
acidic rocks. Both its terrestrial abundance on a mass basis
and its half-life are approximately three times those of U-2338.
This means that on an activity basis the terrestrial abundance
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of Th-232 is approximately the same as that of U-238.

Ra-226 and Ra-228 are generally present in soil at varying
levels of radioactive equilibrium with their parents and have
similar terrestrial abundances on anactivity basis,

The gaseous element of this series is Rn-220, BRn-220
and its daughters behave in the atmosphere in the same way
as Rn-222 and its.decay products but the short half-life of
Rn-220 (56 sec) prevents them from giving rise to any sub-
stantial fall-out like that resulting from the situation with
Pb~210 - Bi~210 - Po-210. Thus although in normal emanation
conditions the Rn-220 and Rn-222 concentrations cne metre above
greund level are of the same order, the distance covered by a
Rn-220 atom between the point where it emanates from the ground
and the point where it‘disintegrates is less than one metre.
This means that fall-out from Rn-222 over the sea is negligible.

-~ After Th-228 the series comes into secular equilibrium in
‘less than three weeks and after Ra-220 within three days.

These time scales are short and from the point of view of marine
samples the only Thorium series nuclides that have provided data .
of interest are the trio Th-228, Ra-228 and Th-228,

2.4 Nuclides in the Actinium Series

The head member of this series is U~235, which constitutes
about 0,7% by mass of natural uranium, Because of its shorter
half-life its activity is approximately 4,5% of the U-238
j activity., The gaseous element in the chain is Rn-219 but its
very short half-life (4,0 sec) leads to an atmospheric activity
of. its decay products about 2000 times léss than that of Rn-222.

‘Because of these low concentrations less attention has
been paid to the members of this series than to nuclides of
the other two series. In fact, only the nuclides at the top
of the series (i.e. U-235, Pa-231, Ac-227 and Th-227) are of
any interest in the marine environment.

2.5 Isolated Alpha-radioactive Nuclides with LongvHalf-lives

None of these nuclides (Table 2.2) have been detected in
the marine environment and they will not be considered further.



. : _ 11,
2.6 Artificially Produced Radionuclides

The most important artificially produced radionuclides
have been listed in Table 2.1, Of these the only isotopes
that have been found in the marine environment in readily
detectable quantities, on a global basis, are those of plutonium;
these will now be considered in some detail.

2.6.1 Plutonium Isotopes

. At present fifteen isotopes of plutonium are known but
only Pu-239, Pu-240, Pu-238 and possibly Pu=-242 are of
interest to the ecologist. The half-life of Pu-239 is 2,4 X
104 years and therefore any Pu-239 that may have existed when
the universe was first formed has long since deéayed° However,
Pu-239 has been detected in pitchblende and monazite ores in
the ratio Pu-239/U = (0,7 %o 2,0) x 10~1l, It is believed that
this plutonium is formed from U-238 by the action of neutrons
evolved as a result of spontaneous fission of U-238

238 . 239, Cooa39 - a3aq
%U-(n_v') 1 9ZU £ %NP —— q#Pu_—J
and also during the fission of U-235 and through {(« ,n )
reactions of the lighter élemenfs. |

The concentration of natural plutonium in the environment
"is however negligible and nature was virtually free from
plutonium until the explosion of the first atomic bomb in

July 1945, Since then the levels of plutonium in the environ-
ment have risen continuously (although at a decreasing rate in
the last decade) mainly as a result of nuclear explosions.

Pu-239 is a significant component of worldwide fall-out,
its activity in fall-out being approximately 2%-3%Z of the Sr-90
activity. Hardy (53) has calculated that 326 kCi of fall-out
Pu-239 had been deposited on the earth by mid 1970.

Pu~240 is also present in féll—out in significant quantities.
Unfortunately, the energies of the alpha-particles from Pu-239
and Pu-240 are not sufficiently different to be separated by
alpha-spectrometry and it has become.customary to report fall-
out activities as the sum of the activities of Pu-239 and Pu-240.
This practice has been followed here and wherever concentrations
of Pu-239 are given one should actually read Pu-239 plus Pu-240,

Recently Noshkin and Gatrouss (105), using mass spectro-
metry, have distinguished fall-cut Pu-239 from Pu-240 in aquatic
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samples for the first time. Their results show no single
characteristic Pu~240/Pu—239 ratio and the ratio on an atom
basis varies from 0,11 to 0,24, The atom ratio in fall-out
can vary from 0,02 to 0,36 but they calculate that the average
ratio (up to 1973) in the middle latitudes must have been about
0,18. The authors feel that their results indicate that Pu-239
and Pu-240 may exist in different physical and chemical forms
in fall-out and that selective concentraticn by surface
organisms is occurring., A Pu-240/Pu-239 atom ratio of 0,18
implies an activity ratic of 0,66 or that Pu-~240 accounts for
about 48% of the Pu=-239 4 Pu-240 activity.

Higher mass isotopes such as Pu-242 were deposited in the
Pacific following the MIKE thermonuclear explosion in 1952, in
which a considerable quantity of transuranium isotopes was
generated. However, this‘was an isolated event and these iso-
topes are. at present of little interest to the radio-ecologist.

Pu~-238 is formed during weapons testing in the approximate
ratio Pu-~238:Pu-239 = 1:20 and has been detected in marine
samples and on land. A further quantity of Pu-238 was intro=-
duced into the environment in 1964 when a Transit Navigational
Satellite was launched from California. The payload included
a SNAP-9A generater (Systems for Auxilliary Power) containing
17 kCi or about 1 kg of Pu-238., The rocket failed to boost
the satellite into orbital flight and the satellite re-entered
the atmosphere in the southern hemisphere, By mid 1970 it was
estimated that 95% of the SNAP-9A Pu-238 had been deposited on
the earth's surface and that as a result of this accident the
global deposit of Pu-238 had almost tripled. A similar device
re-entered the atmosphere and fell into the Pacific Ocean in .
Apfil 1970 but no information about any release to the environ-
ment is available. Another fell into the waters off the coast
of California in May 1968 when a weather satellite explcded
during launching but was later recovered. Thus the SNAP-9A
accident is not an isolated case and the increasing use to
which these generaters are put makes it likely that further
such incidents will occur, |

While most of the plutonium in the environment has been
produced during weapons testing, small quantities have been
released from other sources. Joseph (62) has given a detailed
discussion of 2ll sources of radicactive pollution. It appears



S 13,
that plutonium reaches the seas as a result of underwater
nuclear testing, from fuel reprocessing facilities and from
accidents involving nuclear devices such as the SNAP-9A
incident, the B-54 aircraft disaster near Thule in 1968 and
the loss of the Thresher submarine. Thus increased plutonium
levels have been reported in waters and marine life near test
sites (e.g. Bikini in 1964), in the discharge area of the
-Windscale pipe line and near Thule,

At the moment very little plutonium reaches the oceans
from nuclear reactors but the introduction of Fast Breeder
Reactors may well chahge this., These reactors will breed
Pu-239 from U-238, They will derive 80% of their energy‘out-
put from Pu-239 fission and the other 20% from fast fission of

U-238, while producing enough additional plutonium to provide -
| fuel for new reactors. t was the proposed introduction of
these reactors that led Seaborg to predict the rapid increase
in plutonium production mentioned in Chapter I.

2.6.2 Plutonium Isotopes and Worldwide Fall-out

When discussing fall-out one mﬁst consider the effects of
atmospheric. circulation. The atmosphere can be divided into a
surface (troposphere) and a bulk (stratosphere) circulation.

In the stratosphere, zonal, or east-west, circulation is fast,
requiring a week or ten days to circle the earth. Meridional,
or north-south, circulation is much slower and is driven by the
need to move heat from the equator to the poles, The air rising
at the equator turns towards the poles, the lower layers moving
faster than the upper layers. This poleward motion is not pre-
sent above about 80 000 feet where the air is considered to be

~ stagnant in the meridional plane., Understandably, there is
little reason for this circulation to produce motion across

the equator. ' '

In the troposphere debris from an explosion also tends
to be dispersed in an east-west band around the earth. Here
dispersion is effected by the weather system and, in the middle
latitudes in the upper troposphere, by jet steams. Again
meridional circulation is slow because it depends on large
scale eddy diffusion or mixing by turbulence associated with
weather fronts.
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Exchange between stratosphere and troposphere is small
and occurs intermittently rather than continuously, chiefly

- in high latitudes in winter.

Thus, in both stratosphere and troposphere as well as in
the wind driven ocean surface currents, there is a minimum of
mixing across the equator and pollutants injected into one
hemisphere are on the whole, slow to move into the other hemi-
sphere, .

Until 1968 most nuclear tests were carried out in the
northern hemisphere and Hardy (53) estimated that up to 1970
about 80% of the total weapons fall-out had occurred in this
hemisphere. The SNAP-9A =zccident on the other hand occurred
in the southern hemisphere and he estimated that about 75% of
the SNAP-GA Pu-238'Was deposited in the southern hemisphere.

It should be of considerable interest to compare our
"results with those of northern hemisphere workers and to

relate them to the deposition of fall-out plutonium in the.
different regions. Unfortunately data on fall-out plutonium

is very sparse but it has been possible to make rough estimates
of the relative amounts of plutonium that have been deposited
in each hemisphere and of the Pu-238/Pu-239 ratio in this fall=-
out from the resulits reported by the United States Atomic
Energy Commission Health and Safety Laboratory (H.A.S.L.).

H.A.S8.L., in an attempt to follow the deposition of
plutonium on a global basis, bggan measurements of Pu-239 in
the stratosphere in 1953 but there were relatively few deter-
minations in surface air before 1965. Measurements of Pu-238
also commenced in 1965 after the SNAP-9A accident., Some of
the early data are Suspéct but from 1965 onwards their figures
can be considered reliable, '

ttempts to follow the ground deposition rates of Pu-238
at three stations using large area fall-out collection systems
failed. This was because of contamination problems at H.A.S.L.,
New York, and incomplete removal of plutonium from the collectors
at Melbourne. As a result ISPRA-(Italy) is the only site from
which continuous fall-out data are available.

In the circumstances a soil samplingvprogramme was the
only way to measure the accumulated deposit and from October
1970 to January 1971 sixty-five sites around the world were
'sampled and subsequently analysed. The results of this survey
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' have been reported by Hardy, Krey and Volchok (53), while the
Pu~238 and Pu-239 concentrations in surface air are listed in -
various H.A.S.L. reports (55).

A useful check on the Pu-239 data is provided by the fact
that the Pu-239/Sr-90 ratio in fall-out has remained virtually
constant through the years and should continue to do so unless
the pattern of weapon types changes. The Pu-239/Sr-90 ratio
at the time of formation is 0,18. This ratio increases with
‘time since Sr-90 decays at a rate of 2,5% per year; but, as
long as the ratio at time of formation remains constant, the
ratio | '

Sr=90 in southern hemisphere

v should egual
Sr-90 in northern hemisphere

Pu-~239 in southern hemisphere

the ratio
Pu-239 in northern hemisphere
- Table 2.3 shows the results of Hardy, Krey and Volchok's
soil analysis programme, which gave reliable results for total
cumulative fall-out throughout the werld up to 1970, ' '

Tables 2.4 and 2.5 summarise the figures in the H.A.S.L.
reports, .The H.A.S.L. network extends from about 75°N to 90°S, -
Air is filtered continuously at each station and the combined
filters are composited into a monthly sample for analysis.,
Between 20 and 30 stations were involved in the plutonium

~

programme.

In the absence of detailed knowledge about local conditions
it has been possible to do no more than to average the results
for the two hemispheres., Two stations, namely Thule, site of
the B52 bomber crash, and Rocky Flats, where plutonium from
leaking o0il drums resulted in high local concentrations in
surface air, were excluded. '

Simple averaging has the disadvantage that excessive
‘weight may be given to specific latitudes but as most of the.
stations were in the middle latitudes, where most of the marine
organisms analysed were collected, this may be.an error in the
right direction. In actual fact it makes very little difference
whether one averages the results for just the middle latitudes
or for the whole hemisphere (see Table 2.4). The latter
practice was, theréfore, generally adopted as it makes it
‘easier to‘compare with other workers - becausé of uncertainty
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Table 2,4

Activities ‘of Pu=239 and.Sr=90 in in Northern aznd Southern Hemisphere

Surface Alr as calculated from H.A.S.L. Reports

~ Plutonium-239 (+ Plutonium-240) Strontium~90

Attocuries/ m | $116°-40% | Femtocuries/ m3
Year " ' ———— T

S N s/N | N(25°-44°){ S N S/N

1966 58,83 81,92 | 0,72 0,67 1,70 | 4,17 | 0,42
1967 | 33,16 30,28 0,91] 0,86 0,86 | 2,15 | 0,40
1968 | 13,61 | 63,15 0,22 0,19 1,0b% | 2,06% | 0,50%
1969 | 17,63 | b5,29 | 0,39 0,46 0,77 | 1,74 | 0,74%
1970 3,9 | 57,87 0,60 0, 58 1,20 | 2,80 10,58
1971 | - 28,51 58,86 0,50 0,4k 1,28 | 3,07 {0,435
1972 27,51 | 29,14 0,94 | 0,93 0,88 | 1,06 | 0,71
1973 15’833& ll,lQ l’,"lil' vls57 0,39 091‘!’0 0,97
19725 . | - - » . ‘
Tseon | | 0,61 | | 10450
19728
Toven 0,48 0,31
19738 X
1969N 0,35 0,22
19738 N
197 0N 0,27 0,1

% Neglecting Portillo

+ Neglecting Santiago
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about the effects of strong winds and'surface currents and
‘because in some years results from only three stations at the
relevant latitudes are available.

Because we are interested in comparing our southern-
hemisphere samples'collected in 1972 and 1973 with northern-
hemisphere samples collected in 1969 and 1970, various south/
north ratios for these years are also included in Table 2.4,

Harley (54) has discussed the plutonium in fall-out up
. to 1970 and has tabled Pu-239 concenirations in surface air
-up to that date. Although he was working with H.A.S.L, data,
his figures are very different from those givén in Table 2.4
and were presumably obtained using sophisticated statistical
'techniques and bearing in mind local conditions of which we
are unaware.. However, south/north ratios calculated from'his
.figures are virtually the same as those in Table 2.4 and it
is, therefore, likely that the 1972 and 1973 ratios in Table
2.4 are also reliable,

‘Finally, Sr-90 has been studied in much greater detail
than Pu-239 and figures for the annual deposition of Sr-90
~are available up to 1970 (140, 143). South/north ratios have
been calculated from these data and Table 2.5 shows these
figures +together with those calculated from Harley's data
and, for ease of comparison, the ratios already given in
Table 2.4, | '

- . On the whole, agreement between the four sets of figures:
is reasonably good certainly good enough for cur purposes and
we would expect the south/north ratio in marine samples +to
vary from the low 0,27 cumulative figure in sediments to as
high as 1 in surface water and plankton depending on the time
of sampling.

Table 2.6 shows the Pu-238/Pu—239 ratios in northern and
‘'southern hemisphere surface air as calculated from the H.A.S.L,
figures. (A column showing the average concentration of Pu-238
. in southern hemisphere surface air is also included but it
should be noted that, as Pu-239 was determined in many more
“samples than was Pu-238, one cannot simply calculate the
Pu-238/Pu-239 ratio by dividing the figures in this column by
the Pu-239 - south figures given in Table 2.4. The ratios
given in Table 2,5 are the averages of individual ratios).



UOTSSNOSIP 998 *oTqEITOIUN 2INSTI STUT 4

L2'0 - #9540 21T C€L6T
9T*0 VAR A 2L6T
STt - g2'o 0'9 TL6T
TT'0 | SE*o . ontet | 046T
7240 $g*0 TL'2T 696T
€€ | 69T - T0'T2 896T
to - HE'T . . t8°'GS 96T
TT0 | - 4940 - 9961
aJaydsTway UIey3 I0N adaydsTuway uIsyjinog .m mE\mmﬁpzo o11®B v
w7 " sebeng Sheseny | sue

SeanTTg '1'S'V'H WA Dejelno{ey SE 41y ooejang UL So{red A3TATIOV 6€e-Nd/gEa-Ng

9°¢ 9TqEL



17.
These ratios are, on the whole, higher than thése reported
by Miyake and Sugemura (89), who claimed that the Pu-238/
Pu-239 ratio in fall-out over Tokyo was between 0,10 and 0,16
during the years 1967-1969. Because of the sheer number of
determinations made by H.A.S.L, more weight should be attached
to their figures, but it is difficult to decide just how
reliable they are.

From a qualitative point of.view it is interesting to
note the very different ratios in the two hemispheres and the
peak in 1967/68., But a careful.study of the original individual
figures shows that they are of rather dubious value from a
qﬁantitative point of view., For example, the results of a
‘more detailed look at the 1971-1973 southern hemisphere figures
and calculated standard deviations are shown in Table 2.7.

- Table 2.7 |
pu-238/Pu—2,9 Activity Ratios in Surface Air in

Southern Hemisphere

Year Nb. of Determinations ' Mean Range

1971 | - 96 | 0,276 ¥ 0,281 | 0,08 - 1,5

1972 | - Ll o 0,175 * 0,148 | 0,05 - 0,78

" ' Neglecting.
one value

; - - . | of 8,5

973 7T 0,499 * 0,326 | 0,04 - 0,92

The range in the 1973 Pu-238/Pu-239 ratios is extremely
-wide and as there were‘only seven determinatidns‘the 1973 mean
must be regarded as suspect. This is particularly unfortunate
because all five of the southern hemisphere marine organisms
in which the Pu-238/Pu-239 ratio was determined in this project
were collected in 1973.

, For a proper evaluation of our results, therefore, it is

. important to find a more reliable figure for the 1973 ratio in
southern hemisphere surface air. Extrapolation from the activitie
of the two isotopes during the preceeding years should yield a
better estimate., Figure 2.2, overleaf, shows how the southern
hemisphere concentrations of Pu-238 and Pu~239 varied over the
period 1966-73. TFigure 2.3 is a graph of the Pu—238/Pu-239

ratio over the same perlod



Fig. 2.2 Pu-239 and Pu-238 Activities in Surface Air

in the Southern Hemisphere.
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, No significant amounts of nuclear debris‘were injectedb
into the atmosphere between 1963 and mid-1966 and the Pu-239
concentration in surface air therefore dropped steadily until
1968, In the last half of 1666 five nuclear devices were
exploded above ground at the Tuamotu Islands in the South
Pacific. Three were exploded in mid-1967 and several more
in subsequent_years. As a result the Pu-239 concentration
in surface air rose and for the first time the Sr-90 and
Pu-239 deposition was equally divided between the hemispheres,
In 1973, however, the concentration of both these nuclides in
surface air dropped to about half that of the previous year.

The Pu-238 concentration, on the other hand, dropped
fairly steadily from the 1967 maximum, levelling out in 1971~
1972, Thus in 1973, while the Pu~238 concentration probably
dropped only slightly, the Pu-239 concentration was halved.
This means that the Pu-238/Pu-239 ratio must have risen and
was probably somewhere between 0,35 and the 1972 value of -
0,175, ' : o

In this section an attempt has been made to obtain an
overall picture of the way in which fall-out plutonium has
been distributed'between the two hemispheres. In Chgbters 3
and 4 an attempt is made to relate the concentrations of
Pu-239 and Pu-238 found in sea water and marine organisms to

these fall-out figures.

2}6.3 Other Artificial Isotopes

. Neptunium, americium and curium are also produced either
during nuclear explosions or by the nuclear industry. Np-237
has been produced in bomb tests in quantities comparable with
Pu-239 but no information on the occurrence of this isotope
in the global marine environment is available. Presumably
this is because the long half-life of Np-237 means that its -
environmental activity levels would be lower than that of
Pﬁ~239 by a factor of one hundred, making it difficult to
detect by alpha-spectrometry.

Am-241 and Cm-242 have been detected in porphyra collected
from the vicinity of Windscale and in the lagoon receiving the
discharge from the Nuclear Fuel Services Inc. reprocessing
facility. Am-241 was also released into the environment after
- the military aircraft disaster near Thule in 1968 (103). However,
the quantities involved were very small and at the moment these
isotopes are of little interest to the environmentalist.
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CHAPTER 3

The Alpha-Radioactive Nuclides in Sea Water and barine

Organisms

3.1 Introduction

~Cherry and Shannon in a recent review (29) have attempted
to co-ordinate and systematise current knowledge about the con-
centration and distribution of alpha-radiocactive elements in sea
water and marine organisms. However, as they point out, the
problem is not simple. "There are an enormous variety of
organisms; they occupy various stages in the marine foocd chain;
their function and/or physiology vary with their stage of growth
and with their physico-chemical environment; the higher organisms
possess different organs which will concentrate different nuclides
to different levels.' To make matters worée, the available data
are patchy and usually uhco—ordinated."

For the purpose of discussion they divided the organisms
into the following categories:-

Al :  phytoplankton

A2z macrophytes

3. 3 zooplankton
c i marine invertebrates (excluding zooplankton)
D s fish

E s mammals
" This classification will be followed here.

Frequent use is made of the term concentration factor,

' The concentration factor is a useful concept and is defined as
the ratio of the concentration of the element or radionuclide
in the organism or tissue to the coricentration of the same
nuclide in sea water. o

The whole concept of concentration factors and the use of
biological indicators presupposes that increased cohcentrations
of an element in the water causes an increased concentration in
the tissues ofvthe organism. This is frequently the case and
Polikarpov (110) has drawn up some "basic rules and principles
on the dependence of processeé of uptake and accumulation on
concentration of chemical elements.” - His rule one is: "“In the

-4

region of micro-concentrations (10=0 - 10~% moles/1) under other-

wise equal conditions the concentration of a chemical element in
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the hydrobiont is directly préportional to such in water, that

is, concentration factors are not dependent on concentration.”

Whether or not the rule is obeyed depends upon both the
element and the type of organism. Thus plankton are generally
excellent biological indicators while, to take an example at
random, in decapod crustaceans the concentration of zinc in
the body is regulated and does not increase appreciably when
the concentration in the water:is increased from 1 %o lojug/l,
i.e. from 1,5 x 10=5 to 1,5 x 10~2 moles/litre. As a result
the concentration factor for zinc in these animals is almost
inversely proportional to the concentration in water,

Brown seaweeds on the other hand appear to be unable to
regulate many trace metals. The metals appear to be adsorbed
onto colloids present or combined with pdlysaccharideSvsuch as
~alginic acid or fucoidan. These polysaccharides are found in
the cell walls and are ion-exchange materials, Very often bind-
ing is strong énd seaweeds placed in clear water may te very |
slow to lose adsorbed metals. This limits their usefulness as
monitors of short-term fluctuations in the concentration of
pollutants.. The brown seaweeds will be discussed in more -
detail in the next section. o

With the exception of uranium all the alpha-emitters are
présent in sea water at micro-micro levels (Table 2.1) and will
therefore probably not be physiologically regulated. Nevertheless
a study of concentration factors may prove misleadingvparticularly
if short-term fluctuations in concentrations in sea water are
involved. _ : |
Table 3.1

Typical Oceanic Concentratibhs of Some Alpha-emitting Nuclides

in Sez Water .

Nuclide " Typical Oceanic Level (29)
B I pCi/1 . moles/1
U-238 1,1 1,4 x 1075
Th=232 1 x 10-% L x 10-9
Pu-239 7.x 10~% b ox 1014
Po-210 2,5 x 1072 3 x 10-17
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A study of published tables c¢f concentration factors (15,29,
79) shows that for any organism and metal the range is large,
In fact one is tempted to say that the greater the number of
determinations the greéter the range in values reported. For-
this reason published values of concentration factorsAshould
be treated with caution particularly if ranges are not given.
In particular very few determinations of the alpha-emitters in
marine organisms have been made and the concentration factor
may be based on a single determination, e.g. the value® of 2600
for plutonium in phytoplankton (79) is based on the single deter-
mination of Pillai (107).

One reason for this variability may be that very little
attention has been paid to seasonal variations although these
are known to be appreciable for several bivalve grazers, for
many algae and possibly for plankton . Thus,while it is always
instructive to compare concentration factors with those of other
" workers, it is, except in a few thoroughly investigated cases,

impossible to generalise from a few results,

In addition to the biological classification used by
Cherry and Shannon (29) it is interesting to consider which of
the three main classes of marine ecosystems (pelagic, benthic
or near-shore) an organism inhabits. Pelagic animals are
assoclated with the water, maintaining buoyancy by flotation
mechanisms or by swimming. Benthic animals are associated with
the ocean bottom, The benthic and pelagic regions merge ailthe

edge of the sea, forming the near-shore environment.

In the open ocean, light intensity decreases rapidly with
depth so that most photosynthetic plants are found in the near-
surface waters in the photic zone. Animals in the aphotic zone
must rely on food derived either directly or indirectly from
primary production in the overlying photic zone,

v In the benthic and near—shofe environments the sediment-
water interface plays a major role .: resuspended bottom
materials form a significant part of the diet of many inverte-
brates.aSWEllasfprovidhig a surface upon which radionuclides
can adsorb.. his may pley en important role in both the con-
centration procéss and the removal of elements from the water.

Organisms that ingest sediment particles may or may not remove
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radionuclides from the sediment, depending in part on the pH of
- the digestive system and in part on the nature of the sediment

particles.

Near-shore waters will tend to contain higher concentrations
of most elements (even fall-out nuclides will be enriched in near-
shore waters by land run-off) and are areas of relatively

i
biological activity. Nutrients are abundant, there is sufficient
1 i

in biota supported by the photic zone just above it. Radio=-
activity introduced into this environment will be found later in
~water, sediment and biota in proportions depending on the pro--

perties of sediment, biota and particular radionuclides.

' Of the categories mentioned above plankton (Al and B)

and fish (D) contain members belonging in the pelagic region.-

Nektonic animals such as tuna make long migrations through
different water masses and the radioactivity they contain will
depend on their individual histories. Bowen et al.{(15) describe
them as "averagers"., Because of thelr size they generally have
a high_ratio of mass tg surface area, They are thefefore -
relatively ineffective at taking up radionuclides directly from
the water and different isotopes will be concentrated in
different organs to different extents.

Plankton,on the other hand,drift with the surface waters
and equilibrate with them. They can therefore often be used as
biological monitors of radioactivity in their environment,
Smaller plankton are particularly quick to equilibrate and it
'is postulated (15) that éurface sorption, including ion-exchange,
may play an important part in the incorporation of trace elements
into the food chains by phytoplankton.

larger planktén, e.g. euphausiids and salps, effectively
filter large volumes of water while feeding. They responded
quickly to increased amounts of Zr-95 and Nb-95 after the 1961~
1962 atmospheric nuclear test (106). Either the radioactive
particles were absorbed on the mucous, were directly filtered
or, most probzbly, became attached to phytoplankton and smaller
zooplankton and were eaten. V

Furthermore, plankton are of importance in marine geochemical
cycles not only because they are able to concentrate large ’
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quantities of elements but also because they can transport
them in a variety of ways. These include the sinking of
skeletal structures and organic detritus; the moulting of
crustacean exo-skeletons; the zooplankton's vertical
migrations across mixing barriers and thefincorporation of
elements into fast-sinking faecal pellets. '

In spite of all this and in spite of their p051t10n at

the head of the food chain, it will be seen from the following
chapter that very few determinations of alpha-emittlng nuclides
have been made in plankton. -This paucity of results reflects
not only the difficulty of collecting large samples but also
. the problems associated with assessing the data obtained. Thus
any given sample may contain species from a dozen phyla hav1ng
dlfferent morphologies, ash contents, trophic levels etc.
Each group of species can have a very different elemental con-
tent as each may have different means available for concentrating
a particular element. The rates of uptake will depend upon
-various physical factors such as temperature,vsalinity; '
population turnover rate and the physiological state, e.g.

age, of'the organism, ;

Nevertheless before we can hope‘to undertake a detailed
bicgeochemical balance of the alpha-emitting nuclides in the
‘marine environment, we will have to gain some insight.into the
role played by plankton. This means that considerably more
data will have to be amassed.

The mechanisms by which the different organisms absorb
.. radionuclides varies acccrding to feeding habits and may be

A very complex. In some cases simple adsorption onto the sur-:
faces of organisms such as the macrophytes or plankton may
be involved. In most cases, however, the nuclides appear to
be incorporated into the tissues of the organisms and
adsorption across biological membranes must be involved.

Biological membranes can absorb metal ions by a number
ol mechanisms. Small molecules and ions may penetrate
by passive diffusion under the combined influence of a con-
centration and an electrochemical gradient. Certain essential
ions and molecules can be transported across membranes against
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an electrochemical gradient. Such a process requires an
expenditure of energy from the breakdown of cartohydrates and

" is known as active transport,

- At present it is difficult to provide a satisfactory
explanation of ion transport because we are still ignorant
of many of the fundamental properties of ions. We still can-
not answer with certainty such questions as: "To what extent
are ions hydrated in water and sea water?" "What are the radii
of the hydrated ions?" '"What molecules are likely to complex

with what ions?"

The polyvalent ions because of their small size and large
charge are frequently surrounded by an inner layer of firmly
heid water molecules, Recently the number of molecules in the
inmer hydration sphere of several catlions has been deuevmlnea
by nuclear magnetic resonance (3, 3&) Hydration numbers of 6
were foungd for Al+++ Ga+++, Mg and NiT of 4 for Be'" and of

10 for Th. "

The- large value for Thu+ris probably because of the
large size.of the Th&+ ion and if no other factors are involved
one might expect the other alpha-emitting nuclides to have

similarly high hydration numbers,

All mechanisms attempting to explain the transport of
“ions from low to high concentrations across-membranes rgquire
selective complexing of the ion in question, = ~++ fThe ion
may be transported by a2 complexing substance or once inside the
cell it may be gomplexedlwith material already present and
effectively removed from solutions. Thus any explanation of
the different concentration factors for different elements
~should involve the different complexing properties of the ions.

