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237Figure 11. Loss of Np from the tissues of mussels, Mytilus
galloprovinoialis, maintained a) in the laboratory and b) held
in the sea. Bars represent counting errors at + la.

237Studies on the metabolism of Np in marine organisms are

continuing. Experiments are under way to measure the tissue distribution
of this element in shrimp and crabs following uptake either from water or
from ingested labelled food. The results from these experiments will be

237
compared with those from closely related tracer studies using Pu and

Am to assess differences and/or similarities in the behaviour of

transuranics in marine invertebrates.

2.2 Accumulation and retention of plutonium by marine zooplankton

S.W. Fowler, M. Heyraud and R.D. Cherry

Recent studies suggest that plutonium entering the marine

environment is rapdily depleted from surface waters and eventually becomes
1+8

incorporated into marine sediments . The proposed mechanism for this

removal is that plutonium rapidly becomes associated with biogenous
particulate matter which, in turn, enhance the sedimentation rate of this
radionuclide in the water column. Plankton, which comprise the bulk of

49,50
marine biomass, are typically good concentraters of plutonium and, as
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237Figure 12. Whole body loss of Np from mussels, Mytilus

galloprovincialis, maintained a) in the laboratory and b) in the sea.
Bars represent counting errors at + la.

such, are likely to play the major role in the accumulation and biological
removal of this radionuclide from surface waters. Several reports have

indicated the importance of marine zooplankton in the bioaccumulation and
23,27,51 21,22

vertical transport of certain radionuclides and heavy metals ;
this study examines the behaviour of plutonium in a typical macrozooplankter,

the euphausiid crustacean Meganyotiphanes novvegica3 and assesses its
potential in affecting the vertical transport of this radionuclide in marine
waters.

To facilitate studying the kinetics of plutonium accumulation
237

and elimination in zooplankton we have used Pu (T̂  = 47d) which permits
whole body counting of live animals by standard Nal(Tl) scintillation

237techniques. The preparation of the two different oxidation states of Pu
as well as the counting technique used to measure the isotope have been

47
described in detail elsewhere

An experiment was designed to follow the direct uptake of

plutonium from water and the combined uptake from a radioactive food and
water milieu. Eight similar-sized euphausiids were placed individually in
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237200 ml of sea water containing a nominal concentration of 370 pCi Pu (VI)/

ml. Every day during the uptake phase the euphausiids were transferred to
non-radioactive sea water for 1.5 hours where they were fed several

dozen juvenile Artemia. One group of four individuals always received

unlabelled Artemia, whereas on days 4, 9, 11, 13 and 14 of uptake the
second group ingested labelled Artemis, which had previously accumulated
the isotope for several days from an algal suspension also containing

237370 pCi Pu/ml. Approximately every other day throughout the 15-day
uptake phase, the animals' media v/ere replaced with fresh radioactive sea
water which had been prepared in advance in a large 10 liter plastic

237
bottle. Periodically, the euphausiids were monitored for their Pu
content along with an aliquot of their media. The particulate fraction

237of Pu in the water was determined by filtration through a double layer
237of 0.45 ym membrane filters. Relative Pu uptake for both groups is

reported in terms of concentration factors which are defined as cpm/g wet
euphausiid divided by cpm/ml sea water.

The degree of assimilation of plutonium ingested with the

organism's food was examined in the following manner. Artemia were
237labelled for several days in phytoplankton suspensions containing Pu in

either the IV or VI oxidation state at a concentration of 1 nCi/ral.
Following a thorough rinsing, several labelled Artemia were fed to
euphausiids, the latter usually consuming the prey within a period of about

2371 hour. The euphausiids with full gut were then monitored for Pu

content and placed individually in jars containing 1 liter filtered sea
water and a copious supply of non-radioactive Artemia, At various times
during the next two days, fecal pellets were filtered from the sea water

and both the filters and the euphausiids were monitored to assess what
fraction of total plutonium excretion was due to defecation. In some cases

237only the loss of Pu from the animal was followed.

The soluble excretion of plutonium was measured in three
237

individuals which had accumulated their Pu body burden after 15 days

uptake from a combined food and water route (see above). Immediately

following the uptake phase the euphausiids were transferred to fresh sea
water and fed brine shrimp ad libidim for 24 hours to ensure that the gut
was largely purged of residual radioactive food. The animals were then

237periodically monitored for loss of tissue-associated Pu during the next
26 cid/s.

