
to have information on the natural levels of this radionuclide in these
products. This question is currently under study and the results to date
are reported elsewhere (Section 2.3).

2.3 The role of marine zooplankton in the vertical
oceanic transport of alpha-emitting nuclides

R.D. Cherry, M. Heyraud, J.J.W. Higgo, S.W. Fowler
and J. LaRosa

This project aims at studying, in quantitative detail, the
role played by marine plankton in the vertical oceanic transport of
alpha-emitting nuclides. The common Mediterranean euphausiid,
Meganyotiphanes norvegicas for which the necessary quantitative biological
data are available as a result of previous work in the Monaco Laboratory,
has been selected as the typical macrozooplanktonic species which is the
focus of this work.

The model used to describe the flux of an alpha-emitting
nuclide through M. norvegioa is based on a simple linear model used
previously for other elements21'22 in the same species. A detailed
description of the model is given in these references and will be discussed
only briefly here. Basically the model is generated from the equation:

KE = y£ + XE (1)

that is, nuclide taken up (K£) must equal nuclide released (X£) plus that

actually accumulated in or on tissues (yE).

The principal term we are concerned with here is the total
elimination rate (X_) which comprises the individual rates from all routes

by which the element is released from living zooplankton. In the case of
euphausiids, loss of an element such as the nuclides in question may occur
by molting, defecation, egg release and soluble excretion. The nuclide

loss rate associated with these terms is simply the product of the concen-
tration of the nuclide in the substance and the rate constant for release
of this material from the organism.

The value of X_ can be used to estimate the contribution
made by living zooplankton to the total removal time of the nuclide from
the upper mixed layer of the ocean. This total removal time is the
reciprocal of the rate constant R, where R is the probability per unit
time of a nuclide being removed by any process other than radioactive decay.
R can be regarded as the sum of separate probability terms whose reciprocals
represent removal times by the various possible routes. We then have
R = £R , where the subscript i designates a particular route, and where the
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summation is over all possible i. We are interested here in the contri-
bution of living zooplankton to the total R, and we designate this contri-
bution by R . If we assume that X_ for M. nowegica is typical of X_ forz ii el
a significant portion of the total zooplankton biomass, then we can

0 D
calculate R from the equationz

Rz = ̂ E_ (2)
C

where C is the concentration of the nuclide in the upper mixed layer and W
is the zooplankton biomass in the same volume. C is expressed as nuclide
concentration per unit volume and W as dry mass per unit volume; R has

Z

the dimension of time,and can be called the "zooplankton metabolic activity
removal time". R is, of course, greater than the total removal time R,

Z
but if it is only slightly greater than R it implies that removal by
zooplankton metabolic activity is a route of major importance for the nuclide
concerned.

In order to utilize the model outlined above, one needs to
know the concentration of the nuclide in the animal and their particulate

products as well as the production rates of the products. The production
21,24,56

rates have been determined previously in laboratory experiments
with M. norvegica. The primary experimental task in the present project
is, then, to determine the natural levels of the nuclides of interest in
samples of fecal pellets, molts, eggs and whole euphausiids. The remaining
release rate, i.e. the elimination of soluble nuclide, is determined by
performing "soluble excretion" experiments of a type similar to those used

21,22
previously for other elements . Living euphausiids are labelled by
maintaining them in individual bottles filled with sea water spiked with
the nuclide concerned; at the same time, the euphausiids are fed on brine
shrimp (,Avtemia), which have been spiked with the nuclide at the same water

concentration. After about two weeks of uptake, the aniamls are transferred
to bottles containing unlabelled sea water and are fed with unlabelled
Artemia. The loss of the nuclide from the labelled animals is then followed
for several weeks; in the case of the alpha-emitting nuclide experiments
reported here, this was done by sacrificing animals at regular intervals
and determining the nuclide content of the whole animal by the total

H 3 » 53
alpha-counting technique . The logarithm of the nuclide concen-
tration is plotted versus time; in the case of a single (or a dominant)
soluble excretion pathway the slope of this curve is equal to the excretion
rate.

The nuclides with which this project is primarily concerned
210are Po and the alpha-emitting nuclides of Pu, U, Th and Ra. Polonium-210
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deserves particular attention if only because of its clearly established
importance as the major contributor to the radiation dose received by

50 210most marine organisms ; moreover, since the natural concentrations of Po
in marine zooplankton are high, the measurements on this nuclide are

210relatively easy to perform. The Po measurements are essentially complete
23,56

and have already been published .

Attention is now being turned to the other alpha-emitting
nuclides, vi-z. those of Pu, U, Th and Ra. The soluble excretion experiments

210for these elements are performed in the same manner as for Po with the

euphausiids being labelled at activity levels which pose no detection

problems. These experiments have now been completed for Pu, U, Th and the
Ra experiment will be performed shortly. The isotopes used for labelling

236D 237D * 239+240., 2327T , 230_were Pu, Pu , Pu, U and Th; the results are summarized in
Table 11. It is seen that the soluble rates are of the same order of
magnitude for all isotopes studied so far.