Some marine organisms, such as plankton or.seaweedQ nay
concentrate radionuclides.directly from the water but o thers,
such as the marine invertebrates, presumably obtain the bulk
of their trace elements from food. They may have relsztively
complex structures and different elements may be concentrated
in different organs. It would be impossible, here, o give an
account of the structure and blochemlstry of all these organisms
‘but it is important to note that minor and trace elements are
frequently concentrated in either the digestive system or the
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skeleton (or shell). As we learn more about the mechanisms
involvedywhich of the two is the main repository for a par-
ticular nuclide may help us to understand its general

behaviour in sea water,

From a geochemical point of view the shells of the merine
invertebrates are of great importance and their structure and
formation have teen studied in detail, Furthermore the
uranium series dating methods for sediments and fossil shells
have led to considerable interest in. the concentration of, and
the mechanism by which, the natural alpha-emitters are incor-

porated into the structure of the shell.

For the above reasons a fairly detailed discussion of
shell structure and formation.now,follows. The shells of
three main groups will be considered:- : <

1) Mollusca {(mussels) 2) Echinoderms (sealurchin,

starfish) 3) Crustacea.

It is convenient to consider the shell-forming system
as consisting of four compartments in a linear arrangement
(Fig.jjll The first compaftment represents the médium, i.e,
sea water and adjoining this in order are the tissue compart-
ment, i.e. the mantle, the entrapallial fluid compartment and

the shell, The compartments are interconnected permitting ions

.to pass from the mantle to the shell and vice versa.

- The calcium of the shell which normally comes from the
medium may be supplied from Solubdlised calcium carbonate in
the mantle and other tissues. The organic mazirix of the shell;
consisting mainly of protein and mucbpolysaccharides,is
secreted by the mantle cell into the : extrapzllial fluid,

where it becomes part of the growing inner surface of the shell,

- - Clearly the incorporation of ions into the crystalline
structure of the shell is directly dependent upon their con-
centration in the ~extrapallial fluid at the site of crystal~
lisation. The extrapeallial fluid conicentration in turn devends
upon the concentration in blood and tissues which are governed
by the rate of intake from the medium, sediment and food as
compared with the rate of excretion and movement to the medium.

While much more information is needed about the composition
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of the extrapallial fluid it appears that it is slightly
alkaline, the pH being between 7,33 and 7,41 (cef. sea water
7,8 - 8,2) and that it is saturated with respect to calcite
" and aragonite.. It contains in addition numercus inorganic
ions, proteins, mucopolysaccharides, glycoprotéins and organic
acids and there is evidence to suggest that crystal type is
influenced by these organic constituents (23). |

Calcification of the shell can be viewed as the result
of two closely interrelated processes. The first is secretion
of the extrapallial fluid by -the mantle and the crystallisation
of calcium carbonate from the fluid. The second involves the
organic matrix and nucleation, crystal orientation and growth.
'These aspects of shell formation parallel those proposed for
the formation of calecium phosphate in bone.

The_fype of crystals that form within an organism depend
upon phyéical and chemical conditions and the cations involved.
If the cationic radii are between 0,78 and 1,00 A hexagonal
crystals will be deposited and if the radii lie between 1,00
and 1,43 K the crystals will be ortho-~rhombic. The ionic
radius of calcium is 0,99 and calcium carbonate occurs in the
. hexagonal ferm as calcite and in the ortho-rhombic form as
aragonite. '

Both crystal types are found in mollusc shells frequently
in different layers in the same shell, Among the factors
which influence the aragonite/calcite ratio and the development
of aragonitic and calcitic layers in shells are temperatufe,
salinity and the nature of the organic matrix.

_ The distribution of minor and trace elements in shell
has frequently been examined for correlation with shell
mineralbgy. In particular the relationship between ionic
size and the extent to which an ion is incorporated in the
crystal lattice has been studied.

Table 3.2 gives scme ionic sizes that are of interest.
The second column is an attempt to summarise present views on
the. physical and chemical nature of the elements in sea water.
Thus the alkaline earths are largely ionic (presumably hydrated).
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Very little is known about the alpha-emitting nuclides and this
problem hes been emphasised throughout this thesis, The com-

ments in Table 3.2 are conjecture rather than fact,

Table 3.2

Ionic Sizes of Cations and Probable Physical and Chemical Nature

of the Elements in Sea Water

(2]
Element]! Ionic Radius (A)  |Probable Physical and Chemical
: o Form in Sea Water

Ca 0,99 (+2) , Caf*’(91%)
Mg 0,66 (+2) - |mg™" (87%)
Sr 1,13 (+2) sptT |
Ba | 1,35 (+2) | Ba™" } - probably 80-90%
Ra | 1,40 (+2) Ratt
v | 0,81 (+4) 1,11 (+3) |[vo, (co )3]4‘ ‘
Th 0,95 (+4) 1,14 (+3) Pre01p1tates as phosphates, hydro-

xides, etc. May be cclloidsl or
attached tec particulate matter.

Pu | 0,93 (+4) 1,07 (+3) Probably partly particulate.

- Associated with sinking particleg,
C Poo 1,20 (+2) 0,84 (+4) | Partly particulate. Also present
| - | as Pb(0H),, [Pv cijt, [*“b(ullj
Po 0,67 (+6) 1,02 (+4) | 75% particulate., Probably col~

loidal and/or associated with
partlculabe ﬂauter

Calcitic shells contain about ten times as much magnesium as
do aragonitic shells while generally speaking, aragonitic shells
have a higher strontium content than calcitic shells. This is
vsually explained on the basis of easier substitution of the

relatively small magrnesium ion into the calcite lattice. Calcite

[0}
3

is isostructural with magnesite (Mg COB)' Similarly the larg
strontium ion will fit more easily into the aragonite la

which is isostructural with strontianite (Sr 003)'

Thus, although other factors such as the ehemical form of

an ion in sea water and the conditions in the extrapallial Fluid

L)

of an organism must frequently play a major part in deciding
whether or not a particular element 1s incorporated into the
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calcium carbonate latt ce)it appears that in some cases ionic

LGin

e

i
size is the dec factor.

[t}

Certainly the large radium ion should fit more easily
‘into an arsgonitic than into a calcitic shell and one would

t to find higher Th-228 concentration in

therefore expe
e

aragonitic sh

- It has been suggested (40, 67) that uranium ions should
£it more rezdily into the aragonitic lattice, However the
ionic size of uranium is actuvally slightly smaller than that
of calcium and at the moment the picture with regard to living

shells is rather confused, (See section 3,4,2).

Uranium can bte readily substituted into the apatite
(calcium phosphate) structure and it has been reported that
uranium in fossil fish bone is incorporated into the crystal
lattice while thorium is concentrated with hydrocarbons in the
.bone cavities (21,17)Tis difference in behaviour be tween
thorium and uranium is probably due to the ionic nature of
‘uranium as éompared with the particulate or complexed nature

of -thorium in sea water.

~ Apart from uranium there areno publisﬁed data on possible
relationships between crystal structure and the extent to which
the different alipha-emitting nuclides are incorporated into
shells;buﬁ reference will be made %o the above discussion when
dealing with the results obtained in this project,

'So far only molluscan shells have been considered. Scme
important differences exist between molluscan shells and the
shells of other invertebrates and these will now be considered
briefly. |

- The mineral part of the skeleton of the echinoderms is
.composed of magnesium calcite (71-95% calcium carbonate and
3~15% magnesium cartonate). This mineral forms a calcerous
network whose pores can occupy more than 50% of the total
volume. In the living organism these pores are filled with

connective tissue,

We would expect therefore that if steric factors are
important then a large ion would be less highly concentrated
in a sea urchin shell than in a mussel shell, On the other
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" hand elements that complex readily with erganic molecules

might be concentrated in the pores,

Starfish also belong to this class but the mertha asteriss

analysed in this project had relatively flexible skeletons
when compared with the brittle sea urchin shell, 1t therefore
seems likely that while the skeleton was also composed of

magnesium calcite it contained a higher proportion of organic

material such as chitin.

The shells of crustacea change with age. Thus little
calcium is present in the epidermis of a lobster immediately
‘after moult but it begins to accumulate as the shell hardens.
In addition to calcification the protein component of the
shell is hardened by sclerotisation., Calcified shell in
crustacea cannot be classified as either aragonitic or cal-
citic. During calcification aggregates of micro-crystals
vsually radiating from a central point are formed. The
mechanism of deposition appears to be a simple physico~’
chemical process depending upon salinity, alkalinity, etc. and
the normal-processes of co-precipitation could lead to the

- Inclusion of trace elements.

A discussion of published data on the individuzl nuclides
in sea water and marine organisms now follows, They will be

dealt with in +the same order as in Chapter 2. .

With regard to units the example of Cherry and Shannon
(29) will be followed. They have quoted all data in units of
pCi/kg wet mass, as only in this way is it possible to reflect
the in vivo situation. Where writers-have reported -activities
per unit mass of dry or ashed sample they have converted all
the data to a wet mass basis. Unless the experimental wet/dry
factors are available in the original reference they have used

the following conversion factors:-
Table 3.3: Wet to Dry Ratios

Phytoplankton: 21{ Macrophytéé: 74,53 Zooplankfoni 153
Entire organisms in categories C and D: 3,7; Invertebrate
shell (excluding crustacea): 1,2; Crustacean shell: 2,0;

A1l soft tissue (excluding crustacean digestive glands): 3,7;
Crustacean digestive glands: 2,7; fish and mammal bone and
teeth: 1,2,
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Ash fo wet mass conversion factors used were phyto-
plankton: 553 zooplankton: 39; bone and teeth: 2,5.

3.2 Plutonium Isotopes

Several workers have determined plutonium in sea water
and marine organismsQ In this discussion only natural levels
will be considered., Thus anomalously high lccal concentrations
- resulting from waste product disposal (103) or nuclear weapons
incidents (1) have been excluded.

Apart from three sea water determinations by Bowen et al.
- {(16) all determinations have been made in the northern hemi-
sphere mainly at latitudes between 27° and 410,

3.2.1  Sea Water

- A summary of the available data on plutonium concen-
trations in sea water is given in Table 3.4 overleaf.

It is difficult to decide whether the variations in con~-
centration are real or due to experimental error. The years
1962-196L were years of exceptionally high fall-out, which
explains the high plutonium concentrations found in 1963-1964,
The mean of the 1967-1972 values is 7 x 10-% pci/1 and this is
the value'réported by Cherry and Shannon (29) as typical for
northern-hemiéphere waters,

- The only three Pu-239 determinations carried out in the
southern hemisphere waters were reported by Bowen (16) in 1968,
who remarks that they contained roughly half the amount found
in northern hemisphere waters. 4

anortunately there is very little data on the Pu-238/
Pu-239 ratio in sea water, although one would expect that the
variations in fall-out described in Chapter 2 would be reflected
in sea water, '

Noshkin et al. (102) report that "six selected samples of
water from Woods Hole Harbour (latitude 41° 30') collected
during 1970 had a Pu-238/Pu-239 ratio of 0,12."

Miyake (88) in 1967, analysed thirteen samples obtained
at latitudes between 240 and 44°, He found that the ratio
varied between 0,07 and 0,28 with a mean of 0,1L, v
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Finally Imai and Sakanou (61) analysed nine samples from
the North Pacific., Their ratios varied from_"Pu-238'scarcely
detected" to the surprisingly high value of 0,74,

‘The analytical problems associated with the determination
of such small gquantities of Pu-~238 in sea water are such. that
one must bear in mind that these results may not be too
reliable. Certainly the wide variation in the values obtained
by the latter two authors does not inspire confidence. Nor
does the remark by Imai and Sakanou that recoveries varied
from 3% to 68%. Furthermore, the spectra shown by Imai and
Sakanou have "packground" in the high energy ranges of the
same order of magnitude as the Pu-238 peak. If only a small
part of this background is due to Th-228 daughters then the
Pu-238/Pu-239 ratios would be too high. (Th-228 and Pu-238
both emit alpha-particles with energies of 5,48 lMeV),

‘In Chapter 2.1.2 some'time was spent endeavouring to

~obtain accurate estimates of the Pu—238/Pu-239 ratio and the.
Pu-239 in the'southerh hemisphefe
Pu-239 in the northern hemisphere

ratio in surface air and

in total cumulative fall-out at different latitudes and times.
We must now consider in what way  these ratios can be expected
to affect the correspondiig ratios in sea water and marine

1

organisms.

The residence time of fall-out in the troposphere is
approximately 30 days (62'm 139). Changes in the Pu-238/Pu-239
ratio will therefore be giickly reflected in the sea provided
that the effect of such cianges is not masked by the plutonium
already present in the water. -

Noshkin (10L4) feports ‘that plutonium is rapidly depleted

'~ from the shallow water enrironment to bay sediments and that
in deep water it appears ;0 be associated with rapidly sinkihg
particles. It is difficult to set a time scale to this
depletion, but if this mocel is correct, then the upper mixed
layer residence time-is probably less . than a year. If this is
true then one would expect the Pu-238/Pu-239 ratio in surface
. waters to be nearly the same as that in surface air dufing the
preceding months, Unfortunately there are too few published .
values for the Pu-238/Pu-239 ratio in sea water and these are
too unreliable for it to be possible to test this theory by
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comparison with the ratios in surface air.

Shallow water sediments,_on the other hand, should contain
almost all the plutonium that has been deposited through the
years, and the Pu-238/Pu-239 ratio should therefore be the same
as in total cumulative fall=-out. ‘Since fall-out has been low
in recent years the values reported by Hardy et al. in 1971
(53) will have changed very little since his inventory was com-
pleted. Nowadays an isolated test can have a marked effect on
the stratospheric inventory (because of the small amount of
debris from earlier tests remaining in the atmOSphere)'but_the
effect on the global inventory is negligible,

It is impossible, given the sparse data available, to
make any reliable estimate of the actual concentrations of
plutonium that one might expect to find in surface waters,
Nevertheless, for the reasons discussed above, it is reasonable
to suppose that the regional variations in the concentration of
plutonium in surface air would be rapidly reflected in the sur-~

face water. Thus the ratio Pu-238.in southern hemisphere
Pu-239 in northern hemisphere

should be similar in air and water at any given time. There
must of course be a time lag but unless there were a sudden
change in the air concentration this would probably not be
‘noticeable,

Thus it is to be expected that at any given time both
the S/N ratio and the Pu-238/Pu-239 ratio:-
1) Will be approximately the same in surface air and surface
water.
2) Will be approximately the same in sediment as in total
cunulative fall-out up to that date.
3) In organismé the ratios can be expected to vary according
to whether the organisms obtain their plutonium from the water,
the sediment or both. Thus the S/N ratio can be expected to
vary between the cumulative figure of 0,27 and the ratio in
surface air at the  time of sampling. Similarly the Pu-238/
Pu-239 ratio will vary between the cumulative figure for the
latitude at which the sample was collected and the ratio in
surface air at the time of collection.
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if assumption'number 1l is correct, it is a simple matter,
given the fall-out figures and the north/south ratios in Table
2.4 to calculate the probable Pu-239 concentration in southern-

hemisphere sea water during the years 1972 and 1973.

In Table 3.5 the l96?-1972isurface water concentrations
from Table 3.4 are repeated. The next four columns show the
calculated condentrations in southern-hemisphere water assum—v
ing that the N/S ratio in surface water was the same as the N/S
ratio in surface air during the particular periods involved. |

Apart from the high 1972 result {which is based on a single
result from Japanese waters) the calculated Pu-239 concentration
in southern-hemisphere waters for the years in guestion are sur-
prisingly constant. The range within individual. sets of
northern-hemisphere'results is wide and this is reflected in
the ranges for the calculated southern~-hemisphere values,
| Nevertheless the mean concentration of 4 x 107 -k pCi/1 for 1972
and 2 x 10 4 pCl/l for 1973 are probably reasonable estimates

of the Pu-239 concentration in southern-hemisphere surface waters.

These. concentrations are used in Chapter 4 to calculate
concentration factors and it must be emphasised that all figures
calculated in this way can'only be approximate. It is impossible
to make a statistical estimate of the accuracy of_these>sea
water values (so many figures of differing accuracy and so many
assumptions are involved) but a subjective guess is % 50%,

3.2.2 Plutonium inlmarihe Organisms

Whether or not organisms reflect integrated or recent fall-
out patterns will depend upon the path by which they absordb
plutonium.  Thus it is to be expected that plankton, living in
the open ocean, will reflect recent fall-out, while benthic
organisms will experience and possibly absorb, the continually
~increasing total concentration of plutonium in the sediment.

In the following discussion of the published data on the
concentrations of plutonium in marine organisms, particular .
attention has been paid to those organisms whose South African
counterparts were analysed during this research., As far as
possible organisms will be dealt with in the categories as
listed in the introduction to this Chapter. Once again only
samples reflecting natural levels will be considered and data
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from areas of loczl contsmination will be excluded All the

results descrited in this section were ottained from northern-

hemlspﬂefe samples 2% latitudes between 30%Nand 45°N.

Al Pﬂj lankton

Because it is difficult to obtain sufficiently larg
~samples of phytoplankton for plutonium analysis, Pillai (107)
is the onlv author to report a value., He found a concentration
of 0,276 T 0,037 pCi/ﬁg wet weight.. This sample was taken in

196L, a year of high fall-out.

A2 General Macrophyies

‘This 1s an important group. Samples'are easy to obtain
and it is generaslly felt that seaweeds may be sensitive
-indicators of environmental plutohium levels, Conc a
factors of over a thousand have been reported thus making

analysis far easler than that of the surrounding water.
Table 3 6 summarlses *he results of various authors,

Wong, nodge and Folson \153) anc Hoffmam Hodge & F olsom (60)
have studied the distribution of_plutonlum and polonlum in

various parts of the gilant kelp- , pelagophycus porrz. Their

early work showed first® that, both elements tend ‘o be con-

centrated at the surface of the plant and secondly that their

concentrations varied with the age of the plant. Furthermore
different regions of the plants contained different concen=-

trations.

The guestion was immediately raised as to whether the
plant itself was concentrating the nuclides or whether the
various organisms that invariably‘live on the surface of sea-
weeds wvere resnohslble. They found that encrusting bryozoans
vere respon51ble‘for the accumulation of much of the T*olo*

and postulated that even smaller organisms might be

B3

for some of the remainder, The presence of bryozoan

é
however appear 1o have & significant effect on the pluto
concentration slthough it still remains to be determined

n e

whether smaller organisms such as bvacteria have zn

These authors zlso noited that on clean vladegs tThe a

c
ratio of TDo 210 to FPu-239 was fairly censtant at atout 200
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which suggests that a similar mechanism might be bringing both
the polonium and the plutonium to algal surfaces.

The concentraticn of toth elements increzsed with the

age of the ©vlade, as shown by the fact that there was a Tive-

to six~fold increase in the plutonium zctivity from youngest

to oldest blades {both on z surface area and on =z weight basis).

" This is probably due to the slow accumulation of plutonium, to
the synthesis of more binding sites and possibly to surface
contamination: of older parts with fine particles.

This work shows clearly that if brown seaweeds are to be

used to monitor changes in plutonium levels in sea water,

(=]

_extreme care must be taken with sampling. If the whole plant

is sampled the actuazl time of the year will be important ‘because

the relative proportions of young and old tissues will change

during periods of growth, Alternatively, since easily measur-

able plutonium has been found in young blades. only a few days

old, it might be possible to monitor rapid changes in coastal

waters by carefully selecting these blades,

The high levels of plutonium in the North Atlantic sargass
e

i
weed are immediately rioticeable (Table 3.6 ), If these .esu¢ts

are correct, interesiing speculations as: to the possible reasons

can be embarked upon. The various p0k51b111t1ed will be dis-

cussed in Chapter 4, .

B Zooplankton

As for phytoplankton very few results have been reported;
Table 3.7.

species identification all the

these are listed in In spite of the importance of
samples apart from the 1958 salp

sample are simply described as mixed zooplankton.

Teble 3,7
Date p@i/kg wet Ref, Sr-90 Deposition
in Northern Hemisphere (MCi/yxr)
1950 0,023 103;107 _ -
1958 1O 103 0,63
1961 2,03 103 0,35
1064 | 1,08 1035107 1,65
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It would re oo much %o expect so few results to show a
direct relationship between Pu-239 content anc fall-out, So
many other variables such as species, season of collection, etc.
are involved. Nevertheless, figures for the annual Sr-90

deposition during the relevant years are included in Table
'3.6;_out of interest., (This should, of course, be provortional

to the Pu-239 deposition.)

It can be seen that while the 1950 sample , collected
before any significant fall-out had occurred, is very low.
“the other three samples are all relatively high in plutonium
but there is no direct relationship between the Pu-~239 content
and the Sr-90 deposition., -Wong (l5§} has estimated that zoo~
plankton concehtrates-plutonium by a factor of roughly two
thousand relative to sea water but much additional data is

needed before this figure can be accepted as general,

£ Marine Invertebrates

Table 3.8 summarises the results reDorted in the literature
or ‘plutonium in marine invertebrates. The dividing line
separates gener al samples from thosesne01es whose equivalents
in Soutthfrlcan waters have been analysed, All these orgznisms
were tzken from the near-shore regions and were thus sutject to
the complex environmental variables described at the beginning
of this Chapter.

Most of these analyses were carried out by Noshkin et zl.
(102), who also analysed sea water and sediment, They found
that the Pu=-238/Pu~-239 ratio in sea water was 0,12, while in
sediment the ratio was 0,045, It can be seen that the Pu-238/
Pu-239 ratio in all the organisms analysed lay between these
two values, The authors were therefore able to conclude thas
those organisms with high ratios drew their Pu-239 mainly Trom
the water while those with low ratios presumably obtained their
Pu-23% mainly from the sediment, The implications of these .
results have been discussed at length -in this Chapter and will
be discussed further in Chapter 4. |

Probably the most important s marine inverte-
bratesare the mussels, They are filter feeders subsisting on
tiny organisms and organic detritus removed from suspension,

Noshkin et 21, found that the concentration factar from sea water to
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mussels was falrly constant (between 250 and 350) and similar
to that found by Pillai for the mussel mytilus californium,
Furthermore the Pu-238/Pu-239 ratio was closer to the water
value (0,12) than the sediment value (0,045), They therefore

conclude that mussels regulate their plutonium content in

relation to the concentration in water rather than to other
sources such as sediments. Of course, the fact that the ratio
is somewhere between the two values may mean that mussels are
influenced by both water and sediment, in any case they con-
clude: "These results suggest that mytilus is an excellent
biological indicator for plutonium in assessing environmental
aguatic levels," This has also been found to be true Tor other
radionuclides such as Mn-54, Co-60 and Zn-65 (154),

t is interesting to note that starfish contained some
four times as much plutonium as the mussels on which they fed,

One marine 1nvertebrate that does not appear in Table 3.4
is the lobster. UNo determinationsof plutonium in lobsters
collected from their natural habitat have been made,bub Ward
(148) kept some lobsters in sea water contalnlng 6,5 x 10~
Pfl/l Pu-239. She found that calcifying shell accumulated
plutonlum at a rapid rate and reports that 89 5% of the total

-pluton1um absorbed lay in the calcified skeleton which accounts
- for approximately 43% of the total body weight of lobster.
Approximate concentration factors after 50 days and after 200
days are given in Table 435, where they are compared with the

resulis obtained in this project.

D Fish.

Once again only a very limited amount of data is availatle
(Table 3.9 ) and different workers have tended to analyse
different organs.

' Nevertheless it is possible to draw some tentative con-
clusions. Thus the high gut concentrations indicate that, &s
with mammals, plutonium is poorly absorbed from the intestinzal
tract. - In fish such as tuna the plutonium is deposited in the
bone and to a lesser extent in the liver., However, the
cartilagenous skeleton of sharks concentrates much less
plutonium than does the better calcified skeleton of .bony

fish., In sharks, however, where the skeleton is less availlztle
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as a "repository" for plutonium the liver concentration is
higher (103).

The concentration,of'plutoniﬁm in fish muscle is very low
and it certainly appears that at the moment man is in little
danger of accumuléting plutonium as a result of eating fish,
However, Noshkin has pointed out that such food items as
anchovies and sardines, which are consumed wholie, and fish
protein concentrate,could represent an important transfer
vector of plutonium into humans. However, this danger seems
very slight when one bears in mind the fact that animal
experiments indicated that only 0,002-0,05% of ingested
plﬁtonium is absorbed from the gastro-intestinal tract, This
fact and the fact that the absorption of plutonium from soil
through the root system is very limited was one of the main
reasons that the subject of environmental plutonium was so
long neglected.‘ It was felt that the main hazard came from.
inhalation. Nevertheless, as most of the plutonium that is
absorbed is deposited in the bone and this appears to be a
continuing process,; one must be cautious in discounting the

dangers of -long ternm exposure to low levels of plutonium,

3,3 The Naturally Occurring Radionuclides

Unlike plutonium the concentration of the naturally
occurring alpha-radioactive isotopes has bteen affected very
little, if at all, by the advent of the nuclear age and fall-out,
Thus while different geological conditions may markedly affect
local concentrations of these nuelides, the differences between
the northern and southern hemispheres described for plutonium

do not occur.

Up to the present time the main interest in uranium,
thorium and vrotactinium isotopes in the marine environment
has centred. upon their use in the geologicai dating of sedi-
ments and corals (67, 11, 18) while radium and radon have
pfoved of great value in the study of ocean mixing (97, 94, 33,
73). TFor this reason there is a substantial body of data on
the concentrations of isotopes of these elements in sea water,
sediments and to a lesser extent in shells but there is very

little information on thelr concentration in marine organisms,

The bilological accumulation of polonium, on the other hznd,



O

has been 1nuen51/ely studied during the ten years since it
was first pointed out (92, 25, 125) that a major part of the

4

due to Fo-210,

wn

radioactive dose %o marine organisms 1

The review hy Cherry and Shannon (29) contains tables

ki
giving the range and typical levels of the vearious alpha-
emitters in sea water and marine orgenisms. Their figures
for the natural alpha-emitting nuclides have Teen condensed

i

into Table 3,10, Table'j,ll has zlso teen taken Ffrom thelr
re%iew and gives typical concentration factors from sea
water to some'marine'organisms. It should be noted that some
of the "typical" levels and concen*“atlon factors are based on
very few results and may well not be representative of the

whole population,

In sections 3.4-3.7 these figures are discussed ‘element by
element " with particular attention being paid to the
published datz on organisms of which specimens of a similar

type were analysed during this project.

3,4 Uranium Isotopes (U-238,-U-235, U-234)

3,4,1 Uranium Isotopes in Sea Water

Uranium is relatively soluble in sea water where it
exists as the _ complex’ Ypo (003;k . The distribution
of uranium is fairly uniform in well mixed oceanic surface
waters and the mean concentration can be taken as 33 Pg/l;
There are however wide variations in coastal waters, there is
a decrease with decreasing salinity and there may be local

variations within isolated basins.

Thus values revorted range from 1,0 to 6,0/Ug/l‘ih'
coastal waters (11, 12), from 1,543,8‘pg/lvin surface oceznic
waters and from 2,0 *o 5,0/pg/l in deep oceanic waters (90, 856,

87, 9).

i3 -
¥

On a mass bvasis naturzlly ocecurring uranium contelns about
09,75 U-238; 3% U-235 and 0,017 U-234, A uranium concen-
tration of 3,3 }g/l therefore implies a U~-238 activity of 1,1
pCi/1,

Surprisingly, in view of the s1ort half- llvee of the two

(@]
-~
\
N

intermediaries, it has been shown that U-238 and U-234 are not
in equilibrium in many environmental materials (87, 90, 11, 145)

This appears to be due to a change in the oxidationstate of the
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uraniuwm as a result of the two beta-decays, 1In minerals and
rocks the parent U-238 exists mainly in the +6 oxidation state
but electrons are lost during the décay process and some of

the U~23L4 ends up in the +4 state. These uranyl U~234 ions
‘are more readily leached than the parent U-238 ions, presumably
because they form strong -carbonate complexes,

In sea water the U-234/U~238 ratio varies within very
narrow limits and a mean activity ratio of 1,14 is in agree-
ment with most of the data (68, 129). U-235 concentrations
in sea water do not éppear to have been determined but the
U-238/U-235 isotopic ratio is usually assumed to be the same
as that found on the continents., Thus Koide and Goldberg (68)
assume that the U-238/U-235 activity ratio is 21,96 and use
this value when calculating the U-235 contribution to the U-238
peak during alpha-spectrometry., -
og coupled with a mean oceanic concentration:
nply a concentration of 1,2-1,3 pCi/1 of U-234
2 pCi/1 of U-233. |

These rati
of 1,1 pCi/1 inm

and about 5 x 10~

3,4,2 Uranium Isotopes in Marine Organisms,

Categories A and B - Plank'ton:

Miyake et 2l.{(90) collected three phytoplankton and six
zooplankton samples in the Western North Pacific off Japan.

Their results are given below in Table 3.12,

It may well be significant that those samples containing
‘a high proportion of diatoms (and hence gsilica) also tend to
be high in uranium, Little is known about the uranium content

of silaceous organisms and oozes but Sacket gj_al‘(l2l) have

found high uranium concentrations in sediments with a high
biogenic silica component. They also report that Scott et al.
found a similarly high uranium concentration in several cores

which consisted largely of radiolaria and diatom oozes.

Up to date gll attempis to perform a biogeochemical
balance for uranium in the oceans have resulted in a .large
excess of input.over output and it is possible that deposition
with silaceous oozes may account for some of this discrepancy.
Thus although Miyake (90) concludes from his results that bio-
logical effects can result in a variation in the uranium con-

centration in sea water of only a few per cent, the picture may
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well change 1f we concentrate on silacecous organisms only.
Possibly deposition in association with silica is an important

ocesnic sink for uranium.

The association of uranium with calcium carbonate has
been investigated more thoroughly than has the é&sseciztion
with silica. Unfortunately no living calcerous plankton
appears to have been snalysed and anslyses of the coccolith
and foramen fractions of deep sea sediments give widely dif-
fering results. Xu (72) found between zero and 0,025 ppm U
in the coccolith and foramen fractions of one Atlantic core,
while Mo, Suttle and Sackett (L21)report considerably higher
concentrations in foramens from the Guilf of lMexico. They:
Tound that coccoliths contain 0,1 ppm forgggys up to 0,5 ppm

and pteropods up to 2,7 ppm uranium,

- It is however dangerous to draw conclusions about living
organisms from results obtained on fossils and there is evi-
dence that the uranium content of shells increases during the
years - immediately after death (18). It should therefore be
of great interest tc extend the work of HMiyake et al.by
analysing carefully selected silaceous and calcerous plankton,
Their effect on the blogeochemical balance of uranium may well

e greater than expected.