237At the Pu levels used to label the organism for the

excretion experiment, some 5x10 plutonium atoms/I were added to the
sea water. This is approximately 10 more atoms/2, than normally exist
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47 52
in sea water . Results from mammalian studies in which different

masses of plutonium were used, have raised the question about the

possibility of a "number of atom" effect on resultant excretion rates.
To check this possibility we labelled euphausiids in a similar manner

236 239 9with Pu-VI and Pu-VI at atom concentrations of approximately 3x10

and 3x10 atoms/X., respectively. During the excretion phase groups of

2 to 3 animals were periodically sacrificed and counted by a thick source

total alpha counting technique, the details of which have been described
43,53

elsewhere , (Section 2.1).

When euphausiids molted during either the accumulation or loss
237

experiments, cast exuviae were retrieved and their Pu content measured

to assess molting as a means of removing plutonium from the animal. The

ability of molts as well as euphausiid carcasses to retain incorporated

plutonium was examined by placing labelled molts and dead individuals in

fresh sea water and following the loss of the isotope with time. Likewise,
labelled fecal pellets which were produced during the assimilation experi-

ment were also transferred to fresh sea water to measure retention of
plutonium in this particulate product. The experiment with molts and

carcasses were of a short-term nature due to the rapid decomposition of

these products.

The accumulation of plutonium (VI) from water and the combined

food and water route is shown in Figure 13. Uptake proceeded at a

relatively rapid rate during the first few days after which time the rate

gradually diminished reaching concentration factors of about 80 after
23715 days. As Pu concentration in water slowly decreased during the

experiment due to uptake by euphausiids and sorption to the walls of the

container holding the prepared solution, concentration factors were computed
237

using average Pu concentrations for given time intervals. Throughout
237the experiment the particulate fraction of Pu in fresh solution averaged

roughly 15%.

Although individuals accumulating the radionuclide from the

combined food and water route only received radioactive rations periodically

during uptake, for the first 10 days where comparisons can be made, the
additional input of plutonium through the food chain did not significantly

237increase the Pu body burden over that reached by direct uptake from
237

water (Fig. 13). Individual variation in Pu whole body content at any

one time was large; this was due principally to the different times at

which individuals molted during uptake. Molts cast throughout the 15 days
237contained on average 53% (range 42-63%) of the euphausiid"s Pu content

at the time of molt. The fact that such a large fraction of the accumu-
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237Figure 13. Accumulation of Pu (VI) from sea water (• ) and
from food and sea water (A) by the euphausiid, Meganyotiphanes
norVegica, Points represent mean + la standard deviation of
2-4 individuals.

lated plutonium resides on the outer portion of the exoskeleton suggests
that surface sorption phenomena are operative in the uptake of this element
from sea water. As individuals in this weight range molt every 8 to 9 days

it seems probable that final plutonium concentration factors achieved by
euphausiids in nature will be highly dependent on the organism's intermolt

stage. Similar conclusions were reached concerning the uptake of the
27

lanthanide cerium by the same species

Apparently, the availability of plutonium to euphausiids
does not depend to any great extent on the oxidation state of the isotope;

237a single euphausiid exposed to Pu(IV) in water for 9 days reached
237concentration factors similar to those computed for Pu(VI) over a

comparable period of time (Fig. 13). It is perhaps noteworthy that concen-
tration factors reached in both these experiments were quite similar to an

in situ value of 70 based on natural levels in both water and M. norvegica
(Section 2.3, Table 12).

Assimilation of plutonium ingested with the euphausiids' food
appears to be extremely low irrespective of chemical form (Table 9).

