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ABSTRACT: As an initial step in a programme designed to investigate factors which are of 
importance in affecting the behaviour of actinides towards certain invertebrates found in 
estuarine and marine environments, laboratory procedures have been developed to study 
the accumulation of americium in three species: the polychaete worm Nereis diversicolor, the 
brackish-water amphipod Garnrnarus duebeni and the harpacticoid copepod Tisbe holothuriae. 
The species chosen are considered representative of groups having wide ecological importance. 
It was found that large differences in concentration factors occurred for the same organisms, 
depending upon aging of the contaminated medium; much higher and more variable values 
being found when uptake was from freshly contaminated solutions than from those aged up 
to a week. The interaction of specimens with physico-chemical reactions of americium which 
appear to take place within the first few days a~er its introduction into water are considered 
to be responsible for these differences. Uptake from contaminated water that had been allowed 
to age in the absence of organisms appears to be unaffected by subsequent conditioning by 
specimens. Americium concentration factors show a strong tendency to increase with de- 
creasing size of the species, varying from over 1000 for T. holothuriae to about 3 for N. diver- 
sicoIor. The possibility that the mechanisms regulating the uptake of actinides in different 
species may depend upon pH is briefly discussed. 

I N T R O D U C T I O N  

During the study of the various alternatives for the disposal of actinide contain- 
ing high level wastes which will be derived from the introduction of national nuclear 
power programmes, it has become apparent that one option concerning the marine 
environment is of particular interest (Bishop, 1975; Talbert, 1976). Although our under- 
standing of the distribution of plutonium in sea-water, sediment and marine biota is 
increasing and various initial studies have been undertaken on its biokinetics in a few 
marine organisms (Fowler et al., 1975; Ward, 1966), further information for a better 
understanding is required on the role that certain widely distributed aquatic species 
play in the cycling of plutonium and other actinides in the biosphere. This is specially 
needed in the case of americium and curium which are projected to make up a large 
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proportion of the total alpha burden in future high level wastes (Girardi & Bertozzi, 
1974; Pigford & Ang, 1975). 

The present paper outlines the results of experimental work undertaken using 
americium 243. The laboratory application of this long lived isotope (tl/2 = 7950 years, 
gamma emitter 75 keV) was made primarily to test various techniques involved with 
these types of studies and to identify those factors which are of importance in 
affecting the behaviour of actinides in aquatic ecosystems. The techniques developed 
will be applied in future to other gamma emitting actinide isotopes of much shorter 
half-lives, such as eaTPu and 24zCm. The results presented here constitute a part of a 
programme on the study of biokinetics of actinide elements in estuarine and marine 
environments. 

Three invertebrates, a polychaete worm, a brackish-water amphipod and a har- 
pacticoid copepod, have been chosen as representative of groups of organisms of wide 
ecological importance. It has been shown that bottom living organisms such as poly- 
chaetes make up over 50 % of the composition of macrofaunal taxa of deep-sea so~ 
bottom communities in the Central North Pacific (Hessler, 1974). McGowen (1976) 
has reported that copepods are even the most numerous members of the macrozoo- 
plankton fraction of the community of the Central North Pacifik Gyre and that it is 
likely that they also form the largest part of the water column biomass. This area is 
already being studied in order to gain information that will be needed so serve as the 
basis for any future decision on the possible disposal of high level waste in deep ocean 
geological formations. 

MATERIALS AND METHODS 

T i s b e  h o l o t h u r i a e  

The original material of Tisbe holothuriae Humes was supplied by Uhlig, who 
had initially observed this species in the open air sea-water swimming pool on the 
island of Helgoland (Uhlig, 1965). Previous investigations on the dynamics of ex- 
ploited populations have shown that this species can easily be handled in the labora- 
tory (Hoppenheit, 1975a, b; 1976). 

In each series of experiments lasting up to ten days some 1000-1500 adult female 
copepods were used. They were obtained from laboratory cultures as follows: egg- 
carrying females were isolated before the start of the experiment, their nauplii were 
allowed to mature and from these populations young females were separated as re- 
quired for the experiments. 

