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It is a well established fact that isotopes of low mass number

elements (H, C and N) do exhibit differential behaviour ir biogeochemical
interactions. While such differences are generally discounted as the mass

number increases, there continue to be reports of both laboratory and field
studies which suggest that such anomalous behaviour exists in the case of

238 239 240the plutonium isotopes Pu and ' Pu. It is important at the outset
to distinguish between the laboratory studies which have dealt mainly with

238 239 240mammalian uptake and distribution experiments using Pu and ' Pu
and those investigations which have been made in contaminated ecosystems.
Generally, the laboratory experiments have involved the use of plutonium

activity levels of such magnitude that significant "weight differences"
238 239 240occur in the amounts of Pu and ' Pu administered to the experimental

animals. It has been demonstrated that this can materially alter the
distribution and excretion rates of the nlutonium isotopes, when different

62
activity levels of the same radionuclide are employed . Adjustment of the
physical form of the isotope (monomeric or polymeric) prior to administration

6 3
can likewise alter distribution patterns within the animals . The degree

to which plutonium isotopes polymerize or form colloidal aggregates is
influenced by the total amount of element present. Recent experiments by

52 237 239 240
3air et ai. using Pu and ' Pu given intravenously to dogs have

provided further evidence for the differential distribution and excretion
of these isotopes which the investigators attribute to differences in total
weights of the element administered.

Differential behaviour of plutonium isotopes in ecological
systems that have been contaminated either by fallout or by waste from fuel

reprocessing facilities where the concentration levels of the element are
much smaller than those used in laboratory experiments is less readily
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understandable. Hakonson and Johnson observed a pronounced change in the
239,240,, ,238,,

Pu/ Pu ratio between soils, vegetation and rodents collected from
the fallout zone of the Trinity detonation some 27 years following the

9 OQ

testing of the device. Increased mobility of the Pu in the Trinity

environs was suggested by the authors as an explanation for the decreasing

ratio observed. While not expressly stated, differences in the mobility
of the isotopes suggest differences in the chemical or physical form of the

radionuclides which could also be invoked to explain the observed ratios.
65 66

More recently, Emery, Klopfer and Weiner and Emery and Garland have
238 239 240observed enhanced Pu/ ' Pu ratios in biota residing in a processing
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waste pond over those measured in the sediment. Interpretation of the data

is complicated however in that frequent s-ediment sampling in the same
238 239 240location showed substantial ranges in the Pu and ' Pu concentrations

suggesting rapid sediment redistribution within the pond, and in addition,
input of plutonium radionuclides from a nearby trench could well be the
source of the radionuclides to the biota rather than the pond sediments
themselves.

There have not been any definitive measurements published in
2 38the open literature which show an enhanced biological availability of Pu

239 240over ' Pu derived from world wide fallout, although Noshkin and
6^ 239 240Gatrousis have argued that weapons testing may have generated ' Pu

239
in different physical or chemical forms as a result of the decay of U

240 58
and U produced at the time of detonation. Holm in studying the
transfer of fallout plutonium isotopes through the lichen - reindeer food

23S 239 240chain, found that the Pu/ ' Pu ratio in the lichens was

indistinguishable from that measured in the livers of reindeer which fed on

the lichens. This is particularly interesting in that no differences in
isotope ratios were observed either before or after the introduction of
O O Q O OQ

Pu into this food chain as a result of the re-entry of the SNAP-9A Pu
69

generator

Since it Is now well established that actinides like many

other radionuclides which enter the aouatic environment eventually
1+8,49

accumulate in sediments , we undertook the investigation of the bio-
availability of sediment-bound plutonium and atnericium radionuclides to

polychaete worms. We used sediments which were labelled in the laboratory,

sediments contaminated at a former weapons test site and sediments contami-
nated by wastes released from a fuel reprocessing plant. The major emphasis

9 OQ
of these experiments was to discern any differential behaviour between Pu

239 240
and ' Pu, with secondary emphasis on the degree of absolute uptake of

all measurable transuranics by the worms from the test site and fuel repro-
cessing plant sediments. The test site sample consisted of a core section

A
(23-49 cm depth) collected from Bravo Crater in Bikini Lagoon . This
crater was formed as a result of the first thermonuclear device tested by
the U.S. at this atoll in 1954. The sediment was virtually calcareous, of

extremely fine particle size and of very low organic matter content. The
second sample was collected from the Irish Sea some 4.6 nautical miles
north of the Windscale outfall located on the Cumbrian coast of the United

**
Kingdom . The sediment was fine grained and rich in organic matter. The

* We thank Dr. Frank Lowman of the Puerto Rico Nuclear Center and
Dr. Neil Mitchell** of the Fisheries Radiobiological Laboratory at Lowestoft,
U.K. for kindly supplying the sediment samples.
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third sample, collected off the coast of Monaco by dredging at 200 meters
depth, was comparable to the Irish Sea sample.

