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The long-lived alpha-emitting actinide Np (T̂  = 2.2x10 y)

enters the aquatic environment directly from nuclear testing and repro-
241cessing plant wastes as well as indirectly by 7-n mtu generation from Am.

239Earlier studies on Np in the Columbia river ecosystem demonstrated that
neptunium accumulated in aquatic species such as algae, sponges and insect

37
larvae but was not detectable in higher trophic level organisms . Based
on these findings and the fact that neptunium is chemically similar to the

rare earth elements, it has been suggested that this actinide would not
38

easily become incorporated into aquatic biota
237

The few Np measurements made to date in the marine
environment indicate that its concentration in water is low at 2% or less

239 240 ^Sof the ' Pu present and that it is accumulated by certain marine
40

biota such as the green algae Fuous stratus . However, despite the
237

established presence of Np in the marine environment, virtually nothing
is known of its biogeochemical significance or its behaviour in marine
organisms. Projections of expected actinides in wastes from spent nuclear

237fuel predict the presence of relatively large amounts of Np in future
41 ,42

years . This fact coupled with knowledge of the long physical half-
237

life of Np would appear to merit establishing a basis for prediction of

its behaviour in marine ecosystems in the event of inadvertant releases.
237

The direct accumulation of Np from water was followed

during a 92-day period using benthic shrimp (Lysmata setieaudata) and
mussels (Mytilus galloprovinoial'is) collected near the port of Monaco. Two
groups each of several dozen shrimp and mussels, weighing on average 0.45
and 3.7g, respectively, were placed separately in four large plastic basins

containing 6 liters of cotton-filtered sea water and held at either
23713 + 1°C or 23 + 1°C in order to assess the effect of temperature on Np

uptake. The shrimp were maintained individually in perforated plastic tubes
to allow identification of individuals that molted. After a short

237acclimation period, the media were spiked with a calibrated Np solution
(in IN HNO-, most likely +V oxidation state) at a nominal concentration of

1150 pCi/£. During the first 50 days the radioactive media were changed

three times per week. During the changes shrimp and mussels were held in
non-radioactive sea water for two hours and fed Avtemia and mixed phyto-
plankton, respectively. Following day 50, the radioactive sea water was
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changed only once per week, however, the animals were supplied with food

on the same schedule described above. Periodically throughout the uptake
period, two to three individuals were sacrificed to make up a sample for
radioanalysis. Separate samples were made for shell and soft parts of
mussels, whereas shrimp samples were comprised of whole individuals which
were nearing the end of their intermolt cycle (stage D). Immediately

following the 92 day accumulation period the remaining individuals were
237transferred to clean sea water to measure the elimination rate of Np

under different conditions. Two groups of shrimp and mussels were main-

tained at either 13° + 1°C or 23° + 1°C. The sea water was changed daily
237

to eliminate back flux of Np lost to the water. The third group of
shrimp were placed in large aquaria receiving running sea water whose

temperature ranged from 16.8 to 17.8°C during the course of the experiment.

The remaining group of mussels was held in situ in a large plastic cage
anchored at a depth of approximately 2 meters off the coast of Monaco. All
animals maintained in the laboratory were fed frequent rations of either
Artemia or mixed phytoplankton throughout the study. As in the accumulation
experiment, samples were prepared by periodically sacrificing from two to
three individuals from each regime.

During both the accumulation and loss phases, cast molts were
collected to assess the importance of this material in the uptake and

237elimination of Np by shrimp.

Following sacrifice and dissection, all tissues were rinsed
with distilled water, weighed and oven dried at 90°C. The dried tissue was
reweighed, ground to a fine powder with a mortar and pestle, and packed onto

a scotch-tape "Perspex" ring- ZnS phosphor system as described by
43

Shannon . Tissue blanks prepared from uncontaminated mussels and shrimp
were treated in a like manner.

237The Np activity in the samples was measured by the thick
source alpha particle detection technique which has been used previously

it3,"ft
for marine organisms . In brief, this technique is based on the theory

that the alpha-emitters are homogeneously distributed in the medium and that
all alpha-rays with energies down to zero that strike the phosphor are
detected with 100% efficiency. To satisfy the former condition, the sample

must be ground to micron size. Provided that the area of the source is much
greater than the square of the dimensions of the alpha-range, and also that

the thickness of the source is greater than the range, then the number of

disintegrations emerging from the surface area will be , where A is the
2

surface area (in this case, 1.25cm ) of the sample, N is the number of alpha
particles emitted per unit mass per unit time in the sample and Rp is the

35



2
alpha range (g/cm ) in the sample. If all these alphas give rise to an output
pulse, the number of disintegrations will equal the count rate C, and the

equation becomes N = 4C disintegrations/hour/g dry matter, if C = counts/hour.
RpA

Calculation of the activity in the sample using this formula

requires knowledge of the Rp value in the sample material. This term is
derived from the semi-empirical formula

L £f A 2
Rp = 3.2x10 Ra i_i g/cm where:

———————2/3
Ef. Z.

f. = atom fraction of the elementi

A. = atomic weight of the element

Z. = atomic number of the element
237

Ra = alpha range in standard air (- 3.15cm for Np)

The different values of the stopping pov?er term Ef. A.