In measurements on the uptake of 2~Am from water, the specimens were placed 
in 100 ml of sea-water (30 ~ which had previously been filtered through a Seitz- 
filter (K 5) and stored at 80 ~ C for about 12 hours. The subsequent experiments were 
performed at room temperature (ranging from 20-25,2 ~ C) and an initial ~43Am 
( +  3 form) activity of 165-195 cpm/ml (90-110 pCi/ml), the pH being carefully 
adjusted to 8.0 before the addition of the copepods, and a sample of water was taken 
immediately as control. During the first day measurements were performed at 8, 16 
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and 24 hours and therea~er at approximately daily intervals. At each measurement 
period some 60-70 females were separated from the experimental population and 
were killed by washing them with 0.5 ml alcohol. The specimens were then washed 
twice with 10 ml of uncontaminated sea-water, the dead individuals being held on a 
100 #m mesh. A part of the second 10 ml of water was used to wash the copepods 
from the mesh into a small glass beaker. From these specimens exactly 50 were placed 
in a counting tube using a micropipette. Each tube had been previously calibrated to 
hold 2 ml liquid. The 50 copepods in 2 ml of the second wash water were then counted 
for americium activity (energy ~43Am: 75 keV; detector efficiency 80 ~ using a 
lXTaI [TI] gamma detector); a further 2 ml culture water which had been taken for 
activity measurement was returned in each case to the experimental set-up. Care was 
taken that evaporation did not take place from the experimental solutions by using 
watch glass covers. The last 2 ml of the second 10 ml of water used to wash the speci- 
mens were also measured in order to check that the copepods were, at this stage, un- 
contaminated by the culture solution; in all cases the wash water activity was in- 
distinguishable from the background within the experimental counting error. I t  was 
thus considered that any activity measured for these specimens was due to uptake of 
americium from the water. 

All investigations were conducted over a period of 7-10 days. As the generation 
time of Tisbe holothuriae is about 8 days at 22 ~ C (cf. Hoppenheit, 1976), the appear- 
ance of a new generation of adults prevented the performance of studies of longer 
duration. At the start of the experiments the specimens were given 50 mg dried, un- 
contaminated mussel (Mytilus edulis) flesh (mantle) which remained in the test solution 
throughout the experimental period. 

In the case of uptake studies from contaminated food 50 mg dried mussel flesh, 
contaminated with americium (230 pCi/mg dry weight; wet: dry weight food ratio 
5.5), was placed in 100 ml of uncontaminated sea-water containing the specimens. The 
same measurements were then made daily as for the uptake studies from water. The 
same sampling procedure was employed, with the addition of a further filtering of the 
culture water through a 25 #m mesh to ensure that small food particles were trapped 
and not counted. Tests conducted using only contaminated food and uncontaminated 
water showed that no food particles passed through this mesh size. Both series of up- 
take experiments were repeated separately three times. 

Two control tests were also carried out to determine the behaviour of americium 
when no copepods were present. The first was designed to determine the variation of 
distribution of americium with time in the experimental system, in the presence of un- 
contaminated food and contaminated water, as percentage of activity retained on a 
0.45/~m filter (i.e. in solution or as colloidal material of very small size). The second 
control test was to measure the amount of desorption of americium from contaminated 
food into uncontaminated water and to determine the particle size distribution of this 
fraction. The results of these two control studies were used to compare the behaviour 
of americium in the experimental system when copepods were present. 
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G a m r n a r u s  d u e b e n i  

Investigations were undertaken on the uptake and loss characteristics of ameri- 
cium by the brackish-water amphiod Garnrnarus duebeni duebeni Liljeborg. Specimens 
used in this work were collected in the lake ,,Kleiner Kid" (connected to the Baltic 
Sea) in the city of Kiel. For conditions of maintaining the gammarids the reader is 
referred to Hoppenheit (1969). 

Distinct differences in americium uptake characteristics from water have been 
found, depending upon whether the solution was freshly contaminated or whether it 
had been allowed to age for 5 or 6 days. Control experiments on the particulate forma- 
tion and pH variation of contaminated brackish-water solutions without the presence of 
specimens were carried out for comparison with uptake data. 

For uptake from freshly prepared water, male Gamrnarus duebeni at various 
stages of their moulting cycles and all about the same size were introduced into small 
perforated plastic tubes (diameter 3 cm, height 3 cm) which had been earlier placed in 
a plastic basin containing 200 ml filtered (Seitz-filter K 5) brackish water of 10 %0 
contaminated a few minutes previously with americium, the solution being adjusted 
after addition of activity to pH 8.0. Immediately after the adjustment of the pH and 
before the addition of the specimens 1 ml of the freshly contaminated water was taken 
as zero-day standard (approximately 1300 cpm/ml, 730 pCi/ml). During the experi- 
mental period specimens were fed dead Tisbe holothuriae once a week, the copepods 
were always eaten by the gammarids immediately. 

Measurements were carried out of pH, temperature (ranging from 16.8~ C to 
25.7 ~ C for all experiments undertaken), culture water activity and specimen activity. 
The handling procedure was as follows: the specimens were separately placed on a 
100 /~m mesh sieve and washed twice with 10 ml uncontaminated brackish water. 
From the last 2 ml of the second wash water 1 ml was taken for radioactivity measure- 
ment to ensure that the specimen was free from the culture water activity. The results 
for these measurements always lay within the background experimental error. The 
last millilitre of water was used to keep the specimen wet during counting. After 
measurement the specimen was then returned to the experimental container. 