Table_ __11 . Fractional dissolved releases per day as
determined for various nuclides by soluble excretion
experiments.

Nuclide fraction/day

232U 0.65 +0.09

23°Th 0.58 + 0.05
210Po 0.123 + 0.013

The determination of the concentration of Pu, U, Th and Ra

nuclides in euphausiids and their particulate excretion products will be
210very much more difficult than the corresponding determination of Po,

210 50
for the simple reason that the level of Po in zooplankton is, typically ,

about two orders of magnitude higher than that of the other alpha-emitters.

Much larger quantities of sample material - the collection of which is
extremely time consuming - will, of course, be required. An indication of

the amounts of sample material needed has been obtained by measuring Pu, U

and Th isotopes in whole euphausiids; the dried samples were acid-digested

* This isotope was also used in determining the soluble plutonium
excretion rate. Details are given in Section 2.2.
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and then subjected to previously described ion exchange and solvent
57,58

extraction techniques in order to. isolate Pu, U and Th. Thin sources

were prepared from the extracts, and these were measured alpha-spectro-
metrically using silicon surface-barrier radiation detectors and multichannel
pulse height analysis. The results are given in Table 12.

Table_J_2. Concentrations of Pu, U and Th nuclides in
whole euphausiids. Values indicate mean of three
replicate analyses on a single sample

Nuc^lide pCi/g dry

23Q 240 * -3"' uPu 0.32 + 0.08 x 10 3

238U 20 +2 x 10~3

234U 23 +2 x 10~3

232 -3Th 0.4 + 0.2 x 10 J

7 ?R —^
Th 2.8 +1.4 x 10 J

* Using an average plutonium concentration in Monaco waters
of 1 fCi/£59, an in situ concentration factor of about 70
is computed for whole M. norvegica.

A value of 560 x 10~3 pCi/g dry has been reported for 21°Po
£. O

in similar-sized euphausiids . When comparing this value with the concen-
239 240

trations in Table 12, it is seen that » Pu is the nuclide which is likely
to give rise to the most severe detection problems, and that the concen-

tration of ' Pu is about 2000 times lower than it is for 21°Po. This
large factor highlights the necessity of obtaining adequate quantities of

sample material if ' Pu is to be detectable. Long counting times will
be inevitable; on the credit side is the fact that solid state detector

alpha-spectroscopic equipment is extremely stable and extremely sensitive

("blank" count rates for ' Pu of the order of 1 count per day per 125 keV
channel width are attainable). Fecal pellets are likely to be the most

23
important particulate excretion product, since (a) the production rate

for fecal pellets is much larger than those for molts and eggs and (b)
60 210fecal pellets are known to be enriched in many elements , of which Po

23
is only one example . A major effort has been devoted to developing a

simple and efficient system for the collection of euphausiid fecal pellet
61

material in quantity; this system has been described elsewhere . Over

600 mg of dried fecal pellets from M. nowegioa have already been collected,
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and attempts to detect Pu, U and Th nuclides in this material will commence

shortly. More than 1.5g dry molts have been collected, but it is intended
to increase this amount before commencing the analysis of this sample.

Egg collection is difficult in the extreme (only 44mg dry to date), and it
is unlikely that the nuclides of interest will be detectable in eggs; it
is fortunately, equally unlikely that the elimination term due to egg
release will be an important contributor to A_, and knowledge of an upperc.
limit will probably be all that is required.

The primary aim of this project as outlined above is
supplemented by several related investigations which will be mentioned

briefly. They are:

i) Measurements of alpha-emitting nuclide concentration
in dissected organs and tissues of A?, norvegica.
Such measurements will provide information as to the

degree of inhomogeneity of nuclide distribution in

the whole animal; this information is needed in order
to enable realistic estimates of the radiation dose
received by different tissues and organs to be made.

ii) Measurement of the nuclide concentration in

M. norvegica food in order to check the balance in
equation (1) and, hopefully, to obtain information

as to the relative importance of food and water as
potential sources of the alpha-emitters to zooplankton.

iii) Measurements of the nuclide concentration in

euphausiids of different sizes. Animal size is,
of course, related to animal age, and such data

can give an indication as to whether the intake of

the nuclide into the organism is an absorptive or
adsorptive effect.

All these measurements have already been completed for the
210 23

nuclide Po, and the results published . They show that there is a wide
210degree of inhomogeneity in the distribution of Po between the various

organs and tissues of M. nowegiaa, and they indicate that food is probably
210the main source of Po for this species. Measurements of the other

alpha-emitting nuclides already referred to are now planned; once again,

the main problem is the collection of adequate quantities of sample material.
Over 600 M. norvegica specimens have, however, been dissected to date, and
over 60g of whole animals have been sized; measurements on these samples
too will commence shortly.
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