Ef Z 2/3"i Li.
L+3

for each sample type used in this study have been derived by Shannon and

are listed in Table 3 along with the computed corresponding alpha ranges Rp.

Table 8. Stopping power terras of different tissue
types and corresponding alpha ranges (Rp)

Mussels

Shrimp

Tissue

Soft parts
Shell

Whole body
Molts

*
Ef. A.

Ef Z 2/3Ef . Z±

3.28
4.42

3.45
**4.20

RP

3.33x10
4,46xlO~3

3.48xlO~3
4.23xlO-3

* After Shannon 1+5 i
** Calculation based on data of Prenant and Lafon

Considering all sources of error inherent in the thick
source technique, accuracy on absolute activities has been estimated to be

43
good to + 10-15%

All samples were counted on a total alpha counter operated
at or near the alpha plateau. Total background (photomultiplier tube
noise plus natural radioactivity in the blank) which was always less than
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1 count/hour, was substracted from the sample count rate before computation
237of Np activity. Counting errors associated with samples and blanks

were propagated and averaged + 10%. Results of the accumulation experiments
~ 237are expressed as concentration factors which are defined as dpm Np/g

237wet tissue divided by the estimated dpm Np/ml sea water. Sea water was
237

not analyzed for Np and isotope concentrations in water were based on

activity levels supplied with the calibrated source. Owing to the frequency
with which the radioactive sea water solutions were changed during the three

237
month period, a constant Np water concentration (2.55 dptn/ml) was used to
calculate concentration factors. Results from the loss experiment are

237presented as percentages of the Np concentration in tissues or whole

animals at the beginning of the experiment.

The results of the accumulation experiment with shrimp and
mussels are given in Figures 8 and 9, respectively. Shrimp slowly

237accumulated Np over the 92 day period, reaching concentration factors of
about 15 to 20 at the end of the experiment. Over the 13° to 23°C range

employed in our study, uptake by whole shrimp appeared to be independent of
temperature.

One factor which may regulate the magnitude of the concen-
tration factor in shrimp, and presumably in other crustaceans, is molting.
Molts cast during accumulation were periodically radioanalyzed and found

2 37 v **to contain relatively high levels of Np vis a vis the shrimp. For
237

example, after a short exposure lasting 2-4 days at 23°C, Np concen-
237

tration in molts averaged 175 dpm/g, whereas the Np concentration in

whole shrimp was only approximately 5 dpm/g. Concentration factors
derived from these values as well as those measured at later times during
uptake ranged from 50 to 200, however, it must be remembered that these
values should be considered as maximum values since cast molts probably

237are able to further adsorb some Np between the moment they are released

from the shrimp and the time they are removed from the radioactive sea water.
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Figure__8. Accumulation of Np by the shrimp, Lysmata seticaudata.
Bars represent counting errors at + la
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Figure _9_. Tissue accumulation (a) and whole body accumulation (b)
^fTTTN^ by the mussel, Mytilus galloprovincialis. Bars represent
counting errors at +10.

237
Nevertheless, it is evident that Np rapidly accumulates on the outer

237
surface of the exoskeleton and it follows that subsequent loss of Np

via molting will substantially reduce the whole body concentration factor
in shrimp. Similar experiments studying the accumulation of plutonium by

Lysmata showed that plutonium uptake was strongly dependent upon molting

with over 90% of the isotope being lost at molt even after an 18-day
47

accumulation period . Plutonium concentration factors in molts ranging
237from 94-160 were quite similar to those calculated for Np in our studies.

237As in the case of shrimp, uptake of Np by Mytilus did not

appear to be temperature dependent between 13 and 23°C (Fig. 9a). The
highest tissue concentration factors were reached in shell. However, the

apparent difference in tissue concentration between shell and soft parts is
principally a result of the low water content of shell (5%) compared to that
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of_the internal soft tissues (85%). Neptunium-237 concentrations expressed

on a dry weight basis were quite similar in the two tissue types.

If we assume that pallia! fluid of the mussel contained
237insignificant amounts of the incorporated Np, we can reconstruct whole

237body concentration factors based on Np concentrations in the separate
237

tissues (Fig. 9b). Whole body Np concentration factors after 92 days
47

were slightly lower than those reported for plutonium in the same species
From the similarity in the chemistry of the two elements, one would expect
similar chemical behaviour in marine biota. However, if the differences
in concentration factors between neptunium and plutonium are real, two

factors might be responsible for the different behaviour of the two elements.
237

First, at the Np concentration used in our experiment, the spiked sea
o

water media contained approximately 10 more neptunium atoms than may
39

normally exist in sea water containing fallout levels of this element
237

It is not known over what concentration range Np uptake is proportional
to the external concentration of this element in water, however, if

237saturation of binding sites in organisms occurs at high Np concentrations
in water, concentration factors would tend to decrease in proportion to the
degree of site saturation and may not be representative of those obtaining
in nature at much lower atom concentrations in sea water. Second, and
probably most important, is the fact that byssus threads can accumulate

i+7
plutonium to relatively high levels ; byssus threads were consistently

237removed from our samples and therefore our Np concentration factors may

be somewhat lower than those reported for plutonium simply as a result of
the absence of contaminated byssus.