The same procedure was used to measure the uptake of americium by Gamrnarus 
duebeni from aged contaminated water. The specimens chosen for this experiment had 
moulted one day prior to the start of the experiment and thus the positions within 
their moulting cycles were known. After the end of the uptake period these specimens 
were used to study the biological half-life of americium. The gammarids were intro- 
duced into new uncontaminated plastic containers (same design as used in uptake) 
which were placed in 200 ml fresh uncontaminated water. Measurements were then 
carried out on pH, temperature, culture water and specimen activity. Water changes 
were carried ou~ regularly every 3-4 days for a period of up to 19 days, after which 
time the experiment was discontinued. 

Some preliminary studies were made of the possible uptake of americium from 
contaminated food. Due to difficulties in distinguishing between the uptake by the 
gammarids from activity desorbed from the food into the water and the direct uptake 
from food itself, a more detailed experimental programme is being planned and it is 
hoped to report the findings at a later date. 
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N e r e i s  d i v e r s i c o l o r  

The uptake from water by Nereis diversicolor O. F. Mi~ller was studied in two 
series of experiments with specimens caught in the wadden sea near the island of Sylt. 
The first series consisted of using freshly prepared americium solution and the second 
series with water that had been allowed to age between 5 to 6 days after the intro- 
duction of the americium. The method in both cases was as follows: a solution of 
400 ml contaminated sea-water (30 ~ pH 8.3) was prepared, the water having pre- 
viously been filtered through a Seitz-filter (K 5). The solution was transferred to a 
plastic basin containing 4 plastic perforated tubes (diameter 5 cm, height 5 cm). Each 
tube contained approximately 5 Raschig Rings which had been found to be indispens- 
able for the health of the worms as they enabled them to get rid of excreta and 
secreted mucus by rubbing against the glass surfaces and edges. 

A~er transfer of the radioactive solution one millilitre was immediately taken as 
zero-time standard (approximately 1200 cpm/ml, 680 pCi/ml). Four worms which 
had previously been kept in sediment in the laboratory for a period of several weeks 
to months were weighed and then introduced into the four tubes which were sub- 
merged in the fresh or aged water. During the experiment the worms were each given a 
little fish food (commercially available TetraMin) once a week. Measurements of pH, 
water activity and temperature (ranging from 20.7-23.1 ~ C) were made regularly 
every one to two days. 

During uptake the worms were prepared for counting in the following way: each 
specimen was separately transferred to a 100 ~m mesh filter and washed twice with 
10 ml uncontaminated sea-water (33-34 ~ Great care was taken to separate the 
worms from any slime threads adhering to them. It was found that these threads con- 
centrated activity to a very high level. In the great majority of cases no slime threads 
were observed due to the very efficient effect of the Raschig Rings, in the odd case 
where slight slime threads were visible, they were carefully removed. The fact that the 
threads were easy to detect and remove permitted a great degree of assurance in the 
measurements of the activity uptake. Of the last 2 ml of the second 10 ml wash water, 
1 ml was taken to keep the worms wet during counting. Wash water activity was 
always found to be within the experimental background error. One millilitre of culture 
water was also taken for counting and then returned to the experimental solution ai%r 
measurement. A plastic top closing the experimental container ensured that negligible 
evaporation occured during the experimental period. 

The uptake pathway of americium from contaminated sediments was also investi- 
gated. In this experiment 18 worms were introduced in the experimental system as 
described by Murray & Renfro (1976), and allowed to accumulate activity for periods 
of 5, 13 ~ and 20 days, respectively. At the end of each time period 6 worms were re- 
moved from the sediment, carefully washed and then placed in uncontaminated sedi- 
ment for 24 hours. It was considered that any ingested contaminated sediment would 
be excreted during this time. The worms were then placed in uncontaminated seawater 
for a further 12 hours in order to be absolutely sure that they were free of ingested 
particulate material. Chemical analysis of the worms was carried out according to the 
method of Murray & Statham (1976). At each time interval a sediment sample was 
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taken to determine if any systematic variations of the adsorbed activity had occurred. 
Only variations within the experimental error of the method were noted, indicating 
that the americium was extremely strongly bound to the sediment under the experi- 
mental conditions employed. 

