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FOREWORD

The Agency organized this Coordinated Research Programme in an effort
to encourage the collection interpretation of better data on the behaviour
of transuranics in the marine environs. Since the Agency has been
entrusted by the Contracting Parties to the London Dumping Convention to
establish recommendations which national authorities should take fully
into account in issuing permits for the dumping at sea of radioactive
wastes, this research should provide additional information on an
important group of radionuclides. The Agency keeps the definition of
high-level radioactive waste and recommendations for the disposal of
.permitted waste under constant review. This Coordinated Research
Programme has produced data that has not been published in open literature
to assist in this regard.

This is a final report of tne results of more than three years'
research by 14 laboratories from 12 Member Countries in An Agency spon-
sored Coordinated Research Programme on "Transuranic Cycling Behaviour in
the Marine Environment". The countries participating in this programme
represent approximately two-thirds of the world's nuclear power generating
facilities, and they have shown a concern for the long term impacts to the
marine environment from the long lived radioactive wastes of this electri-
cal generating capability.

Most of the Contractors and Agreement holders are studying
transuranic behaviour from global fallout sources, as the levels of input
to the local marine environment from nuclear power generation are variable
and low. However, five of the research projects are associated with
liquid discharges from nuclear fuel reprocessing facilities. Inputs
from these sources are significant enough to be traced throughout the
North Sea from both Windscale and La Hague discharges.

The third Coordinated Research Programme meeting met in Monaco,
from 11 to 15 May 1981, and summarized the individual research efforts in
this area over the past three years. This document summarizes these pro-
jects. The Scientific Secretary of this programme was Mr. W. 0. Forster.
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TRANSURANIC CYCLING BEHAVIOUR IN THE MARINE ENVIRONMENT

Abstract

The behaviour of transuranic radionuclides in the marine environment
is not well understood. These radionuclides, with long half-lives and
uncertain residence times, cycle through the marine system by complex bio-
geochemical interactions, eventually impacting on man in the coastal
margins. Fourteen laboratories from twelve Member Countries of the IAEA
participated in a three-year Coordinated Research Programme on "Transuranic
Cycling Behaviour in the Marine Environment".

One aspect of othe programme was an intercalibration exercise, organized
by the Agency's Monaco Laboratory, using sea water and sediment samples. The
objective of the exercise was to achieve comparability of measurement results
among the participating laboratories. The results of the exercise indicated
generally good comparability of plutonium measurements, with a few laboratories
needing improvement in analytical capability. The capability to analyze
9 A T^ Am was, however, lacking in a number of laboratories.

Studies on the distribution and measurement of transuranics in water,
sediment and biota were undertaken in a number of coastal areas including
the Baltic, Irish, North and Mediterranean Seas; coastal Japan and Korea;
and near Bombay, India. Other studies were made on transuranics in deep
Pacific sediments and organisms as well as measurements of plutonium con-
centrations in the water column in the Pacific from the surface to 500O
meters. These studies are both of transuranics from global fallout sources,
as well as liquid discharges from nuclear fuel reprocessing facilities.
Measurements in the Central Artic Ocean have indicated that some Windscale
effluents from the Irish Sea have penetrated to 1500 meters in the Artic
Ocean.



I. INTRODUCTION

A) Scientific background

Studies of the behaviour of Lransuranics .i.n tue marine
environment are considered important in order to properly assess the
overall impacts to man from nuclear power activities. Previous
marine radio-eco Logical studies of other raciionuc J ides nave provided
an excellent base on to which tne studies oi the Lransuranic
radionuclides may be addeci. These transuranic contaminants are
important because ol. thoir toxicity, uncertain oceanic residence
times, and potential harmful effects to marine biota, and
subsequently to humans through ingest ion oi. contaminated sea food.

To date more than 250 KCi of plutoriiurn isotopes ii,-.'.ve been added
to the world's oceans from nuclear weapons faiLouL alone. This
could be increased by 50% over long time scales by the constant
additions to tlie oceans from terrestrial weathering processes.
Although the transuranic additions, including those from waste
disposal operations, are small by comparison to oceanic inputs from
fission and neutron activation products, the present understanding
ok the marine benavior of tnese transuranic s is not suffi.cic:nt to
assume man and this important ecosystem will not be adversely
affected L>y continued additions. Fur tnermore:, while introduction 01
transuranics to date to the marine environment has not resulted in
known Hazardous exposure to man or parLu o£ tin: in.Tr.Lin: ecosystem, i. I
can not be assumed that there are no effects on individual marine
organisms. Tnerelore due to the toxicity, long naif-life, and
unknown residence time of transuranics, great care should be
exercised in any releases of tiiese suostances to the oceans. In
order to make more realistic estimates of the assimilative capacity
ot the oceans for tnese radionuciides tnese studies of the cycling
benaviour are necessary.



B) Scientific Scope and Programme Goals:

When transuranic nuclides enter the marine environment, those
nuclides begin a long sequence of chemical and physical associations
not only with sea water but also with the organic and inorganic mate-
rials in the sea. By sorption and desorption processes these radionu-
clides cycle through the marine system and eventually impact on man in
the coastal margins. A better understanding of these complex bio-geo-
chemical associations, the duration of these interactions, and the
pathways by which transuranics get back to man were the subjects of
this coordinated research programme.

Because of the differences in their marine behaviour as compared
to the better studied fall-out radionuclides, these investigations may
complement and extend prior studies and be viewed as another step in
order to evaluate the present and future effects of transuranics on
marine systems.

C) Objectives of Coordinated Research Programme

The four areas of emphasis of this programme include an exchange
of current research information among participants, the exercise of
special attention in the development of quality data, the development
of a better understanding of transuranic inputs into the world's
oceans and an increased understanding of the overall behaviour of
transuranics in marine ecosystems.