Category A2 - Macrophytes

Edgington et al. (40) determined uranium, thorium and
radium in a number of highly calcified marine algae and found
a very significant correlation between the uranium content and .

the calcium content of the algae,

As the degree of calcification increases the proporticn
of organic matter decreases and hence protein nitrogen
decreases, There was therefore a corresponding inverse
correlation between uranium and protein nitrogen.

They report that in all the species of algae analysed

R

the calcium carbonate was laid, and normally retained, as the
ortho-rhombic crystalline form of aragonite.. Because of this
they remark that:"Surface exchange or co-precipitation of
uranyl ions with calcium is therefore possible because there

should be neither steric problems nor restrictions on the
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formation of sclid solutions due to ionic size,"

Calcerous algae precipitate calcium as either caleite or
aragonite and, in contrast to molluscan shells, no algae con-
taining & mixture of the two minerals have been recorded (78).
In view of the strong correlation between uranium and calcium
observed by Edgington and in view of the conflicting opinions
as to the effect of crystal structure on the uranium content
of shells (see 3,1) it should be of great interest to study

some calcitic algae,

Edgington et 2l. found that the uramium concentration.
in their calcified algae varied from 240-552 »Ci/kg dry algae
(or;hsing the conversion factor of 7,5, from 32-74 pCi/kg wet
algae)., |

Sackett et al, (121) report even higher conéenfrations in

calcerous algae collected in the Gulf of Mexico, viz.
975-1480 pCi/kg of (presumably) dry algae,

Miyake et al. (90) analysed several seaweeds without any
bias towards calcified samples and found that the concentration
of uranium varied between 13,5 and 791 pCi/kg dry seaweed A
(1,8-105 pCi/kg wet). They also determined the U~234/U-238
activity ratio in their samples. This ranged from 1,07 to 1,17
with an average value of 1,11 i'0,0B and was the same as the

ratio found in the surrounding sea water.

‘Category C ~ Marine Invertebrates

The determination of uranium in marine invertebrates has
been exc;usively devoted to -shell and corals as various dating
methods have been investigated. Although the tendency has been
to analyse fosgsil rather than recent shells a large number of
living shells have been analysed, In 1971 Keufman et al. (67)
collected the results from a number of workers and reported.
that the uranium concentration varied from less than 1 to 590
pCi/kg U-238 with an average value of around 30 pCi/kg. In
fact 69 out of the 78 living shells studied contained less
than 40 pCi/kg U-238, |

Kaufman also reports that calcitic molluscs typically
pick up about half as much U-238 z2s do aragonitic ones .
Tatsumoto snd Goldberg (135), on the other hand, analysed a

range of calcerous organisms and found no preferential
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association of uranium with the aragonitic structure, This
ifference of opinicn is probably due to the fact thzat Kaufrmer
t al were considering shells of all ages and fossil marine
2l g g

M o

olluscs typically contain much more uranium than do living
ones, It appears that) efter death,uptake occurs quickly and
ceases afiter a few thousand years \18}. It is likely that
under these conditions the substitution of uranium into the
aragonitic lattice is easer than into the calcitic lattice,
In the 1iVing mollusc on the other hand the situation is much

more comblex and different factors may dominate the uptake cof

uranium ions.

For the purpose of‘comparison'with the results obtained in
this project it is of interest to look closely at the resulis
of Tatsumoto and Goldberg (135) and they are summarised in
Table 3.10. 5
| Tabie jflﬁ

Uranium in Shells (from Tatsumoto and Goldberg (135))

] _
g;ﬁpigs . Type of Shell pCi/kg U-238] Crystal Structure
2 Echinoderms | 5L~57 'Calcitic
5 Molluscs (Gastropods) 3-9 “Aragonitic only
8 ﬁolluSCS'(Gastropods 1-15 Aragonitic and
and Pelecypods) = Calcitic mixed
1 Barnaéle , | ' 13 | Calcitic

3.5 Thorium Isotopes (Th-232, Th-23C, Th-228 and Th-227)

3.5.1 Thorium in Sea Water =~ Little 1s known about the chemistry

of thorium in sea water, Both uranium and thorium isotopes

enter the ocean from rivers as a result of weathering and lang
run~off. Uranium however remains in solution as the soluble
carbonate complex, while. thorium is ranidly removed from
solution, probably as either the hydroxide or the phosphaie.

The mechanism by which thorium precipitates out and setitles
to the ocean bottom is not well understood but it seems likely
that the newly precipitated thorium forms charged coclloical

~particles whlch would be llaole to co-precipitation and adsorption
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onto the surface of both organic and inorganic particles.
Bhat (9) found that the settling rate of Th-234 coincided
closely with the settling rates of organic debris from the
surface layers and concluded that thoriumisadsorbed onto solids

during precipitation.

Goldberg et al.{(50) suggest that thorium phosphate is
involved in biological cycles in which phosphate is regenerated
by the decomposition of organic debris descending through the

water column,

N The fact that the Th-ZBO activity in sea water is less
“than 0,1% of the activity of the parent U-234 indicates that

this isotope must settle very rapidly after its formation.

‘ Estimates of the oceanic residence times of the thorium
isotopes vary between 15 and 350 years (9, 129,v39, 50). In
any case the residence time of all the thorium isotopes is

less -than the mixing time of the oceanic water masses. One
would +thereforé expect to find regional variations in the
thorium content of the oceans depending upon the rate of
Supply,vsedimentation, etc. In fact; the variations reported
are very wide (29) and this makes calculations of concentration
factors and comparison of results from different regions very -
difficult.

‘Although Th-228 is a grand-daughter of Th-232 its activity
in sea water is typically about fourteen times higher than that.
of its grand-parent, This appears to be because the inter-
mediate Ra-228 is soluble in sea water and has a half-life of
only 6~7 Years. Th-232 decays to Ra=-228 which then enters the
oceans by horizontal transport from the continental shelf and
slope regions. and by upward diffusion from the bottom sedi-
ments (91, 95). To a lesser extent Ra=-228 may be introduced
from suspended varticulate phases containing Th-232, This is
likely to play a large part in coastal regions where the higher
thorium concentraticns are probably due to suspended inorganic

material introduced from rivers etc., (129, 91).

b The other natural alpha-emitting thorium isotope, Th-227,
is of little interest. It has a short half-life (18,2 days)
and is a member of the actinium series, all of whose members

are present at very low levels in the environment. The few
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Ls,

estimates that are available for the concentration of Th-227 in

sea water vary between 1,l x 1072 and 2 x 1072 pCi/1 (119, 29).

3.5.2 Thorium in Marine Organisms

Very little data is available on the concéntration of
thorium isotopes in marine organisms. In fact there zre so
few figures that ranges are not gquoted in Table 3,10, #het
little information there is w1l1 now be discussed category by

category°

Categories Al and B ~ Plankton

Cherry et al.(2g) determined Th-228 in seven phytoplankton
and forty-three zooplankton samples collected in South African
waters. They used the. total counting (pairs) method which, B
while it involves several assumptions, is extremely siraight-
forward from the experimental point of view and should give
reliable results. They found that Th-228 in phytoplankton
varies from 8-57 pCi/kg wet plankton (70-900 pCi/kg éry plankton)
with a mean of about 30 pCi/kg wet‘plénkton. Concentrations in
‘zooplankton were lower, ranging from 2-24 pCi/kg wet plankton
(20~500 pCi/kg dry plankton) with an average of about 9 pCi/kg -
wet plankton.

.
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These authors found that real variations appeared toc e

in the Th-228 content of plankton from different water masses.

Thus they found the highest concentration of Th~228 in plankton
collected from the thorium rich waters of the Walvis Ridge.

The lowest Th-228 values were associated with cold waters such

as the Benguela Current and the waters at the convergence tet-

ween sub-tropical and sub-antarétic surface waters.

They °L est that the fact that phytoplankton contains -
more Th-228 than zooplankton is possibly due to the calciume
rich nature of the phytoplankton. Thus Ra-228 might nave. teen
absorbed in association with the calcium and subsequently
decayed to Th-228. On the other hand Ku (73) and Bdmund (%&1)
have concluded from a study of depth profiles that radium is
incorporated into silaceous tests, sedimented to deep wate
and then redissolved. Their evidence suggests that calcium
carbonate tests play a relatively minor role in the
of radium, _Obviously-there is scope for. further work here and

interesting factors would surely emerge if the different types
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f plankton could be analysed for the various alphe-emix
- nuclides, . ‘ v
Shannon (126) also zttempted to estimate the concen-

trations of Th-232 and Th-230 in some of his samples., He used
a welt-extraction technique followed by alpha-spectrometry znd

estimated his recoveries from the Th~228 values obtained Ty
the pairs technique, He was unable to make any estimate o
the extent tc which the Th-228 was supported by Ra-228 during
“the 12-27 monihs that elapsed between sample collectlon zand

chemical extraction. Nevertheleés,While the errors iIn the
results may be large, they are probably of the right order

magnitude and the "Typical values" given in Table 3,10are
"based on-these figures,

Category A2 - Narine Algse

No published values for the concentrations of the various Thor
i&nisotooes in merine algae appear in the literature but
(10) znd Strohal et al.(130) have determined

the total thorium in a number of different algae. Thelr

.u(L in C"’COH e

1
a.t.

resulds are summarised in Table 3,14.

.. ) v

o

Table 3,14

Th~-232 in Marine Algae

Strohal (130) : Edgington ( 40)*%
pCi/kg dry pCi/kg wet pCi/kg dry pli/xg wet
Green 2,0-72 0,12-3,2 5,130, 5 G,7-4,1
BI‘OW’H 1’2‘"‘19;6 O O 2 7 lL:’yZ"‘ZL.‘"O 1,9"3,2
Red 109-251 15,3-40,4 7,6-67,6 1,0-6,0

sults reporited on a dry basis only. Wet values calculate:

e
using the conversion Ffactor of 7,5.

10
0
3
®
(@]
¢
®

I+t can be seen that the results of both grouyp
same order of magnitude, although the tendency for the rhoco
phytes to be high in thorium is not as marked in Edgington's

results as in those of Strohal,.
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Edgington found no correlation between the thorium and calcium
contents of tﬁe algae analysed,  There was however z positive
correlation between radium and calcium in red and brown but
not green seaweeds. It is a pity that an isotopic analysis
of thorium could not be carried out as this would have shown

"

to what extent this radium absorption affected the Th-228

~concentration relative to sea water and the other isotopes.

Edgington, after a careful study of thorium-calcium dis-
crimination factors, concluded that the main mechanism by
which thorium and radium are concentrated by marine algze is

lon-exchange or co=-precipitation of the. ion within the calcium
carbonate matrix. In algae of low calcium content however,
some form of complex formation with either proteing.-’ "

or other organic compounds may become significant,

Category C - Marine Invertebrates

Very little information is available on thorium isotopes
in marine invertebrates,  Even living shells have been neglec-
ted, which is rather surprising in view of the attention that
has been pald to uranium series dating methods.,

The Th-230/U-234 method has been particularly recommended
for the dating of shells (13, 18,, 65, 67 ) and is based on
the measurement of the extent to which Th-230 has grown in as
a result of the decay of uranium that was incorporated into
the shell during its formation. A detailed discussion of
dating methods would be out of place here and it is sufficient
to say that several assumptions are involved which lead to in-
accuracies in the final ages. The most important of these is
probably the assumption that after growth there is no movement
of uranium series isotopes into or out of the shell, Another
imnortant assumption that was made when the method was Of¢gl~
>na¢ly proposed was that the concentration of Th- -230 in fresh
shell is negligible in comparison with U-234,

Early workers who attempted to determine the concentration
of thorium isotoves in fresh shells used insensitive me thods
and were hspvy to conclude that the latter assumption was valid
(13, 144, 146, Table 3-14), It was soon shown however that a
correction for the Th-230 initially present in shells has o
be made (65, 67),. This correction is nofmally based on the
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assumption that the initial Th-230 is proportional to the

initial Th-232 and the ratio at zero time, R = %%_ZEQ) is
v -232

-usually taken to be somewhere between 1,3 and 1,7, although
‘occasionally R- values ranging from 0,9 to 2,4 have been
needed to bring Th-230/U-234 dates into line with the C-14

. dates, The older the sample the less important this correc-
tion becomes. In "young" samples an error in this ratio can

cause a substantial error in the estimated age.

The few values that are available for the concentration
of thorium isotopes in shells are listed in Table 3.15

together with values for the important isotopic ratios.

Table 3.15

Thorium Activities in Living larine Shells

| mm-232 | m-230 | Th-228 | Th-230 | Th=230 | Th-228
s : : : Th-230 Ih-228
hell Wre | oei/kg | oCi/ke | pCifke | Thoz32 | U-23F | Tn-232
Gastropods ' o £ 0,02
" Bivalues 0fg-6t7 1*¥1-10%5 ' %o
(109) . : ' 013 n
C -
(3533° 505 [<1,5 - < 0,01
(1814') 095'3vl4’ 2, 8"17 0079 1"15

As in sea water the Th-228 content of shells is many times
“higher than that of the parent Th-232. This is presumably due
partly to the fact that, owing to its high concentration in sea

- water, more Th-228 is available and partly to the fact that '
Ra—228 is also incorporated into shells during their formation.,
As mentioned (see section 3.1) radium is chemically similar to
calcium, although it has a reldatively large ionic radius. Typi—
cally the Ra-228 concentration in 1living shells is between 4 and
30 pCi/kg (38, 9%) and the decay of this isotope (tl = 6,7 years)
" may contribute 51gn1flcantly to the Th-228 content of shells that
vare'a few months old., Because of its large ionic radius one would

expect radium to be more readily accepted into an aragonitic
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lattice than into a calcitic one and hence one Woﬁld expect
Th-~228 to be higher in aragonitic shells.  There is however
no published data on this point. '

The ionic radius of thorium itself is very similar to
that of calcium but this is probably not significant, as it
seems leely that thorium is associated more with the organic
matrix of shells than with the calcium carbonate crystals.

Category D - Fish

‘ Virtuvally no information is available on the thorium
content of members of this group.

3.6 Radium Isotopes (Ra-226, Ra-224, Ra-223)

The following figures (Table 3.16) for the concentration
of Ra=226 in sea water are taken from the review by Cherry
and Shannon (29).

Table 3.16

Ra~-226 Activities in Sea Water

pCi/1 Ra~226

Range in coastal waters ' - 0,01 =~ 0,59

Range in oceanic waters _ 0,024 - 0,182
Typical concentration in surface oceanic ’
~Typical concentration in deep oceanic

- water | 0,08 - 0,16
Typical oceanic mean , 0,1

Typical coastal mean - 0,1

It can be seen that the concentration of Ra-226 in sea
water varies over an even wider range than do the concentra-
tions of the thorium isotopes and there is generally dis-
equilibrium between Ra-226 and Th-230,

Ra-226 was the first alpha-emitting nuclide to be deter-
mined in marine organisms and the data are more abundant than
for uranium and thorium. The relatively high concentration
factors for Ra-226 shown by most organisms may te connected
with its chemical similarity to calcium.

There is no direct information concerning the nuclides
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Ra-224 (t% = 3,6 days) and Ra-227 (t%'= ll_days). Presumably -
. .they are present at apprroximately the same activity levels as
their immediate parents Th-228 and Th-227,

Ra-228 is a beta-emitter but it is important because, as
the'precursor of Th-228, it has a marked influence on the con-
centration of this isotope in sea water and many marine
organisms., (See Sections 3.1 and 3.5).

3.7 Polonium'Isotgpes:(Po~2181 Po-216, Po-215, Po-214, Po-212,
Po-211 and Po-210 |

The first five of these isotopes all have very short half-.
lives and it is reasonable to assume that they are in egquilibrium
with their parents in sea water and marine organisms. Po-210
(t% = 138 days) is of much more interest; it makes a sig-
nificant contribution to. -the alpha-radioactive dose received
by marine organisms and a rapid sensitive analytical method is

available.

- For these reasons a. great deal of work has been done on
Po-210 in the marine environment in recent years and there is
" now a vast profusion of published data.

Folsom et al. (43, L44) suggested that "since several living

- - systems have been encountered in the marine environment that

.accunulate Pu-239 almost as efficiently as Po-210 something
about the behaviour of plutonium in the environment might
possibly be inferred from studies of polonium."

A glance at the'periddic table gives one little reason
to suppose that there will be much chemical similarity between
Po and Pu (or the other actinides such as U, Th or Pa), How=-
ever both polonium and plutonium can exist in a variety of
oxidation states, are easily hydrolysed and readily form con-
plexes, colloids, etc. Furthermore, being reactive, they are
likely to. become attached to any particulate matter in sea
water. They are present‘in sea water at extremely low con-.
centrations (typically 3 x 10-17 moles/litre Po and 4 x 10-14
moles/litre Pu) and it is possible that the similarity in such
properties could lead to the postulated similarity in biological
behaviour.'A ' ' ' ‘

With the above argumenfs in mind it was decided to deter-



51,

mine Po-210 (and Pb=-210) in all the samples in which Pu-239
was determined. There is already a great deal of data avail-
-able on the concentration of‘polonium in the various brganisms
and while'itvwasrnot expected that anything new would emerge
from the Po-210 data alone, it Was hoped that the situation
with regard to any relationship between plutonium and

polonium might be clarified.

No attempt will be made here to review all the work that
has been done on polonium in marine organisms. This has been
discussed and summarised by Cherry and Shannon (29) and the
typical values, ranges and concentration factors reported in
Tables 3.6 and 3.7 are taken from this review, It is sufficient
here to describe first the situation in sea water and then the
general conclusions that have been drawn from the accumulated
data on organisms. The work of Folsom et al. (43, 44) has
already been described in section 3.2.2. '

' 3.7.1‘ Polonium in Sea Water

As indicated in Table 3.6 there is a fairly wide variation
in the Po-210 content of sea water (29, 128, 44, 153). The
results of Shannon gj al. are of particular interest because
they were obtained in South African waters. They found that
the polonium content in waters around the Cape of Good Hope
during'March'l969 varied between 8 x 10=3 and 41 x 1073 pCi/1.
Four samples collected off rocky beaches around the Cape
Peninsula contained an averége of 30 x 10-3 pCi/1.

Shannon also reported Pb-210 values ranging from
10 x 1073 pCi/1 to 135 x 1073 pCi/l with a mean value of
38 x 1072 pCi/1.

- Bunn (20), also working in South African waters, found
that the polonium concentration varied between 18 and 45 pCi/1
and showed that as much as 75%.of this polonium was associated
with the particulate phase, He found that the proportion of
particulate Pb-210 was lower - of thé order ofv20% to 25%.
Langford (74) and Schell (123) have also presented data
indicating that a significant propoertion of the Po-210 and
the Pb-210 in sea water is particulate.
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3.7.2 Polonium in Organisms

. Table 3.10 shows the range in values reported for Fo-210
in various marine organisms. Cherry and Shannon (29) point
out that three important general conclusions can be drawn
. from the data available, These are:~- '

1) Polonium is very efficiently concentrated by most marine
organisms. In fact, although the molar concentration of
polonium in sea water is considerably lower than that of any
of the other alpha=-emitters (Table 3.1); the concentration
factor from sea water to marine organisms is higher'than for
any of the other alpha-emitters, with the possible exception

of some thorium isotopes.

' 2) There is a clear increase in the polonium content of
organismé as we move up the food chain from phytoplankton to
zooplankton to entire fish. This is completely different
from the situation for uranium, thorium, radium and plutonium
where the trends tend to be in the reverse direction.

3) In marine invertebrates and fish polonium is very highly
concentrated in the internal organs. Thus the hepatopancreas
of shrimp-and lobster and the livers, pyloric caeca and viscera
of fish are all extremely high in Po~210. It is pérhaps worth
pointing out here that the retention of selenium and tellurium
in snimals is highest in the liver, kidney and spleen (835).
Thus their chemical nature and possibly the type of complexes
they ‘form, must play some part in the pathways followed'by
these elements.. '

Finally bfief mention must be made of Pb-210, With regard
to this isotope the following general points have emerged.

1) Pb-ZIO is concentrated much less efficiently than is Po-210,
-2) Pb-210 concentration does not increase up the food chain.

3) Various organs of fish such as the liver and viscera are
sites of accumulation for Pb-210, as they are for Fo-210, but
the Pb-210 levels remain very much lower than for Po-210.
Relatively speaking Pb-210 has a greater tendency to accumulate
in bone. |
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CHAPTER &4

- Plutonium Results

L,1 'Intreduction

In this chapter the results of plutonium determinations
on organisms collected in South African waters are presented.
A discussion of alpha-spectrometry and details of the analy-
tical methods used are given in Part II of this thesis. Here
it is sufficient to say that plutonium was isolated by ion=-
exchange, plated onto stalnless steel discs and counted on
: seml-ccnductor alpha-spectrometers.

A Pu-236 tracer was used enabling an accurate assessment
of the chemical recovery to be made. These recoveries are
quoted for each determination and they tend to be between 50%
and 90%., Exceptions to this are the kelp and stockfish samples,
They were analysed before the‘plating,technique had been per-
fected and recoveries were low. Low recoveries were also
- obtained when analysing shell. These analytical problems will”
be discussed inAppendix I. '

Unfortunately the Pu-236 tracer contained some Pu-238
(approx. 6% of the Pu-236 activity). This made it impossible .
‘to determine the Pu-238/Pu-239 ratio unless either the tracer
- was left out or the plutonium content of a sample was extremely

high. Thus estimates of this ratio were made on only five
| samples.

Wherever possible all samples were analysed in duplicate, -
that is, after drying they were ground, mixed and split into
two ldentical portions which were then analysed separately.

Because of the difficulty of essessing wet weights

: ~accurately, all results are reported both on a wet and e dary

weight basis. The errors quoted are standard deviations based
purely on counting statistics. ' '

4,2 Phytoplankton

No phytoplankuon samples were avallable for analysis.

L.3 Macrophytes

Because of its possible. importance as a biological
indicator of plutonium levels in sea water, several samples
of kelp were analysed at the outset. The samples were'large
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and consisted of the blade only. No attempt was made to dis-
tinguish between young and old plants or different parts of
the blade. | |

Several other seaweeds with differing biological pro-
perties were analysed. In particular, in view of the work
of Wong et al. (153), plants with different surface properties
were chosen. Thus aocedes orbitosa is also a brown seaweed

but it has a very "slimy" surface - possibly a good breeding
ground for bacteria. Porphyra (a red seaweed) and ulva (a
green seaweed) both have very high surface areas, The blades
of porphyra are often only;bne cell thick. Furthermore they
tend to be rough and should provide a suitable surface for
bacteria and other minute organisms to inhabit. The blades

of ulva on the other hand are smooth and glossy and are. there-
fore probably less likely to harbour micro-organisms.

Sargassum heterophyllum was chosen because of its relation- -

ship to the sargassum sp., of the Sargasso Sea., Unlike its
relative, however, it does not float but grows in clumps in
rocky pools just below the low-tide mark. The plants are
'small and bushy and the whole plant was analysed. Because of
the bushy nature of the plant it was difficult to ensure that
no foreign bodies were present and small shell-fish, sand, etc.,
may well have been included in the samples. Older parts of the
stem also tended to have small particles embedded in them.
The other seaweeds were easy to clean and the samples contained
no visible inclusions, ' ' ,

The results of these determinations are given in Table 4.1,
Table 4.2 gives approx.‘concentration‘factors for the different
seaweeds., Sea water values of 4 pCi/l Pu-239 for 1972 samples
and 2 pCi/1 for 1973 samples have been used (see Ch.'3.2.l),

The most striking fact to emerge from these tables is that
sargassum heterophyllum contained significantly more plutonium

“than did the other seaweeds, although not nearly as much as the
floating sargassum sp. analysed by Noshkin et al. (102), Thus
the metabolism of the sargasso weed appears to be especially
well suited to the concentration of plutonium. It would be
interesting to study this species more carefully and an analysis
of different parts of the plant and plants of different ages
should prove fruitful., Other members of the family, e.g.
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sargassum longifolium, which lives in deeper waters off the

South African coast, might also be analysed.

Ih spite of their very different surfaces, kelp, aoedes
ahd porphyra all contained about the same concentration of
Pu-239. Thus there is no evidence of concentration at the
surface either by the seaweed itself or by surface=-living

~ crganisms.,

Ulva contained less Pu-239 than the other macrophytes
~and this may be connected with the fact that it is the only
green seaweed analysed., Generally, brown and red seaweeds
ap?ear to accumulate greater quahtities of trace elements
than do the green,

Concentration factors for macrophytes (other than
sargassum EB.)'reported in the literature vary between 100

- and 1600 and it can be seen that (apart from sargassum hetero-

phzllum) all the results in Table 4.2 are within this range.

Two other workers have reported concentration factors
for kelp. Noshkin (102) found a concentration factor of 140
- and Wong (153) found 600. Our value of 350 fits neatly in
between these two figures. While this range in concentration
factors is fairly wide, it is almost certainly due to differences
in sampling procedure, If samples of the same age and tissue
composition are taken the concentration factors may well prc#e
to be more constant and kelp may be a very useful biological
indicator. A éoncentration factor of around 300 is useful and
large samples are easy to collect and to handle.,

L., Zooplankton

- Only two samples of zooplankton were analysed. The sam-
ples were collected at different times and were very different
in biological composition. There is some doubt about the actual
species present in the first sample (S-79) but it contained a
large amount of acid-insoluble silica and therefore presumably
included in its composition a proportion of either radiolaria
or silaceous phytoplanktonic organisms., The second sample (5-82)
was composed entirely of amphipods. '

The results obtained are shown in Table 4.3.

If one calculates the sea water to zooplankton concen-
~tration factor (using the 1973 sea water value of 2 x 10-% pCi/1
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"Pu-239 calculated in Ch, 3.2.1) one obtains a value of between
LOO and 850. This is lower than the value of 2000 given in the
literature (29, 103, 152) but as this value was based on a

single determination better agreement could hardly be'expected.

It is difficult to compare these results with those of
other workers who analysed samples taken from northern hemi=~-
sphere waters during years of high fall-out and before Pu~239
was routinely determined in surface air. Nevertheless, using
Sr-90 figures, it is possiblevto make a rough estimate of the
likely plutonium deposition in the northern and southern hemi-
spheres during the years in which the zooplankton samples were
collected. Thus we find that the approximate ratio of northern
hemisphere fall-out during the years 1958, 1961 and 1964 to
1973 southern hemisphere fall-out was:-

1958 - 15
1961 - 40
1964 - 10

The fact therefgre’that the two zooplankton samples
analysed in this project contained between one-tenth and

one-twentieth of the plutonium reported in samples collected
during these years fits in satisfactorily with fall-out figures.

Zooplankton may well prove to be very suitable organisms
for/monitoring the plutonium content of surface oceanic waters.,
ﬂ_However much work still needs to be done on the effect of
seasonal variations and of different species.

4.5 Marine Invertebrates (excluding zooplankton)

A number of marine invertebrates were collected from the
near-shore environment and analysed. The plutonium concen-
trations found are listed in Table 4.4, A discussion of the

organisms one at a time now follows, '

4,5,1 Mussels

_ Black mussels cling to the rocks in the intertidal zone

while white mussels burrow in the sand; but both are filter

feeders and they appear to have concentrated plutonium . to the
same extent.

Calculation of sea water to mussel soft tissue concentration
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factors gives values of 350 and 375 for black and white
mussels respectively. This is in remarkable agreement with
the values obtained by Noshkin et al. (250-350) and by Pillai
(230-290). Thus three sets of mussels, widely separated by
time and environment, give almost identical concentration

factors. It has already been pointed out that mussels appear
to regulate their plutonium content in relation to the con-
centration in sea water rather than other sources and the
apparently constant concentration factor makes them an ideal
biological indicator. o '

The Pu-239 content of mussel shell was, if anything,
slightly lower than that of mussel meat. This is contrary
to the findings of Noshkin et al. (102) who found that "in
every case, where both body and shell were analysed the -
average concentration of Pu-239 in shell exceeded that in the
body". However, this statement was based on a small number of
observations and may be an over-generalisation. It is possible
that something as simple as variations in wet weight determi-
nations could account for our disagreément on this point.

It can be seen that the Pu-239 contents of mussel shell
~and sea urchin shell are very similar. This in spite of the
fact that the former were probably mainly aragonitic while the
latter were calcitic. So crystal structure appears to have
little effect on the accumulation of plutonium and in view of
the similar ionic sizes of Cat? and Pu™ (Tabvle 3.2) this is
hardly surprising. In any event it is probable that plutonium
is associated with the organic matrix rather than incorporated
into the c¢crystal structure of shells, In this context it is
interesting to note that the plutonium content of lobster shell
is much higher than that of the more highly calcified mussel |
and sea-urchin shells.,

Because of their potential as biological indicators it
would be worth trying to find answers to such questions about
mussels as:- '

1) Are there seasonal variations in the concentration
factor? o

ii) Is uptake continuous .and does the plutonium concen-
tration increase with increasing age of the animals? Experiments
with other metals indicate that this is not the case but there
- is no information about plutonium, |
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iii) What is the mechanism by which plutonium is absorbed?
In particular, do mussels absorb soluble as well as particulate
plutonium? Mussels can filter off particles as small as
bacteria and as plutonium in sea water may be largely particu-
late it is probable that it is absorbed via the normal feeding
mechanism, On the other hand uptake could occur directly into
the blood stream across the gill or mantle epithelia or the
soluble form COULd-be absorbed onto the mucous used in feeding
and o ‘become avail able for absorption from the digestive gland.

It would certalnly be instructive to analyse the digestive
gland separately in order tc see whether, as with other inverte-
brates, plutonium is concentrated there. Useful information
might be gained by fcllowing the practice of keeping mussels in
filtered sea water for two days before analysis. This gives
them time to eliminate undigested food material from their

intestines.