RESULTS 

Tisbe  h o l o t h u r i a e  

Although the results for the three experiments on the uptake of americium from 
water have quite a high variability they are all of a similar form. In Figure 1 it can be 
seen that uptake is extremely rapid and on average 74 o/0 of the steady state value 
(2-7 days) is reached in the first 24 hours. The americium in the water during the first 
two days decreases on average by about 60 ~ (Fig. 2). In the control experiment, with 
no specimens present but containing 50 mg uncontaminated food, the rapid formation 
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of particles seems linked to an equally rapid decrease in pH (Fig. 3). The particle 
formation rea&ed a maximum of 57 % of the total activity present in the water on 
day 1 and then decreased to l0 % by day 4; the pH reached a minimum value on day 2 
and then slowly increased until day 6. Tisbe hoIothuriae appeared to reach equilib- 
rium activity a~er 2 days (cf. Fig. 1). The results for the three experiments were 
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pooled for the period 2-7 days and regression analysis of the data showed that no sig- 
nificant changes occurred over this time. The mean concentration factor for this period 
has been calculated to be 1070 on a wet weight basis. The weight of the adult female 
specimen has been measured according to the procedure reported by Hoppenheit 
(1975b). Based on the specimens' activity aiter 2 days, it was determined that about 
6 ~ of the initial activity had been taken up by copepods compared to a 60 ~ loss of 
activity from the water; the specimens were thus not responsible for the main loss 
from water and this is considered to be due to adsorption to the walls of the experi- 
mental containers. 

Unlike the uptake of americium from water alone, the uptake of activity from 
contaminated food steadily increased in Tisbe holothuriae during the period of the 
experiment; that is up to ten days (Fig. 4). An analysis of variance yielded no signifi- 
cant departure from linearity (a >> 0.10). Although the activity levels measured also 
include the activity of the food ingested, it is obvious that this source alone cannot 
explain the steadily increasing body burden in the copepods from a consideration of 
the activity of the food compared to that of the specimens. Fifty milligrams wet 
weight food contained about 3600 cpm 248Am; in order to obtain a body activity of 
about 65 cpm ai%r 7 days, the weight of ingested food would have to be about 1 mg 
per 50 specimens. This value is about 2 times greater than the average weight of 50 
individuals which was determined to be 0.46 mg. An experiment with 50 mg dry 
weight contaminated food but without specimens is shown in Figure 5; the water 
activity increased very rapidly in the first two days and then decreased slowly. A test 
of the results between days 2-15 for departure from linearity yielded no significant 
deviation (a >> 0.10) and the regression coefficient was found to be significantly diffe- 
rent from zero at the 0.01 probability level. Thus the differences in the shape of the 
two uptake curves, either from contaminated water or food, is a further indication 
that although the desorbed food activity in the water could have contributed a small 
fraction of the measured body activity, the major fraction was due to the absorption 
of activity from the ingestion of contaminated food. 

G a r n r n a r u s  d u e b e n i  

The results of the experiment on uptake of activity in Garnrnarus duebeni males 
from freshly prepared contaminated water are shown in Figure 6. The results are con- 
sidered according to the specimen's phase within its moulting cycle at the start of the 
experiment. 

The two Garnrnarus duebeni individuals shown in Figure 6a which had moulted 
1 day before the experiment began, exhibited strong uptake during the first 6-7 days 
and reached an activity plateau aiter 10 days; at this time a concentration factor of 
about 300 (wet weight basis) was found. Aflcer day 10, one individual started to lose 
activity at approximately constant rate until death on day 29, the other died on 
day 15. 

The uptake by specimens that moulted 9 to 10 days a~er the start of the experi- 
ment is shown in Figure 6b. For the period before moulting, uptake appeared con- 
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siderably less than for the individuals shown in Figure 6a. A slight decrease in body 
activity can be seen a~er moulting (indicated by arrows), due to the loss of the ad- 
sorbed moult activity. A rapid increase of body activity occurred directly ai~ 
and a plateau was reached a~er day 11; concentration factors at this time were 176 
and 157, respectively. They are about half those calculated for individuals which 
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moulted just before the start of the experiment (cf. Fig. 6a). As with the specimen that 
died on day 29 (cf. Fig. 6a) a large decrease in americium body burden is exhibited by 
the gammarid which died on day 20. One individual which survived until the end of 
the experiment on day 47, exhibited a steady body activity although this was less than 
the level reached by the gammarid in Figure 6a directly aflcer moulting. 

For specimens shown in Figure 6c no details concerning their positions within the 
intermoult periods are known. As death and date of moulting are known to be related 
(Hoppenheit, 1969), it is assumed that the experiment started at different moments 
within the intermoult periods. Two of the three individuals show similar tendency on 
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uptake, increasing to a maximum on day 14 and then decreasing thereatter until death. 
The tendency to lose activity was shown, to a lesser or greater degree by all gammarids 
before their death. 