When radioactive shrimp were transferred to clean sea water,
237Np elimination was very rapid with 12 to 18% remaining after 15 days
(Fig.10). By day 70, the percentage retained by the shrimp had decreased

237to about 2. Some of this loss is due to Np desorption from the outer
237surface of the exoskeleton as evidenced by the large difference in Np

concentration between molts sampled during the last day of uptake (225 dpm/g

wet) and those cast on the 5th day of loss (71 dpm/g wet). Nevertheless,
total loss was most strongly affected by molting. This can be seen by

237comparing Np concentrations in molts on day 5 of loss with those
estimated for whole shrimp at the same time (- 17 dpm/g wet). The experi-

237mental design did not permit assessing the fraction of the shrimp's Np
content lost with the molt, however it appears to be high and may be similar

47
to the value of 40% reported for plutonium in molts of the same species .

11,18
Previous studies have reported that loss of certain trace metals and

47
plutonium via crustacean molting may play an integral role in the
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Figure 10. Loss of """ Np from shrimp, Lysmata setioaudata3 maintained
at three different temperatures. Bars represent counting errors at
+ la.

biogeochemical cycling of these elements in the marine environment; it
237appears that the same will hold true for Np and, in fact, may be the

case with all transuranics.

Given the fact that molting can enhance the removal rate of
237 237Np from shrimp, one might expect to see more rapid Np loss at higher

temperatures since molting frequency is temperature dependent in crustaceans,
Individuals in our experiments maintained at 23°C molted approximately every
12 days whereas those held at 13°C cast their molts only every 25 days.
Nevertheless, as shown in Figure 10, temperature did not significantly affect

237
the total Np loss kinetics, although subtle differences between the three
elimination rates may not have been resolvable by our analytical technique.

Furthermore, our samples were comprised of a mixture of individuals
(all near the last stage of intermolt), some of which had molted more times
than others; this fact would tend to compensate for any large decrease in
radioactivity that would occur due to effects of simultaneous molting. If

237molting rates are much more rapid with respect to the soluble Np turnover
rates as may be the case with smaller crustaceans, the effect of temperature

237
on total Np elimination in crustaceans could become evident.

237Unfortunately, since Np elimination was so rapid, our
shrimp samples were too few to precisely define the shape of the loss curve;
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thus, no attempt was made to compute a biological half-time for this element.
Another experiment is now in progress which will help complete the picture

237of the total elimination curve and allow a more accurate assessment of Np

turnover rates in this species.
237The loss of Np from Mytilus shell and soft parts is depicted
237

in Figure lla. Although Np was eliminated from soft parts at similar

rates in the two temperature regimes, shells of individuals in the 13°C sea
water appeared to lose the isotope more rapidly than from those of animals
held at 23°C. The cause of this difference is not immediately evident,

however, some uncontrolled variable other than temperature may have been

responsible. Neptunium-237 elimination rates from the same two tissues of
Mytilus living in its natural environment were not significantly different
(Fig. lib). However, loss did appear to be somewhat more rapid than that

from tissues of mussels held at 23°C. Enhanced elimination from in situ
mussels may have been a result of the rapid growth of these individuals noted

during the course of the experiment. Periodic weight measurements indicated

that in situ mussels increased on average approximately 20% in body weight,
whereas negligible growth or, in some cases, weight loss was noted in
mussels maintained under laboratory conditions. Added tissue will

237
effectively reduce Np concentrations based on tissue weight and thus will

237result in lower percentages of Np retained when these values are compared
to tissue isotope concentrations measured at the beginning of loss.

Furthermore, in situ conditions which favor a normal secretion of byssus
237could enhance the total Np loss from mussels if much of the isotope is

incorporated into byssus. This possibility is presently being studied and
preliminary measurements made on byssus collected from these in situ indivi-
duals tend to confirm this hypothesis. Similar differences in heavy metal
elimination rates between mussels maintained in situ and in the laboratory

.11,12
have been noted previously (Section 1.1).

237Assuming negligible amounts of Np are lost with pallial
237fluid during dissection, whole body Np concentrations have been

reconstructed from known tissue concentrations and the values plotted as
percent of the levels retained by whole animals at the beginning of the
elimination experiment (Fig. 12). The portion of the loss curve for

in situ mussels was fitted by a least squares regression analysis between
237day 15 and 90 and a biological half-time of 50 days was computed for Np

elimination in actively growing mussels (Fig. 12b). This experiment is

still continuing and the computed biological half-time may change;
237nevertheless, over a comparable period of time Np loss is much more

K 7

rapid than that for plutonium in the same species
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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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