4.5.2 Starfish

Noshkin et al, (102) found that starfish (asterias forbesi)

contained roughly four times as much plutonium as the mussels on

which they were feeding and concluded that "plutonium is con- _
- centrated up this simple food chain". Our starfish showed a
similarly high plutonium concentration (in fact five times the
concentration in mussels). They were not, however, living on
mussel beds but in shallow rock pools among sea urchins. They
appeared to be feeding on general detritus and periwinkles,

The fact that thelr concentratlon factor relatlve to
mussels, and presumably therefore to sea water, is similar to
that reported by Noshkin et al. may mean that starfish could
also be used as indicators of plutonium levels ih'sea water.
The higher concentration factor would make them very suitable
for this purpose. They are easy to collect and the high
plutonium concentration made it possible to determine the
Pu-238/Pu-239 ratio even in the presence of our;Pu?236 tracer.

4.,5.3 Sea Urchins

Sea urchins have been attracting the interest of marine
biologists in recent years, They consist almost entirely of
a shell containing digestive organ and genads, in about equal
proportions, bathed in fluid., The effect of various marine
pollutants on the fertilisation and development of sea urchin
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eggs has been used as a sensitive indicator of marine pollution
(63). (A similar study on the effect of some of the alpha-
emitting isotopes should prove an entertaining project for
some blologlst)

It can be seen from Table 4.4 that the concentration of
plutonium in shell and gonads is much the same as in mussels
while the digestive system contains two to three times as much,
Thus even in these simple animals plutonium appears to be
retained in the -digestive tract, although relatively more
passes into the rest of the animal than is the case with fish
or mammals. |

~ The sea.urchins were collected from the sea floor at a
depth of about 20 metres. Their diet was mainly particles of
kélp and there appears to have been very little concentration
of plutonium up the food chain from kelp to sea urchin.

L,5.4 1Marine Worm

Noshkin et al. reported a very high value for marine worm,
Our bloodworm was found burrowing in sand at Langebaan, a
~lagoon 100 km north of Cape Town. The worms were completely
full of sand and it was impossible to clean them effecfively.
(After digestion of the 265g samples about 20g of sand was
filtéred off each sample). This sandy sediment was presumably
~low in Pu-239, but Noshkin et al. report that their worm was
found in sediment containing 28 pCi Pu-239/kg. Presumably they
managed to separate worm and sediment but there was no change |
in concentration from sediment to worm. The results are there-
fore of little interest; +the worms are unlikely to reflect sea
water concentratlons and it is easier to analyse sediments than
to collect worms.

h.5.5 Lobster

The work of Ward (148) on lobsters has been described in
Chapter 3. Ward was working with sea water concentrations more:
than lO8 times our natural level and her plutonium was probably
not in the same chemical and physical form as that found
naturally. This makes a comparison of results difficult but
there are cbvious similarities as can be seen from Table 4.5,
which compares our concentration factors with those of Ward
after 50 days (vefore equilibrium) and after 300 days (after
equilibrium). It can be seen that there is a striking
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'similarity in the order of preference of plutonium for the
different organs although our concentration factors are much
higher, Our high concentration factors are presumably due to
the low levels of plutonium in sea water. '

Table 4,5

Pu-239 Concentration Factors from Sea Water to. Lobster

Concentration Factor

Organ - tpyso Project| Ward after 50 days | Ward after 200 days

Shell ~ Looo 100 ' 110
Gills 4000 | 90 | 100
Digestive| ' _ n

Ciond . 1000 i 10 100

Flesh | 80 I 14

. The concentration factor of 80 for lobster flesh is perhaps
higher than might have been expected when'compafed with the
typical value of six for fish muscle, The lobsters were col=-
lected early in 1973 and it is quite possible that the concen-
tration of Pu-239 in sea water was higher than our calculated )
1973 value of 2 pCi/l. Using the 1972 values'of 4 pCi/1 reduces
the concentration factor to 40, -This is still significantly
higher than that for fish muscle, although there is no question
of any health hazard.

4,6, Fish

Pu-239_concentration’in.stockfish and tuna caught in South
African waters are shoWn in Table 4.6. These results support
the conclusions reached in Chapter 3 - that plutonium is not
highly concentrated ty fish and appears to be immobilised in
the gut as soon as it is absorbed. Any plutonium that does
manage to enter the fish is deposited in the bone and liver.

Very high Po-210 levels (in excess of 10% pCi/kg) have
been observed in the pyloric caecum of the tuna (43, 61) and
in view of the suggestion (125, 153, 43) that something about
the behaviour of plutonium might be inferred from studies of
polonium it seemed worthwhile determining plutonium in this
organ, - However, it can be seen that no such spectacular con-
centration of_plutonium occurs and'the levels in caecum and |
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liver are approximately the same. The liver value is slightly
lower than-the concentration reported by Hodge gj al. (59)
probably because ours was a southern-hemisphere tuna. In
Chapter 5 complete sets of polenium and plutonium data are
giveh.and the whole guestion of possible Po~Pu correlations

is discussed.

One tuna had a relatively high plutonium concentration.
in the stomach contents, which appeared to contain whole
anchovies among other things. Presumably this plutonium would
have eventually been'eifher retained in the gut or excreted.

-4;7. World-Wide Fall—@uf and Plutonium in Marine Organisms

Finally itsissimportant to take a general look at the
results cbtained during this project and to see how they fit
into the overall picture of world-wide fall-out and the Pu-=239
and Pu-238 contents of northern-hemisphere samples.

In this chapter comparisons have already been made,.
where possible, between concentration factors reported for
northern—hemisphere organisms and those observed in their .
South African counterparts. In general, agreement has been
good, implying first that the organisms involved were good
biological indicators and secondly that the values calculated
for the Pu-239 concentration in southern-hemisphere sea water
are of the right order (Chapter 3.2.1).

An alternative approach would be to calculate the southern
hemisphere/northern hemisphere ratio for different pairs of
organisms and to compare these ratios with the ratios in fall-
out. '

In practice it is very difficult to find comparable'
samples but Table 4.6 lists a few. In this table our southern-
hemisphere samples have been compared with the northern-hemisphere
samples reported in the open llterature, mainly by Noshkin et al.
(102 and Table 3.4).

All the southern-hemisphere samples were collected in the
years 1972 and 1973, while the northern-hemisphere samples were
collected during 1969 and 1970. Therefore, if the organisms
obtain their plutonium primarily from the water, the south/north
ratio should have 2 value between 0,27 and 0,61 depending upon
the times of collection. (See Table 2.4). For organisms living
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in the sediment the ratio should be close to +the cumulative
‘figure of 0,27. In actual fact all the organisms listed in
Table 4.7 are more likely to be affected by the plutonium
concentration in- the water than in the sediment. ‘

Unfortunately there are too few results for it to be
possible to take the actual year of collection into account
but it can be seen that apart from starfish all the ratios do -
lie within the expected range of 0,27 -~ 0,61, The northern-
and southern-hemisphere starfish were different species living
under different conditions and tooc much importance should not:
be attached to this high ratio,

We can therefore conclude that the ratio of plutonium in
southern-hemisphere organisms to plutonium in northern--.
hemisphere organisms is in rough agreement with the ratio pre-
dicted from fall-out. |

Table 4.7

v_Comparison of Pu-239 Concentrations in Southern- and Northern-

Hemisphere Organisms

Pu—239 in Southeranemlsphere Organisms

Organism . (1972/73)

PU-239 in Northern-Hemlsbhere Organlsms

(1969/70) |
-1 Mussel Soft Tissue J .'_ 0,53
‘Mussel Shell j : 0,25
Starfish. . - 0,83
Kelp i 0,39
Other Mixed Algae | , 0,3
| Tuna Liver ' o S 0,6

4,7,1 The Pu-238/Pu-239 Ratio

For convenience the relevant data have been extracted
from Tables 2.6 and 2.3 and repeated in Table 4.8,
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» Table 4.8
The Pu-238/Pu-239 Ratio in Surface Air and Total Cumulative
Fall-out
Southern Hemisphere | Northern Hemisphere
Surface Air 1966 | - 0,11
1967 | | - 0, Lk
1968 . - 0,33
1970 | 1 o1
1971 0,28 0,15
1972 - 0,175
1973 Between O 175 and
Cumulative Fall-out | = e
umulative Fall-out | -
up to December 1970 - 0,18 B 0’037‘

For the purposes of this diécussion'the following assumptions
will be made:- . ' '

1) During each year the Pu-238/Pu- 239 ratio in surface
‘water.lies somewhere between the ratio in surface air for that
year and the preceding year. Thus in 1972 the surface-water
ratio in the southern hemisphere was between 0,175 and 0,28
while in 1973 it was between 0,175 and 0,35. (See'Table 2, 6)

2) The ratio in sediments is very similar to the ratio 1n4

cumulative fall-out,

- Noshkin et al. (102) are the only authors to report the
Pu-238/Pu-239 ratio in a significant number of organisms.
Their results were obtained in the northern hemisphere and are
reported in Tables 3.6 and 3.8. Noshkin also determined the
ratio in sea water and sediment obtaining the following values:

water - 0,12 sediment - 0,045 o
All their samples were collected during 1970 and it can be
seen that their water and sediment ratios fit in very well
with assumptlons 1 and 2 above.

A study of Tables 3.6 and 3.8 shows that in all the
northern-hemisphere organisms analysed by Noshkin et al. (102)
the ratio was somewhere between the sediment value of 03045
and the water value of 0,12, ' Thus in benthic organisms such
as marine worm the ratio was low while in mussels, which filter
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sea water, the ratio was high. This variation in ratio
enabled the authors to draw conclusions about the feeding
habits of the various organisms.

It is, however, important to note that in all the samples
analysed the ratio is significantly lower than the ratio in the
water, This could possibly be ascribed to the fact that some
of the plutonium was obtained from sedimeﬁt rather than from
the water. Thus filter feeders such as mussels cculd have
ingested re-suspended sediment. However Noshkin et al. feel
strongly that mussels regulate their plutonium ccntent in
rélation to the concentration in water rather than other
‘sources such as sediments. This argument is supported not
only by the relatively high Pu—238/Pu;239 ratio but also by
the fact that samples (including those analysed in this project)
| separated both by time and environment display similar concen-
tration factors. Moreover their mussel samples were collected
from rocks and piles well removed from bottom sediments.

The Pu-238/Pu-239 ratio in starfish was the same as the
average value in the mussels on which they were feeding. Thus
" starfish, albeit indirectly, should also reflect the ratio in -

sea water,

Seaweeds should certainly regulate their plutonium con=-
centration in relation to séa water rather than sediment and
it is unfortunate that the only macrophytes on which Noshkin
determined this ratio were the floating sargassum fluitans and
| séfggssum natans. The ?ue239 content of these samples was very
high while the ratios were low; +they bear no relation to the
ratio in surface air for the year of collection. Noshkin et al.

- suggest that the plutonium concentration may be more closely
correlated with short-term changes in delivery patterns to the
ocean surface rather than with water concentrations. This"
implies'that the high plutonium concentraticnsmay have been
caused by accumulation immediately following some intense fall-
out, If this were true then the ratio could be expected to be |
close to the normal weapons ratio of 0,0M. This is indeed the
case but it is difficult to believe that all six samples
happehedvto be collected shortly after local tests, of which
there appears to be no record.,

An alternative explanation is that, as these sargasso
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weeds are capable of vegetative regeneration by fragmentation
and can exist in the floating'state‘indefinitely,'they may be
reflecting cumulative rather than total fall-out ratios. This
‘would also explain the high concentrations of Pu-239 that were
found.

Finally the possibility exists that Pu-239 is selectively
~absorbed with respect to Pu-238, This theory will be discussed
later in this Chapter.. ' ' ‘

No.published values exist for the Pu-238/Pu-239 ratio in
southern~hemisphere organisms and the preasence cf Pu-238 in
the tracer used in this project made it impossible to determine
Pu-238 in most of the samples analysed, Only three contained
sufficient Pu-238 for an accurate estimate of the.Pu-238/Pu—239'
ratio to be made.These were two starfish samples and one sar-
gassum heterophyllum sample. In addition twc portions of

sargassum heterophyllum were analysed without the addition of

‘a tracer. This gave a figure for the ratio but not an absolute
plutonium concentration. These ratios are listed in Table 4.9
and it can be seen that agreement is excellent,

Table 4.9

. The Pu~-238/Pu-239 Activity Ratio in South African HMarine

Organisms
Organism - | 001%22:l°n Pu-238/Pu-239
Martha asterias 3/6/73 | 0,12 + 0,02
) - | 3/6/73 | 0,12 + 0,02
Sargassum heterophyllum | 3/6/73 0,11 + 0,02
- (No tracer) 3/6/73 0,09 + 0,02
Sargassum heterophyllum | 4/2/73 0,13 £ 0,04
: ~ lean 0,11 % 0,02

A1l the spectra from which these values were obtained were

~ of high quality, showing good resolution and low background and

there can be little doubt that these figures are accurate. 1t
is surprising, therefore, that the mean ratio of 0,11 %+ 0,02
-~ is so much lower than the estimated ratio in sea water of
 between 0,175 and 0,35. (Ch. 2.6,2).

As already mentioned;'Noshkin et al. working in the
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northern hemisphere also found that the Pu-238/Pu-239 ratio

in organisms was invafiably lower than the ratio in the
surrounding sea water. Their ratio in sediments was even

lower and they assumed thaf the low ratio in organisms was

due to the influence of sediment - this despite the fact that
many of the organisms they analysed are presumed to regulate
their plutonium content in relation to the plutonium concen~-
tration in sea water rather than in sediment. In the southern
hemisphere; however, no such simple explanation is possible,
since the Pu-238/Pu-239 ratio in cumulative fall-out and hence |
in sedimen“g= was 0,175 (i.e._approximately the same as in water
and considerably higher than in organisms).

Admittedly there is some doubt about the reliability of
the estimated Pu-238/Pu-239 ratios in surface air but on
balance it seems unlikely that the ratio in southern hemisphere
sea water could have been lower than 0,175 during 1973. It is
desirable therefore to seek an explanation not based on the

influence of sediment %o account for the fact that in two sete

of results (ours and those of Noshkin gt al.) the ratio is

lower in organisms than in the surrounding sea water. Fall-

out Pu-239 and SNAP-9A Pu-238 have completely different origins
and may well be in completely different chemical and physical
forms. Thus  the two isotoﬁes might have quite different
solubilities or tendencies to adsorb onto other particles or

to form colloids, hydroxides etc. It is therefore quite pos=
sible that organisms might absorb a higher proportion of Pu-239
than of Pu-238. Selective concentration of this type would
result in the ratio being lower in one organism than in the
surrounding water and it may have been this, rather than the
influence of sediment that led to Noshkinfs low ratios, as well

as our own.

It is interesting to note here that Noshkin and Gatrouss

(105) after a study of the Pu-240/Pu-239 ratio reached a

similar conclusicn about Pu-240 and Pu-239, 'They found that
the Pu-240/Pu-239 ratio in plankton was higher than could be
predicted from fall-out and postulated that the Pu-240 is
selectively absorbed in preference to Pu-239. We can therefore.
conclude that, if selective absorption is indeed taking place,
the order of preference is ‘ - -

Pu-240 > Pu-239 > Pu-238 (SNAP-94),
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0f course, this refers only to SNAP-9A Pu-238.. Pu-238 from
weapons testing might well behave quite differently but its
behaviour would have been masked by SNAP-SA plutonium during
recent years.

The glternative'hypothesis.'that Pu-238 is more rapidly
removed from the surface water than is Pu~239, would result
in low ratios in water as well as in organisms. From the
small amount of data available on the ratio in sea water this
does not seem to be the case; selective abscrption seems to
be the most likely explanation for the low ratios in organisms.

A gfeat deal more work will have to ve done before the
above theory can be confirmed or rejected and it is important
that as much information as possible about the Pu-238/Pu-239
ratio should be amassed., The SNAP-9A Pu-238 has already proved
of great value in helping us to understand air movements in
the atmosphere and could well be of equal value as a bio-

geochemical and‘oceanographic'tracer.
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Chapter 5

Uranium, Thorium, Polonium and Total Counting Results

5.1 Uranium and Thorium Results

Uranium and thorium were determined on fourteen samples, all
belonging to one of the categories zooplankton, macrophytes or
marine invertebrates. Because of the small number of samples and
because of the many inter-relationships between the various isotopes
no attempt has been made to stick rigidly to biological or elemental
classifications in this discussion.

Tables 5.1 and 5.2 list the results obtained and a number of
ratios of interest. All samples were analysed in duplicate and in
“order to give some idea of the precision of the analytical methods
both urahium results are given in the table. Since the thorium
figures were obtained from pairs of samples, one spiked and one un-
spiked,; only one result can be given. The standard deviations
gquoted are based entirely on counting statistics. Because the
ratios between isotopes of the same element can be calculated
directly from the counts obtained, the standard deviation for these
ratios is often much lower than for the absolute concentrations of
the isctopes. Figures 5.1 and 5.2 are designed to show up guali-
tative relationships between the various isotopes; Within the limits
of experimental error the U-234/U-238 ratio was a constant value of
1,14 and a graph for U-238 has therefore not been included.

The discussion that now follows is divided into two parts.
Section 5.2 briefly'compares these results with those of other
workers described in Chapter 3, while Section 5.3 is a discussion
of the various ratios and inter-relationships between different
isotopes and organisms. ‘

5.2' Comparison of Individual Uranium and Thorium Results with
' Published Values
5.2.1 Zoorlankton:

Uranium It was suggested in Section 3.4.2 that there might

be an association between the silica content of organisms and the
extent to which uranium is absorbed. Thus Miyake et al. ($0) found

. their highest uranium concentration in the plankton sample containing
the highest proportion of diatoms (Table 3.,12),

The two plankton samples analysed in this project support this
theory.. The silaceous sample contained seven times as much
uranium as the amphipod sample on a wet weight basis (or thirteen

times as much on a dry weight basis). For convenience these



Table 5.1

Activities of Uranium and Thorium Isotopes in Marine Organisms

collected in vicinity of Cape Town

I
Chemical

Sample Sample Wet wt. Recovery PCi/Kg wet wt. _ PCi/Kg wet
No. Description| Dry wt. % Th-232 Th-230 Th-228 U-238 U-234
Thij U o
S-79 * | Zooplankton 10,2 | 77 | 77{0,11#0,03| 0,1520,07 |1,5040,17 |48, 4+4 0 {54,545
- Silaceous ' 57 681" o 49,0+4,255,5%4,9
S-82 | Zooplankton 4,8 | 63 |370,41+0,05{0,40%0,04| 3,420,27} 7,2+0,7| 8,3+0,8
- Amphipods ' 70 } 57 ' T 6,8+*0,6] 7,5+0,6
S-7 |Acedes - 4,8 0,3+0,1 | 0,5%0,1 | 1,1#0,2 | <0,5 <0,5
Orbitosa ' ‘ '
S-3 |Sargassum 6,6 | 91 |u10,35+0,06/0,39£0,07| 1,2t0,2 |16,9+1,5|18,8+1,7
Heterophyllum 61 E
S-28 |Sea Urchin - 1,8 | 97 | 700,32+0,05|0,27+0,05| 2,8+0,3 |2u4,7+2,3)27,8%2,6
- Shell 92 ' 24,3+2,3 |28,5%2,7
S-u46 |White Mussel 1,1 | 70 |600,18+0,03|0,3420,05{ 4,1+0,5 |29,0+2,9 |34,0+3,u4
Shell - 79 21,4%3,0 24,32,
S-42 |Black Mussel 1,1 | 77 0,41+0,18| 0,64+0,32| 7,6+3,5 - -
Shell 50
S-11/ |Lobster 1,4 u7 | u,7¢1,7 | 5,6%2,5 |13,5%3,9 [27,1+2,4(31,8+2,8
12 Shell ' - 26,5+2,5 |32,5%3,2
S-64 |Starfish 3,1 | 59 |80][0,16£0,03|0,22+0,04| 2,0+0,3 |65,8%5,5 |74,2+6,2
- | 85 }80 . |68,36,0{77,5%6,8
S-30 |Sea Urchin 7,9 | 20|70 7,7#4,1 {10,5%5,5 |10,9%5,5 |20,6%1,8{22,8%2,0
Digestive 35 |62 | 18,2+1,5 {20,342,0
S-29 |Sea Urchin. 6,7 | 78 |71 10,23+0,10|/0,23+0,10| 1,5+0,4 |25,5%2,229,2+2,6
Gonads . 78 |76 26 ,9+2,5128,6%2,7
S-31 -|Sea Urchin 21,2 | uu |76 10,32+0,05}0,3620,05| 0,9+0,2 ,3%0,3 2,30,3
Fluid 48|71 2 2 0,3} 2,5+0,3
S-47/ |White Mussel u,7 65 | 58 {0,23+0,05| 0,55+0,12{0,90+0,18} 5,9+0,5| 7,0+0,6
48 |Soft Tissue 64 {65 6,4x0,5| 7,1+0,6
S-40 |Black Mussel 6,5 0,41+0,18| 0,91+0,41 |0,6u4%0,32 - -
Soft Tissue
| Typical
Seawater
. -4 -4 2 q-3
Oceanic 1x10 4x10 1,6x1i0 1.1 1.2(5)
Coastal 20x10 ¢ |uox10™*  |8,0x107° 1.1 | 1.2¢5)




. Uranium and Thopium Activity Ratios "'

Table 5.2

Sample| . Sample 230g, | 228qy 2307y, 232qy, 2340y, 238y
No. D ipti
o} Description 232Th 232Th 234U 234U 238U 235U
S-79 |Zooplankton . 1,5%0,6 15,2+4,8 |0,003+,001 |0,002+0,001|1,12+0,02 -
' - Silaceous : ‘ . ) 1,13+0,02
S-82 . |Zooplankton 1,0+0,1 |{8,1+0,7 | 0,05+0,01 | 0,05%0,01 |1,14+0,2 [20,8%0,6
' - Amphipods ' ' 1,12+0,0223,2+0,6
S-7 Acedes 1,6x0,1 |3,8%0,1 - - - -
Orbitosa '
S-3  |Sargassum 1,1#0,6 [3,420,2 | 0,07+0,01 [0,019%,003 - -
Heterophyillum :
S-28 |Sea Urchin 0,9%0,1 [9,1+0,7 |0,010+0,002|0,011+0,002{1,13+0,02|22,2+2,0
Shell 1,18+0,02
S-46 |White Mussel | 1,8+0,2 21,9+1,6 [0,012+0,002|0,006+0,002|1,17+0,0u|21,7+2,0
Shell ‘ . 1,1440,0519,1+2,5
S-42 |Black Mussel 1,6%0,2 11,5%0,9 - - - -
Shell _
S-11/ |Lobster 1,2+0,1 |2,9:0,4 | 0,17#0,07 | 0,15+0,05 |1,120,03 -
12 Shell ' . 1,1620,04
S-64 |Starfish 1,4#0,2 18,920,6 |0,003+0,001[0,002+0,001|1,13+0,02{28,50,7
_ {1,13+0,02122,9+0,7
S~30 |Sea Urchin 1,420,1 |1,4%0,1 | 0,5420,3 0,360,19 |1,12+0,03{20,8%2,0
' Digestive ' v 1,11+0,03
S-29 Sea Urchin 0,91+0,206,04+0,97}0,008+0,004}0,C08+0,004}1,14+0,03]20,8%2,0
o Gonads : 1,06+£0,03
S-31 |{Sea Urchin 1,1+0,2 |2,820,3 | 0,17%,03 0,13+,03 |1,06+0,05 -
‘ Fluid . , 1,14%0,05
S-47/ |White Mussel 2,4%0,2 |3,8+0,3 | 0,08+0,02 | 0,03+0,01 |1,13+0,04 -
48 jSoft Tissue 1,11+0,04
S-40 |Black Mussel 2,2+0,2 1,2+0,2 - - - -
Soft Tissue
Typical
Seawater
Oceanic 0,5-10,5|1,7-65 1,14
Coastal | 0,6-20 ]1,0-9,1
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results are repeated in Table 5, 3 together with Mlyake s lowest
and highest sample.

Table 5.3

Uranium in Plankton

Sample Description U-238 pCi/kg dry | U-238 pCi/kg wet
S~-79 Silaceous Plankton 7 490 1 o
S-82 Amphipods v . 34 : 7

Mlyake (30) Diatoms %+ ‘ ‘ ]

, Euphausi Pids 245 | | ~6.3

Miyake (30) Euphausiids, 55 o Ny
Amphipods, Larvae _ )

- It can be seen that our silaceous plankton sample was remark-
ably high in uranium - more than twice as high as Miyake's highest
sample, Unfortunately'we can make no estimates of the relative
silica contents of the samples but the possibility of an association
between uranium and silica is of great importance to geochemists
and the determination of uranium in a large number of such organisms,
possibly with collateral silica determinations, might lead to
information of considerable value. o '

Thorium There are very few results with which to . compare
our thorium figures., However our plankton were caught in .the same
waters as those of Cherry and Shannon (26, 126) and therefore were
presumably subject to similar oceanic concentrations of thorium,

A comparison is given in Table 5.4. '

It is interesting to note here that Shannon's lowest thorium .
values were found in plankton samples caught in the cold water of
the sub-Antartic and the Benguela current. The two samples
analysed in this project also came from the Benguela current and
this may explain the fact that their thorium contents were at the
lower end of the range reported by Shannon. '

5.2.2 -Macrophytes:

Table 5.5 compares the uranium and thorium concentratiohs in
the two seaweed samples analysed in this project with the ranges
reported by other workers (Chapter 3.5).
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Uranium Neither sargassum heterophyllum nor acedes

orbitosa are calcified and this may be connected with the fact
that concentrations found tend to be at the lower end of the
scale of published values. The very low value 1n zoedes orbltosa_

‘is surprising and needs conflrmatlon.

Thorium The Th- 232 values are within the range of pub-
lished values,.

5.2.3 HMarine Invertebrates

As already mentioned the determination of uranium and
thorium by other workers in marine invertebrates has been almost
entirely confined to shells and the possibility of some relation-
ship between the crystal structure and uranium content has been
raised., | | | '

Uranium A comparison of Table 5.1 with the results des-

~ cribed in Chapter 3.4 shows the following:-

1). Our value of 21-29 pCi/kg U~-238 in mussel shell agrees
~well with Kaufman's mean figure of 30 pCi/kg (67). It is how-
ever higher than the values of between 1 and 15 pCi/kg U-238
reported by Tatsuomoto and Goldberg (135) for molluscan shells
composed of aragonite or a mixture of aragonite and calcite.
2) Our value of 42 pCi/kg dry sea urchin shell is reason-
ably close to the 54-57 pCi/kg reported for echinoderm shells by
Tatsuomoto and Goldberg. Furthermore, in spite of the calcitic
nature of the sea urchin shell the uranium content appears to be
higher than that of molluscan shells. This may well be something
to do with the porous nature of echinoderm shells, It is
interesting to note, here, that the uranium content of the
single barnacle shell analysed by Tatsuomoto and Goldberg was
similar to that of molluscan shells rather than echinoderm
-shells. Barnacle shells, while zalso caleitic, do not have the
same porous structure as the shells of echinoderms,

From so few results it is impossible to draw any firm con-
clusions about the nature of uranium absorption by shells and
even the suggestion that echinoderm shells contain higher con-
centrations of uranium than molluscan shells needs confirmation.
Lobster shell was also relatively high in uranium and on balance
it appears that in living shells, crystal structure is not the
determining factor.

Sheldon (128A) found that in apatite, reduced uranium (+4)
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substituted into the crystal lattice while urahyl'(+6) ions
were apparently adsorbed at the surfaces of the crystals. _
Under normal conditions uranium will be present in the +6 oxidation
state., Therefore if a similar situation exists with calcium
carbonates it is likely that uranium is adsorbed at the sur- _
faces of the crystals whether they are aragonitic, calcitiqjor
simply aggregates of micro-crystals as is the case in crustacea.
Thus the higher uranium concentration observed in eéhinoderm
shells might well be due to the increased surface area available.

In sediments;on the other hand}reducing conditions often
exist and this might explain the tendancy reported by Kauffman
for aragonitic fossil shells to be higher in uranium than cal-
citic shells., When substitution is directly into the lattice
it should be easier in aragonite than in calcite.’ ' B

The very high uranium content of starfish (also an echino-
derm) islintriguing. Unfortunately this organism was not dis-
sected but it would be interesting to Imow how the uranium is
distributed between shell and body. The similarity in concen-
tration in sea urchin shell'(wet) and sea urchin digestive organ
and gonads indicates that distribution may be fairly even.

, The increase in concentration from tissue to shell in
mussels may be significant but it would be necessary to analyse
the extrapallial fluid on its own before any deductions about
the mechanism of transfer from tissue to shell could be made.

Thorium As can be seen from Tgble 3,10 there are so few
published values for thorium in marine invertebrates that com=-
ﬁarison with other workers is meaningless., All that can be '
said is that the thorium results obtained in this project are
in general agreement with those of Blanchard (13) and that on
the whole we found less thorium in our shells than did Dodge
‘and Thompson in their corals (38).

. The high thorium content of the lobster shell is interest-
ing as is the high value in sea urchin digestive system, but
until this trend is confirmed by further analyses it is point-
less to speculate on its significance, |

The different isotopic ratios and the effect of shell.
structure on these ratios are discussed in detail in Section

5.3.
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5.3 Uranium and Thorium Isotopic Ratios

5.3.1 The U-234/U-238 ratio

The remarkable constancy of the U-234/U-238 ratio in sea
water has been observed by many workers (29,‘68, 129, 90, 87).
Cherry et al.(29) state that a mean activity ratio of 1,14 is
in agreement with most of the data and the range in this ratio
seems to be small, The fact that this ratioc remained constant
in all the organisms analysed is of great interest and enables
two important conclusions to be drawn:-

1) Since such a wide variety of organisms shows no sign
of distinguishing between the two isotopes the genérally held
view that once in the sea both U-234-and U-238 are present in
the same physical and chemical form, is almost certainly cor-
rect, | ‘ .

2) Since the U-234/U-238 activity ratio in sediments, sea
sands, granite, etc. is 1,0 or lower it seems clear that the
organisms all obtained their uranium either directly or in-
~directly from the water and not from re-suspended sediments
" ete. Thus all the organisms incorporated uranium as icnic
| UOZ(COB)B.u"into their structures or obtained their uranium
from organisms which had®: done so.