A series of experiments has been undertaken on the uptake and loss from aged 
water in specimens that moulted one day before the start of the experiment. An 
example is given in Figure 7. Brackish water, being initially adjusted to pH 8.0, was 
contaminated with americium and allowed to age for 8 days before the introduction 
of the male adults. A fast initial uptake occurred within the first two days, a stable 
plateau being established slightly under the level reached on day 10. A concentration 
factor over this period of about 40 has been calculated. In the parallel experiments 
similar results were obtained, concentration factors ranging from 7 to 18. 
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The Garnrnarus duebeni male of Figul:e 7 was transferred on day 38 to an uncon- 
taminated beaker containing 200 rnl uncontaminated water. A loss of body activity 
could be immediately measured and this continued throughout the second half of the 
experiment. From a regression analysis of the loss data, a biological half-life of 12.0 
days was calculated. Two parallel experiments resulted in biological half-lives of 11.3 
and 10.8 days, respectively. 

Work carried out on the biology and physiology of Garnrnarus duebeni (Kinne, 
1953) has shown that the moulting cycle for adult Gamrnarus duebeni males used in 
these experiments varies between 29 and 37 days at 18 ~ C-20 ~ C. Although life expec- 
tancy of newly caught individuals varies, a fraction of them always survives to 
exhibit moulting several times. In the present studies in which contamination was both 
from water and food (food data not reported here), it was noted that of 25 specimens, 
for which moulting was known to have occurred on the day before start of experiment, 
8 survived between 38-71 days. Of these 8, four died without moulting (regular in- 
spections precluded the possibility of a moult occurring and the remains not being 
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noticed), two moulted on days 47 and 61, respectively, and then immediately died. 
The remaining two lived until the end of experiments on days 47 and 71, respectively, 
without moulting. The remaining 17 gammarids lived between 2 and 37 days before 
dying, that is within the intermoult period, and did not moult. Althogh a higher 
mortality is to be expected at elevated temperatures the non-appearance of moults in 
6 of the 8 specimens surviving for more than 37 days may be an indication of a radiation 
effect. Such a suspicion is supported by the findings of Hoppenheit (1969) who repor- 
ted that moulting can be delayed by a single exposure to X-rays. The findings of 
Kinne (1953) that specimens maintained at high temperatures during their entire life 
show strongly prolonged moulting intervals must be taken into consideration; how- 
ever, in the present work Garnrnarus duebeni were collected as adults in the field and 
used aEer only a few weeks (two or more) of adaptation to laboratory conditions, i. e. 
equivalent to a short part of their total life span. 

The general conditions under which the experiments were conducted were as 
follows: mean temperature 21 ~ C + 1.6 ~ C (one sigma limits), americium water 
activities 10-700 nCi/], food activities 5-75 nCi/g. Further experiments are at present 
being undertaken to support or to disprove the hypothesis presented. 

N e r e i s  d i v e r s i c o l o r  

Two experiments consisting of 4 worms each were performed on the americium up- 
take by Nereis diversicolor from aged water; no significant differences in the results were 
observable. Figure 8 shows the uptake as counts per minute for one of the experiments. 
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Fig. 10: Nereis diversicolor. Uptake of 243Am from freshly prepared contaminated water. Loss 
of S4aAm from water given by open circles 

The variation os concentration factor with variation in p H  is plotted in Figure 9. As 
can be seen the uptake of americium by the worms from the aged water is extremely 
rapid and it would seem that near equilibrium is reached under these experimental 
conditions within a few days. It  appears that the americium in freshly prepared solu- 
tions (Fig. 10) is more available to the worms than from aged contaminated sea- 
water. For day 20 a concentration factor of 16 has been calculated in the case of the 
individual of Figure 10. In a parallel experiment the specimen reached a concentration 
factor of 21 over the same period of time. 

From Figure 8 can be seen that the initial rapid uptake was followed by a long 
period during which the americium water and worm activity varied only to a small 



Accumulation of ~48Am 47 

I00  

~7 

5O 

0 

I I I I I I I I 

-Lh 

t 

~" ~ 0  

/ 

t /  

I / i  
0 01 

I I I I I I I I 
5 10 15 2 0  2 5  30  35  4 0  

D a y s  

Fig. 11: Nereis diversicolor. Uptake of 243Am from laboratory-contaminated Mediterranean 
sediment (o). Data of uptake from Windscale (A) and Bikini (o) sediments after Beasley & 
Fowler (1976). Concentration factors calculated from worm and sediment activities per g wet. 
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Fig. 12: Nereis diversicolor. Uptake of 2~gPu from laboratory-contaminated Mediterranean 
sediment afEer Murray & Renfro (1976) (A) and Beasley & Fowler (1976) in Bikini (o) and 
Windscale (o) sediments. Concentration factors calculated from worm and sediment activities 

per g wet. Curves fitted by eye 

degree. Concentration factors for the eight worms a~er 20 days of uptake ranged 
from about 2 to 4. Figure 9 shows that pH decreases rapidly aEer introduction of the 
worms with a corresponding rapid uptake of activity. The lowest pH values were 
reached aEer 2 and 6 days, respectively. AEer this low point the pH and the uptake 
increased slowly over the remaining experimental period. 