The polychaete worm chosen for the experiments was Nereis
diversioolor. Several hundred worms were purchased from a local supplier

and held on algal mats in rvmning sea water until needed. The sediment
samples were treated as follows:

a) Mediterranean sediment. Two 200ml aliquots of sediment
slurried separately into 600ml of 0.45ym filtered sea water
to which had been added 91 nCi of 239>240pu in either the

IV or VI oxidation state. The valences were adjusted using
47 239 240previously described techniques . The ' Pu tracer solution

2 ̂8contained an easily measurable amount of Pu as a contami-

nant. The pH was adjusted to 8.0 and the sediment-sea water

mixture was stirred by means of a magnetic-stirrer for
two days. After settling, the sea water was decanted,
fresh sea water was added and the labelled sediment allowed
to rinse under strong stirring for several hours. The
rinsing procedure was repeated a second time and the rinsed

sediment was finally placed in a plastic basin of approxi-

mately 2 liters capacity.

b) Both the Bravo Crater and Windscale sediment were rinsed
twice in fresh sea water and allowed to settle into plastic
basins similar to that used for the labelled Mediterranean

sediment.

Running sea water was metered into the three test sediments at
a rate of approximately lOOml/minute and the sediments left to equilibrate
in this way for 1 day before the start of the experiments. The test basins

were contained within two plastic trays which served as sediment traps to
collect any fine sediment particles that were carried out of the basins
with the flowing sea water. Depending upon the particular experiment, from

20 - 100 individual worms (300-400 mg wet weight each) were added to the
labelled sediments. The worms quickly burrowed into the mud and were left
undisturbed until they were sampled after prescribed intervals of time.

The sea water temperature averaged 15° + 1°C throughout the experiments. No

additional food was given to the worms over and above what they were able

to ingest from the sediments and/or flowing sea water. At prescribed times,

5 to 31 individuals were carefully removed from the sediments by forceps,

rinsed several times in clean sea water to remove adhering radioactive
sediment and mucus, and placed in non-contaminated Mediterranean sediments
where they were allowed to void their gut contents by ingesting clean
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sediments for 24 hours. Following this, the worms were placed in a mat of
wet alga for another 24 hours during which time they generally voided their

gut of residual sediment. The worms were then weighed, oven-dried at 60°C,

re-weighed and placed in pre-cleaned beakers until analyzed. At the
beginning of the experiment and on the days the worms were sampled, a portion
of the sediment was removed from the test basins, placed in tared beakers,

oven-dried at 60°C and analyzed along with the appropriate worm sample.

This was done to determine whether or not the activity levels in the sediments

were changing with time. Within the errors of the measurements made and over
a period of several months, no changes were observed to occur.

The analytical separations for both plutonium, amertcium and
curium radionuclides were adapted from several existing analytical schemes.

Primary emphasis was placed on ensuring radiochetnical purity and great care
was taken to avoid cross-contamination of samples and glassware. New

beakers were used for all samples; separatory funnels used in solvent

extraction steps were isolated into two groups, one for the biological

samples and one for the sediment samples. Following their use, the
separatory funnels were boiled in strong detergent, acid rinsed, then boiled

in 8 IT UNO- for 30 minutes and finally rinsed twice with double distilled
water. Platinum electrodes used for el.ectrodepositing the purified trans-

uranics were boiled for 30 minutes in 8 !N HNO- and rinsed with doubly

distilled water. Between samples, a blank plating was carried out to further

ensure? that there was no contamination from the electrodes to the samples.
Reagent blanks using the cleaned laboratory glassware and electrodes showed

no detectable plutonium or amor1rturn activity after sample processing.