The information exchange includes the contributions from the
participating research institutions, including the dissemination of
their contributions by means of this report. Intercalibration exer-
cises assist in achieving the objective of comparability of measure-
ment results among different laboratories. A better understanding of
the source-term inputs to the world's oceans requires a better measure
of the isotopic composition and speciation of transuranic inputs. To
better understand the behaviour of transuranics in the marine environ-
ment, more information is required on the physical, geochemical and
biological process, by which the radionuclides cycle through the
marine systems; tne time scales of the processes; and the critical
pathways by which transuranics may get back to man.
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II. INTERCALIBRATION OF TRANSURANIC MEASUREMENTS

R. FUKAI, S. BALLESTRA, M. THEIN
International Laboratory of Marine Radioactivity,
Oceanographic Museum,
Monaco, Principality of Monaco

One of the major objectives of the coordinated research programme on
Transuranic Cycling Behaviour in the Marine Environment has been to
achieve the comparability of the measurement results among the laborato-
ries from different countries participating in the programme. In order
to fulfil this objective, the intercalibration exercises of transuranic
measurements using sea water and sediment samples were organized by the
Monaco Laboratory in the course of the duration of the programme in 1979
- 1981. The sediment and sea water samples were collected respectively
by the Bhabha Atomic Research Centre of India and the Hydrographic Insti-
tute of the Federal Republic of Germany. On behalf of all the partici-
pants in the programme, the authors wish to express their cordial appre-
ciation for the services rendered by these institutions to reach the
common goal. In the present report the results of these intercalibration
exercises are surveyed.

The sediment sample (SD-B-3) was collected from the Bombay Harbour
Bay where radioactive waste effluents from the Bhabha Centre has been
released. The sample was used with the other sediment sample (SD-B-2),
containing relatively high level of Co, for the worldwide intercali-
bration exercises of radionuclide measurements. In the course of these
operations, the homogeneity of these samples has been questioned based on
the large variability of the results obtained for transuranic measure-
ments. The homogeneity of these samples had been tested through the

60 106gamma-spectrometry of major gamma emitters, such as Co, Ru,
137Cs, etc. before their distribution and found to be satisfactory. To
reexamine the homogeniety of the samples with respect to transuranic ele-

238 239+240ments, several series of radiochemical analyses of Pu, Pu
241and Am were carried out at the Monaco Laboratory by applying diffe-

rent pretreatment procedures. The results of these analyses are given in
Tables 1 and 2, respectively for the SD-B-2 and SD-B-3 samples. The re-
sults show that, while the total dissolution of the SD-B-2 gave con-
sistently higher results than those through the acid leaching (Table 1),
no significant difference was found between the results obtained through
both pretreatment procedures for SD-B-3 (Table 2). Thus, the SD-B-3
sample was used for the intercalibration exercise in the framework of the
present coordinated programme.
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During the second research coordination meeting at Cadarache in
March 1980, Dr. Kautsky from the German Hydrographic Institute at Hamburg
offered to collect a sea water sample from the North Sea for utilizing
this sample as an intercalibration sample in the framework of the coordi-
nated programme. With the financial support from the IAEA, the colle-
ction of the sea water sample was executed during the summer of 1980.

OO f
The sea water was acidified on board ship and 0.164 dpm of Pu was
added to each of the 50 litre drum. Ten of these drums were analyzed for
transuranic nuclides at Hambourg, the results of which showed that the
sea water sample collected is sufficiently homogenous with respect to the
durm-to-drum concentration variations.

The sediment sample (SD-B-3) was distributed to the participants in
the course of 1979 and the drums of the seawater sample (SW-N-1) in late
1980. The results of transuranic measurements carried out for these
samples by the participants are compiled in Tables 3 and 4, respectively
for the SD-B-3 sample and for the SW-N-1 sample. From some laboratories
no results have been received by May 1981. Although most of the labora-
tories reported the results of replicate analyses, the tables only list

238 239+240 241the average values of Pu, Pu and Am for each labora-
tory. Significant figures of the results compiled have been taken as
reported by the individual laboratories. In these tables also the over-
all averages of the individual results are given with the 10 standard
diviations. These overall average were computed after excluding outlyers
by aplying the Chauvenet's criterion.

These tables show that the agreements of the results reported from
different laboratories are generally good, except for a few outlyers,
both for the SD-B-3 containing higher levels of transuranic nuclides as
well as for the SW-N-1, in which their levels are much lower. In Figs.
1, 2 and 3 the scatter of the average values of the individual labora-
tories around the overall average values (expressed in solid lines) for
bot
241

238 239+240both samples are illustrated respectively for Pu, Pu and
Am measurements, with their Chauvenet's ranges (expressed in broken

lines). These figures show that most of the reported values are within
the acceptable ranges. It is noted, however, that the numbers of the

241values reported for Am are smaller than those for plutonium iso-
topes, despite a good agreement between the reported values.

The results show that the present coordinated programme has success-
fully achieved its primary goal of obtaining general comparability of
plutonium measurements on marine environmental samples among different
participating laboratories, although further improvements of analytical
performance are still needed for a few laboratories. Concerning the mea-
surements of Am the survey indicates that the capability of analy-
zing this radionuclide Is still lacking in a number of laboratories. As
a whole, the results of the survey demonstrate that the repeated inter-
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calibration exercises of transuranic nuclides, especially on low-level
241samples and on Am measurements, should continued in the future.

Since the preparation of standard reference materials, especially for the
purpose of analytical quality control of transuranic measurements, are
time-consuming and expensive operations, the materials already prepared
and made available should be utilized as effectively as possible. During
the meeting a suggestion was made to use the following materials for the
analytical quality control of environmental transuranic measurements:

1. Mussel sample, prepared by the US Environmental
Protection Agency (EPA);

2. Fresh water sample prepared by the US National Bureau of
Standards (NBS) (SRM No. 35);

3. River sediment samples from NBS;

4. Chalk River wastes being prepared in Canada.

13



Table 1, Results of transuranic measurements on SD-B-2 (Monaco Lab. data)

Bottle
No.