'5,3,2 Th/Th ratios

A study of Fig.5lenables us to draw similar conclusions
about the three thorium isotopes although not with the same
degree of certainty. Thus all the thorium isotopes follow a
similar 'pattern" although, as in sea water, the activity of
Th-228 is an order of magnitude higher than that of Th-230 and.
Th-232, The only exceptions to thig are shells where the
presence of Ra-228 has presumably resulted in exceptionally
high Th-228 values. '

This leads cne to the conclusion that, where Ra~-228 is
not involved as an intermediary, all the isotopes must be
absorbed by the same mechanism by a variety of organisms. And
this implies that the three isotopes must be present in sea
- water in largely the same chemical and physical form. Of course,
far more work will have to be done before this latter conclusion
can be confirmed, ' |



5.3.3 .The Th-230/Th-232 Ratio

_ This'similarity in behaviour is particularly clear for
Th-232 and Th-230 and the Th-230/Th-232 ratio varies between
the fairly narrow limits of 0,9-2,4 with a mean of 1,4, It
seems likely moreover that the ratio in sea water was of the
same order since although published values vary widely, figures
between 1 and 3 are the most common, '

~ The Th-230/Th-232 ratio in shallow sediments on the other
hand tends to be much higher and is generally between 10 and
50 in the top 30 em (21, 129, 9)., This indicates that resus-
- pended sediment is unlikely to have been a major source of
thorium for the organisms analysed. Of course granite, sand,
etc., newly introduced into the oceans,might have a Th—23Q/Th-232
ratio close to one but it is unlikely that this material could
have been a major contributor of thorium to such a wide variety
of organisms, 7 ' ' '

" It is possible that the relatively high Th-230/Th-232 ratio
"in mussel meat is due to the fact that these creatures filtered
off and retained some sediment particles. That the ratio is
Jower in the shell may indicate that these particles are not
broken down and that this thorium is not absorbed into the blood
stream and made available for transfer to the shell, It is quite
likely that these particles of sediment may be excreted and un-
changed, It would be intereSting to check such theories by keep-
ing mussels in clear water for a few days before analysing them.

The Th-230/Th-232 ratio in shells is of particular impor-
tance because it is necessary to make a correction for the Th-230
present in shells at zero age when dating shells and sediments
- by the uranium series method (Chapter 3), - The world average

for this ratio has been taken to be 1,5 although values ranging
‘from 0,9 to 2,4 have been used (67). Since this dating method
“is frequently used for molluscan shells it is satisfying to note
~that the ' ratio in mussel shells was close to 1,5. The value of
1,5 for the silaceous plankton sample is also encouraging news
for people engaged in dating diatomaceous oozes etc.

The low ratio in sea urchin shell may be significant.
Kaufman et al (67) have reported that calcitic shells are less
suitable than aragonitic shells for Th-230/U-234 dating. The
reason he gives is that calcitic shells contain large amounts -
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of Th-232 relative to U-234, Of course, a high Th-232'concentra-
tion means a large correction for the Th-230 initially present in.
the shell and any error in the assumed (Th-23Q/Th-232)t=o ratio
would lead to a very inaccurate date,

'In actual fact there is no significant difference tetween the
Th-232/U-234 ratio in our calcitic sea urchin shell and a (presum~
ably) mainly aragonitic mussel shell., However the (Th-ZBO/ThZBZ)t=O
ratio in sea urchin shell is very different to the "world average"
. figure of 1,5 used by Kaufman. It is therefore possible that
errors in this value have contributed to the less satisfactory -
results obtained when dating caleitic shells.

5.3.4  The Th-230/U-234 Ratio

As already mentioned it is important for uranium series
datiﬁg that the Th-230/U-234 ratio should be low in living shells.
In all the samples analysed this was indeed the case., The only.
samples in which this ratio was above 0,1 were the lobster shell
and the sea urchin digestive system (neither of which are likely
to be dated). In both cases . the high ratio was due to_high Th-230
values, ' . .

5.3.5 The Th-228/Th-232 Ratio

Because of the wide range in the Th-228/Th-232 ratio and
tecause of the small number of samples it is more difficult to
analyse our results for the Th-228/Th~-232 ratio. Befcre doing so
it is worth considering what we would expect and the following

| :points should be made:~

1) Any organism that concentrates radium will have a high
Th-228/Th-232 ratio relative to the surrounding sea water since

.~ Ra-228 decays to Th-228 (t3=6,7 yr). The value of this ratio can
therefore be taken as a guide to the extent to which radium has
been concentrated by the organism, Of course this effect would be
more marked in an old sample than in a young one, | '

Shell and bone samples tend to contain relatively high
concentrations of radium (29, 13, 18) and it is therefore to
e expected that the ratio will be high in samples containing
shell. | |

It has been postulated (29, 73) that radium is associated
with silaceous organisms. One might therefore expect to find a
higher Th-228/Th-232 ratio in silaceous plankton than in amphipods.

Because of its large ionic radius (Table 3.2)
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radium should fit more readily into an aragonitic than into a
calcitic lattice. Thus one would expect the Th~-228/Th-230 ratio
to be higher in mussel shell than in sea urchin shell. ' |

2) Since no mechanism has been proposed by which Th-232
might be absorbed in preference to Th~228 the Th-228/Th-232 ratio
in the surrounding sea water must be equal to or lower than that
observed in organisms. : '

3) Typically the Th-228/Th-232 ratio is higher in oceanic
than in coastal waters (29, 91, 26, 66), Therefore even without
the influence of radium one would expect a higher ratio in
plankton than in organisms cocllected in near shore waters,

‘In view of the above we can now take a closer look at the
individual results. It must be borne in mind that these are
single results and the possibility of analytical error or un-
representative sampling cannot be ignored. All conclusions
must therefore be regarded as tentative although it can be seen
that in general they are in agreement with the expectations out-
lined above, Thus s

1) In all three shell samples (mussel and sea urchin) the
. Th-228/Th~-232 ratio was very high. Furthermore both the absolute
Th-228 value and the Th-228/Th-232 ratio were lower in the cal-
citic sea urchin shell than in the aragonitic mussel shell, Thus
radium does appear to be more readlly accepted into the aragonlte
lattice,

Although the absolute Th-228 concentratlon (in pCi/kg dry
weight) was the same in both nlankton samples the ratio-in the
gilaceous sample was double the ratio in the amphipod sample.
This may be partly due to the fact that the amphipod sample was
analysed immediately after collection, while the silaceous sam-
ple was kept for eight months before analysis, thus giving Th-228
a chance to grow in., On the other hand the silaceous nature of
‘the latter sample might have led to inereased radium absorption
relative to thorium,

2) The Th-228/Th-232 ratio in coastal samples,other than
shells,varled,between one and six with a mean of around three.
Therefore if assumption two above is correct, the ratio in sea
water must have been close to one, or at any rate between one
and three,

3) The Th- 228/Th—232 ratio was 1ndeed higher in plankton
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than in coastal (non-shell) organisms. There is no way of
telling to what extent the Th-228 content of the amphipod
sample was enhanced by Ra-228 decay but we can say that the
ratio in oceanic sea water was probably eight or lower,

53,6 TheU-238/U~235 Ratio

Finally brief mention must be made of the U-238/U~235 ratio.

This is difficult tc determine because of the low concentration
of U-235 and because of the spread in the energies of the alpha-
particles emitted by U-235. Nevertheless, in six samples with
high uranium concentrations and good spectra,it was possible to
make a fairly accurate estimate of this ratio., The mean of the
six ratios obtained is 21,7 % 0,9 which is in agreement with
the terrestial ratio of 21,96 used'by Koide and Goldberg (68).
Thus it appears that the U-238/U-235 ratio is the same on land
and in the sea. There is no evidence of any discrimination
between . the two isotopeé by marine organisms and it is therefore
likely that they exist in the same chemical and physical form,

5,3.7 Thoriuty/Uranium Ratios

- It can be seen from Fig.5.1 that there is very little
simiiarity“in the "pattern" shown by thorium and uranium, This;_
is hardly surprising in view of the very different chemical and
physidal forms in which the two elements -are presumed to exist
- in sea water. It is prbbably these differences that account for
the very 'much higher concentration factors for thorium than
uranium, us the concentration factor for uranium varies
between six and fifty, while that for thorium is usually at
least one thousand. This may be due to the fact that uranium
has reached some sort of saturation value in many organisms but
it is more likely‘that the particulate nature of the thorium
isotopes and their tendancy to form complexes and aésociate with
organic molecules results in more effective concentration.

5.4 Polonium Results

Table 5.6 gives the Po-210 and Pb-210 concentrations found
in the various organisms analysed. For the purposes of com-
parison Pu-239 concentratiorsare also included in the table.
Most of the results in this table are the mean of two deter-
minations. While uranium and thorium results are not included
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in the table, those sanples in which they were determined are
marked with an asterix and the figures can be found in Table
5.1, - | | |
' ‘Fig.5.2 is designed to show up any qualitative relation-
ships between the isotopes Po-210, Pu-~239 and Pb-210 and should
be compared with Fig.5.1, Samples in which uranium and thorium
isotopes were alsc determined are shaded in solid black, while
the others are unshaded. ' | »

A study of Table 5,6 shows that the polonium and lead
"results contain no surprises. With one‘exception {the macro-
phyte ulva) all the values obtained were within the ranges

- reported as typical in Table 3.10, For this reason individual
polonium resultsvwill be discussed only briefly. The usual
classifiéatioﬁ into categories will be adhered to.

5.4.1 Category A2 - Macrophytes

' Macrophytes, and the interesting work of Wong et al. (153)
and Hoffman et al. (.60 )on the variation of the Po-210 content
with distance from the surface of kelp blades, have already
been discussed in Chapter 3. - Thus there ie evidence to sug- .
gest that much of the Po-210 found in macrophytes is in fact
accumulsted by small surface living animals.

. The value of 4 pCi/kg found in ulva is very low although
the difference between this and the values of 16-30 pCi/kg
reported by Schell (123) may not be significant. Ulva has a
‘ high surface area but the blades are smooth and glossy and
probably do not harbour many sufface.living animals,

Porphyra has an even larger surface area, the surface is
rough and may well form a more suitable environment for
encrusting animals, This may explain the relatively high
- Po-210 content of the_porphyra sample. However, until a -
microscopic examination of the various seaweeds is made and
the surface layers are analysed on their own no firm con-
clusions can be drawn from results such as these,

It is interesting to note ‘that the Pb-210 content of the
‘four seaweed samples is more constant than the Po-210 con-
centration. -This means that the Po-210/Pb-210 ratio is high
for porphyra, low for ulva with aocedes and sargassum heterophyllum
in between. - This would indicate that the mechanisms by
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which Po-210 and Pb~-210 are accumulated are different.
Generally speaking marine animals concentrate Po-210 to a
much greater extent than Pb-210 and it may be vﬁfiations in
the quantity of surface animals that accounts for the varia-
- tions in Po-210/Pb-210 ratio.

Although the Po-210/Pu-239 ratio is very different to
the value of 200 reported by Hodge et al (149) the high values
observed support the view that much of the polonium found in
porphyra and acedes orbitosa was in fact absorbed by surface

animals which do not show a similar preference for plutonium
and lead, |

Sargassum heterophyllum is a special case in that it is

high in plutonium. It has a lower surface area than aoedes
orbitosa and porphyra and this may account for the slightly
lower Po-210 values, These two factors combined, result in
the low (relative to zoedes and porphyra) Po-210/Pu-239 ratios.

It is worth noting that in ulva which contained virtually
no polonium the Pu-239 content is also low. Possibly Po-210
is absorbed by two different mechanismss '

1) Accumulation by surface organisms

2) Absorption by the seaweed itself

If one éould separate the two effects a clearer relation-
ship between Po-210 and Pu-239 absorption might emerge.

5.4.2 Category B - Zooplankton

In view of the fact that Po-210 is concentrated up the
food chain and is very high in the various digestive organs;
one would expect the larger more complex zooplankton to con-
tain higher concentrations of Po-210 than the smaller less
Adifferentiated creatures such as radiolaria. Unfortunately,
there is not yet enough data to establish any real interspecies
variations in the polonium content of plankton. The work of
Beasley et al (8) indicated that mysiids might be higher.in
Po-210 than euphausiids and micro-zooplankton but seasonal
variations seemed to be as important as the species involved.
Schell's (123) "salt water zooplankton" tended to be lower in
Po-210 (but not in Pb-210) than his "salt water crustacea -
euphasiids, mysiids and pasiphaea pacifica" but once agéin
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there is some overlap. -

Thus although it is tempting to ascribe thé'high Po-210
content of our amphipod sample relative to our silaceous zoo-
plankton sample to its relatively high position in the food
chain, many more samples will have to be analysed before
general conclusions can be drawn. The fact that the two
samples were ccllected at different times of the year could
“well be as 1znpor'tant as the different species involved.

Plutonium on the other hand was approximately the same
in bcth samples with the result that the Po-210/Pu-239 ratio
for the two_samples differed by a factor of ten. Clearly
(unless the variation in Po-210 concentration is due to
variations in the concentration of Po-210 in sea water)
different mechanisms were involved in the absorptlon of the

two isotopes.

5.4,3 Categories C and D— Marine Invertebrates and Fish

- These are complex groups and it is very difficult to pih-
point any definite trends or relationships between the different
isotopes. .

The Po-210 values are all within the ranges reported by
other workers, They are very high in digestive systems and
relatively high in mussel meat. Probably if the digestive
vfgland of the mussel were analysed on its own this value would

be substantlally hlgher. )

The fact that Pu-239 does not appear to be preferentially
concentrated in digestive organs to nearly the same extent as.
Po-210 means that wherever digestive organs are involved the
Po~210/Pu-239 ratio is very high. On the other hand because
Po-210 is relatively low in shell the ratio in shell is low, -

Polonium is rémarkably low in mussel and oyster shell.
In fact when one considers the high Po-210 concentration in
the bodies of these organisms it is clear that Po-210 must be
actively discriminated against when transfer to the shell
occurs. Possibly the Po-210 atoms are strongly complexed with
' large molecules that retain them firmly in the digestive tracts.
All the other alpha-emitters are of the same order {or higher)
in the shell as in the body indicating that polonium and the
other alpha-emitters are transferred to shell by different mecha-

nisms, .
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Sea urchin shell, on the other hand, contained a significant

quantity of Po-210. The Po+4 ion is roughly the same size as
the Ca¥™? ion (Table 3.2) and crystal structure is unlikely to

be important. However the porous nature of the sea urchin shell
and the presence of organic connective .tissue could well be the
reason for the high polonium concentration relative to molluscan
shells,

Thus in this category we find that Po-210 tends to be high
in digestive-organs and low in shell, while for all the other
alpha~emitting isotopes the reverse if anything is the case.
We are forced to cdnclude therefore that different mechanisms
of absorption are probably involved and that the mechanism by
which polonium is concentrated is exceptionally efficient.

5.5 = Total Counting Results

- The technique of total alpha counting has provided some very
useful information about the alpha-activity of environmental
samples. Thus in 1964 Cherry (8) was able to show that plankton
were subject to unexpectedly high radiation doses due to the
presence of incorporated alpha-~activity and that Po-210 was
responsible for a substantial proportion of this activity.
Subsequent interest in the subject of alpha=-radioactivity in the -
marine environment was stimulated to a considerable extentAby
this early work,

At the close of this project it was considered worthwhile to
determine the total alpha-activity of those samples on which all:
of the elements plutonium, uranium, thorium and polonium had v
been determined. It was hoped that this would provide a useful
check and give some idea of the extent to -which other elements
contributed to the alpha=-radicactivity of the organisms;

The total alpha-counting technique was essentially the same
as that described by Turner et al. (136), Cherry (25, 27) and
Shannon (126). The theory and limitations of this technique
have been discussed in detail by these authors and only a brief
summary of the principles involved is given in Appendix I
(section 6.10.1). The:total counting apparatus is described in
Appendix II(sectim7.2).

Basically the finely ground dried sample is packed into a ZnS
. phosphor system, left for 2-3 weeks in order .to allow radon to
regain equilibrium and then "total-counted". The main uncertainty



81.

in the final answer is due to the . fact that it is neces-
sary to know the range of the alpha-particles in the sample
material. This depends not only on the energy of the particular
~alpha-particle but also on the composition of the sample.
Shannon (126) has discussed this problem in detail and has
estimated the average range of alpha-particles in various

marine organisms. His figures were used to calculate the
results in Table 5.7.

Becéuse most of the samples were séveral months old when

- they were totzl-counted it was nécessary to correct for polonium
decay. As the Po-210 content had-already been determined this

was a simple matter., The contribution of Th-228 to the total
alpha—activity was relatively small in all cases and no attempt
was made to correct for.the decay of this isotope.

Before looking at the results it is worth studying the
three natural radiation series (Fig., 2.1) to see which of the
'nuclides likely to contribute to the total alpha-radioactivity
have not been chemically determined. |

1) ?The Uranium Series:- The first thrée alpha-radioactive
‘members of- this series (U-238, U-234 and Th-230) and Po-210 were
all determined chemically. However Ra-226 with its short lived
daughters was not determined and may be an important contributor
to the alpha-radioactivity. '

2) The Thorium Séries;— Th-~232 and Th-228 were both determined.
“After Th-228 we have a series of short lived daughters and as all
the samples were at least three weeks' old when they were analysed
we can assume equilibrium. The contribution of the Thorium Series
isotopes can therefore be taken to be approximately Th-232 +

5 Th-228. While this approximation is sufficiently accurate for

the present purpose, it does assume that the ranges of thé'alphai
‘particles emitted by Th-228 and the four alpha-emitters below it
in the series are the same. This is of course not true.

3) The Actinium Seriesi- Apart from U none of the members of
this series were determined but it is reasonable to assume that
this contribution is negligible. For the purpose of celculation
it was assumed that the activity of the U-235 was 4.5% of the
activity of U-238, | A ) ‘
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4) The contribution ofvartificial'isotopes and isolated long

lived natural isotopes may also be assumed to be negligible.

Thus any difference (A ) between the total alpha-radioactivity
and the sum of the activities chemically determined (Pu-239 +
U-238 + U-234 + U-235 4 Th-232 + Th-230 + 5 Th-228 + Po-210) ‘is
likely to be almost entirely due to Ra-226 and its three.short
lived daﬁghters. In the following.discussion it is assumed fhat'
Ra-226 = pC;/kg. (Once again this is only an approximation
because it assumes that the range of Ra-226 and the four alpha-
emitters below it in the series are the same)

In Table 5.7 the total alpha-activity both on the counting
date and on the collection date is given. It can be seen that
the correctioh due to Po-210 decay is, in some cases, very large.
This total alpha-activity is then compared with the total activity
due to the isotopes chemically determined and the approximate
'Ra-226 activity calculated. ‘

' Table 5.8 shows the approximate contribution made by the
various groups of isotopes to the total alpha-radloact1v1ty of
each organism, . '

Shannon (126) and Cherry (25) determined the total alpha- -
radioactivity of a number of marine organisms, For the purposes
of comparison their results are summarised in Table 5.9, It
should be noted -that in all cases the total alpha-activity obéerved
in this progect fell within the ranges reported by these authors.

A study of these tables shows that the total counting results,;
although only approximate, do provide interesting confirmation of
the resultszguitheories already discussed in. this thesis., Thus
~in Chapter 5.5.5 it was concluded from the Th-228/Th-232 ratios

‘-_that 1) shell samples are high in radium and that the aragonitic

mussel shell contained more radium than the calcitic urchin shell
2) The silaceous plankton contained more radium than the
amphipod sample, '

1

Both these conclusions are strongly supported by the results
in Table 5.7. In fact it is clear ‘that in shells radium rather '
than Po-210 is the major contributor to the alpha-radiocactivity.
The fact that A for mussel shells is twice that for sea urchin
shells is almost certainly significant and due to the different
crystal structures. The even lower value for lobster shells may
be due to the lack of a definite crystal structure. -
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The difference between the two plankton samples is striking.
Thus there appears to be virtually no radium in the amphipod
sample while approximately 24% of the alpha—radloact1v1ty in the
‘silaceous sample was due to radium.

Finally it is interesting to note that although the alpha-
radioactivity of . seaweed is low the contribution'by radium
appears to be relatively high (25% of the total) in spite of
the fact that neither seaweed was calcified.

Table 5,8 shows clearly that with the exception of shell

amples polonlum is the main contrlbutor to the alpha-radlat*on
dose of marlne organisms although uranium and radium frequently
make significant contributions. In general thorium is relatively
low and almost all the natural alpha-radiation in these organisms
is due to uranium series isotopes. At present thé alpha-
. radioactivity due to the artificial isotope plutonium-239 is
negligible in comparison with that due to these natural isotopes.

5.6 General Discussion

This project was in the nature of a general preliminary
survey and samples were analysed from the whole spectrum of
marine life., This may well be the reason why so few similarities
in behaviour have been observed among the different isotopes.

The organisms analysed were complex, different absorption
mechanisms were probably involved with different organisms and
at different sites within each organism. A more detailed study
of one particular category or sub-category such as plankton,

" macrophytes, molluscs or shells might reveal some consistent
relationships. '

Any such study should involve not only different members
of a group but would have to include the effects of seasonal
variations and age of the organisms( The organisms should be
dissected and sites of accumulation identified. Finally some
sort of biological input-output, balance could provide much
useful information. A start on this type of approach has
already been made by Cherry et al. (24) who determined Po-210
in whole Euphausiids (Meganyc tiphanes mnorvegica) dissected
material, and in faecal pellets moults and eggs. From this
data they were able to estimate that the removal time of Po-210
from the upper mixed layer of the ocean due to zooplankton
alone is about 0,9 years. If one compares this value with the
figure of 0,6 years, the estimate for total removal time (128),_
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it is obvious that zooplankton metabolic activity plays an
1mportant role 1n the removal of Po-210 from the surface layers

of the sea,

A similar approach applied to the other alphaeemitting
nuclides should provide much valuable information. It should
enable us to estimate the relative importaﬁce of the various
biological removal routes for each nuclide, It should give us
a better under standing of the general chemical and physical
nature of the different elements in sea water and should prov1ae
essential data for the development of a quantitative bio- '
geochemical balance of alpha-emitters in the marine environment.
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Appendix I

. Analytical Chemistry and Experimental Procedures

6.1 Introduction

In this chapter the general principles involved and the
various problems encountered in the development of the analy-
tical methods used in this project are discussed. Detailed
instructions for carrying out the procedure finally adopted
are given in the appendix.

The main aim of this project was to determine plutonium
in marine samples and the perfection of a suitable plutonium
" method was the first objective, However for the reasons dis-
cussed in Part I it was also considered desirable to determine
as many other alpha—emitting isotopes as possible, 'As soon as
the plutonium method was working satisfactorily attention was
therefore turned to possible means of extending it to include

uranium, thorium, polonium and radium,

'Finally a sequential method was developed for the deter-
mination of plutonium, uranium and thorium isotopes., Very large
samples (200g-1000g) were required for the determination of
-plutonium,‘wet ashing was therefore impractical and all samplesA
were dry ashed at 450—50090. At these temperatures polonium is
volatile and it was necessary to determine polcnium on separate
samples, Fortunately the specific activity of polonium is high
and only small samples are required. Representative portions
weighing 0,5-1,0g were therefore taken after grinding and before
ashing and polonium was determined by the method of Flynn (42),

The main alpha-emitter of interest not determined directly
was radium. The divalent radium ion is not eaeily complexed
end most radium compounds are simple ionic salts. Radium com-
pounds have very low solubilities in organic solvents and are
not easily separated from other elements by ion-exchange. For
these reasons the only practicable method that has been found
~ for separating radium from large quantities of other elements
is co-precipitation usually with sulphates or carbonates of
barium or lead.. Separation from the carrier metal is then
difficult and indirect methods (e.g. counting of ingrown Pb-211
or Bi-212) or thick source counting of the Ba SO precipitate |
are often used. The radon emanation method is rapid and accurate
but specialised equipment is required.
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o ‘Radium remained with the bulk of the sample throughout the
Pu/Th/U analysis and a preliminary investigation showed that

the development of a suitable method for its determination

would not be easy. The lack of a suitable tracer only added

to the difficulties and it was decided to concentrate on the
other alpha-emitters. However a rough estimate of the radium
content was obtained for some samples by determining the total
alpha-activity and calculating the radium content by difference.

The final stage in the determination of the isotopes of -
-plutonium, uranium and thorium was alpha-spectrometry and in
section 6.2 this’fechnique and the limitations that the use of
this method imposes on the chemist are briefly discussed. In
Appendix II (section 7.1) a detailed description of the apparatus

used is given,

Section 6.3 is devoted to a discussion of plutonium and the-
factors which influenced the choice of plutonium method while
section 6.4 shows how this method was extended to include uranium

and thorium. ' ' ' '

It is impoftant to realise at the outset that when dealing
with the very low concentrations that concern us here (1 dpm
Pu-239 = 7,4 x 10~9 ppm) and when the analytical procedures
involve, several stages it is impossible to achieVe-recoveries.
of 100%4., It is therefore necessary to use iracers as yield
determinants and in section 6.7 details of the various tracers

used are given.

Sections 6.5 and 6.6 discuss the individual steps in the
sequential Pu/U/Th method finally adopted while section 6.8
‘examines the quality of the results thus obtained. Typical
spectra are shown and blanks, standard deviations and the cal-
culations involved are considered. ' |

"Finally in sections 6.9 and 6.10 respectively the polonium’
method and total counting are discussed,

6.2 »Alpha—Spectrometry

The kinetic energy of an alpha-particle is a specific value
characteristic of the decay process involved. Table 6.1 lists
(in order of increasing energy) the alpha-energies and half-lives
of the most important naturally occurring nuclides as weli as

-some of the artificial isotopes that may be found in the environ- -

s



Table 6.1

Alpha-Radiocactive Nuclides (from

Lederer & Hollander (76))

Polonium-212

Seconds

S Specific
"~ Isotope Series| Half~Life Activity Alpha~Particle Energy MeV
| pCi/ug ’
| Thorium-232 Th 1,4lxloloyears l,lxlO_l 4,01(76%) 3,95(2u4%)
Uranium-238 U 4,51x109years 3,3x10 1| 4,20(75%) 4,15(25%) )
Uranium-235 “Ac 7,lx108yearé 2,1 4,58(8%) 4,40(57%) 4,37(18%)
Thorium-230 " | 8,0x10"years |1,9x10" | 4,68(76%)  4,62(2u%)
Uranium-234 ' 2,47x105years 6,lxlO3 4,77(72%) 4,72(28%)
Radium-226 l,60x103years 9,ux105 4,78(95%) 4,60(6%)
Neptunium-237 2,14x10%years |7,1x10° | 4,78(75%)  4,65(12%)
Plutonium~-242 -} U 3,79x105years 4,0x103_ 4,90(76%)  4,86(24%)
Protactinium-231 Ac’ 3,25x104years '+,6xlOUr 4,73-5,06
| Plutonium-239 24390 yeérs s,leo” 5,16(88%)' 5,11(11%)
Plutonium-240 6580 years 2,3xlO5 1 5,17(76%) 5,12(24%)
Polonium-210 U 138,4 days' l+xlO8 5,305(100%)
Uranium-232 72 years . 2,1x107 | 5,32(88%)  5,27(32%)
Thorium~228 . Th  ]1,91 years 7,9xlO8 5,43(71%) 5,34(28%)
Radon-222 = | U 13,83 days 1,4x10%° | 5,49(100%)
Americium-2ul 458 years 3,3x10° | 5,49(85%)  5,u4(13%)
Plutonium-238 86,4 yéars ‘l,7xlO7 5,50(72%) 5,46(26%)
Radium—-224 Th 3,64 days l,5xlOlO 5,68(9u%) 5;45(5%)
Radium-223 11,4 days 4,9x10° | 5,54-5,75
Plutonium-236 2,85 years 5,3x10° | 5,77(69%) 5,72(31%)
Thorium-227 Ac  |18,2 days 3x10° | 5,72-6,04 |
Curium-243 132 years 4,7x10° | 5,74-6,06
Polonium-218 U v3;05 minutes l;lxlOl2 6,00(100%)
Bismuth-212 ‘'Th  {60,6 minutes 5,5x10-° | 6,09(10%) 6,05(20%) +8
Curium-242 | 162,5 days  |3,4x10° | 6,12(74%)  6,03(26%)
Californium- 2,646 years 5,7x.108 6,12(82%) 6,08(15%)
252 1o : .
Radon-220 Th |55,3 seconds |3,6x1C 6,29(100%)
Polonium-216 Th 0,145 seconds |1,4x10%°] 6,78(100%)
Polonium-214 U 1,64x1g;zénds 1,2x108 7,68(100%)
Th {3,04x10" " 6,5x10°° | 8,78(100%)
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ment or that have been used as tracers in the various analytical
procedures.

Using alpha-spectrometry it is possible to count the number
of alpha-particles emitted from a source and to determine their
energies, From the spectrum thus obtained it is possible to make
both a qualitative and a guantitative analysis of fhe scurce.

Low backgrounds and high sensitivities are usual and, provided
uniform thin sources were prepared, a resolution of 80-100 KeV
(full width at half maximum) was generally obtained during this
.project. This meant that in practice two nuclides with energies
differing by 0,2 MeV could be determined without appreciable
mutual interference. ' '

An important characteristic of the alpha~particle is its
short range. : of the order of tens of mierons in sblids for
most alphafparticles emitted by radiocactive nuclei, This means
that sources prepared for alpha-spectrometry must be very thin
and uniformly deposited. If this is not the case a serious loss
of alpha-energy can occur within the deposit and a pocr quality
spectrum results., lOO}lg/anis frequently gquoted as‘the upper
limit for an acceptable alpha~spectroscopic source.

Because of this requirement any alpha=-emitter to be deter-
mined by alpha-spectrometry must be separated, not only from
other alpha-emitters with similar energles, but also from
virtually all other matter. The chemistry involved in preparing
sources for alpha-spectrometry is therefore primarily concerned
with the complete isolation of the element concerned, and the
determination of an alpha-emitter by alpha-spectrometry usually
involves several purification steps.

After purification the source itself is usually prepared by
_evaporation onto a planchette or electroplating although sub-—
limation and electro-spraying have also been used successfully.