Briefly, the sample analysis consisted of the following steps:
a) yjitPJllHm.: Following complete digestion with concen-

trated nitric and perchloric acids (worms) or hot 8 N HNOj
acid leaching (sediments) the transuranics were carried on
5mg Ce carrier by making the solution basic. The Ce(OH)
precipitate was then dissolved in dilute HC1, hydroxylamine

hydrochloride was added to reduce all actinides to the III
valence state, and HF added to precipitate CeF . The preci-
pitate was dissolved in a mixture of hydrochloric and boric

acid and the. CeF_ re-precipitated by addition of HF. The
precipitate was again dissolved in hydrochloric and boric

acids, made basic with ammonium hydroxide and the Ce(OH)

collected by centrifugation. Following two water washes

with doubly distilled water, the precipitate was dissolved
70

in 2jN HNO. and the procedure of Moore and Hudgens was
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used to purify the plutonium isotopes. Following back
extraction, the concentrated nitric acid phase was

evaporated to near dryness and 0.1 ml of concentrated

and 0.5ml of concentrated H^O^were added to the residue.

Evaporation was continued until fumes of H-SO, persisted.

The resulting solution was then treated by the method
of Talvitie for electrodepositing the plutonium isotopes
onto stainless steel discs for measurement by alpha
spectrometry.
Except for the experiment using Mediterranean sediment,
all samples were spiked with a known quantity of purified
9 *3/l

Pu for determining radiochemical recovery prior to
sample dissolution or leaching. There was a small count

O O£
rate contribution of the Pu to the alpha energy region

2 *̂ ftused to quantitate the Pu in all samples, and it was not
deemed advisable to add this tracer to the Mediterranean

238 239 240sediment sample owing to the low Pu/ ' Pu ratio
observed in the labelling solution (see below). This
permitted a direct comparison of the plutonium isotope
count rates for both sediments and worms and avoided
additional statistical errors which attend the determination
of absolute concentrations (i.e. detector efficiency and

238 239 240yield determinant corrections). The higher Pu/ ' Pu
ratios observed in the Bravo Crater and Windscale sediments

o o Q

made the Pu measurements much less susceptible to such
errors.

b) Americium All aqueous phases from the solvent extraction
steps used to isolate plutonium isotopes were pooled into a
single 50ml Nalgene centrifuge tube. The solution was made
basic and the Ce(OH), precipitate recovered by centrifugation.

Cerium was removed by the solvent extraction procedure
72

described by Moore . Two extractions were necessary to
(IV)

ensure complete extraction of the Ce carrier. Following

extraction, the aqueous phase was made 4N^ in HNO , and
quadrivalent and hexavalent actinides were removed by solvent

73
extraction using HDEHP as described by Butler . After two
extractions, the aqueous phase was adjusted to pH = 4.5
using ammonium hydroxide, and 20 ml of an acetic acid-
ammonium acetate buffer (pH = 4.9) was added to ensure pH

stability. The resulting solution was again extracted with
HDEHP; following removal of the aqueous phase, the trivalent
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actinides were back extracted using 8JC HNO.. This back
extractant was treated identically to that described for

plutonium prior to preoar.ition for electrodeposition.
71

Again, Talvitie's procedure was employed at the electro-
244deposition step. High purity Cm was used as the yield

determinant for the trivalent actinides; tracer
241experiments in which known amounts of Am were added to

unlabelled worms and sediment and its radiochemical
244recovery determined by using Cm indicated no chemical

fractionation between Cm and Am during chemical processing.
244Again, the Cn was added to the samples prior to any

chemical treatment.

As will be discussed shortly, the Windscale sediment did contain
°44 24? 244Cm and "Cm. In order to use Cm as a yield determinant it was

necessary to establish the ratio of these isotopes in an unspiked sample,

so that corrections could be made for the yield determinant added. Such

a correction turned out to be unnecessary in the case of the worm samples due
242 244to the absence of any Cm (and by inference Cm) in the spectra obtained.

The extremely fine particle sizes constituting the Bravo

Crater sample and the extreme conditions experienced by the sediment at the

time of weapon detonation could have given rise to inhomogeneities in both

plutonium concentrations and isotope ratios. Therefore, in addition to
analyzing several samples to test for concentration homogeneity, a separate

238 239,240analysis was done to see whether or not the Pu/ ' Pu ratios were

constant with particle size. This was done indirectly by leaching a 2.0g

sample over time with dilute EDTA. The smaller particles should be

solubilized faster than the large particles. By removing aliquots of this
238 239 240leachaete over time, we observed no differences between the Pu/ ' Pu

ratio measured in the leachate or in sediment of differert sample sizes

(Table 13)*.