HNO + HC1

136
61
II

II

136
100
61
136

II

tt

142
136
142
136
64
11

135

KMCi + HC103

64
tl

tt

165
II

135
165
135

tt

165
135

tt

165
II

135
tt

11

165

2 39+24 0,,Pu
(fCi/g-dry)

leaching (3 times)

110
90
116
166
110
111
119
134

max. 186
105
108
125
130
140
143
125

min. 88

Av. 120 + 30

+ HF dissolution

max. 224
218
195
181
187
192
171
223
201
196
214
181
209
169
197
176

pin. 160
199

238̂Pu
(fCi/g-dry)

max. 66
49
54
53
47
42
58
52
64
47
41
53
57
48

- 43
rain. 40

63

52 + 8

104
max. 131

86
90
104
98
87
117
106
93
108
96
107
108
98
112

min. 78
121

241Am
(fCi/g-dry)

_
-
-
-

min. 43
-
-
_
52
47
-
49
45
54
45

min. 43
max. 58

48 + 5

141
-
-
-
-
-
97
-
144

min. 96
100
-
_
110
101
120
138

max. 151

244Cm
(fCi/g-dry)

-
-
-
14
-
-
_
-

max. 17
-
_
13
13

min. 10
13
14

14+2

26
-
-
-
-
-
-
-
-
24

min. 14
-
_
-
_
17
19

max. 34

Av. 190 + 20 100 + 10 120 + 20 22 + 7
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Table 2. Results of transuranic measurements on SD-B-3 (Monaco Lab. data)

Bottle
No.

HNO +HC1 leaching (3 times)

70
119
119
119
70 max.

135 min.
112
112
135
135
112

Av.

KNO,+HC10. + 11F dissolution3 4

112
tl

141 min.
fl

tl

It

" max.
TI

239+240pu
(fCi/g-dry)

675
676
674
676
705
604
621
641
668
643
656

660 + 30

660
618
603
624
611
624
746
640

238-Pu
(fCi/g-dry)

30
max. 37

22
29 max.
18
20
23
36
23
25 min.

min. 17

25 + 7

20
max. 25

18 nax.
24
17

min. 16
max. 25 min.

21

241Am
(fCi/g-dry)

170
-
150
183
-
-
-
160
145
144
-

160 + 20

156
-
184
-
169
-
136
173

Av. 640 + 50 21 + 4 160 -f 20
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Table 3. Results of the intercalibration exercise for transuranic measurements
on the SD-B-3 (marine sediment) sample.

Lab.
No.

1.

Country

Denmark

Institution

RisjS National Laboratory

238pu*
(fci g-i)

20+2(3)

239+240,. *Pu(fci g-1)

487+18(3)

241. *Am(fci g'1)

147+5(3)

4. Greece Nuclear Research Center
"Demokritos"

**25.6+5.3(1) 42.0+6.7 (1)

6. Italy University of Parma
CSN Cassaccia, CNEN

19.5+3.22(3) 573+56.7(3)

7. Japan Power Reactor and Nuclear 27+6(2) 530+34(2) 145+15(2)
Fuel Development Corporation

8. Rep. of Korea Advanced Energy Research
Institute

**75+7.5 (1) **20+2.0 (1

9. Sweden

10. UK

Lund University 25+3(2)

Scottish Universities Research 22+2(1)
and Reactor Centre

479+7(2)

604+5(1)

163+7(2)

11. UK Fisheries Radiobiological
Laboratory

18+2(2) 582+14(2) 173+6(2)

12. USA Woods Hole Oceanographic 22.3+1.4(2) 659+14(2) 210+6.3(2)
Institution

13. Monaco International Laboratory of 23+6(19) 650+40(19) 160+20(11)
Marine Radioactivity, IAEA

Average 23+3 570+70 170+20

The numbers in the brackets represent the numbers of replicate measurements.
**The values were excluded for the average computations.
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Table 4. Results of the intercalibration exercise for transuranic
measurements on the SW-N-1 (seawater) sample.

Lab.
No. Country Institution 239+240pu*

(fCi I'1)
241. *An

1. Denmark Risrf National Laboratory 0.46+0.08(2) 1.85+0.19(2) 0.26+0.11(2)

2. Fed. Rep. of Hydrographic Institute
Germany

3. Finland University of Helsinki

0.41+0.07(10) 1.97+0.13(10) 0.14+0.02(2)

1.70+0.14(2) 0.17+0.06(2)

5. India

6. Italy

Bhabha Atomic Research
Centre

University of Parma
CSN Cassaccia, CNEN

**0.36+0.09(2) 2.2 +0.31(2) <0.08+0.02 (2)

0.41+0.1(2) 1.93+0.1(2)

7. Japan Power Reactor and Nuclear 0.39+0.22(2)
Fuel Development Corporation

2.84+0.51*(12) **0.54+0.31 (2)

8. Rep. of Korea Advanced Energy Research
Institute

0.2+0.02*(1) **1.0+0.1 (1)

9. Sweden Lund University 0.45+0.07(2) 2.0+0.2(2) 0.2+0.1(1)

11. UK Fisheries Radiobiological 0.32+0.02(2) 1.71+0.06(2)
Laboratory

13. Monaco International Laboratory
of Marine Radioactivity,
IAEA

0.43+0.03(3) 1.75+0.05(3) 0.24+0.06(1)

Average 0.40+0.05 1.9+0.2 0.20+0.05

The numbers in the brackets represent the numbers of replicate measurements.**The values were excluded for the average computations.
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III. CONTRIBUTIONS BY THE INDIVIDUAL SCIENTISTS



STUDIES ON THE DISTRIBUTION OF TRANSURANICS
IN THE BALTIC SEA, THE DANISH BELTS,
THE KATTEGAT AND THE NORTH SEA*

A. AARKROG, H. DAHLGAARD, K. NILSSON
Riso National Laboratory,
Roskilde,
Denmark

INTRODUCTION

The Danish Sounds and Belts connect the North Sea with the Baltic
Sea. The salinity of the North Sea is approximately 34 o/oo and of
the Baltic approximately 9 o/oo. In the inner Danish waters the
bottom water consists mostly of ingoing, heavy North Sea water, while
on the surface we find the low salinity Baltic water. The Danish
waters make it possible within a limited area to study the influence
on radionuclide levels of the varying salinities in the marine
environment. The Thule samples referred to in the present report do
not include those which were contaminated by unexploded nuclear weapon
debris from the 1968 accident. The study of transuranics in Danish
waters has been supported by the International Atomic Energy Agency
(IAEA) since 1978.

MATERIAL AND METHODS

The study comprised of the analysis of four types of marine
samples: sea water, marine sediments, brown algae (Fucoids and
Laminaria) and mussels (Mytilus edulis mostly). The samples were
collected in the Danish waters from Skagen to Bornholm (cf. Fig. 1) by
the research vessel Fyrholm. The Arctic samples from Thule,
Greenland, were obtained from an EEC-supported expedition in 1979.