The uptake of americium by Nereis diversicolor from laboratory-contaminated 
Mediterranean sediments is plotted in Figure 11. Also shown are results for uptake of 
239Pu obtained by Murray & Renfro (1976) (Figure 12), and americium and pluto- 
nium from Bikini- and Windscale-contaminated sediments (Beasley & Fowler, 1976). 
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It  can be seen from the data that the rates of uptake of americium and plutonium 
a~er the fiEh day are similar and the differences in the activity levels occur there- 
fore within the first few days of the experiments; the enhanced uptake of plutonium 
over that of americium noted by Beasley & Fowler (1976) is also shown by the present 
data. 

DISCUSSION 

T i s b e  h o l o t h u r i a e  

Of the three invertebrate species studied in the present work, the concentration 
factors from water show a strong tendency to increase (Nereis diversicolor < Gam- 
rnarus duebeni < Tisbe holothuriae) with decreasing size of the species; it would thus 
appear that surface adsorption may substantially contribute to the uptake of ameri- 
cium by these species. In the case of the copepods it can be further shown that uptake 
via contaminated food can supply an important fraction to its total body burden. 
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Fig. 13: Tisbe holothuriae. Uptake of 2~Am from contaminated food. Variation of concen- 
tration factor. Each sign represents 50 females. Concentration factors calculated from cope- 

pods and food activities per g wet. Results of three experiments 

Although it is possible that in the present uptake experiments from food a certain 
fraction of the copepods body burden is obtained from food-desorbed americium via 
water, it would in fact appear that different mechanisms are responsible for the two 
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uptake pathways. The concentration factor calculated for food is about 2, on a wet 
weight basis after 7 days (cf. Fig. 13). Although this concentration factor is small the 
effect on the total body burden of americium in Tisbe holothuriae can be important 
and obviously depends greatly on the degree of contamination of the food that is 
consumed. In the present experimental system the body burdens reached after 7 days 
by the two pathways turned out to be similar and thus the two uptake routes contri- 
bute equally to the contamination of Tisbe holothuriae. Under conditions where the 
food eaten by Tisbe holothuriae is itself contaminated from water with a concentra- 
tion factor similar to that of the copepod-water concentration factor, then the food 
and water pathways contribute equally to the copepods' total body burden. In the 
case where the food has a higher concentration factor, this pathway becomes corre- 
spondingly more important. The fact that such relatively high activities could be taken 
up by copepods has obviously important implications in the transfer of americium 
between different trophic levels of the marine food chain. 

G a r n r n a r u s  d u e b e n i  

The differences exhibited in uptake by Gamrnarus duebeni from fresh and aged 
contaminated water are possibly associated with the formation and equilibrium con- 
ditions of the physico-chemical forms of americium in the water. The concentration 
factor of 300 found in newly moulted Garnmarus duebeni males (cf. Fig. 6a) that had 
been introduced into freshly prepared contaminated water is nearly an order of magni- 
tude higher than that found for specimens introduced into aged contaminated water 
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Fig. 14: Control experiment. Variation of ~4~Am particle formation (e) and pH (o) in brackish 
water without specimens of Gamrnarus duebeni 

(cf. Fig. 7). An explanation for these differences may perhaps be found by comparison 
to the control experiment (Fig. 14), in which the variation of the distribution of ameri- 
cium between particulate material in the water and fraction passing through the filter 
(expressed as a percentage of unfiltered water activity) is shown. It can be seen that 
the system fluctuates greatly in the first days affer the addition of activity. The 
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suspended particulate fraction rises to 50 0/0 of the total activity in the water on day 3; 
the pH drops initially from 8.2 to 8.0 on day 1 and recovers to 8.1 by day 2 only to 
drop back to pt-I 7.93 by the fourth day, by which time the particulate fraction had 
decreased to 15 ~ of the activity in the water. For the remainder of the experiment 
the particle fraction varied between 5-20 0/0 of the water activity; the pH increased 
slowly from its low point on day 4 to pH 8.12 by day 24, the last day of the experi- 
ment. It seems, therefore, that the large variations in pH and particle fraction that 
occur in the brackish water in the first few days may have an imporant influence on 
the uptake of the isotope by the specimens from unaged water. Thus, it is possible that 
the introduction of the test specimens into freshly contaminated water could lead to 
changes in the physico-chemical behaviour of americium which may alter its subse- 
quent availability to the organisms. That differences in the physico-chemical equilib- 
rium reactions occur primarly in the first few days al~ the addition of the isotope 
alone, or the isotope and the specimens, is further born out by the fact that the animals 
did not appear to have a conditioning effect on aged contaminated water. This was 
demonstrated by comparing the concentration factor for specimens introduced into 
initially aged water that had already been used for uptake experiments, with concen- 
tration factors for unconditioned aged water. No differences in the results obtained 
were found. 