The results of the plutonium isotope ratios which were

measured in worms introduced into the laboratory-labelled Mediterranean

sediment are presented in Table 14.

It should be mentioned that the plutonium activity in the worms was very

low, which explains the rather large errors associated with the worm values.

Counting times were commonly 5-10 days. Despite the length of exposure or

the valence state of the plutonium used to label the sediment, the mean value

* We thank Dr. Vaughan T. Bowen of Woods Hole Oceanographic Institution
for suggesting this analysis.
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Table 13. Bikini sediment - EDTA leaching experiment

0.1 M EDTA

pH = 3

2.0g sediment

238/239,Reaction time
(Min)

5
15
30

Volume analyzed
(ml)

10
10

(la)
'Pu

0.083 + 0.009
0.085 + 0.007

10 (PJus residual 0.080 + 0.002
sediment)

Average of 6 sediment samples 0.082 + 0.001

Table 14. Mediterranean sediment - worm ratio experiments
using Nereis diver'sioolor

Sample Uptake time
(days)

Valence 238/239.240
(la) Pu

Spike solution
Sediment

Worms
Sediment

Worms
Sediment

Worms
Sediment

Worms
Sediment

-
0

5
5

15
15

25
25

9
9

IV
IV

IV
IV

IV
IV

IV
IV

VI
VI

0.0088 + 0.0002

0.0080 + 0.0007

0.0087 + 0.0022
0.0086 + 0.0004

0.0072 + 0.0010
0.0077 + 0.0005

0.0072 + 0.0012
0.0087 + 0.0003

0.0073 + 0.0012
0.0078 + 0.0006

for the isotope ratios of the worms and sediment overlap at one standard
deviation, and therefore appear comparable.

Table 15 sets out the results of the experiment using Bravo

crater sediment, and shows the plutonium isotope ratios observed. While
OO Q

our first measurement at 15 days suggested that increased uptake of Pu

might be occurring in the worms, a rerun of the experiment showed this to
be unlikely, and the ratios at 40 days again appeared comparable.
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Table 15. Bikini sediment - worm ratio experiment using
Nereic, diversi-Golor

Sample Uptake time 238/239,240
(days) (la) F

Sediment 0 0.084 + 0.004

Worms 5 0.10 + 0.02
Sediment 5 0.079 + 0.002

Worms 15 0.12 + 0.01
Sediment 15 0.075 + 0.005
Worms (Repeat) 15 0.11 + 0.02
Sediment (Repeat) 15 0.083 + 0.002

Worms 40 0.084 + 0.024
Sediment 40 0.091 + 0.004

Finally, Table 16 shows the plutonium isotope ratios observed
>xperir

239,240T

2 *̂ Hin the experiments using Windscale sediments. Because of a higher Pu/
Pu ratio in the sediments, the errors associated with the measurements

are less. It is quite clear that no significant differences were observed

for the isotope ratios in either worms or sediments. Thus, from the three
experiments each utilizing sediments labelled with plutonium in a different

manner, it is evident that worms living in these sediments showed no ability
238 239 240to preferentially distinguish between either Pu or ' Pu during

*
uptake.

Tables 17 and 18 show the results of absolute amounts of
plutonium and americium taken up by worms for various exposure times and the

worm/sediment ratios observed for each element. The radionuclide concen-

trations of the sediments shown are the mean concentrations from four
(̂ indscale) and six (Bikini) separate samples. The errors shown are the
standard deviation from those mean values. In both sediments, the uptake
for both elements was small, less than 0.5%. It is interesting to note,
that for both sediments, the uptake of plutonium was more or less comparable.