Sea water samples were measured both as total water and as particula-
tes filtered by a 0.45_^ filtermedia: acrylic copolymer. The Gelman
Aeroflow II filter was mounted in a glass cartridge. The filtration rate
was 500-1000 lh~ . The samples for Pu-Am anlysis were 200-1000 1, and
they were collected by pump through a rubber tube.

Sediments were collected by a 135-mm cylindrical stainless steel
corer down to 15cm. The samples were divided into 3-cm thick sections
before analysis.

Brown algae were collected as fresh growing plants. The total plant
was included in the analysis after epifauna were removed.

* Contract No. 2340 for the Research period 1979-81.
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Mussels were divided in flesh and shells before the analysis. The
bysus threads were removed before the preparation.

The samples were analysed for Pu by the method of Talvitie ^ •* and
the Am were determined by a method developed by Elis Holm * •". Most
samples were analysed for radio-cesium by Ge (Li) spectroscopy.

RESULTS AND DISCUSSION

Sea water

Figure 2 shows that the Pu activity in sea water increases with in-
creasing salinity in the Danish waters. Furthermore, it appears that a
sample from the Norwegian West Coast (approx. 63 N) and 9 samples from
the Thule waters (approx. 76 N) fitted into the pattern of the samples
from Danish waters. The particulate fraction (>>0.45 _u) of the Pu acti-
vity in the samples was generally less than 10% in most samples; the mean
of the Danish samples was 7+2 (1SD)%. The mean particulate fraction of
the Thule samples was 13 + 4%. The 241Am/- 239» 240Pu ratio in
Danish waters was 0.11 + 0.03 (ISO; 7 samples) and in Thule water 0.18 +
0.09 (1SD; 4 samples). These ratios are lower than that in accumulated
fallout (<~'0.3 ji) because Am is more easily removed from the water column
to the sediments than Pu. In particulates Am/Pu is higher than in the
water (0.3 +0.2 (ISO: 4 samples).

The main source of Pu and Am in Danish waters during 1978-1980 has
been global fallout. It has not been possible with any certainty to
show the presence of a plutonium contribution from Uindscale in our
samples.

Sediments

Sediments have been collected in Danish waters since 1975. Three
sites, Barsebaeck in the Sound, Ringhals in the Kattegat, and a loca-
tion in the Great Belt have been followed during the period, (cf. Fig.
1).

Table 1 summarizes the results and furthermore shows the results
from 3 stations at Thule that are contaminated by only global fal-
lout. It is remarkable that the total deposit at all stations is
nearly the same, although the fallout rate in Thule is approximately
only one-fourth of the fallout in Denmark.

'i.

However, as the observed ratios (CF) show, it seems to be the
concentrations of Pu in the water rather than fallout rate of Pu that
determine the levels in sediments. The observed ratios (CF) for Am
were approximately 3 times higher than those for Pu, in agreement with
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the lower solubility of Am in sea water. It is, furthermore,
interesting to notice the higher Pu/Cs ratio in the high-salinity

137Thule waters than in Danish waters, where the sedimentation of Cs
is greater.

Table 1

Plutonium and Americium from global fallout in sediments
collected 1975-1980 in Danish and Greenlandic waters

?̂ P ?40Total "r'̂ upu deposit
in sediments

p7q 040Mean <̂ '̂ upu concen-
tration in 0-3 on sedi-
ment layer
Relative SD of mean
concentration
Number of samples

241, ,239,240̂Msan fm/ Pu
ratio _+ 1SD
Number of Am analysis
Mean 239'240Pu/137Cs
ratio corrected for
Windscale !37Cs
„„ sediments 0-3 on
^ bottom sea water

sediments 0-3 onr̂ bottom sea water ""
Maan salinity in
surface water
Mean salinity in
bottom water

Unit

_2nCi m

pCi kg"1
dry matter

%

pCi kg~VpCi JT1

pCi kg~VpCi £~1

0/00

0/00

Barse-
back

1.3

63

104

19
0.29+0.06

13

0.11

2xl05

6xl05

~10

~30

Ring-
hals

1.1

15.7

47

17
0.31

1

0.11

4xl04

IxlO5

~20

~34

The
Great
Belt
1.2

36

2

2
0.34+0.04

3

0.13

9xl04

3xl05

~10

~30

Thule

1.3

58

65

3
0.25+0.08

7

0.34

IxlO5

3xl05

-32

~34
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Seaplants

Table 2 summarizes the results of Pu and Am measurements in
Fucoids and Laminaria collected in Danish and Greenlandic waters
since 1970. Fucoids concentrate Pu and Am approximately two times
more than Laminaria. The observed ratio (CF) for Pu does not differ
significantly from that of Am. The observed ratio for the same
species is the same in Thule waters as in Danish waters. Figure 3
shows that there was no significant difference in Pu concentrations
in Fucoids collected in "low" and "high" salinity Danish waters,
although this was to be expected in case of constant observed ratios
in fucoids collected in waters of different salinities. Within the
year the Pu levels showed variations similar to those observed
between years. The reasons for these variations may be explained by
the varying growth rate of the Fucoids.

Table 2
Plutonium and Americium in Fucoids and Laminaria collected
1970-1980 in Danish and Greenlandic waters

239,240̂  . ,Pu in dry matter
relative SD
number of samples

241, ,239,240̂  ^ ,„_.An/ Pu + 1SD
number of Am analysis

seaplant dry ^
sea water surface

CF seaplant wet pusea water surface
seaplant dry ———
sea water surface

Unit

pCi kg
%

pCi
kg-l/pCi H
pCi
kg-VpCi Si
pCi
kg-l/pCi a

Danish waters Thule waters Thule waters
1977-1980 1970 &1974 1979

Fu-
cus

3.4
60
43

0.19+0.07
5

1.9X104

4xl03

3.3xl04

Lami-
naria

1.8
17
4

-

l.OxlO4

2xl03

-

Fu-
cus

30
66
6

_

_

_

_

Lami-
naria

6.8
62
4

_

_

_

-

Fu-
cus

10.6
43
3

0.1640.11
3

2.3xl04

5xl03

2.9xl04

Lami-
naria

4.5
60
5

0.11+0.03
2

l.OxlO4

2xl03

0.6xl04
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144Table 3 gives two examples of unusual high Pu and Ce levels
in brown algae collected from the East coast of Greenland. These
samples were not growing when they were collected. They may have
been transported with the ice from distant locations and they may
thus reflect local contaminations years back at such locations

Table 3

Two examples of unusual radionuclid-e concentrations in
brown algae collected along the East coast at Greenland.