Producing a thin source by evaporation is very difficult.
The solution must be essentially free of salts and any minute
_quantities of solid material that are present tend to deposit
as crystals and aggregates that cause self-absorption of alpha-
activity. Wetting agents can be added to reduce the surface
tension and tetramethylene glycol, alcohol, lactic acid and
zalpon (nitrocellulose in acetone) have all been used (141, 142),
More satisfactory is the direct evaporation of organic solutions.,
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In Dartlcular very thin fllms can be prepared by the evaDoratlon
of benzene or toluene solutions of the T.T.A. connﬂex

(; thenoyltrlfluoroacetene)Such solutions spread when heated
instead of forming drops as :do agueous solutions. If the
planchette is heated from the outer edge while a cold spot
or heat sink is in contact with the centre of the disc the
solution is less likely to spread over the edge. Sources pre-
pared in this way usually have very gocd energy resolution,

The method most widely used for the preparation of thin
sources is electro-deposition. Very uniform thin films can
be prepared by this method which is applicable to many elements.
The apparatus needed is s1mple and numerous detailed methods
have been published for the preparation of electroplated
sources of the actinides (134 77y 84).

“Some dlfflculty has been experienced in obtaining consistently
high yields by electroplating methods and small quantities of
impurities in the plating solutions can result in low yields or -
in non-<adherent deposits. However the ammonium sulphate method
of Talvitie (134) has proved very suécessful for plutonium and,
provided plating solutions are pure, should be equally satis-

A factory for uranium, thorium and americium. '

6.3 The Determination of Plutonium

A large number of papers has ' been published describing
methods for determining plutonium in environmental samples.
The earlier ones were based on the fact that plutonium can be
quantitatively co~precipitated with a wide variety of reagents
(for a comprehensive list see Milyukova et al. (82)). HMost
popular wereé b.ismuth (and other) phosphates and lanthanum
flouride. Frequently the lLanthanum flouride precipitate was
depositedvon'a plate and aipha-~counted. Other workers dissolved
the precipitate in AlNOB/'HNO3 and then extracted the plutonium
with 2-thenoyltrifluoroacetone(T.T.A.). Sources for alpha-
spectrometry were then prepared either by evaporation of the
T.T.A. layer or by back-extraction and electroplating (lOl, 77,
149, 112).

However, as more was learned about the ion-exchange pro-
perties of plutonium,it became obvious that ion-exchange
separations were an attractive alternative to co-precipitation.
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The work of Ryan and Wheelright (117) and Kressin and Waterbury
(69) established the optimum conditions for isolation and '
purification of plutonium from impurities and more and more
analysts turned to ion exchangé procedures for separating
- plutonium from large quantities of sample'material.

>Using'ion exchange procedures it is possible'to separate
plﬁtonium completely from all other elements. It is possible
tc handle large samples more rapidly and less manipulative
skill is required than is the case with tﬁe co-precipitation
‘methods. TFor these reasons most of the later published methods
use ion exchange (14, 22, 30, 133, 152).

_ .In particular the work of Wong (152) was specifically
directed towards the determination of plutonium in sea water
and marine organisms and it was decided to use this method as
" a basis as far as possible., In practice it was found that with
only a few minor changes the method worked very well. Further=-
'more'uranipm and thorium Weré gseparated from each bther and from
plutonium as a matter of course and it was a relatively simple
matter to.extend the method to include the determination of the
alpha—radioactive isotopes of these two elements. How this was

done can be seen by a study of Fig. 6.1,

6.4 Outline of the Sequential Method Used for the

Determination of Plutonium, Uranium and Thorium

Figure 6.1 is a schematic diagram showing the main steps
in the final procedure, After éshing; addition of tracers, and
digestion these are as follcws:- N
I, Adsorption‘of_plutonium; thorium and some uranium onto Bio-

Rad AG X-8 resin (100 to 200 ##0 from 8N nitric acid. |

II. (1) Elution of thorium with 12 N hydrochloric acid.
" (2) Elution of plutonium with 0,05M ammonium iodide in
12N hYdrochloric acid.

(3) Elution of adsorbed uranium with 0,1N hydrochloric
acid, This eluate is added to the bulk of the sample
‘solution which passed through the column and contained:
most of the uranlum. _ ‘

III ‘Purification of the plutonium eluate by adsorption of the

_ plutonlum from 12N hydrochloric acid onto Bio-Rad AG X-8

~ resin. Once again elution is with ammonium iodide in 12N

“hydrochloric acid.
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VI.

VII,
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Preparation of a plutonium source by‘electroplating.
Preparation of a thorium source by T.T.A. extraction and
evaporation. - |
Adjustment of the uranium containing eluate from the first -
column II(3) +to 8N hydrochloric acid and removal of iron
by solvent extraction with isopropyl ether.

Adsorption of uranium onto Bio-Rad AG X-8 resin from 8N
hydrochloric acid and elution of uranium with 0,1N
hydrochloric acid. | '

Preparation of uranium source by T.T.A. extraction and

evaporation.
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6.5 Discussion of Individual Steps

6.5.1 Drying

It is the custom to report the concentrations of radio-
nuclides in organisms in terms of wet weight. In this way we
reflect the actual role of living organisms in concentrating
chemical elements from agueous sclutions. ‘Moreover calcula-
tion of internal radiation doses from incorporated nuclides is
only possible from their concentration factors in relation to
live weight {109). _

However, it is frequently difficult to assess the wet ,
weight accurately. Surface water may contribute significantly
. to the weight of plankton and seaweeds of large surface area.
Organisms such as mussels and sea urchins contain quantities
of fluid the volume of which may vary depending on the time of
collection and the interval between collection and dissection.
For this reason all'samples were dried at 105°C and all results
are reported both on a wet and on a dry basis,

6.52 ”Sample Dissolution

In order to achieve sufficient sensitivity it was neces-
Sary to take samples weighing about 1 kg where possible., This
made wet ashing and/or total dissolution procedures impractical
and some uncertainties were therefore introduced at the outset
since all samples were dry ashed at 480°C and then digested in
agqua-regia for four hours. There was frequently a large amount
of insoluble residue which was filtered off.

Pillai (107) tested his procedure of wet ashing followed
by three extractions of the residue with 8N nitric acid on an
algal sample contaminated by waste effluent. The residue,still
insoluble after this treatment,was finally decomposed and con-
tained only 1,9% of the total plutonium activity.

- Several workers have compared acid leaching and total
dissolution procedures for the analysis of sediment samples
(1%, 152, 133) and it is generally concluded that more than
99% of the plutonium is removed by three successive acid
leaches,

' It must, however, be remembered that fall-out plutonium
is likely to be fairly loosly bound in soil samples which may
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- not necessarily be the case in all 6iological samples, Nielson
and Beasley ( 101) remark that "plutonium that has entered
samples by metabolic processes is usually in a readily soluble
form while lung tissues and faeces will likely contain in-
soluble plutonium. One cannot generally assume complete dis-
solution of plutonium in the latter samples unless HF is used

as a complexing agent."

No attempt was made in the present work to compare the
acid digestion method used with total dissolution methods.
However, in the absence of evidence %o the contrary it is
reasonable to assume, in common with other workers in the
field, that virtually all the plutonium'is dissolved during
the digestion. ' '

It is less easy to be certain that all the thorium was
dissolved, In fact, the undissolved portion of the samplé
is often mainly silica and it is not unlikely that insoluble
minerals such as thorite (Th SiOq)Amight also be present. _
For this reason thorium results should be treated with caution
until'suéh time as the acid digestion method has been compared
with total dissolution. DMost uranium minerals on the other
hand are acid soluble and it is probable that all the uranium
was dissolved al+hough here too, experimental verlflcatlon is
desirable.

6.5.3 Ion Excharge

- A very useful guide-when considering'ion—exchange separa-
tions are the tables prepared by Kraus etal.(68A )and Faris etal, (414
Those for the adsorption of the elements from nitric acid and
hydrbchloric acid by a strong-base anion-exchange resin are
reproduced in Fig. 6.2,

It can be seen that very few elements are adsorbed to any
significant extent from nitric acid solutions. In fact a single
ion-exchange separation from 7,5N nitric acid separates the
IV Pav’ Nplv' PuIV

almost all other elements. These elements are adsorbed because

alpha-emitting nuclides Th and some Ulv from

 of their ability to form anionic complexes. Ryan (118) has
shown that Pu(NO5)g =, Th(NO 30 » Np(NO3)g = and  U(NO )6
are the spec1es 1nvolved in the an*on—exchange adsorption of the

quadrivalent actinides. Goble et al. (46) suggest that protactinium
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exists as the PaOZ(N03)4 = jon but there seems 1o be some doubt
“about this. - ‘ '

A careful study of the tables shows that none of the non-
actinides will follow piutonium through.both ion-exchange
steps., Traces of rare earths and zirconium might follow
- thorium but these will be separated from thorium during the
T.T.A. extraction. Separation of uranium is less complete
and will be discussed at a later stage.

0f the five actinides adsorbed from 8N nitric acid

1) Protactinium and neptunium are of little importance
because they are present in the marine environment
at such low concentrations that they will not interfere,.

2) Thorium is the only one not adsorbed from 12N hydro=-
chloric acid, presumably because it does not form an
anionic chloride complex._'This makes it a simple
matter to isolate thorium. | _ _

'3) Since the adsorption coefficient of uranium on Dowex-I -
is only about ten, uranium is only partially adsorbed
onto the resin. In fact, when a sclution conitzining
200 dpm U-232 was taken through the plutonium method
only 10Z of the uranium was adsorbed., The remainder
was found in the eluate that passed through the resin.'.

The uranium that is retained on the resin is separated from
plutonium'by control of the oxidation states of plutonium. Thus
in both ion-exchange steps PuIV4is selectively reduced to puill
and eluted under conditions where gVl (and NpIV) remain unaffected.
" Uranium and neptunium can subsequently be eluted with 0,1N hydro-
chloric acid, It is possible to elute neptunium separately from

uranium with 4 HC1-0,1H HF (100).

Initially some difficulty was experienced with the elution
of plutonium using the 12N HCl/NH41 recommended by Wong but
increasing the volume of eluate from 75 ml to 300 ml increased
recoveries from zero to greater than 90%,

-Note It is important that the plutonium should be present in the
+4 oxidation state béfore ion-exchange. The chemistry of plu-
tonium is complicated by the fact that it can exist in solution in
several states of oxidation at the same time, However, plutonium
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ions with a charge of *4 are the most stable and nitrite
treatment of nitric acid solutions containing plutonium in
several valency states results in all the plutbnium being
converted to the tetra-valent state; (With respect to PuVI
the nitrite ion acts as a reducing agent. Pu’ formed by the
reduction rapidly disproportionates and any Puiil formed by .

the disproporticnation is in turn oxidised to Pul? by the

nitrite ions).

6.5.4 Isolation of Thorium and Uranium

From the foregoing discussion or a study of Figures 6.1
~and 6.2 it can be seen that thorium is readily isolated during
the course of the plutonium separatioh. It is adsorbed onto
the AG I x 8 resin from 8N nitric acid and then eluted with 12N
hydrochloric acid. Any traces that remain with the plutonium-
are reco&ered during the second ion-exchange step (Step III,
Fig; 6.1).
| Uranium on the other hand remains with the bulk of the
sample and must be treated separately; Twe possible methods of
isolating uranium were considered. The extraction of uranyl
nitrate from nitric acid by Tributylphosphate (T.B.P.) was
attractive because the sample was already in the recommended
7,5 N nitric acid (2,98,122). On the other hand, T.B.P, ex-
traction is normally used for much higher concentrations of
uranium and most workers in the field of marine radioactivity
(73,68,11,90) use anion exchange from 8N hydrochloric acid.

Accordingly both methods were tried Simultaneouslyvon
seaweed samples. The T.B.P, method gave a recovery of 5%,
while the ion-exchange method gave a recovery of 70%., The
latter was therefore adopted without further investigation{

6.6 Source Preparation

As already discussed in section 6.2, scurces for alpha-
'spectfometry must be thin and homogenous and the two most
common methods of source preparation are direct evaporation
“and electrolytic deposition., Generally electroplating is
preferred because films prepared by this method are thinner
and more homogenous -than those prepared by evaporation, par-
ticularly from aqueous solutions. However, unless plating
solutions are extremely pure, thick non-adherent deposits will
be formed and yields may be low, '

The analytical procedures used here resulted in very
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pure plutonium solutions and excellent plutonium sources '

were obtained by electroplating. However, the thorium and
‘uranium fractions isolated by the ion-exchange procedures
~contained too many non alpha~-radioactive impurities for
plated sources to be made without further purification.

For these elements a T.T.A. extraction followed by evapo-.
ration of the T.T.A. layer onto stainless steel planchettes
was used, |

6. 6.1 Electroplating of Plutonium

 Wong (152) used the ammonium chloride method first developed
vby Mitchell (84)., However, using this method it was diffi-
cult to obtain reproducible quaditative yields despite a
thorough study of the various variables., Thus'the effect of
_platiﬁg time, current, stirrer design, temperature and preé
treatment of the cathode were all investigated. Cooling the
cell during plating dramatically decreased the deposition
rate but apart from this none of the variables investigated
had much effect. Workihg with pure solutions and using a
plating time of one hour (instead of 15 mins.) and a current
“of 1,3 amps., it was possible to obtain a 90-100%Z recovery
four out of Tive times but the occasional 50% recovery was
annoying. Furthermore, recoveries were considerably lower
when plating actual sample solutions. A second plating on
these solutions showed that it was the plating itself that
was inefficient. - : :

At this stage a request to Dr. Bowen at Woods Hole
Oceanographic Institute for advice produced the reply that
they had abandoned the ammonium chloride plating in favour of
Talvitie's (133) sulphate method. This method was therefore
tried with immediate success. Recoveries were consistently
100% and sources were of an excellent quality. Sulphate
plating was therefore used on all subsequent samples.

This sulphate plating methed aiso worked extremely well
on pure solutions of uranium and thorium (after the addition
of a drop of H202 to dissolve insoluble thorium sulphate) but
was not used on actual samples for the reasons discussed below.

_6.62> Uranium and Thorium Source Pfeparatioh

As mentioned previously attempts to prepare plated uranium
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and thorium sources immediately after the ion=-exchange
Separations failed because of the presence of excessive
impurities, It was therefore necessary to introduce an
additional purification step.

. In recent years 2-thenoyltrifluoroacetone (T.T.A.) has
been widely used as a chelating agent in the solvent extrac-
tion of microgram quantities of the actinides {51, 64, 36,
37, 98, 111, 113). The T.T.A. complexes are soluble in non-
polar solvents such as benzene and the equilibrium concen-
tration of a particular chelate is a function of the acidity
of the solution,

M(n +

nH(T.T.A. )(0) = M(T.T.A. )(0) + nH"

.) (aq.)

where

M . metal ion of oxidation number n.

(0) = organic phase

(ag) = aqueous phase

The stronger the complex formed the more acidic is the
aqueous solution from which it can be extracted. Thus the
optimumApH for carrying out the extraction varies over a wide
range as can be seen from Table & 2. . '

Optimum pH for T.T.A. Extraction

<. -

Element Optimum pH | = Element - Optimum pH
Sr >10 - Y 3,4
Ca 8- B 3 -
Y > 6 - Cf,Es,Fm 3,0
Be 6  Pe,Bi 2,0
Al 545 - Sc,Po 1,5
Ac ) 5 : Th 0,8
La. D5 o _
Am,Cm > 35 - Pa . 0- -
T1,Cu 3,0 Np*h, Pyl -0,7
Eu . . >3, |  Hf,Zr -0,8
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In general an element will be separated from those
above it in the Table but not from those below., Of course
the further apart any two elements are the better the
separation., | '

Thus Th will be separated from everything except Np, Pu,
Pa, Hf and Zr, none of which are likely to be present.
Uranium extracis however, may be contaminated with rare earths
iron ete. It was therefore necessary to make quite sure that
no iron was present before ektraction,

If an aqueocus solution of the extracted element is
required it is a simple matter to back extract into a
solution of low pH and a T.T.A. extraction followed by a
back extraction and electroplating would almost certainly
result in excellent uranium and thorium sources., However
it was found that direct evaporation of the T.T.A./benzene
layer onto heated stainless steel planchettes resulted in
high quality uniform thin sources and there seemed little
point in back extraction and electroplating. All uranium
and thorium sources were therefore prepared by evaporation
of the T.T:A./benzene extract., This was evaporated down to
a volume of about 1 ml and then transferred dropwise onto
the'heated planchette., In order to prevent the solvent from
- spreading over the edges of the planchette a special ring
heater which heated the outer edges of the planchette only
was used (see appendixfII, Fig. 7.3).
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6.7 Tracers

6.7.1 Plutonium - 236

Recently it has been pointed out ( 70, 78A ) that Pu-242
is a superior tracer to Pu-236, This is because the alpha- B
energy of Pu-236 is higher than that of both Pu-239 and Pu-238
and there is always the ?ossibility that the degraded tail of
the Pu-~236 peak will contaminate the Pu-238 and possibly- even
the Pu-239 peak. Furthermore the ingrowth of the daughters of
Pu-236 (U-232 and Th-228) can also lead to contamination of
these péaks and a Pu-236 tracer should be periodically purified.

Pu-242 suffers from none of these disadvantages since its
alpha-energyvis lower than thét of Pu~-239 and its daughter U-238
has such a long half-life that its decay presents no problem,
However ét<the commencement of this project Pu-242 was not
available commercially and a soluticn of Pu-236 was purchased
from Amersham. It was standardised by the suppliers, be tween
16/3/72 and 21/3/72. They reported that it had the following
~ compositions- | . ’

“Pu-2361= (2,676 + 0,03) x 10~% dpm/ml
Furthermore of the total activity in the solution - ¢

v Pu-236 accounted for (93,9 + 0,5) % '

Pu-238 accounted for (5,9 + 0,2) %

Pu-239 accounted for (0,15 + 0,2) &

Higher energy alphas 0,02%

The Pu?236 tracer was prepared by diluting the standard

solution lOu

times with 1N nitric acid. Several sources were
prepared from this tracer solution_by‘evaporating 1 ml pdrtions
ontoc stainless steel planchettes. Within the limits of experi-
mental error and assuming a counting efficiency of 36% the

- activity of the tracer was found to agree with the figures

- supplied by Amersham, Further sources were prepared at intervals
of about 6 months and the activity remained "correct". Thus
there was no sign of loss of Pu-236 by adsorption onto the walls

of the glass flask in which the solution was stored.

It was unfortunate that the tracer contained Pu-238 as this
made it impossible to determine the Pu-238/Pu-239 ratio in the
samples unless the plutonium concentration was unusually high,
Of all the samples analysed only two (Sargassum heterophyllum

and martha ‘asterias) contained sufficient plufonium for an
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estimate of this ratio to be made,

6.7.2 Uranium-232-

A solution containing about 45 dpm/ml U-232 in equilibrium
with Th-228 was available in the laboratory. Unfortunately it
also contained about 45 dpm Pu-239 and it therefore had to be
very carefully purified before it could be used in the analy-
tical scheme. The plutonium and the thorium were both removed
from the solution by anion exchange using the same principles
as were used in the analysis of the samples. Briefly the method
used was as followst-

1) 100 ml of the U-232 solution were evaporated tb dryneSs and

the residue dissolved in 2 ml 9N hydrocniorlc acid plus
0,1 ml 1IN nitric acid.

2) This solution was: passed through a 3 em x 1 cm column of
"AGl X~8 resin (100-200 #) and washed with 1 ml SN hydro-~
chloric acid.

3) The plutonium was eluted with a.mixfure of 40 ml 9thydro-
chloric acid and 2 ml 1N ammonium iodide.

‘4) The uranium was eluted with .0 ml 0,1N hydrochloric acid.

5) This U solution was evaporated to dryness, treated with
nitric acid to remove the ammonium iodide and the residue
- redissolved in 2 ml 9N hydrochlorlc acid + 0,1 ml 1N
nitric acid,

6) The entire ion-exchange procedure was then repeated two
more times and the final U-232 solution diluted to 250 ml,
10 ml of this solution was spiked with Pu-236 and a

plutonium determination carried out. The Pu-236 recovery was

80% and no counts of Pu-239 were detected in 72 hours. This

solution was therefore standardised and used as a tracer there-
after. ' '

Standardisation was difficult. Difect evaporation onto
flat planchettes'gavé poor quality sources because salts were
present in the solution and these deposited unevenly in spots.
It was found however that evaporation in a concave planchette
(prepared by depressing 2 2 mm deép saucer shaped depression
into a standard flat plénchette) resulted in a fairly even
deposition of salts and a higher quality spectrum.

The use of these concave planchettes reduced the sensitivity
(by about 20%) because much of the source was further from the
detector. Furthermore the geometry of such a source is com-
plicated and concave planchettes were only used when relative
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- rather than absolute activities were of importance. However
by adding a known amount of.Pu§236 tracer to the U-232 tracer
and evaporating the mixture in a concave planchette it was
-possible to make a reasonable estimate of the U-232 activity.
 Four such sources were prepared and the'activity was. found to
‘be 4,9 + 0,4 dpm U-232/nl. ;

6,7.3 Thorium Tracer

A sample of pure thorium nitrate was.found which contained

the isotopes Th-232, Th-230nd Th-228 in the activity ratio of

- approximately 1s10:1., A solution of this salt was Prepared and
standardised by evaporating 1 ml portions onto flat planchettes.

- The solution was fairly pure and reasonable spectra were obtained,
In éddition very accurate estimates of the Th-232:Th-230:Th-228
ratios were made by counting sources prepared by plating and by
evaporation of T.T.A. extracts, ‘

‘The activities and ratios in the thorium tracer ‘were found
to be:-~ ' '

Th-232 = 3,9 £ 1,0 c¢/hr/ml

% 10,8 £ 2,8 dpm/ml
Th-230 =35,2 + 0,9 c/hr/ml = 98,0 t 2,5 dpm/ml
Th-228 = 2,1 + 0,5 c¢/hr/ml = 5,8-% 1,4 dpm/ml

‘Th-232/Th-230 = 0,107 % 0,012

Th-228/Th-230 = 0,060 + 0,007

6.8 Results and Caléulations

In order to give some idea of the accuracy and precision of
the analytical methods used all the Tables of results in Chapters
4. and 5 include duplicate results, chemical recoveries and stan-
~dard deviations based on counting statistics. A brief discussion
of these figures and the results generally now follows. |

6.8.1 Resolution and Typiéal Spectra

Figures 6.3-6.6 show typical spectra obfained during this
project. It can be seen that the resolution of the evaporated
uranium and thorium sources is as good as that obtained for the
plated plutonium source. In‘general the resolution was between
75 and 100 KeV (full width at half maximum) and it was possible
to sum the counts over 5-8 channels or 125-200 KeV. There was,
therefore, virtually no interference duevto overlapping peaks.



TR T T T A R s oty o <V

Y3gWNN JINNVHO

iy

0,9 0s 0. 3 0z oL 0
T i ! o ' '
- 001t
~1002
SINNOD
- 00¢
unod 4y 1'zz
- spodiydwy 6g's9¢ ! zg-g sidwes
wnijoadg wniuoinid
€9'Big oo




ogl

0

b

001

T e I -y [ SRS St oo o T SR BV A Lo e

H3GWNN T3INNVHI

O—NF
4

[4%4

vee

oy X

<2
-

8¢

unos 1y gy
spodiydwy Bp'oseizgg~g ojdweg
wniyoedg  wntuesn

NI

002

00

009

oosg

| SLNNOD

0001

‘ooect




oglL

od

oot

oLe

H3GWAN -TINNVHD

02 o]} -t

up B

AN

junod 4y stiovp
aaMidsnNn
spodiydwy Bp'gs€
8-S w_achmm.l
wniyoadg wntioyy
6'9°bByyg

nolL

ooe

oo¢g

(o]0} 7

SLNNOD |

006¢

009

00¢s

008

006




oLt

912

- 0L

YIAWAN ~ TINNVHO

144

oge

1
§

ete

L ,,ucso_o,_ W ssr |

| (1w) TIvids |
. spodiyduy By'9sg
| dw Iw. a1d ueg -
" whayoedg. wnisoyy

BRI

001

- 002

00€

00¥

SALNNOD

006

009

002"




lOl.

It was however neéessary to make a correction to the Th-228
count as 6% of the Ra-224 alpha-particles have an energy of
5,45 MeV. This makes them indistinguishable from the 5,48 lieV
. Th-228 alpha-particles. '

6.8.2 Blank Count Rates

A blank was run with each set of three samples, In‘general‘
they were very low compared with samples although sample count
rates were always corrected for blanks. Average blanks are shown
in Table 6.1. The last column in this table gives the calculated
limits of detection‘assuming thats- '
| 1) to be detectable the sample + blank count rate should be

twice the blank alone |

2) A 1 kg sample is available

3) The chemical'recovery is at least 50%

Table 6.3

Blanks and Limits of Detection

Isotope Blank (¢/hr/200 KeV) Limit of Detection
Average Range pCi/kg '

Pu-239 0,04 + 0,01 0,00 - 0,07 0,002

U-238 1,2 + 0,2 0,7 = 2,0 0,06

U-237 | 1,4 +0,2 0,7 -2, | 0,06

Th-232 0,8 +0,2 0,1 -1,2 0,04

Th-230 -| 0,8 * 0,2 0,2 = 1,4 0,04

Th-228 3,5 + 0,4 2,7 -3,3 0,16

In most of the samples analysed in this project all the iso-
topes determined were well above the limit of detection and high
blanks presented no problem. v

Because of the low plutonium‘concentration in most organisms -
care was taken to use clean detectors for counting plutonium
sources. The same did not apply to uranium and thorium sources
- because it was feared that they themselves might contaminate the
. detectors., Consequently the detectors themselves contributed
about 1 ¢/hr to Th-228 and 0,1 - 0,2 c¢/hr to Th-232, Th-230,

- U-234 and U-238, The remainder of the blank count rates for
uranium and thorium isotopes were presumably due to the presenée
of traces of uranium and thorium in the large volumes of reagents
used.. '
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6.8.3 Chemical Yields -

Once the plutonium procedure had been perfected and the
sulphate plating method adopted plutonium recoveries were
generally good. They seldom fell below £0% and were often
over 80%., -Exceptions to this were shell samples where recoveries
were always low., The reasons for this are not clear but losses

appear to occur during the ion-exchange step.

Uranium and thorium recoveries did not appear to be affected

by sample composition and averaged a satisfactory 65%.

. 6.8.4 Calculations and Counting Statistics

Plutonium and uranium calculations are to a very good
approximation just a matter of simple proportion. Thus if there -
were x * JX°  counts of the unknown isotope and y I [y~ .
counts of the spike containing (a t o ) dpm of tracer then
x * /x
y 2 _
where the errors are standard deviations in all cases and counts

- dpm unknown = x a T

have been corrected for blank values.

Note  An approximation arises here because the percentage of the
total-alphé counts which falls within "n" say channels is a
function of the alpha energy. ‘However since in practice the
peaks were summed over a fairly wide energy range (125-200 KeV)

a high percentage of the total counts for all energies should
have been included. The error should therefore be negligible.

iutonium- Approximately 2 dpm of accurately standardised épike
(2,76 + 0,03 dpm; see section 6.7.1) were added to each sample.
Sources were counted for between one and three days which meant
that there were normally over a thousand Pu~236 counts, This
meant that the relative standard deviation in y was less than 3%,

In order to reduce the relative standard deviation in the
Pu-239 count to 10% sources were counted until 100 counts had
been obtained wherever this was possible., However for many of
the "low" samples this was impractical and counts of 30 were not
unusual. This meant that the relative error in y and a was
negligible in comparison with the relative error in x and explains
the fact that the relative standard deviations quoted in the
tables of results are often 20% of higher,
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Uranium Mlost samples were fairly high in uranium and between

2 000 and 15 000 counts of U-238, U-234 and U-232 were usually
obtained. As a result the counting statistics were good
(relative standard deviations less than 3%) and the main con-~
tributor to the final calculated standard deviation was <

Some difficulty was encountered in standardising the U-232 spike
(section 6.7.2) and the final value of 4,9 + 0,4 dpm U-232/ml
means that this term has a relative standard deviation of 8%,
The relative standard deviation in mest of the uranium results
is therefore about 10%.

Thorium The situation with thorium was far more complex. The
actual concentration of the isotopes in the samples had to be
calculated from two sets of results obtained by analysing one
spiked and one unspiked sample. The calculations were as
.follows:~ | '

Assume that the concentrationm (in dpm or counts) in the
spike and samples are as given in Table 6.2,

Table 6.2

Thqrium Calculations

Th- (dpm present) | Th-228/Th-230 | Th-232/Th-230
232 230 228 :
Spike : x' v z' ‘ : o
. ' v :-_:E. ' = x
Unspiked Sample] x y o 2 b ¥ p v
4y A .=Z+Z' !t = o+ oy
Spiked Sample x+x* y y 2 17y +y 4 ; + y!

N.B.  Whatever the chemical recoveries the observed ratios p and g
are, of course, equal to the actual ratios in the samples’

-~ dpm Th-228 present _ counts Th-228

lle.
dpm Th-230 present counts Th=230
Now Zz + z' _
y *y' ¢
z +2' =qy +qy'-= qg *+qvy'
Z - qz = M

qy' -z’
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q : =z
w2z (1 -3) =_y'(9L~y'ﬁ)

zl
y.(q} yf)
L L)
ie. o oy' (ratlo in splxed sample - ratio in spike) - v' oA (say)
s = 1 - ratio in unspiked sample) ~1 1-B
ratio in spiked sample '

- It can be seen from the above that it is very important that the

optimum amount of spike be added since:-

1) If too much spike is added the ratio in the spiked sample tends
to the ratio in the spike and the errors in A become very large.

2) 1If too little spike is added the ratio.in the unspiked sample
tends to the ratio in the spiked sample and (1 - B) —»0. O0f
‘ course this could also happen if the ratio in the sample was
actually the same as the ratio in the spike but this is most
unlikely, ’ R

Note The above formula was derived for the pair of isotopes
‘Th-228 and Th-230. In the same way it can be deduced that

The pair Th-232 and Th-228 was not often used because these
two isotopes had the same concentration in the spike and con-.
centrations in samples were often similar. However z and >
were normally calculated independently and the mean of the two
sets of results was reported.

For most>samples well over one hundred counts were obtained
for each isotope but because of the importance of choosing the
optimum amount of spike, the standard deviations reported 1n
Tables 5.1 and 5.2 vary widely. In general the influence of the
amount of spike cn the final calculated standard deviation was -
far greater than was the influence pf‘the‘error'in any of the
individual terms.