49* Noshkin has reported Pu concentrations in benthic worms at levels of
3.5 pCi/kg wet weight. Using a dry to wet ratio of 0,19, the calculated Pu
activity per gram dry weight becomes 0.018 pCi/g dry. The levels of
plutonium accumulated by the worms in our experiments greatly exceeded
these concentrations and therefore no perturbation of our 238pu/239,240pu
ratios by fallout plutonium Is likely.
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Table 16. Windscale sediment - worm ratio experiments using
Nereis diver sicolor

Sample

Sediment

Worms
Sediment

Worms
Sediment

Worms
Sediment

Uptake time
(days)

0

5
5

15
15
40
40

238/239,240
(la) Pu

0.228 + 0.003

0.25 + 0.03
0.229 + 0.004
0.24 + 0.02
0.236 + 0.001

0.27 + 0.05
0.230 + 0.004

Radionuclide
concentrations

(pCi/g dry)

Table 17. Plutonium and americium uptake from Windscale
sediment by Nereis diversicolor

Pu-239,240 Pu-238 Air-241 Cm-242 Cm-244

110 + 4 25.5 + 1.0 224 +8 3.7 + 0.2 0.82 + 0.08

Uptake
time
(days)

5
15
40

Number
of

worms

22
25
23

Total Pu
(pCi/g dry)

0.25 + 0.02
0.48 + 0.04
0.64 + 0.07

Am
(pCi/g dry)

0.26 + 0.01
0.44 + 0.02
0.54 + 0.05

Worm/sediment
(Pu)

0.0018 + 0.0002

0.0035 + 0.0003
0.0047 + 0.0005

Worm/sed iment
(Am)

0.0012 + 0.0001

0.0020 + 0.0001
0.0024 + 0.0002

% water content of sediment = 31

dry/wet ratio for worms = 0.19

There was, however, a decided preferential uptake of p]utonium over

americium in each sediment. This is in contrast to other measurements in
241 239 7l*marine systems which suggest preferential uptake of Am over Pu

241Moreover, the Am in the Windscale sediment appears more biologically
available than that from the Bravo crater sediment. A possible explanation

for this difference could be that while thr americium in the Windscale

sediment may come both from ingrowth from Pu and "free" Am in the
241processed wastes, the Am in the Bravo crater sediment comes principally

241from the decay of Pu.
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Table 18. Plutonium and americium uptake from Bikini sediment by
Nereis diversiootor

Radionuclide concentrations Pu-239,240 Pu-238 Am-241
(pCi/g dry) 82.6 + 2.6 6.8 + 0.2 48.1 + 1.1

Uptake Number
time
(days)

5
15
40
40

15
40

of
worms

9
10
6

31 Rep eat -

25 Repeat 1
13 Repeat

Total Pu
(pCi/g dry)

0.11
0.42

0.25
0.44

0.069
0.19

+ 0.01
+ 0.04
+ 0.02

+ 0.04

+ 0.005
+ 0.01

Am
(pCi/dry)

0.017 + 0.010
0.033 + 0.008
0.061 + 0.010

0.049 + 0.007

Not detectable

Not detectable

Worm/sediment
(Pu)

0.0012

0.0047
0.0028
0.0049

0.0008
0.002.1

+ 0.0001
+ 0.0005
+ 0.0002

+ 0.0005

+ 0.00006
+ 0.0001

Worm/sediment
(Am)

0.0004 + 0.0002

0.0007 + 0.0001
0.0013 + 0.0002
0.0010 + 0.0001

% water content of sediment •= 39

dry/wet ratio for worms = 0.19

The uptake experiments using Windscale sediment produced more
consistent results than those observed for the Bravo crater sediment. We
initially attributed the reduced plutonium and americium uptake in our first

40 day exposure run to possible biological variability owing to the small

number of worms used in the experiment. Repeated exposures using more
organisms and the same sediment showed decreasing availability of both
elements. We now believe that this effect is due to conditioning of the
sediment by exometabolites produced by the animals themselves. In a previous

237experiment in which Nereis diversiaolov was allowed to accumulate Pu

directly from water, it was observed that exposing fresh worms to the water

used in the first labelling experiment resulted in reduced concentration
237

factors for the Pu. This was attributed to complexation of the plutonium
by exometabolites, such as mucus, which reduced its bioavailability. It is
therefore not unreasonable to assume that similar processes were operative
in the Bravo crater sediment experiment.

Our general finding of low uptake of transuranic elements

from contaminated sediment by benthic worms was not entirely unexpected.

Dean found that tubificid worms did not accumulate sediment-bound radio-
nuclides, but readily took up these radionuclides when dissolved in water.