A phenomenon noticeable in the present uptake experiments, carried out with 
freshly prepared contaminated water (cf. Fig. 6), was that a~er day 14 there was a 
steady decrease in the uptake levels of americium which was accompanied by a general 
decrease in both the temperature and pH over the same period. Results on uptake 
from aged water have shown that increasing body activities can occur together with 
steadily increasing pH, this effect being observed over a period of up to 36 days at a 
fairly constant temperature of 21.8 ~ C + 0.8 ~ C; it would thus appear that an uptake 
mechanism for americium which is related to pH may be implicated. Merlini & Pozzi 
(1977) have demonstrated that the accumulation of lead by the sunfish Leporis gib- 
bosus is significantly increased when the pt-I is lowered and these workers proposed that 
this was probably due to the fact that under more acid conditions there is an increase 
in the ionic fraction of lead (Pb §247 thus enhancing the ability of fish to concentrate 
it. Murray & Fukai (1975) have shown that the formation of americium particles in 
freshwater and sea-water is strongly dependent upon variations in pH, especially in 
the range pH 7.5-8.5; it would thus seem likely that if an adsorption mechanism 
depending upon particle formation plays an important role in the uptake of americium 
by Garnmarus duebeni, a decrease in particle formation at lower pH could lead to a 
decrease in its uptake. If on the other hand uptake is related to non-particle absorption 
then it might be expected that in solutions of lower pH, enhanced uptake would occur 
due to an increase in possible ionic species (complexes) of the actinides leading to 
greater bioavailability. Experiments are at present underway to verify or disprove 
these hypotheses. 
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N e r e i s  d i v e r s i c o l o r  

As appears to be the case with Gamrnarus duebeni, it seems possible that physico- 
chemical reactions of americium occurring in freshly contaminated culture water may 
also play an important role in its bioavailability for polychaete worms. Experiments 
on the percentage of activity bound on particulate matter in sea-water, with and with- 
out the introduction of worms, were carried out over a 7-8 day period; these are 
shown in Figure 15. The worms were introduced into the water in order to observe 
their effect on the formation of particles during the period of greatest variation. As 
had been noticed with gammarids, the biggest change in p H  and particulate fraction 
occurred within this time. From the figure it will be seen that the sea-water, with and 
without worms, had initially the same pH 8.2-8.25. In the case of sea-water containing 
worms the pH immediately decreased to 7.95 in the following 24 hours and thereafter 
continued to descend until day 4 then it reached pH 7.82. The sea-water without worms 
showed an initial increase of p H  over the first 24 hours to pH 8.26 and thereafter 
showed a slight decrease to pH 8.14 on day 3, its maximum range aEer the seven days 
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Fig. 15: Control experiments. Variation of 2~3Am particle formation (o) and pH (o) with 
(a) and without (b) specimens of Nereis diversicolor 

being only 0.12 pH units. The percentage of activity remaining on a 0.45 /~m filter 
for samples of both waters showed a large increase in the first 24 hours of between 
45-50 ~ but thereafter the sea-water containing the worms steadily decreased until 
day 5, when it reached a minimum value of 3 %. The sea-water containing no worms 
continued to have a high percentage of particles until day 4; during the following 24 
hours its particle fraction then decreased to 9 ~ It is thus evident that in the initial 
period of 3 to 4 days large differences occur in the p H  and particle fraction between 
the two solutions. The authors believe that mechanisms connected with these variations 
account for the differences observed in the uptake of americium from fresh or aged 
w a t e r ,  

Again, as with Garnrnarus duebeni, the americium availability in aged water, for 
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polychaetes, appears to be unaffected by the secretion of mucopolysaccharides, muco- 
proteins etc. and other conditioning processes. This was shown by introducing speci- 
mens into contaminated water, previously conditioned by other specimens over periods 
of days up to several weeks; the uptake of these specimens showed the same form and 
reached similar levels of activity as did specimens added to water aged only 5-8 
days but having not previously contained worms. The fact that the aging of acti- 
hides in water in the initial few days can play such an important role in their subse- 
quent bioavailability may well explain the results of Fowler et al. (1975) who found 
that the uptake of plutonium was markedly reduced for worms introduced into water 
previously used for uptake experiments. In the present work concentration factors for 
americium after 20 days of uptake from aged water for two experimental series ranged 
from 2-4 (wet weight basis). The increased uptake of americium in freshly prepared 
seawater is shown in Figure 10, a concentration factor after 20 days of 16 is reached, 
some 5 times greater than from an equivalent aged solution. 