Sample Cal

culation

Table

6.3

Results obtained from Zooplankton Sample S$-~82

105

Observed c/hr
(corrected for blank)

Th-232
Th-230

376,4 g Sample

376,4 g Sample + 2ml.

Spikei

Th-232 . Th-230 , - Th-228
4,8+0,4 | 4,6+0,4 | 38,9+1,1
11,3+0,7 | 54,541 4

45,8+1,4

p=8,457+0,773

q=0,84020,034

2-0,099+0,010
P

pl=1,0432C,126

q!=0,207:0,014

ql
2 -0,19840,027

p!

Note: For composition of Spike (i.e. values for x!, y! and z!) see Section 6.7.3.

1. Using Th-228/Th-2

30

¢z = Th-228

% Recovery in

(70,1

1,8) [q - (0,060 -

o, ad77

656208)] c¢/hr

1-

+1,8) [(0,840 + 0,034) - (0,060 + 0,020)]

q

p

Unspiked

30

2. Using Th-232/Th-2

x = Th~232 -

% Recovery in Unspiked Sample

3,

‘4. Calculated c/hr aséuming a recovery of (62,95 # 4,79)% in the Unspiked Sample.

1 -

Sample

<+

(0,099

* 2,94 c/hr

<+

63,83

0,010)

3,57.

(70,4 + 1,8) [(0,207 * 0,014) - (0,107 * 0,012)] c/hr

Weighted Mean of Recoveries

1~ (0,198 £ 0,027)
8,78 + 1,61 c/hr.

62,95

Th-232
Th-230
Th-228

54,67 + 11,03,

+ 14,79,

7,6
7,3
61,8

i+

0,9
0,8

4

i+

c¢/hr
c¢/hr

"5,0 ¢/hr

c/hr
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6.9 The Determination of Polonium

An important characteristic of polonium is its ease of
deposition either by chemical deposition onto less noble metals
or by electrodeposition. Most of the commonly used separation
procedures involve a deposition stép.either as the final step
(e.g. plating onto a metal disc for counting) or as a means. of

concentrating polonium from relatively dilute solutions.

Polonium deposits readily onto silver from dilute nitric
acid orvhydrochloric acid solutions. During deposition a black
film appears on the silver and this may consist either of the
oxide or peroxide. Flynn (42) while determining low levels of
Po-210 in environmental materials, made a careful study of
possible interferences and the optimum conditions of pH etc.

He has published a method in which no preliminary separations
“are required and essentially quantitative recoveries are obtained
- from samples containing as little as 0,02 pCi Po-210.

Flynn found that greateét plating efficiency could be
obtained by plating from 50 ml of hydrochloric acid solution
at pH 2 at a temperature of 85-90°C and in the presence of 0.5 g
sodium citrate. The interference of iron (III), chromium (VI)
and other oxidants is eliminated by the addition of hydroxylamine B
hydrochloride. The addition of sulphate prevents precipitation.
of thorium and the addition of 10 mg of bismuth carrier prevents .
the deposition of the Bi-212 decay product of Th-232. |

Flynn's method was followed unchanged. The folloWing_
points should be noteds-

1) Polonium is strongly adsorbed onto glass and all
standard solutions and sample solutions were kept in polythene
bottles in 2N hydrochloric acid. |

2) If the samples are not analysed immediately after
collection the decay of Pb-210 (t% = 22 yrs) may contribute
significantly to the observed level of Po-210. In order tc
correct for this the sémple solutions were stored after plating
for as long as possible (6-8 weeks) and a second plating then
carried out. In this way the ingrown Po-210 was determined and
the Pb-210 content and its contribution to the observed Po-210
concentration could be calculated. ' R

3) Many workers in the field of environmental polonium
have used Po-208 as a tracer when determining polonium (7, 43, 58).
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However, the determiﬁation of Po-210 is straightforward and
recoveries are generally close to 100%., In fact when standard
addition curves (Figs. 6.7 and 6.87) were prepared, by adding
known amounts of a standardised solution of Pb-210 in equili-
brium with Po-ZlQ)tb samples of mussel shell and mussel meat
the following recoveries were obtained:-

Mussel meat: 1lst plating (98

+7) % 2nd plating (95
Mussel Shell: 1lst plating (100 % 6

t7) %
) £ 2nd plating (100+ 6) %
For this reason it was considered unnecessary to use a tracer
and polonium sources were counted on total alpha-counters

rather than alpha-spectrometers.

6.10 Total Alpha-Counting

"Total" or "Thick Source" alpha-counting is a simple and
sensitive method that can provide useful information about the
- total alpha-acfivity of a sample, A thick source is one whose.
thickness is gfeater than the range of the alpha-particles |
emitted by the nuclides in the sample., The energies of the
~alpha-particles emitted from such a source will range from
zero to tﬂe theoretical maximum depending upon the distance
travelled thrcugh the sample, . ‘

- No preliminary chemistry is necessary and zinc sulphide
scintillation counters can,be used. These are simple to operate
and give reliable results. Thus provided a reasonable number
of counts can be obtained the margin for experimental error is
small and the main limitations on the method are due to
theoretical rather than practical considerations.

The theory of thick source countiﬂé and the approximations
involved have been discussed in detaill by several authors and is
only briefly outlined in section 6.10.1 which now follows, Details
of the'experimental procedure are‘given in Appendix II (section 7.3

6.10.1 Total Counting - Theory and Approximations

The basic theory of thick source counting assumes that the |
alpha-emitters are homogenously distributed in the sample and
that all alpha-particles down to zero energy are detected. Then
provided that the area of the source is much greater than the
 square of the range of the alpha-particles and provided'that the
thickness of the source is greater than the range of the alpha-
particles; ' '
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. No = NRA
&
where No = the number of alpha-partlcles emerglng from the

source per unit time
N

It

Number of alpha-disintegrations per unit volume per
. unit time .

R =’Range of the alpha-partlcles in the sample

A = Area of the source,

 Furthermore if the dens1ty of the sample 1s‘/>then the
_alpha-radloacu1v1ty of +the sample in pCl/kg is given by

S = No x 30,08 pCi/kg
RAP
Therefore if Rf)ls known and No 1s determined it is posclble
to calculate the total alpha-radloact1v1ty (S) of the sample._

Much work has gone into attempting to evaluate R}
accurately for different materials but several assump{oons

are unavoidable. This is because the range depends both on
the chemical composition of the sample and on the energies

of the alpha-particles present. | ’

Y

In order to calculzte R,;Shennonv(126) used the semi-~
empirical formula )
-4

‘R z 'Fi Ac.'
o
Zfooz'h

‘where fi is the atom fraction of the element in the sample

_R/;=3,2x10

Al is the atomic weight of the element
Zi is the atomic number of the element

Ro is the range in standard air
Z-'Fl AL ’
He calculated the value of Z-P‘ 2.2/3 for various marine

organisms using the chemlcal.composition figures given by
Vindgradov (147). These calculated values are given.in Table 6.4.
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Organism ' Zf A

| - S fo 23
Diatoms _ - 3,65
~ Copepods 3,22
-~ Amphipods _ 3,36
Seaweed ' 3553
Mollusc (Soft tissue) 3,28
Moliusc (Shell) h,b2
Echinoderms v 3,59
Decapods (Soft tissue) 3,45
Decapods (Shell) S b, 4l

Shannon assumed that the average range of the alpha-
particles in "standard" air (Ro) is 4,51 for shells and 4,24
for zZooplankton, macrophytes and the soft tissue of marine
invertebrates and fish. He estimates that variations in the
proportions of uranium and thorium series isotopes in the
samples will not introduce an error of more than 10% into
these'figures. These values and the stopping power values in
Table 6.4 were used to calculate the - total alpha=-activity of
the samples analysed in this project.

_ - The errors reported are standard deviations based
entirely on counting statistics and take no account of errors
that mayvhave been introduced by uncertainty as to the exact
‘ value of the ranges. '
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Avpendix II

Experimental and Analytical Detail

7.1 Plutonium, Thorium, Uranium Procedure

Special Apparatus

1) Couﬁting Apparatus

5
Alyba-snpctrumebr;c measurements were made with 450 mm~,

90/um depletion dep+h Ortec silicon surface barrier detectors
operated in vacuum chambers. The detectors used in this pro-
ject had a guaranteed resolution of better than 55 KeV full

- width at half-maximunm.

However this resolution was obtained using a small very
thin alpha-spectroscopic source and probably a source to
detector separation equal to the détector diameter., ‘Such reso-
lution is achieved only at the expense of some efficiency and in
practice resolution is usually sacrificed in favour of sensi- .
Stivity. Moreover the sources obtained in practice from environ-
mental éamples are never as thin as the optimum sources used by
detector manufacturers in measuring resolution. The detector
mounts and planchette_holders used at the University of Capé
Town were éspecially designed to give maximum sensitivity (the
counting efficiency'is typically 37%) and in practice a reso-
lution of 75-100 KeV was usually obtained, -

Pulses from the detector were fed in turn to an Ortec lModel
109 A preamplifier, an Ortec Model 485 amplifier and an Ortec
Model 408 bias amplifier. The output pulses were-analyéed by
means of a nuclear data (ND 110 or ND 555) 128 channel analyser
coupled to a digital printout. An Ortec test pulser model 480
was included in the system for guick setting of gains and bias
~levels and for routine checks on the electrbnics, | |

2) Electrodeposition Apparatus

Figure 7.1 shows the electrodeposition apparatus used.

- Disposable electfodeposition cells were prepared by cutting the
bottoms off 1 oz. plastic bottles. These were screwed into a
brass base machined to fit the thread at the neck of the bottle.
The external diameter of the hecks of the bottles was 17,2 mm
and the stainless steel cathodes therefore fitted neatly into
the brass base, A neoprene gasket was inserted vetween the
bottle and the plating disc to ensure a perfect seal. |

in order to prevent evaporation a tightly fitting perspex
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1id which also served as an anode holder was placed on the

’béttle. The platinum wire ( iioo_inches diameter ) anode was

fitted through the perspex holder and the wire formed into a
circle approximately 1 ¢m in diameter. This portion of the
electrode was positioned about 3 mm above the plating disc.

Electrolyses were conducted without stirring using a
Heath Kit Battery Eliminator (Model I.P. 12j. Two cells were
plated in parallel, each with a rheostat and ammeter in series,
so that the current in each could be controlled independently.

3) Ion Exchange Columns

- The Ion Exchange Columns were of standard design. They
were fitted with teflon taps throughout in order to avoid
difficulties due to grease. The'large columns (Fig.7.2) were
attached to 1 litre reservoirs which were raised to a height
of about 2 metres above the columns. This made handling of
large sample volumes easier and speeded up flow through the
fine resin, |

Column dimensions were:-

‘Small size - 1,0 cm I.D. x 20 em length
Yarge size - 1,5 cm I.D. x 30 cm length

L) Stainless Steel Planchettes and Heater for Preparing

EVéporated Soufcés

The stainless steel planchettes fitted exactly into the
semi-conductor assembly. They were flat discs, 2,5 cm in '
diameter, with vertical sides 2 mm high, o

Before use they were electropolished in order to obtain
the mirror finish essential for low level-determinations by
alpha-spectrometry. | |

For eléctropolishihg thé planchette was mounted in the
electrodeposition cell (a 400 ml beaker) with the flat side
facing out. The cell was half filled with an electrolyte
composed of 100 ml glycerine,BO ml phosphoric acid, and 20 ml
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- water. The temperature of the electrolyte was maintained at
'90°-lOO°C. -The cathode was a stainless steel plate approx.

L cm x 6 cm., Electrolysis was conducted at a current of one
amp. for about 15 minutes -after which the planchette was
thoroughly rinsed with distilled water and dried.

The heater was designed to heat the planchette from the
dircumference so that the centre was cooler than the edges
(Fig. 7.3). The bimetallic strip was adjusted to give a
temperature of about 120°C. At this temperature evaporation
was rapid without spattering.

Reagehts (A1l reagents analytical reagent grade)

1) Nitric acids 16N HNO,,
2) Conc. Hydrochloric Acid: 12N HC1,
3) Conc., Ammonium Hydroxide: 15N NH ,OH,
) Ammonium Todide Solution: 1M NHMI in water (fresnly
' prepared)
5) Sodium Nitrite: Granular NaNQ,- crystals, '
6) Anion Exchange Resin - AG 1 x 8, 100-200## B1o-Rad
7) mn-octyl alcohol.
8) Iso-propyl ether, v :
9) 2-thenoyltrifluoroacetone: 0,5 M T.T.A. in benzene.
10) Hydrogen Peroxide: H,0, ,30%Z (100 vols.) '
11) Pu-236 tracer, standardised 2-3 dpm/ml
12) U=-232 tracer, standardised 4-6 dpm/ml
13) Thorium tracer: seeAppendix I - Section 6.7.3
14) Perchloric acid: concentrated
- 15) Sulphuric acids concentrated
16) Thymol blue indicator - 0,04%
17) Sodium Hydroxides 1M NaOH
18) Benzene, o
19) Acetone.
20) Glycerine.
21) Phosphoric Acid: concentrated
22) Sodium Dichromate.



FIG. 7.1 ELECTRODEPOSITION APFARATUS

DESCRTPTION | | MATERIALS

"Anode' 3
Anode Holder —k

rlff;———'Perspex'

cam—an

.

Platinum Wire 52/1000"
Diameter

1 \. |
----_---

Plating Cell—

e—————Flastic Bottle
1l Ounce Capacity, Cut
to Overall Length 6,00 cm

Plating Disc
Holder and -
Cathode

Brass ; Thread machined
to it plating cells.

Stainless Steel Dlsc
(see Wote )

Note : The stainless steel plating discs were 17 mm diameter
x 0,5 mm thick, mirror finished on one side only; (Ietallic
Valve Co., 117-125 Bridge Street, Birkenhead, Cheshire, U.K.)
Before use they were degreased with detergent and acetone
and then immersed for 10 minutes in hot 4M nitric acid -
2% scdium dichromate, rinsed and stored under water until needed.



FIGo 7.2 ION EXCHARGE COLUNN AND RESERVOIR
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Analytical Procedure

(I) Sample Preparation

1) For thorium determinations two identical samples are
required, one spiked and one unspiked. Therefore whenever
possible 2 kg of soft tissue or 1 kg of shell should be taken.
(More shell is difficult to handle because of the large quan-

tities of salts present).

- 2) Dry the sample to constant weight at 105°C, grind
finely and mix thoroughly by coning and quatering or by
riffling. Remove a 5-10g representative sample and keep this
for pclonium analysis.

-3) Divide the remainder of the sample into itwo identical
~ portions in 600 ml Pyrex beakers., Place them in a muffle |
furnace and raise the temperature slowly to 480°C,

Note 0ily samples tend to froth violently and unexpectedly

at about 200°C, It was found that the addition of one granm

of Dow=Corning Silicone-anti-foaming,agent considérably reduced
-this.' However after a.sophisticated temperature gauge was
installed on the furnace it became possible to dispense with
the-anti-féaming agent by increasing the temperature very
gradually over the critical 1209-300°C range.

(II) Dissolution

l)_ Transfer the ashed sample to a two litre bveaker and
moisten with distilled water. _ ,

2) Add the three tracers, For most samples 1 ml of each
tracer is a suitable volume. The thorium tracer must be added
to only one of each pair.

3) Carefully add 200 ml of 16N nitric acid and 100 ml of
12N hydrochloric acid. If foaming becomes appreciavle the
addition of a little n-octyl alcohol controls it.

-Note Samples of shell require considerably more acid for com-
plete dissolution. (500g CaCOy = 650g HNOB). Therefore, for
shell samples add 100 ml conc. hydrochloric acid and then care-
fully add nitric acid until the addition of more acid ceases 10
cause frothing. Now add another 200 ml nitric acid. For a 3500g
shell sample about 1 litre of 16N nitric acid is normally
required. ' ' - |
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L) Cover the beaker with a watch glass and digest at
near boiling for two hours with occasional stirring.

5) Add 300 ml 1N nitric acid and 25 ml 30% hydrogen
peroxide. Continue heating until the peroxide has decomposed,

6) Cool the sample, filter through glass fibre filter
paper and wash the residue with 50 ml hot 1N nitric acid.

7) Return the residue to the original beaker. Add 200
ml 16N nitric acid and 100 ml 12N hydrochloric-acid and ;epeat
the entire digestion process (Steps 4-6).

8) Combine the filtrates and acid rinses and evaporate
until salts begin to form.. Estimate the volume, add an egual
volume of 1N nitric acid and dilute to 1 litre with 8N nitric
acid. _

Note Frequently salts begin to form when the volume is more.
than 500 ml, If this happens cohtinue.evaporation until about
400 ml remain., Then add 200 ml 1N nitric acid and %00 ml 16N
nitric acid. It is advisable to check the final acidlconcen-'
tration of such samples by titration with 1N sodium hydroxide.
It necessary the nitric acid concentratlon can then be adgusted
to between 7,5N and 8N,

(111) _Yon Exchange Procedure

v 1) Add 5g solid sodium nitrite to the sample solution
and leave for 30 minutes. (Only 5g are added because it is

- difficult to keep large quantities of sodium chloride in
solution in 8N hydrochloric acid during the uranium determinatien).

2) Pass this solution through aflarge ion-exchange column
containing 25 ml of anion exchange resin'preconditioned With
8N nitric acid. The flow rate should be about 10 ml/minute,

3) Drain the solution carefully to the top of the resin,
Rinse the reservoir and column walls with a few ml of 8N nitric
~acid and'again drain carefully to the top of the resin. Repeat-
the rinse and draining step once.. Elute.the column with 75 ml -
8N nitric acid and drain to the top of the resin. Keep the
eluate (about 1100 ml) for the uranium determination.

L) Elute as above with 300 ml 12N hydrochloric acid.

"‘Keep this eluate for the tho”lun determination.
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©8) Elute the plutonium with a solution of 300 ml of 12N
hydrochloric acid and 15 ml 1M ammonium iodide. Mix this
eluant just before use,

6) Some uranium will have been retained on the columm,
Place the 8N nitric acid eluate from step 3 under the column
and elute any uranium with 300 ml 0,1N hydrochloric acid
(after twc rinses as usual). |

7) Now complete the purification and source preparation
for each eiement as followss-

(IV) Plutonium Isolation

"1) Take the plutonium eluate from step III-5 and evaporate,
below boiling,to dryness on a hot plate, Remdve.the ammonium
salts by evaporation with several'portions of 2-3 ml each of
" conc. nitric acid and hydrochloric acid. Rinse the walls of
‘the beaker with each addition of acid. Finally add a rinse
of 2-3 ml 12M hydrochloric acid and evaporate to dryness.

~2) Add s ml 12N hydrochloric acid, warm the solution on
a hot plate for a few minutes and transfer the solution to a
15 mi cent?ifuge tube, Rinse the beaker thoroughly with about
~ 5 ml 12N hydrochloric acid combining the solutions.

3) Add approximately 100 mg sodium nitrite, stir with a
glass stirring rod and allow to react for about 30 minutes.
Centrifuge at low speed for 2-3 minutes.

L)  Transfer the supernate to the top of a small ion-
exchange'column,-loaded with 2 ml wet anion exchange resin
(AG 1 x 8, 100-200 mesh) preconditioned with conc. hydrochloric
acid. Place the beaker containing the hydrochloric acid/thorium -
eluate from step III-4 under the column and drain the solution
to the top of the resin., Rinse the centrifuge and column walls
twice with 1-2 ml portions of conc. hydrochloric acid, draining -
carefully to the top of the resin each time.

'5) Wash the column with 80 ml conc. hydrochloric acid.
"Keep the combined hydrochloric acid fractions for the thorium
determination. ' B

6) Elute the plutonium with 20 ml conc. hydrechloric acid
and 1 ml ammonium iodide; mix just prior to use,

7) Collect the plutonium eluate in a 50 ml beaker‘and
slowly evaporate the solution as.déscribed in step IV-1,
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Now prepare the plated source'as'folIOWSs-

(V) Electroplating of Plutonium

1) 'Add 0,5 ml conc. sulphuric acid and heat until dense
white fumes are visible., Allow the sulphuric acid to reflux
on the walls of the beaker for a minute or two, ‘

2) Remove the sample from the heat and allow it to cool
to room temperature. Add exactly 5 ml of distilled water
making certain to wash down the walls of the beaker.

' 3) Add two drops of 0,04% thymol blue indicator and 1 ml
14 ammonium hydroxide., The indicator should turn blue or at
least yellow indicating a basic pH. If the solution is still
pink add enough ammonium hydroxide to make the solution basic.

'4) ‘Neutralise the solution with 18M sulphuric acid and
add one drop in excess. The solution should be slightly pink.

5) Transfer the solution to the plating cell rinsing the
- beaker twice with 2 ml portions of approx. 0,02M sulphuric acid
(  three drops of 36N sulphuric acid/100 ml water). '

6) Adjust the pH to 2-3 using 2M ammonium hydroxide. The
end point colour is salmon pink. The total plating volume .
should be 10 * 1 ml, o

.7) Plate the samples‘for two hours at one ‘amp per cell,
(12v, filtered D.C. output from the battery eliminator).

8) At the end of the plating period add 1 ml 14M ammonium
hydroxide to each sample. Mix, wait one minute and switch off.

.9)-‘Disassemblé the cell as quickly:as possible éfter"
plating. Wash the plated disc with distilled water and acetone.
Dry and store for counting.

(VI) Thorium - Isolation and Source Preparation

_ 1) 'Evaporate the hydrochloric acid eluate from steps III-4
and IV-4 down to about 5 ml. Transfer to a 50 ml beaker and add
about 1 ml perchloric acid. Evaporate to dryness,

-

2) “Wash down the walls with nitric acid and heat until no
further fumes of perchloric acid are evolved. Repeat several
~ times until no more perchloric acid remains.

3) Add'l ml 1IN nitric acid to the residue in the beaker.
Warm for a few seconds. Transfer to a 100 ml separating funnel
using about 9 ml of water.
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L) Add 3 ml of 0,45M T.T.A. in benzene. Shake for half
an hour. Allow the layers to separate. : '

5) Drain off the lower agueous layer and run the benzene
layer into a dry centrifuge tube. Centrifuge for a few seconds.
Transfer the benzene layer to a dry 10 ml beaker and evaporate down
to about % ml, | ’

6) Using a disposable dropper transfer the T.T.A./benzene
‘onto a heated polished stainless steel planchette. Rinse the
beaker and dropper twice with benzene.

| 7) Place the planchette in a muffle at 800°C for a few
‘minutes until the organic matter has all burnt off and the
metal is straw-coloured., Cool and store for counting.

(VII) Uranium- Isolation and Source Preparation

1) Evaporate the nitric acid eluate from steps III-3 and
I1I-6 to near dryness.

v 2) Add a few ml conc., hydrochloric acid and heat until
no further brown NO2 fumes are evolved. Repeat several times
until all the nitric acid has been removed,

3) Estimate the sample_volume. Add an equal volume of
12N HC1l and dilute to 1 litre with 8N HCl, (Note: add 8N HCl
before 12N HCl as this prevents salts precipitating cut). If all
the salts do not dissolve decant the supernate and dissolve the
salts in hot water. Then add enough conc. hydrochloric acid to
give an 8N hydrochloric acid solution. Combine the two portiohs.

- When the salts are all in solution it is advisable to check
the normality by titrating a one ml aliquot with < 1N sodium
hydroxide. The final volume is usually between 1 and 2 litres.
Occasionally for shell samples it is preferable to use only
half the saﬁple solution rather than to battle with volumes of

3 litres or more.

4) Transfer the solution to a 2-3 1 separating funnel and
add 300 ml iso-propyl ether, Shake vigorously for five minutes,
Allow the layers to~separéte and run the aqueous layer back into
the original beaker. Discard the organic layer. Repeat this
extraction once more. ' '

5) Evaporate the sample solution down to about 600 ml.
and then add 600 ml 10N hydrochloric acid. The acid concen-
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tration should now be 8N, |

6) Péss the sample solution through the large ion-exchange
column containing 25 ml resin (AG 1-X8, 100-200 mesh) which has
been pre-conditioned with 8N hydrochloric acid.

7) Wash the resin as in step III-3 with 2 rinses of 8N
hydrochloric acid followed by 75 ml 8N hydrochloric acid.
Dlscard the eluate.

8) Rinse the walls of the reservoir and column with a
few ml of 0,1N hydrochloric acid and drain to the top of the
resin twice. DNow elute the uranium with 300 ml 0,1N hydro-
chloric acid. | |

9) Evaporate the eluate to dryness. If any iron is
visible dissolve the residue in a few ml 8N hydrochloric acid
and extract the iron with iso~-propyl ether. Evaporate the
agqueous layer to dryness. -

10) Rinse the walls of the beaker with hydrochloric acid
and add 1 ml perchloric acid. Fume to dryness as in step VI-Z.

11) To the residue in the beaker add 1 ml 1IN nitric acid.
Warm to dissolve all the salts,

- 12) Transfer to a 100 ml separating funnel. Rinse the
beaker with about 10 ml water containing a few drops of nitric
acid. ' ‘ '

13) Using a pH meter adjust the pH to between 3 and 3,5
with 1N sodium hydroxide. ~

14) Add 3 ml 0,45M T.T.A. in benzene and prepare a source
“exactly as described for thorium in steps VI-4 to VI-7,.



119.

7.2 Polonium-210 and Lead-210 Procedure

Special Apparatus ' o

1) Counting Apparatus-

The total counting apparatus used was essentially the
same as that used by Shannon (126). Pulses are fed from an
E.M.I. type 9530 B photomultiplier tube, having a photo-
cathode diameter of 12,7 cm, to the pulse amplifier of an
.Ekco type N529 scaler. After amplification they are fed
"through a discriminator circuit with a variable bias; all
pulses gfeater than the discriminator bias level are then
counted by the scaler. It is an easy matter to adjust the
" discriminator bias and the E.H.T. supply voltage to the
phtomultiplier tube in such a way that almost all the_alpha-'
particles are counted while essentially all the beta and
gamma rays and tube noise are rejected.

Zinc sulphide phosphors were prepared by stretching
cellulose adhesive fape over perspex rings. Silver
activated zinc sulphide powder was then sprinkled onto the
sticky surface of the tape and the disc agitated~until no
more powder would adhere to the tapé., The polonium source
- was then placed directly on the zinc sulphide layer and
held in place with a cork disc. -

2) Polonium Deposition Cell

Teflon holders especially designed to hold the 1"
dizmeter silver discs were constructed. The directions of
Flynn were followed exactly and Fig.7.4 is taken from '
reference 42, |
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Fig. 7.4 Teflon Disc Holder

Reaéents -~ (Analytical Reagént Crade in all Cases)
1) Nitric acid - concentrated
2) Pérchloric acid - concentrated
3) Hydrox&lamine hydroéhlofide - 20 w/iv
4) Sodium citrate - 25% w/v .

5) Bismuth carrier (10 mg pilt /ml)
2,32g of B1(N03)3 5H,, dissolved in 5 ml concentrated
nltrlc acid and diluted to 100 ml

'6) Ammonium hydroxide - concentrated

7) 1" discs cut from silver foil
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Procedure

1)

2)
- 3 ml concentrated perchloric acid., Wait until foam-

3)

i)

6)

7)

12)

13)

Weigh out be tween 0,5 and 1,0g of dried sampie into
a 150 ml beaker. ’ _
Wet ash by adding 1 ml concentrated nitric acid and

ing subsides and_then‘continue heating until no
further fumes are evolved. Since polonium is volatile
at 150°C it is important to use a cool hot plate (12009¢C)
and not to "bake" the sample.
Add 10 ml 2 Nhydrochloric acid and warm to dissolve
the residue.b
Add 5 ml 20% hydroxylamine hydrochloride

2 ml 25% sodium citrate
and 1 ml Bismuth carrier. _
Using a pH meter adjust the pH to 2 with concentrated
ammonia,
Dilute to 50 ml. Place on a hot plate magnetic
stirrer and heat to 85°e90°C. Stir with a 1" teflon.
stirrer for 2-3 minutes to reduce any Fe3+,
or other oxidants that may be present.
Position the holder with the silver dise in the
beaker and remove air bubbles by manipulating. the
stirrer. ' - : ’
Stir for 75 minutes at 85°-90°C,
Remove the disc, wash with distilled water and
methanol, dry and count. | |
Insert a clean silver disc into the holder and

- plate for a further hour to make sure that no trace

of Po-210 remains in the solution. Remove and dis-
card this disc.

Transfer the plating solution to a plastic bottle
washing out the beaker with about 3 ml concentrated

“hydrochloric acid.

Store this solution for at least two months to allow

~sufficient Po-210 to grow in as a result of the decay

of Po-210,

TIransfer the solution to a 150 ml beaker. Adjust

the pH to 2 using concentrated ammonia and repeat
the polonium plating as described in steps 6-9.
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. Calculations

Po-210 and Pb-210 activities at the time of sample
collection may be calculated using the following formulae.

C - 1
Pb-210 = _2 X l X —
. e l--e
c ~Aty -!
Po-210 = 1 e - -~ Pb(l-ce )
' ‘ 8 E.e

where _
~ ty = time between collection and first plating

t2 = time bétween first plating and counting
t, = time between first plating and second plating

T, = time between second'plating and the corresponding

counting
c, = activity measured at first counting
c, = aétivity meaéured at cdunting after second plating
A = decay cqﬁétant for Po=-210

= plating plus counting efficiency

Note In this project it was assumed that the plating efficiency
was 100% and that counting efficiency was 46%, i.e. E = 0,46.
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7.3 Total Counting Procedure
Apparatus The counting apparatus and zinc sulphide

phosphors were exactly the same as those used for polonium
(section 7.2). The area of the zinc sulphide phosphors was
either 45,6 em or 19,6 cm depending upon the amount of

sample available,

Procedures

1) *Pack the finely gfound, dried sample firmly into the
phosphor, Cover with a cardboard disc and seal with

 cellulose tape.
2) Allow to stand for three weeks.
3) Count until at least 200 counts have been obtained.

4) Correct count rate for background which is determined by
counting blank phosphors for several days. (The black
count rate normally varies between 1,0 ¢/hr and 1,3 c/hr

depending upon the instrument used).
.5) Calculate the total alpha-radicactivity using the formilae

given in Appendix 1, Section 6.10.1.