I. Fucus sp., 66°N, 37°U, August 1978
(Collected by local people)

dry weight40 pCi
2400 pCi
35 pCi
13 pCi

239 • 240Pu kg"1
144Ce kg"1
137Cs kg"1
9°Sr kg"1

II. Laminaria sp. 80°N, 16°W, September 1980
(Collected during the YMER expedition, the sample was
also analysed by Elis Holm)

239 240 -146 pCi ' Pu kg x dry weight
2200 pCi* 144Ce kg"1

137 -11270 pCi Cs kg
27 pCi 6°Co kg"1

* for comparison with I; decay connected back to August 1978.

Both samples may contain other radionuclides, the analysis of
II. is not completed

Mussels

During the period 1978-1980, 8 samples of Mytilus edulis have been
analysed for Pu. The mean level was 1.0 pCi ' °Pu kg"1 dry
weight or 0.12 pCi kg fresh weight. The relative standard devi-
ation of the results was 62%. The raLio of plutonium in mytilus (dry)

3to surface sea water was 5.4 x 10 . On fresh weight basis the
ratio was 650. The ratio between observed ratios for Fucus and Mytflus
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Table 4

Nordic Intel-comparison 1980 on dry seaweed collected at the
Norwegian West-coast.

137CS
134CS
226Ra
239,240pu
241,Am
4°K
144Ce
228Th
9°Sr
238Pu
228Ra

laboratory
I II III IV V

Bq (2 kg) ~ dry weight
24
0.8
3.3
0.26
0.043
3560
3.3
4.5
6.2

5.1

25 21
1.3
4.8
0.47
0.38
3380

4.6

24

5.2
0.35

3600

5.5
0.031

23

2.5
0.31

X

23.4

3.95
0.35

3513

relative
SD
in %
6.5

32
26

3.3

was 3.5 (dry weight) or 6 (fresh weight). Fucoids are thus more
sensitive bio-indicators of Pu than are mussels. Shells of mussels

oshowed observed ratios of 1.8 x 10 for Pu.

Intercomparison

The analysis of Pu and Am in environmental samples makes great
demands on analytical capability. In a joint research programme,
intercalibration among the participating laboratories is therefore a
must. During its "Coordinated Research Programme" the IAEA organized
intercalibration of sea water (SW-N-1) and sediment samples (SD-B-3).

Within the Nordic laboratories participating in the programme a
special excercise on sediment intercalibration including the sampling
step had been accomplished. The results were reported at the IAEA/EEC
seminar in Ispra in March 1980. Furthermore, a sample of dry seaweed
has been analysed for transuranics by four laboratories in the Nordic
countries.
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The relative SD between the participating Nordic laboratories in
the Pu intercomparison was 26% for the sediment intercomparison (15
samples each analysed by 5 laboratories) and also 26% of the seaweed
analysis (1 sample analysed by 4 laboratories). Table 4 shows the
results of this intercomparison on seaweed. The relative SD between
the five sediment samples applied in the intercomparison was 23% for
nCi 239'240pu m~2, and 18% nCi 137Cs m~2.

Conclusions

Low-salinity waters contained lower Pu concentrations (0.18 fCi
I"1) than high-salinity waters (0.5 fCi l"1). 10% of the
fallout Pu in Baltic surface sea water is particulate
(,-0.45,1).

The Am/ ' Pu ratio in sea water was approximately
1/3 - 1/2 of the ratio in accumulated fallout.

The observed mean ratio between top sediments and unfiltered
bottom water was approximately 10 for plutonium and 3 x 10 for
americium.

Marine sediments from shallow waters in the North Atlantic
region contaminated by global fallout contained approximately
1.2 nCi of 239>240pu m~2 and 0.4 nCi of 241Am m~2.

Fucoids showed two times higher plutonium and americium levels
than Laminaria.

The observed mean ratio between Fucus and unfiltered surface3water was 4 x 10 (fresh weight) for pltonium as well as for
americium.

The observed mean ratio for plutonium between flesh of Mytilus
and surface water was 650 (fresh weight): the shells showed ratio of
1.8 x 103.

Intercomparison exercises have shown that the relative standard
deviation between Nordic laboratories was approximately 25% for the
analysis of plutonium in environmental samples.

During the Coordinated Research Programme, David Edgington spent
a week in our laboratory at Riso. Dr. Edgington advised us
concerning the treatment of the sediment samples collected at
Thule. Such visits are very usefull and should be encouraged in
future programmes.
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STUDIES ON DISTRIBUTION OF ACTINIDES BETWEEN
SEAWATER AND PARTICULATE FRACTIONS
IN THE BALTIC SEA AND ITS GULFS*
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Helsinki,
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Introduction

The pattern of the vertical distribution of plutonium and ameri-
cium isotopes in the sea gives information not only on their chemi-
cal behaviour in the marine environment but also on the processes of
vertical material transport through the water column. The major
source of plutonium and americium in the oceans is from radioactive
fallout. In some regions releases from nuclear industry are already
noticeable, too. The annual deposition rate of fallout plutonium
has been studied in several countries. The latitudinal distribution
of the fallout plutonium has been estimated by Hardy et al .
This has to be reckoned with when comparing results from different
marine areas.

241The Am-isotope has been formed in situ mainly from the
241decay of Pu but partly it has been released in the same way as

the plutonium isotopes by direct fallout. At present the activity
ratio of Am to ' Pu of the global fallout in the envi-

[2]ronment, based on soil analyses, is about 0.2̂  . Assuming that
241there will be no new fallout, the amount of Am will increase

and have a maximum about the year 2040. At that time the
241Am/239'
about 0.42.
241 239 240Am/ ' Pu activity ratio of intergrated fallout will be

The water was collected on six standard hydrographic stations of
a section ranging from the Eastern Gulf of Finland to the Northern
Baltic Sea proper and two standard hydrographic stations in the
Bothnian Sea. One sampling station was selected in the deepest part
of the Aland Sea. In the Gulf of Finland the surface salinity is
increasing westwards from about 4.5 o/oo to some 6.5-7 o/oo in the
Central Baltic Sea. In the deepest parts of the Gulf of Finland the
salinity increases with depth reaching some 9 o/oo at 70 - 80 m.