76 65 ..Renfro in studying the uptake of Zn by Nereis diversioolor from
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laboratory labelled sediment found that the individuals contained an average
of 0.2% of the total Zn present in the volume of sediment to which they

were exposed. Several investigators (cited by Renfro) have observed similar

results in benthic organisms for other radionuclides.
238/239 240From considerations of ' Pu ratios in water, sediment

77
and worms, Noshkin e~t al. contend that deposit feeding marine worms like

Nereis diversi-color derive most of their plutonium from material deposited
on the sediments. To investigate this possibility we have compared sediment

,- . ,pCi/g wet worm ,. ...concentration factors in worms (. „. .c—————TT———) measured in our expen-pCi/g wet sediment *
ments with a value based on plutonium activities measured in worms and

49
sediments cited in their study (Table 19). From the data of Noshkin , we

Table 19. Concentration factors for Pu and Am in polychaete
worms based on sediment radioactivity

Pu Am

Bravo crater sediment .0015 + 0.0001 0.0003 + 0,00004

Windscale sediment .0012 + 0.0001 0.0006 + 0.00006
^9 ~ *

Massachusetts coast 0.17

* Activity in worms: 0.0035 pCi/g wet
* Activity in sediment: 0.021 pCi/g wet (Avg. of 4 samples from

0-3cm depth)

calculated a concentration factor for the marine worm using a mean sediment
activity level of 0.030 pCi/g dry weight and assuming a water content of
some 31%, i.e. a value comparable to that measured for the Windscale

sediment. The discrepancy between the concentration factors calculated in

Table 19 cannot be due entirely to differences in the degree of equilibrium
which had been reached by the laboratory or field organisms with their

labelled environment. A plot of the plutonium worm/sediment ratios versus

time for both the Bravo crater and Windscale sediment samples would indicate
that near equilibrium conditions were being approached at 40 days, and that

continued exposure would most probably increase the absolute concentration
of either Pu or Am by n.o more than 50%. Nor is it likely that the

discrepancy arises due to sediment which was present in the gut of the

coastal worms, thereby giving high values for the plutonium measured in the
77

worm sample. The weight of material analyzed was 610g wet weight . In
order to obtain activity levels near 0.0035 pCi/g wet weight, the total
sample would have had to contain = lOOg sediment with an activity level of

0.021 pCi/g wet, a quantity that seems much too high. Considering these
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two facts it would seen that the coastal worms are, in fact, deriving most

of their plutonium from some source other than the sediments, possibly the

water. A first approximation of the relative importance of water uptake may
be estimated by using plutonium concentration factors from sediment measured

47
in our study and those derived from water uptake experiments with ambient

plutonium concentrations measured in sediments and overlying waters. For a
sediment concentration factor we can take the highest value,0.0015, which was

calculated for the Bravo crater sediment after 40 days. The concentration
k7

factor for water, 200, calculated by Fowler et at, can also be used,
however, this factor was measured after only 15 days when steady state had

not been reached, hence, equilibrium concentration factors may be much higher.

In any event, applying these concentration factors to coastal sediments which

contain 0.021 pCi/g wet (Table 19) and the plutonium concentration in the
-7 49

overlying water (= 8.5x10 pCi/g ), it can be calculated that roughly 84%

of the plutonium taken up by worms in contact with these two sources would

be derived from the water. Clearly, this route for plutonium accumulation
cannot be neglected in the case of sediment-dwelling organisms such as

nereid worms.

The actual mechanism for plutonium uptake from sediments is

still unclear. Our experimental design ruled out the possibility of occluded
sediment on, or residual sediment in the worms giving rise to the plutonium

concentration measured. From our results, it is not possible to conclude

whether uptake occurred by (1) removal of plutonium from ingested sediments

and subsequent tissue absorption; (2) surface adsorption of plutonium due to
the mechanical action of the worm moving through the sediment; or (3) direct
uptake of dissolved plutonium from the interstitial water in the sediments

themselves. The latter seems to us one possibility that should not be

overlooked. The Bikini and Windscale sediments contained total plutonium
concentrations of approximately 55 and 94 pCi/g wet, respectively (Tables 17
and 18). Using distribution coefficients for plutonium between sediments

78,79 4 5
and water of 10 and 10 , it can be calculated that sufficient
plutonium would be present in the interstitial waters which, when accumulated

"»7
directly from water , could give rise to plutonium concentrations in worms

not too unlike those measured in our study. Nevertheless, this hypothesis
will have to be verified by making direct measurements of the plutonium
concentrations in the interstitial waters of these sediment.
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