In the case of sediments, it is doubtful if this aging effect would be observable 
as the preparation of contaminated samples requires considerable time in which phy- 
sico-chemical processes would be able to occur and stabilize the chemical form of 
americium. In the present work (cf. Fig 11) the uptake of americium (+  3 form) from 
laboratory-contaminated sediments was studied. The system used was the same as that 
described by Murray & Renfro (1976) who had earlier investigated the relative con- 
tribution to plutonium (+  4) uptake by Nereis diversicolor from sea-water and sedi- 
ment pathways. Comparing the results of absorption of americium and plutonium 
isotopes from sediments it is evident that there is an enhancement of plutonium over 
americium in the worms of about seven times; this enhancement is very similar to that 
found for those elements in uptake experiments undertaken by Beasley & Fowler (1976) 
using naturally contaminated sediments from the region of Windscale in the Irish Sea. 
In a similar series of experiments using contaminated sediments from the nuclear weapon 
testing area in Bikini Islands, Beasley & Fowler (1976) found a much greater variabili- 
ty in this enhancement which was 12 times greater on the fifLh day, 25 times greater 
on the fii~eenth day and 8 times greater on the fortieth day. In the present work the 
rate of uptake of americium and plutonium from Mediterranean sediment by the 
polychaetes appears generally similar to that found by Beasley & Fowler (1976) for 
their two sediments during the period day 5 until days 20-25. The differences in 
measured body burdens (cf. Figs. 11 and 12) must thus occur within the first 5 days 
of uptake. The fact that the concentration factors for americium in the present work 
are similar to those found for the Bikini sediments may well be related to a similarity 
of the chemical forms of americium. The difference exhibited by Windscale-contamina- 
ted sediment from the other two contaminated sediments may, on the other hand, re- 
fleet changes in chemical speciation occurring during fuel re-processing and subsequent 
discharge of wastes. 

It is particularly interesting to note that when a comparison is made of the uptake 
of plutonium by polychaetes from water found by Fowler et al. (1975) and the uptake 
of americium from water in the present work, the enhancement of plutonium over 
americium a~er 15 days is about 50; this is some 7 times greater than the enhancement 
factor for its uptake from sediments which has been found to be about 7. A possible 
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explanation for this difference in enhancement factors for water and sediment may 
well be related to the concentration factor found by Fowler et al. (1975). This concen- 
tration factor was calculated for plutonium (+  4 and + 6 forms) based on the uptake 
by polychaete worms apparently introduced into freshly prepared contaminated sea- 
water; a~er 7 days a factor of about 160 was found, and after 15 days a factor of 
200 for plutonium ( +  6). On introducing fresh worms into the same water but a~er a 
period of conditioning a concentration factor for plutonium (+  6) a~er 7 days of 
about 43 was found (aflcer this time the experiment was apparently discontinued). 
Taking this concentration factor for water and comparing it to that for americium of 
about 4 found in the present work, the ratio for the enhancement reduces to about 10, 
a value in very reasonable agreement with the average enhancement for plutonium 
over americium in sediment which is 7. The differences in uptake from the freshly 
prepared and aged solutions of americium are again considered to be due to physico- 
chemical processes taking place within the first few days a~er introduction of the 
radioisotope. 

Employing the method discussed by Murray & Renfro (1976), for comparing the 
relative contribution of seaLwater and sediment pathways to americium uptake by 
Nereis diversieolor, it would appear that water is the more important, although not to 
such a great extent as has been found for plutonium. 

CONCLUSIONS 

(a) The initial conditions under which the physico-chemical reactions of americium 
(and possible plutonium) occur in the first few days ai%r its introduction into brackish 
water or sea-water appear to play an important role on the isotope's subsequent 
bioavailability. 
(b) The mechanism regulating americium uptake in different species may be closely 
linked to pH. It might be expected that if uptake processes involve more soluble 
species of americium then they will be enhanced by lower pH conditions; processes 
related to surface particle adsorption would probably become more effective at 
higher pH. 
(c) In the three invertebrate species studied, the concentration factors for americium 
increase markedly with decreasing physical size. Under the simulated environmental 
conditions employed in the present work (~  pH 8) this may reflect the fact that the 
regulating mechanism of uptake is one of adsorption. 
(d) The polychaete worm Nereis diversicolor shows an enhanced uptake of plutonium 
over americium from both water and sediment. The relative contribution from these 
two pathways to its total americium body burden appears similar to that found for 
plutonium, the major fraction being due to uptake from water. 
(e) The copepod Tisbe bolothuriae is able to obtain an important fraction of its total 
americium body activity from food. If its food source were to be very highly contami- 
nated this pathway could become the controlling factor in its uptake of this actinide. 
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