(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

124

" REFERENCES

AARKROG,_A. Radioecological Investigations of Plutonium

in an Arctic Marine Environment. Health Physics 20
(1971) 31.
ALCOCK, K., BEST, G.F., HESFORD, E., and McKAY, H.A.C.

Tri-n-butyl Phosphate as an Extracting Solvent for

Inorganic Nitrates. J.Inorg.Nucl.Chenm. 6 (1958) 328.

ALII, M. and JACKSON, J.A. The NMR Determination of the
Hydration Numbers of, Cations in Aqueous Perchlorate

Solution. . J.Chem.Phys. 41 (1964) 3402.

BAIR, W.J. and THOMPSON, R.C. Plutonium : Biomedical

Research. Science 183 (1974) 715.

BEASLEY, T.M. and OSTERBERG, C.L. - Spontaneous Deposition

of Lead on Silver and Nickel from Inorganic and Organic

Digests. Anal.Chem. 41 (1969) 541.
BEASLEY, T.M., OSTERBERG, C.L. and JONES, Y.M. Natural
and Artificial Radionuclides in Seafoods and Marine

‘Protein Concentrates.  Nature 221 (1969) 1207.

BEASLEY, T.M., JOKELA, T.A. and EAGLE, R.J. Radionuclides

and Selected Trace Elements in Marine Protein Concen-

‘trates. Health Physics 21 (1971) 815.
BEASLEY, T.M., EAGLE, R.J. and JOKELA, T.A. Polonium-210,
Lead-210 and Stable Lead in Marine Organisms.. Health

and Safety Laboratory : Fallout Program Quarterly

Summary Report, USAEC, New York, HASL-273 (1973) 1-2.

BHAT, S.G., KRISHNASWAMY, S., LAL, D., RAMA, and MOORE, ¥

234 238

Th/ U Ratios in the Ocean. Earth and Planetary

Science Letters 5 (1969) 483.

.S.



125

' (10) BLAKE, C.A., COLEMAN, C.F., BROWN, K.B., HILL, D.G. LOWRIE,

R.S. and SCHMITT, J.M. Studies in the Carbonate-

uranium System. J.Am.Chem.Soc. 78 (1956) 5978.

234,238

(11) BLANCHARD, R.L. U/ U Ratios in Coastal Marine Waters

and Calcium Carbonates. J.Geophys.Research 70 (1965)
4055! | | |

(12) BLANCHARD, R.L. and OAKES, D. Relatibnship between Uranium
and Radium in Coastal Marine Shells and Theif'EnVironment.

J.Geophys.Research 70 (1965) 2911.

' (13) BLANCHARD, R.L., CHENG, M.H. and PORTRAZ, H.A. Uranium and

Thorium Series Disequilibria in Recent and Fossil Marine

Molluscan Shells. J.Geophys.Résearch 72 (1967) 4745.
(14) BORTOLI, M.C. Radidchemical Determination of Plutonium in
| * Soil and other Environmental Samples. Anal.Chem. 39 :
| | (1967)‘375. » |
(15) BOWEN, V.T., OLSEN, J.S., OSTERBERG, C.L. and RAVERA, J.
| | Ecological Interactions'of Marihé Radioaétivity. In

Radioactivity in the Marine Environment, National

Academy of Sciences, Washington D.C. .(1971) 200.

(16) BOWEN, V.T., WONG, K.M. and NOSHKIN, V.E. Plutonium-239

in and over the Atlantic Ocean. J.Marine Research 29
(1971) 1.
(17) BOWIE, S.M.U. and ATKIN, D. An unusually Radioactive Fossil

Fish from Thurso, Scotland. Nature 177 (1956) 487;

(18) BROEKER, W.S. A Preliminary Evaluation of Uranium Series -
Inequilibrium as a Tool for Absoiute Age Measurement on

Marine Carbonates. J.Geophys.Research 68 (1963) 2817.

(19) BROEKER, W.S., KAUFMAN, A., KU, T.L., CHUNG, Y.C. and _"
CRAIG, H. Radium - 226 Measurements from the 1969

‘North Pacific Geosecs Station. J.Geophys.Research 75

(1970) 7682.



(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

- (29)

(30)

126

BUNN, A.E. An Investigation of Particulate Alpha-
Radioactivity in Sea Water with Emphasisvon Polonium-ZlO.:

Thesis, University of Cape Town (1973).

:BURTON,-J.D. Radioactive Nuclides in Sea Water, Marine .

Sediments and Marine Organisms. In Chemical Oceanography,
Vol. 2, Academic Press (1965) 425.

CAMPBELL, E.E. and MOSS, W.D. Determination of Plutonium

'in Urine by Anion-Exchange. Health Physics 11 (1965) 737.

CHEMICAL ZOOLOGY, Edited by Marcel Flankin and Bradley T.

Scheer. Academic'PreSs, New York (1972).

CHERRY, R.D., FOWLER, S.W., BEASLEY, T.M. and HEYREAUD, M.

Polonium-210 : Its Vertical Oceanic Transport by Zoo-

plankton Metabolic Activity. Marine Chemistry 3 (1975)

105.

CHERRY,rR.D. Alpha-Radioactivitiy of Plankton. Nature 203

(1964) 139.

" CHERRY, R.D., SHANNON,’L.V. and GERICKE, I.H. Thorium-228

~in Marine Plankton and Sea-Water.' FEarth and Planetary

Science Letters 6 (1969) 451 and Erratum 8 (1970) 188.

CHERRY, R.D., GERICKE, I.H. and SHANNON, L.V. Alpha-

Radioactivity in the Natural Radiation Environment.

S.Afr.J.Sci. 66 (1970) 337.
CHERRY, R.D., SHANNCN, L.V. and SHAY, M.M. Natural Alpha-
Radioactivity Concentrations in Bone and Liver from

Various Animal Species. Nature 228 (1970) 1002.

CHERRY, R.D. and SHANNON, L.V. The Alpha Radioacfivity

of Marine Organisms. ‘Atomic Energy Review 12 (1974) 3.

CHU, N.Y. Plutonium Determination in Soil by Leaching and

- Ion-Exchange Separation; Anal.Chem. 43 (1971) 449,



(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

127

CHUNG, Y. and CRAIG, H. Excess-Radon and Temperature
Profiles from the Eastern Equatorial Pacifié; Earth

and Planetary Science Letters 14 (1972) 55.

CHUNG, Y. and CRAIG, H. Radium-226 in the Eastern

Equatorial Pacific. Earth and Planetary Science Letters

17 (1973) 306.
CHUNG, Y. Excess Radon in the Santa Barbara Basin. Earth

and Planetary Science Letters 17 (1973) 319.

CONNICK, R.E. and FIAT, D.N. Co-ordination Numbers of
Berylliuum and Aluminium Ions in Aqueous Solutions. i;

Chem.Phys. 39 (1963) 1349.

CRAIG, H., KRISHNASWAMI, S. and SOMAYAJULU, B.K. 210

226

Pb -
Ra, Radioactive Disequilibrium in the Deep Sea.

Earth and Planetary Science Letters 17 (1973) 295.

CUNINGHAME, J.G. and MILES, G.L. Thé Separation of
Plutohium by Extraction with Thenoyltfifluroacetone :

(T.T.A.). J.Inorg.Nucl.Chem. 3 (1956) 54.

DAY, R.A. and POWERS, R.M. Extraction of Uranyl Ion from
some Agqueous Salt Solutions with 2-Thenoyltrifluroacetone

J.Am.Chem.Soc. 76 (1954) 3895.

DODGE, R.E. and THOMSON, J. The Natural Radiochemical and
Growth Records in Contemporary Hermatypic Corals from

the Atlantic‘and Caribbean. Earth and Planetary Science

Letters 23 (1974) 313.
DUURSMA, E.K. Geological Aspects and Applications of

Radionuclides in the Sea. Oceanography and Marine

Biology Annual Review 10 (1972) 137.

EDGINGTON, D.N., GORDON, S.A., THOMAS, N.M. and ALMODOVAR, L.R.

The Concentration of Radium, Thorium and Uranium by

Tropical Marine Algae. Limnol.Oceanogr. 15 (1970) 945.



(41)

(414)

(42)

(43)

(44)

(45)

(46)
(47)

(48)

(49)

128

EDMOND, J.M. Comments on the paper by Ku, Li, Mathieu and
Wong: Radium in the Indian-Antarctic Ocean South of

Australia. J.Geophys.Research 75 (1960) 6878.

FARIS, J.P. and BUCHANAN, R.F. Anion Exchange Characteristics
" of Elements in Nitric Acid Medium. Anal.Chem.36 (1964)

- 1157.

"FLYNN, W.W. The Determination of Low Levels of Polonium-210

in Environmental Materials. Analytica Chimica Acta 43

- (1968) 221.. _
FOLSOM, T.R., WONG, K.M. and HODGE, V.F. Some Extreme
Accumulations of Natural Polonium Radioactivity observed

in certain Oceanic Organisms. The Natural Radiation

Environmént Symposium (Houston, 1972). o -

FOLSOM, T.R. and BEASLEY, T.M. Contributions from the Alpha
Emitter Polonium-21i0 to the Natural Radiation Environment

of Marine Organisms. Radioactive Contamination of the

Marine Environment, I.A.E.A., Vienna'(1973),

FOYN, E., KARLIK, B., PETTERSSON, H. and RONA, E. Content
of Plutonium, Thorium and Protactinium in Sea Water and

recent Coral in the North Pacific. Nature 143 (1939) 275.

GOBLE, A., GOLDEN, J. and MADDOCK, A.G. Protactinium in

Solution. Can.Jd.Chem. 34 (1956).

GOLDBERG{vE.D. Marine Geochemistry. Ann.Rev.Phys.Chem. 1
(1961) 29.
GOLDBERG, E.D. and KOIDE, M. Geochronological Studies of
Deep Sea Sediménts by the Ionium Thorium Méthod; Geochim

and Cosmochim Acta 26 (1962) 417.

GOLDBERG, E.D. Minor Elements in Sea Water. In Chemical

Oceanography, Vol. 1. Académic Press, London (1965).



(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

- (59)

(60)

129

GOLDBERG, E.D., BROEKER, W.S., GROSS, M.G. and TUREKAN, K.K.

"Marine Chemistry.‘ In Radioactivity in the Marine

Environment. Nat.Acad.Sci., Washington D.C. (1972) 137.

HAGEMANN, F. The Isolation of Actinium. - J.Am.Chem.Soc. 72

(1950) 768.

HARDY, E.P., EDWARD, and KREY, P.¥W. Global Inventory and

Distribution of “°°pu. USAEC Report HASL-250 (1970).

HARDY, E.P., KREY, P.W. and VOLCHOK, H.L. Global Inventory

and Distribution’ of Fallout Plutonium. Nature 241 (1973)

444,

HARLEY, J.H. Worldwide Plutonium Fallout from Weapons

- Tests. Proc.Environ.Plutonium Symposium LA-4756 (1971).

H.A.S.L. Fallout Programme Quarterly Report, October 1, 1974.

v'HEYE, D. Uranium, Thofium and Radium in Ocean Water and

Deep-Sea Sediments. Earth and Planetary Science Letters

6 (1969) 112.
HEYE, D. U, Th and Ra in Ocean Waters and Deep Sea Sediments.

Earth and Planetary Science Lettefs 6 (1969) 112.

HODGE, V.F., FOLSOM, T.R. and YOUNG, D.R. Retention of
Faliout Constituents in upper layers of the Pacific Ocean

as estimated from studies of a Tuna Population.

- Radioactive Contamination of the Marine Environment, I.A.E.A.
Vienna (1973).

HOFFMAN, D.C., LAWRENCE, F.0., MEWHERTER, J.L. and ROURKE,

F.M. Detection of Plutonium-244 in Nature. Nature 234

(1972) 132.

HOFFMAN, F.L., HODGE, V.F. and FOLSOM, T.R. Rapid

Accumulation of Plutonium and Polonium on Giant Brown

~Algae. Health Physics 27 (1974) 29.



(61)

(62)

(63)

' (64)

(65)

(66)

(67)

(68)

(684)

(69)

130

IMAI and SACKANOU, - Content of Plutonium, Thorium and

AProtactinium in Sea Water and Recent Coral in the North

Pacific. Journal of the Oceanographical Society of

Japan 29 (1973) 30,

JOSEPH, A.B., GUSTAFSON, P.F., RUSSELL, I.R., SCHUERT, E.A.

VOLCHOU, H,L, and TAMPLIN, A, Sources of Radioactivity

and their characteristics. In Radioactivity in the XMarine

Environment, NatoAcad.Sci,; Washingtoh D.C. (1972) 6.
KABAYASHI N, PFertilised Sea Urchin Eggs'as an indicatory
materlal for harlne Pollutlon Bioassay. Publ,Seto‘

- Mar.Biol.Lab, XVIII(G) (1971) 379 and XVIII(6) (1973)

109,

KATZ, Jd,J. and SEABORG, G.T. The Chemistry of the Actinide:

Elements. London (1957).
' 230 14

"KAUFMAN, A. and BROECKER, W. Comparison of " Th and c

Ages'for Carbonaté Materials from Lake Lahontan and

Bonneville, J.Geophys.Res. 70 (1965) 4039.

KAUFMAN, A, The Th-232 Concentration of Surface Ocean

Waters, Geochimica et Cosmochimica Acta 33 (1969) 717.

KAUFMAN, A., BROECKER W.S., KU, T.L. and THURBER, D.L.
The Status of U—Serles methods of Mollusk datlng.

Geochim, Cosmochlm Acta 35 (1971) 1155.

KOIDE, M. and GOLDBERG, E.D. Uranium-234/Uranium-238
Ratios in Sea Water. Progress in Oceanography.

Pergamon Press 3 (1965) 173.

KRAUS, K.A. and NELSON, F. Radiochemical Separation by

- Ion Exchange. Ann.Rev.Nucl.Sci. 7 (1957) 1.

vKRESSIN, I1.K. and WATERBURY, G.R. Quantitative Separation

of Plutonium from various Ions by Anion Exchange.

Anal.Chem. 34 (1962) 1599,



(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

131

KRESSIN, I.KL, MOSS, W.D., CAMPBELL, E.E. and SCHULY.

| 242Pu vVs. 236Pu‘as an Analytical Tracer. Health
Physics 28 (1975) 41.

KRISHNASWAMI; S., LAL, D., SOMAYAJULU, B.L.K.,‘DIXON, F.S.
STONECIPHER, S.A. and CRAIG, H. Silicon, Radium, ThQrium
and Lead in Sea Water ; in—situ exfraction by .Synthetic
Fibre. Earth and Planetary Sciencé Letters 16 (1972) 84.

KU, T.L. An Evaluation of the 234U/238U Method as a tool for

dating Pelogic Sediments. J.Geophys.Res. 70 (1965) 3457.

Ku, T.L., LI, Y.H., MATHIEU, G.G. and WONG, H.K. Radium in
the Indian-Antarctic Oéean South of Australia. J.Geophys.
Res. 75 (1970) 5286.

210 210

LANGFORD, J.C. Particulate Pb, Pb and Po in the Environ-

‘ment. Health Physics 20 (1971) 331.

LANGHAM, -W.H. The Biological Implications of the Trans-

Uranium Elements for Man. Health Physics 22 (1972) 943.

'LEDERER, C.M., HOLLANDER, J.M. and PERLMAN, I. Table of

Isotopes, Sixth Edition. John Wiley & Sons, New York
(1967).
LEVINE, H. and LAMANNA, A. Radiochemical Determination of

~Piutonium-239 in low-level environmental samples by

Electrodeposition. Health Physics 11 (1965) 117.

LEWIN. 'Physiology and Biochemistry of Algae. Academic

Press, New York (1962).

(78A) LIVINGSTONE, H.D., MANN, D.R. and BOWEN, V.T. Analytical

Procedures for Transuranic Eleménts in Seawater and
| Mariné Sediments. Presentéd at American Chem.Soc.Annual
Meeting, Atlantic City, N.J., September 1974, by invitation

to Symposium on Analytical Methods in Oceanography.



(79)

(80)

v (81)

(82)
(83)

(84)

(85)
(86)
(87)

(88)

132

LOWMAN, F.G., RICE, T.R. and RICHARDS, F.A. Accumulation
and Bedistribution of Radionuclidés by Marine Organisms.

In: Radioactivity in the Marine Environment. Nat.Acad.

Sci., Washington D.C. (1971) 161.
MAGNO, P.J., KAUFMAN, P.E. and SHLEIEN. Plutonium in

Environmental and Biological Media. Health Physics 13

(1967) 1325.
MARTIN, J.H. and KNAUER, G.A. The Elemental Composition'v

of Plankton. Geochim.et Cosmochim. Acta 37 (1973) 1639.

- MILYUKOVA, M.S. GUSEV, N.I. SENTYURIN, I.G. and SKLYARENKO,

I.S. Analytical Chemistry of Plutcnium. USSR Acad.Sci.

Edited by A.P, Vinogradov.

~ MAUCHLINE, J. and TEMPLETON, W.L. Artificial and Natural

Radioisotopes in the Marine Environment. Marine Biology

Annual Review 2 (1964) 229.

MITCHELL, R.F. Electrodeposition of Actinide Elements at

Tracer Concentrations. Annal.Chem. 32 (1960) 327.

Mineral Metabolism. Editcrs COMAR, C.L. and BRONNER, F.

Academic Press, New York (1960).

MIYAKE,“Y. and SUGIMURA, Y.»vUranium and Radium in Western

North Pacific Waters. 1In Studies in Oceanography.

University of Tokyo Press (1964) 274._

234,,,238

MIYAKE, Y., SUGIMURA, Y. and UCHIDA, T. Ratio u/°°%u

and the Uranium Concentration in Seawater in the Western

North Pacific. J.Geophys.Res. 71 (1966) 3083.
MIYAKE, Y. and SUGIMURA, Y. .Plutonium Content in the

Western North Pacific Waters. Papers in Meteorology

and Geophysics 19 (1968) 481.



133

(89) MIYAKE, Y., KATSURAGI, Y. and SUGIMURA, Y. A Study on

. Plutenium Fallout. J.Geophys.Res. 75 (1970) 2329.
(90) MIYAKE, Y., SUGIMURA, Y. and MAYEDA, M. The Uranium
Content and the Activity Ratio 234U/238U in Marine

Organisms and Sea water in the Western North Pacific.

Journal of the Oceanographical Society of Japan 26 (1970)
123. |

'(91) MIYAKE, Y., SUGIMURA, Y. and YASUJIMA, T. Thorium

Ccncentration and the Activity Ratios 230Th/232Th and

228 232

Th/“°“Th in Sea Water in the Western North Pacific.

Journal of the Oceanographical Society of Japan 26

(1870) 130. : _ :
(92) MO, T., O'BRIEN, B.C. and SUTTLE, A.O. Uranium Further Invest—

igation of Uranium Content of Caribbean Cores P6304-8 and

PG304-9. Earth and Planetary Science Letters 10 (1971) 175,
(93) MOORE, W.S: and SACKETT, W.M. ©Uranium and Thorium Series

Inequilibrium in Sea Water. J.Geophys.Res. Qg (1964)

' 5401.

228 8

(94) MOORE, W.S. Measurement of RA and'zz Th in Sea Water.

J.Geophys.Res. 74 (1969) 694.

(95) MCORE, W.S. Oceanic Concentrations of 228 Radium. Earth

- and Planetary Science Letters 6 (1969) 437.

(96) MOOCRE, W.S. Radium-228 : Application to Thermocline'Mixing

Studies. Earth and Planetary Science Letters 16 (1972)
421, ‘
(97) MOORE, W.S. Ocean Mixing as determined by Radioisotopes.

J.Mar.Biol.Assoc. India 14 (1972) 15.

(98) MORRISON, G.H. and FREISER, H. Solvent Extraction in

Analytical Chemistry. dJohn Wiley & Sons, New York (1957).

(99) The Natural Radiation Environment. University of Chicago

_Press (1964).



. 134

- (100) NELSON, E;, MICHAELSON, D.C. and HOLLOWAY, J.H. Ion Exchange
Procedures III. Separation of Uranium, Neptunium and |

Plutonium. J.Chromatog. 14 (1964) 285.

(101) NIELSEN, J.M. and BEASLEY, T.M. Radiochemical Determination
| of Plutoniﬁm forvRadiologiéal Purposes. Plutonium
Handbook Ch;zs, p.921. N
(102)’ NOSHKIN, V.E., BOWEN, V.T., WONG, K.M. and BURKE, J.C.

Plutonium in North Atlantic Ocean Organisms; Ecological

Relationships. Third Symposium on Radioecology, Oak
Ridge (1971).

(103) NOSHKIN, VQE. Ecological Aspects of Plutonium Dissemination.

in Aquatic Environments. Health Physics 22 (1972) 537.
(104) NOSHKIN, V.E. and BOWEN, V.T. Concentrations and Distributions
of Long-lived Fallout Radionuclides in Open Ocean

Sediments. Radioactive Contamination of ‘the Marine

Environment, I.A.E.A., Vienna (1973).

(105) NOSHKIN, V.E. and GATROUSS, C. TFallout 22%wuy and 23%u in

Atlantic Marine Samples. Earth and Planetary Science

_ Letters 22 (1974) 111.
(106) OSTERBERG. Fallout Radionuclides in Fuphausiids. Science-.
138 (1962) 529. | |
(107) PILLAI, K.C., SMITH, R;C. and FOLSOM, T.R. Plutonium in

the Marine Environment. Nature 203 (1964) 568.

(108) POET, S.E., MOORE, H.E. and MARTELL, E.A. Lead-210,
Bismuth-210 and Polonium-210 in the Atmosphere. J.

Geophys.Res. 77 (1972) 6515.

(109) POLIKARPOV, G.G. Radioecology of Aquatic Organisms.

North—Holland, Amsterdam (1966).



(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)"

(120)

135

POLIKARPOV, G.G. Regularities of Uptake and Accumulation
of Radidnuclides in Aquatic Organisms. Radioecol.

Concent .Processes, Proc.Int.Symp., Stockholm (1966) 819.

'POSKANZER, A.M. and FOREMAN, B.M. A Summary of T.T.A.

Extraction Coefficients. J.Inorg;Nucl.Chem. 16 (1961),
323,

Quick Methods for Radiochemical Analysis. Technical

~ Report Series No. 96, I.A,E.A., Vienna (1969). |
RAINS, T.Cf; FERGUSON, M. and HOUSE, H.P. Separation of
| Macro Quantities of Thorium with T.T.A. Anal.Chem. 33
(1961) 1645. |

Reference Methods for Marine Radioactivity Studies. Editors

‘NISHIWAKI, Y. and FUKAI, R. I.A.E.A. 'Vienna (1970).

RILEY, J.P. and CHESTER, R. Introduction to Marine

Chemistry. Academic Press, London (1971).

"ROWNEY, E.M. and DAVIS, J.J. Ecological Aspects of

Plutonium Dissemination in Terrestrial Environments.

'Health Physics 22 (1972) 551..

RYAN, J.L. and WHEELWRIGHT, E.J. Recovery and Purification

of Plutonium by Anion Exchange. Indust.and Eng.Chem. 51

- (1959) 60.

‘RYAN, J.L. - Species involved in the Anion-Exchange

Absorption of Quadrivalent ACtinidé Nitrates. J.Phys.

Chem. 64 (1960) 1375.

SACKETT, W.M., POTRATZ, H.A. and GOLDBERG, E.D. Thorium

Content of Ocean Water. Science 128 (1958) 204.

SACKETT, W.M. Protactinium-231 Content of Ocean Water

and Sediments. Science 132 (1960) 1761.



136

(121) SACKETT, W.M., MO, T., SPALDING, R.F. and EXNER, M.E.
A Revaluation of the Marine Geochemistry of Uranium.

Radioactive Contamination of the Marine Environment

(Proc.Symp.Seattle, 1972) I.A.E.A., Vienna (1973) 757.
(122) SATO, T. The'Extraction of Uranyl Nitrate from Nitric

Acid Solutlons by Tr1bu+y1 Phosphate J.Inorg.and»

Nucl Chem. 6 (1958) 334.

(123) SCHELL, W.R., JOKELA, T. and EAGLE, R. Natural 2:°Pb and

210

Po in the Marine Environment. Radioactive,Contam—

, ination of the Marine Environmenﬁ, I.A.E.A., Vienna

(1973).

(124) SHANNON, L.V. and CHERRY, R.D. Polonium-210 in Marine

Plankton. Nature 216 (1967) 352.
(125) SHANNON L.V. and CHERRY, R.D. Polonium-210 and Lead—210

in the Hydrosphere. Proceedings of the 1970 Internationalﬂ

Symposium on Hydrogeochemistry and Biogeochemistry, Tokyo
(1970). : |
(126) SHANNON,LY._ Studies of Alpha-Radioactivity in the Marine
| Environment. "Thesis (1970)-UniVersity of Cape Town.

(127) SHANNON, L.V. and CHERRY, R.D. Radium-226 in Marine Phyto-

‘plankton. Earth and Planetary Science Lettersnll (1971),
339, -
(128) SHANNON, L.V., CHERRY, R. D. and ORREN, M J. Polonium-210

and Lead-210 in the Marine Env1ronment., Geochem.et

Cosmochim.Acta 34 (1970) 701.

(128A) SHELDON, R.P. Geochemistry of Uranium in Phosphorites and

Black Shales of the Phosphoria Formation. Bull.US, Geol.

"Survey No. 1084 (1958) 83.

(129) SOMAYAJULU, B.L.K. and GOLDBERG, E.D. Thorium and Uranium

.Isotopes in Seawater and Sediments. Earth and Planetary

Science Letters 1 (1966) 102.




137

(130) STROHAL, P., TUTA, J. and KbLAR, Z. Investigations of
Certain Micro.Constitﬁehts of two Tunicates. Limnbl.
| Oceanogr. 14 (1969) 265.
(131)- STROHAL, P. and PINTER, T. Thorium in Water and Algae

from the Adriatic Sea. Limnol.Oceanogr. 18 (1973) 250.

(132) SZABO; B.J. Radium Content in Plankton and Sea Water in

the Bahamas. Geochim.et Cosmochim.Acta 31 (1967) 1321.
(133) TALVITIE, N.A. ‘Radiochemical Determiﬁation of Plutonium |
- in Environmental and Biological Samples by Ion Exchange.
Anal.Chem. 43 (1971) 1827. » |
(134) TALVITIE, N.A. Electrodeposition of Actinides fbr
Spectrometric Determination. Anal.Chem.éé (1972) 280.
(135) TATSUMOTO, M. and GOLDBERG, E.D. Some Aspects of the Marine

Geochemistry of Uranium. Geochim.et Cosmochim.Acta 17

(1959) 201.

(136) TURNER, R.C., RADLEY, J.M. and MAYNEARD,W.V. The Alpha-ray

Activity of Human Tissue. Br.J.Radiol. 31 (1958) 397.
(137) TURNER, R.C., RADLEY, J.M. and MAYNEAD, W.V. Alpha-ray

Activities of Humans and their Environment. Nature 181 .

(1958). 518.
(138) UNITED NATIONS SCIENTIFIC COMMITTEE ON THE EFFECTS OF
 ATOMIC RADIATION. Report No. A/6314 (1966).
(139) UNITED NATIONS SCIENTIFIC COMMITTEE ON THE EFFECTS OF
i ATOMIC RADIATION. Report No. A/7613 (1969).
(140) UNITED NATIONS SCIENTIFIC COMMITTEE ON THE EFFECTS OF
ATOMIC RADIATION. Report No. A/8725 (1972).
(141) USAEC Nudléar Science Series'NAS;NSBIOS. Detection and
| Measurement of Nuclear Radiation. | |
- (142) USAEC Nuclear Science Series NAS-NS3112. Absolute

Measurement of Alpha-Emission and Spontaneous Fission.



. 138

(143) VOLCHOK, H.L. and KLEINMAN, M.T. Wdfld—wide Deposifion
. of Sr-90 through 1970.IVUSAEC.Report HASL-243, p.1-88,
1 July, 1971. |
(144)_ VEEH, H.H. The Deposition of Uranium from the Ocean.

Earth and Planefary Science Letters 3 (1967) 145,

(145) VEEH, H.H. U-234/U-238 in the East Pacific Sector of the

Antarctic Ocean and in the Red Sea. Geochim.et Cosmochim.

Acta 32 (1968) 117.

(146) VEEH, H.H. 230mh/?38y ang 23%y;238y ages of Pleistocene

High Level Stands. J.Geophys.Res. 71 (1966) 3379.

'(147) VINOGRADOV, A.P. The Elementary Chemical Composition of

‘Marine Organisms. Sears Foundation for Marine Research
(1953).
(148) WARD, E.E. Uptake of Plutonium by the Lobster Homarus '

Vulgaris. Nature 200 (1966) 625.

(149) WEISS, H.V. and SHIPMAN, W.H. Radiochemical Determination
of Plutonium in Urine. Anal.Chem. 33 (1961) 37.
(150) WOODHEAD, D.S. Levels of Radioactivity in the Marine

Environment and the Dose Commitment to Marine Organisms.

Radioactive'Coﬁtamination of the Marine Enviroﬁment,
I.A.E.A., Vienna (1973). | ,
"(151) WONG, X.M., NOSHKiN, V.E., SURPRENANT, L. and BOWEN, V.T.‘
' ' Plutonium-239 in some Marine Organisms and Sediments.

Health and Safety Laberatory, Fallout Program,

Quarterly Summary Report, U.S.A.E.C., HASL-277 (1970) 1.

(152) WONG, K.M. Radiochemical Determination of Plutonium in
Sea'water, Sediments and Marine Organisms. Anal.Chim.

Acta 56 (1971) 355.



139

(153) WONG, K.M., HODGE, V.F. and FOLSOM, T.R. Plutonium and

Polonium inside the Giant Brown Algae. Nature 237

(1972) 460.

(154) YOUNG, D.R. and FOLSOM, T.R. Musseis and Barnacles as

| | indicators of the vériationvof Manganese-54, Cobalt-60
and Zinc-65 in the Marine Environment. I.A.E.A., Vienna

(1971). I.A.E.A./SM-158/42.



; S