* Contract No. 2316 for the Research period 1978-81.

33



In the Bothnian Sea the surface salinity is about 6 o/oo increasing
slowly downwards. At the latter area, however, no permanent halo-
cline is found and the water column undergoes a turnover almost
regularly twice a year.

Relatively few results have been published about occurrence of
Pu and especially Am in brackish water columns. Some Pu and Am

f 31results of the present study have been reported earlier l J. This
239 240paper presents the results of measurements of ' Pu and

Am on a series of samples collected from the Gulf of Finland,
the northern Baltic Proper and the Gulf of Bothnia in 1980. The
salinity of these sea areas varies bwtween 4 and 9o/oo.

Sample Collection

The water was collected at four stations and four depths in the
Gulf of Finland in May 1980 and at five stations and three depths in
the northern Baltic Proper and in the Gulf of Bothnia in August 1980.

The sampling stations were named LL-7, Loviisa 11, XV-1, LL-3,
EB-I, B7, Soili, LL-19 and LL-15 (Fig.l). From Loviisa 11, LL-19
and LL-15 only surface water was collected. From the others both
surface water and water near to the bottom were collected and from
four stations (LL-7, XV-1, EB-I and Soili) the water between the
surface and the bottom was collected.

Sampling was carried out in collaboration with the Institute of
Marine Research, Helsinki onboard R/V Aranda.

For fractionating the radioactivities in the water column bet-
ween the water and particulate matter water was pumped by a submer-
sible pump and then filtered through a 0.30 um Millipore cartridge
filter or 0.45 um Millipore disc filter. Both the filtered water

239 240 241and the particulate matter were analyzed for ' Pu and Am.

Separation of Pu and Am

242The water samples were made 0.1 M in HC1 and the tracers Pu and
243Am (0.2 - 0.5 dpm) were added immediately after collection. From the
acidic solution plutonium and americium were coprecipitated with mixed
hydroxides and carbonates using saturated NaOH solution. The second co-
precipitation was made by scavenging the actinides with approximately 100
mg Fe . The filters containing the particulate matter were wet ashed
with nitric acid for destroying the organic material and completing the
leaching.
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Plutonium analyses were made using an anion exchange method modified
[4Jat our institute . Americium was analyzed by cation and anion ex-

change together with solvent extraction with HDEHP (di-2-ethylhexyl phos-
phoric acid) according to a method described by Ballestra et al.
After these steps, plutonium and americium were electrodeposited onto
platinum discs and their alpha activity was determined using a silicon
surface barrier semiconductor detector and a multichannel pulse height
analyzer. The chemical yield varied between 20 and 80 per cent.

Results and discussion

23y 240 241The Pu and Am concentrations of the samples are given
in Tables 1 and 2 expressed as fCi 1 . On the basis of these data the
plutonium and americium concentrations in filtered water vary little with
depth. No significant difference was observed due to the different pore
sizes used (0.30 and 0.45 urn). The average concentrations of
239 240 241 + -1' Pu ana Am are calculated to be (0.14 - 0.6) fCi 1
and (0.05 +_ 0.02; fCi 1 respectively, and the average
241 239 240Am/ ' Pu activity ratio is calculated to be (0.42 +_ 0.17).

The result reported by Bowen for ' Pu in the open Atlan-
tic surtace water is about 1 fCi 1 . The values for surface water in
the Atlantic and the North Sea along the Norwegian and Danish coasts are
0.2 - 0.3 fCi l"1 and 0.3 - 0.7 fCi l"1 respectively . The
greater values for the northern North Sea are probably due to mixing of
waters containing plutonium from the British and French reprocessing

241 -1plants. For Am the corresponding values are 0.07 and 0.17 fCi 1

Results from other authors are given in Table 5,

For particulate matter in surface waters the average values are
(0.049 + 0.018 fCi l'1 for 239'240po, and (0.019 + 0/05) fCi l""1
for 241Am in May and (0.006 +0.003) fCi l'1 for 239>240pu and
(0.003 + 0.002) fCi l"1 for 241Am in August. These results are in
fair agreement with those found in the Mediterranean and in Lake
Michigan (Table 6).

The data (Tables 3 and 4) show that in the Spring "*' ^uPu and
241Am activities in particulates become smaller with depth and late in
the summer Pu and Am activities in particulates increase with depth.
The 241Am/239 ' 240Pu activity ratio varies little with depth or
season and it is calculated to be (0.51-+ 0.24), which is nearly the
same value as the Am/ * Pu activity ratio in filtered water-.
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On the basis of the Am/ ' Pu activity ratios in water and
in the particulate of the Mediterranean surface water it is estimated

241that the particles are enriched in Am i
factor of approximately 3 over the water.

241that the particles are enriched in Am relative to plutonium by a

In the surface water of the Mediterranean Sea, on an average,
239 240 2413.8 and 10% of ' Pu and Am, respectively, are in particulate

form. The results of this work (Tables 4 and 5) show that on an average
239 240 24122 and 31% of ' Pu and Am, respectively, are retained by

the filter from the surface water of the Gulf of Finland in May and, on
..„ - 239,240,, . _„, , 241. , . ,an average 5% of Pu and 7% of Am are retained from the

surface waters of the Baltic Sea and the Gulf of Bothnia in August.
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Table 1. Pu, Am concentrations and 241
activity ratios in water of the Gulf of Finland in

May 1980 (The standard deviation of radioassay (1

Station

Filtered

LL-7 . .
II

ti

II

Loviisa II
XV-1
"
M

LL-3
ti

Depth (m)

water

0
25
50
75
0
0
25
50
0
50

Date of
collection
«0.3Q«m)

5.5.1980
II

It

It

6.5.1980
6.5.1980
"
M

b. 5. 1980it
Average concentration (<0

Particulate 239> 240Pu

LL-7
M

II

M

Loviisa II
XV-1 ,
"
H
LL-3
"

0
25
50
75
0
0
25
50
0
50

241and Am on

5.5.1980
tt

II

II

6.5.1980
6.5.1980
II

II

6.5.198011

Average concentrations (>

Volume of sea
water filtered (1)