237
In fact, in most cases, no Pu activity was detectable in the animals

237after the first day. Furthermore, the majority of Pu lost from
the animals was found in the fecal pellets. Poor assimilation of ingested
plutonium would explain the similarity in uptake curves during the

first 10 days as shown in Figure 13. The results showing rapid and

virtually total loss of ingested plutonium from euphausiids are somewhat
different from those reported for benthic shrimp in which a much slower

2"+
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Table 9. 237Pu retained in whole body and feces of individual

237

euphausiids at successive times during excretion experiments. Values
represent percentages of the euphausiids initial radioactivity

Time
Pu(IV) (h) animal-1 feces-1 animal-2 feces-2 animal-3 feces-3 animal-4 feces-4

0
3
5
24

2^7Pu(VI) Time
(h)

0

3

5
6
24
48

100
2

0

animal-1

100

71
45
28
2

0

85

0

feces-1

28
21
20
17
0

100

0 99

animal-2

100

11
8
0

100 100

0 84
0 99

animal-3

100

6

0

_L I i I
4 8 12 16 20 24 28

TIME (days)
237

Figure 14. Soluble excretion of Pu(VI) from euphausiids,
Meganyotiphanes norvegica. Points and bars represent means
and range of 1-3 individuals.

loss is noted . If plutonium assimilation in crustaceans is related to
the time in which labelled food resides in the gut, then the apparent
difference may be merely a reflection of the more rapid metabolism and food

turnover times in the smaller euphausiids. However, because of poor counting
237

statistics associated with the low Pu levels employed in the euphausiid
experiments, the percentages in Table 9 are subject to some error and, hence,
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237a small significant fraction of Pu assimilated and retained by these
individuals may not have been resolvable by our counting techniques. Future

237experiments which will employ much higher Pu activities, are being
planned to investigate this possibility.

A typical excretion curve for plutonium is depicted in
Figure 14. The majority of the isotope (>90%) was rapidly lost during the

first week. Although the experiment was terminated prematurely due to
death of the animals, after about two weeks a small fraction of the
incorporated isotope appeared to be excreted at a somewhat slower rate.

<+7
Biphasic plutonium loss curves have been noted in other species .

236 239Data points from the Pu and Pu excretion experiment
were plotted and treated as single exponentials. Excretion rates were
computed by regression analysis and compared to an excretion rate similarly

237
derived from the Pu experiment over a comparable period of time (Table 10),

Table 10. Excretion rate, X, for three separate plutonium
isotopes determined over the first 18 days of loss

*
Isotope labelling media excretion rate

atoms/Si (fraction/day)
A + 2o

Pu-236 3 x 109 0.08 + 0.04
Pu-237 5 x 1010 0.16 + 0.04
Pu-239 3 x 1013 0.14 + 0.06

* - 3x10 atoms/A normally found in sea water

The error terms associated with the X values are due only to the dispersion
of the data points and do not include measurement errors or inherent
biological variation such as molting. In fact, two euphausiids which molted

237 237early in the Pu excretion experiment lost 29 and 41% of their Pu

body burden with their first molt. Thus, differences in the intermolt stage
of the euphausiids comprising the samples can strongly affect the total
plutonium concentration in a particular sample. Given these considerations,
we feel that the X values obtained from all three experiments are reasonably
similar and that subtle differences which may arise from atom concentrations
differing by 4 orders of magnitude would not be detectable by the methods
employed in our experiments.

237Loss of Pu from freshly released particulate products and
dead euphausiids was followed for several days (Fig. 15). Loss is generally
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rapid from molts and carcasses (half-times - 4 days), and is somewhat slower
from fecal pellets (half-times - 7-15 days). In order to evaluate the
effectiveness of these products in transporting plutonium to bottom
sediments, information on sinking rates and decomposition times of the

5»f
products is essential. From laboratory experiments Small and Fowler have
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237TFigure 15. Loss of Pu from euphausiid molts, carcasses and
fecal pellets. Bars represent + la of the mean of several
determinations. Numerals in parentheses indicate oxidation
state of isotope used.

derived sinking times of these products as a function of their state of
decomposition. Using their values which pertain to the Ligurian Sea, it
can be calculated that these products sinking under ideal conditions
(uniform sinking rate, not eaten) could feasibly transport 65 to 75% of
their original plutonium content to a depth of 2500 m.

Considering the poor assimilation of this radionuclide by
crustaceans as well as its affinity for their body surfaces, it is not
unreasonable to assume that metabolically produced particulate products
from pelagic crustaceans could accelerate the downward transport of
plutonium in the water column. However, to accurately estimate the degree
to which zooplankton and their particulate products participate in the
total removal time of plutonium from surface layers, it will be necessary
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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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