152
151
145
149
137
151
144
149
129
152

.30^00

cartridge filters (>0.3(

739
687
731
612
561
730
691
707
702
704

0.30/on)

6) is indicated)

239*24%(fCi/i)

0.13 + 0.02
0.17 + 0.06
0.13 + 0.03
0.12 + 0.03
0.35 + 0.07
0.20 + 0.02
0.12 + 0.07
0.18 + 0.03
0.09 + 0.02
0.18 + 0.03
0.17 + 0.07

W

0.034 + 0.004
0.015 + 0.003
0.016 + 0.003
0.008 + 0.002
0.065 + 0.008
0.064 + 0.007
0.072 + 0.013
0.071 + 0.015
0.033 + 0.007
0.019 + 0.004
0.040 I 0.026

24lAm(fCi/l)

0.04 + 0.01
0.05 + 0.02
0.06 + 0.03
0.05 + 0.01
0.07 + 0-.03
0.02 + 0.01
-
0.09 + 0.03
0.05 ± 0.03
-
0.05 + 0.02

0.019 + 0.014
0.008 + 0.008
0.007 + 0.004
0.003 + 0.001
0.026 + 0.005
0.013 + 0.007
0.013 + 0.011
0.036 + 0.008
0.017 + 0.004
-
0.016 + 0.010

241Am/239,240pu

0.31 + 0.09
0.29 + 0.15
0.46 + 0.25
0.41 + 0.13
0.20 + 0.09
0.10 + 0.05
-
0.50 + 0.19
0.55 + 0.35
-
0.35 + 0.15

0.56 + 0.42
0.53 + 0.54
0.44 + 0.26
0.37 + 0.15
0.40 + 0.09
0.20 + 0.11
OJ8 + 0.16
0.50 + 0.15
0.51 + 0.16
-
0.41 + 0.14
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Table 2. 239> 240pu, 241Am concentrations and Am/239» 240Pu actjvity ratios in the water of Baltic Sea and the Gulf
of Bothnia in August 1980 (The standar deviation of radioassay (1<5 ) is indicated)

Station Depth (m) Date of Volume of sea Filter pore °3' "u
collection water filtered(l) size (urn) (fCi/1 )

Pu ,«&> A»/239,2<0 pu
Filtered water

EB-I
H
tl

B7
Soili
11

II

LL-19LL-15

0
50
100
0
45
0
100
200
0
0

ooqParticulate '

EB-I
It
II

B7H
Soili11
LL-19
LL-15

0
50
100
0
45
0
100
0
0

4.8.1980
It
11

5.8.1980
ti

6.8.1980
II
It

6.8.1980
6.8.1980
Average
M

240Pu and 241

4.8.1980
11
II

5.8.1980
II

6.8.1980
II

6.8.1980
6.8.1980AverageM

146
151
155
134
113
152
159
157
158
156

concentration
II

Am on disc (0.45̂ un)

347
338
703
354
498
632
633
837
763concentrations

n

<0.45
<0.45
<0.30
<0.45
<0.30
<0.30
<0.30

unfiltered
<0.30<0.30
<0.30
<0.45

and cartridge (0

>0.45
>0.45
>0.30
>0.45
>0.30
>0.30
>0.30
>0.30
>0.30
>0.30
>0.45

0.12 +
0.06 +
0.15 +
0.14 +
0.08 +
0.11 +
0.11 +
0.09 +
0.12 +
0.11 +
0.11 +
0.11 +

,30im) filters

0.009 +
0.017 +
0.072 +
0.010 +
0.013 +
0.004 +
0.011 +
0.002 +
0.006 ?
0.018 +
0.012 +

0.04
0.02
0.04
0.05
0.05
0.03
0.04
0.03
0.02
0.02
0.02
0.04

0.003
0.004
0.012
0.004
0.005
0.002
0.006
0.001
0.003
0.027
0.004

0.03 + 0.02 0.25 + 0.19
0.05 + 0.03 0.83 + 0.57
0.06 * 0.04 0.40 + 0.29
0.07 + 0.04 0.50 + 0.34
0.04 + 0.02 0.50 + 0.40
0.04 + 0.02 0.36 + 0.21
0.07 + 0.05 0.63 + 0.50
0.04 + 0.03 0.44 + 0.360.06 + 0.04 0.50 + 0.34
0.04 + 0.03 0.36 + 0.280.05 * 0.01 0.45 T 0.11
0.05 + 0.02 0.52 + 0.29

0.002 + 0.002 0.22 + 0.23
0.016 + 0.011 0.94 + 0.68
0.034 + 0.012 0.47 + 0.18

•*. -—

0.007 + 0.005 0.54 - 0.44
«. — -

0.006 + 0.003 0.55 + 0.41
0,002 + 0.002 1.00 + 1.12
0.005 + 0.004 0.83 + 0.78
0.012 + 0.015 0.71 + 0.25
0.009 + 0.010 0.58 + 0.51



Table 3. Plutonium and americlum In brackish water retained by
0.30 urn filters in May 1980

Statj on

LL-7
II

It

II

Lovilsa II

XV- 1
n
n

LL-3
n

uepth
(m)

0
25
50
75

0

0
25
50

0
50

Date of collection

5.5.1980
"
"
II

6.5.1980

6.5.1980
1'

11

6.5.1980
M

Pu-239, 240

(% on filter)

2 1 + 4
8 + 3

1 1 + 3
6 + 2

16 + 3

24 + 3
38 + 15
28 + 7

27 + 7
1 0 + 3

Am-241
(% on filter)

32 + 25
14 + 15
10 + 7
6 + 2

27 + 10

39 + 25
-
29 + 10

25 + 13
-

Table 4. Plutonium and americium in brackish water retained by 0.30 ym and 0.45 urn filters
in August 1980

Station

EB-I
It

11

B7
II

Soi 1 i
ti

LL-19

LL-15

Depth
(m)

0
50
100

0
45

0
100

0

0

Date of collection

4.8.1980
tl

It

5.8.1980
n

6.8.1980
It

6.8.1980

6.8.1980

filter pore
size (pm)

0.45
0.45
0.30

0.45
0.30

0.30
0.30

0.30

0.30

Pu-239, 240
(% on filter)

7 + 3
22 + 8
32 + 8

7 + 4
14 + 9

4 + 2
10 + 6

1.6 + 0.8

5 + 3

Am-241
(% on filter)

6 + 7
17 + 14
36 + 20

15 + 12

8 + 6

3 + 4

n + n
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Table 5. and in surface waters of different regions.

Region
Average concentration in
unfiltered sea water
239'240Pu 241Am
(fCi/1) (fCi/1)

Reference

Open Atlantic Ocean
Mediterranean
Lake Michigan
Northern North Sea
This work

1
1
0.6
0.4
0.18

0.2
0.06
0.02
0.1
0.06

Bowen et al , 1975
Fukai et al , 1976
Wahlgren et al , 1975
Murray et al , 1978

239 240 241Table g. Participate ' Pu and Am in surface waters retained by
0.45 ym filters in different regions.

Region

Lake Michigan
Mediterranean

x This work

239,240pu
(fCi/1)
0.020
0.040
0.025

241Am
(fCi/1)
-
0.005
0.012

Reference

Wahlgren et al ,
Holm et al ,

1975

x filter pore size 0.30 or 0.45 pm

Publications on behaviour of transuranic elements in aquat-
ic environment carried out by Department of Radio-
chemistry, University of Helsinki, Unioninkatu 35, Finland

Miettinen, J.K., Jaakkola, T. and Jarvinen Marja, Pluto-
nium isotopes in aquatic foodchains in the Baltic Sea,
Proceedings of International Symposium on Radiological
Impacts of Releases from Nuclear Facilities into Aquatic
Environments, IAEA, Otaniemi, Finland, 30 June - 4 July
1975.
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Simola, K., T. Jaakkola and J . K . Miett inen, Plutonium in
Baltic sediments, presented to 4th European Congress of
the International Radiation Protection Association, Paris,
France, 1977.

Simola K., T. Jaakkola, J .K . Miet t inen, L. Niemistb and
A. Voipio, Vertical distribution of fallout plutonium in
some sediment cores from the Baltic Sea, to be published
in Finnish Marine Research, 246, 1979.

Jaakkola, T., Tolonen K., Huttunen Pertti and Tiainen
Soili, Distribution av 239>240pu och 137Cs i Arsvarviga
Sjb'sediment, paper presented at The Second Nordic Seminar
of radiocology Halsingb'r, Denmark, May 8-10, 1979 (in
Swedish).

J .K . Miettinen and Marianne Lax, Distribution of Radio-
nuclides in Seawater and Sediments, Isotope Marine Chem-
istry pp. 35 to 49, 1980.

Success of the IAEA 3 - year Contract (1978 - 1981)
on Transuranics in Ocean and needed for

continuation of othe programme.

The programme has been a success. Its goal was to get informa-
tion on the fractionation of the transuranic nuclides in the water
column between free water and particulate fractions and to provide

technological aid to those laboratories beginning transuranic studies.

Both goals have been met. We now know much more on the fra-
ctionation of transuranic nuclides, in its different regions those we
did 3 years ago. This programme was instrumental for acquiring the
information from some r'mportant regions, e.g. the Northern Baltic.

The programme must be continued because in many countries the

technical ability to carry out reliable investigations has been
acquired only recently.
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Also, we need more information on the behaviour of not only
transuranics but also other long half-life nuclides present in the
nuclear wastes in the marine environment in various regions of the
world. Each sea and even each area of the open ocean behaves
differently.

We also need more information on the chemical forms of these
radionuclides in water and sediment layers. Solubilization into
interstitial water and resolution are not yet fully known.

We know more information about processes bringing these nuclides
to man's foodweb. The purpose of this research should be to provide
information on the radiation doses from future levels of radionu-
clides in various marine environments which could cause exposure to
the human populations.

Monaco: May 15, 1981 Jorma K. Miettinen.
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TRANSURANIC CYCLING BEHAVIOUR
IN MARINE ENVIRONMENT*

Y. BELOT, P. GERMAIN
CEA, Centre d'etudes nucleaires de Fontenay-aux-Roses,
Departement de Protection,
Fontenay-aux Roses,
France

Introduction

During the last three years, current programme attention was focused
on the behaviour of transuranics at the water-sediment and water-atmos-
phere interfaces. The objectives of this research were: (i) to learn
more of the potential pathways back to man; (ii) to provide an input to
the numerical models for estimating doses from short-term or long-term
releases. This paper is a report of some of the most significant results
and conclusions from the activities of the past three years.

Plutonium and americium uptake from contaminated sediments by three
benthic organisms. (Miramand P., Germain P. and Camus H) ' '

Laboratory experiments were undertaken to study the biological avai-
lability of plutonium and americium sorbed onto sediment particles. Poly-
chaetous worms (Arenicola marina), bivalve molluscs (Scrobicularia Plana)
and amphiphod crustaceans (Corophium volutator) were allowed to accumu-

238 241late Pu or Am from a contaminated sediment under flowing uncon-
taminated water. The animals were taken out from the sediment after a
given exposure time, then were placed in uncontaminated water for 16
hours in order to purge all contaminated sediment in their digestive
tract. The concentration factor (C.F.) from sediment, calculated on a
wet weight basis, after 14 days, is less than one and is similar for the
two radionuclides. Corophium (C.F. =0.1) accumulates ten times more
radionuclide than Scrobicularia Plana.

Pore water was extracted from a sediment by means of a squeezer, and
measured for its americium concentration. For a sediment contaminated at
10 uCi kg~ (dry weight), the activity of interstitial water was

-4 -12 x 10 ^Ci 1^ . In another experiment, concentration factors from
filtered contaminated seawater for the three organisms were measured.
The concentration factors from water alone were much higher than those
from sediment. By multiplying the pore water activity by the concentra-
tion factors from water alone, activities in organisms were derived,

'Agreement No. 2307 for the Research period 1979-81.
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which were approximately 50% of the activities actually measured in
organisms contaminated from sediment plus pore water. The difference
could be due to direct uptake from ingested particles.

Distribution of plutonium and americium in sediments and benthic
organisms sampled on the Frer
(Germain P. and Miramand P.)
organisms sampled on the French coast of the Channel

The distribution of plutonium and americium in sediments, molluscs
and annelids is described for two stations situated North and South of
the La Hague fuel reprocessing plant. The stations are an estuary and a
bay where fine-grained sediments accumulate in large quantities and where
sediment-dwelling organisms are easily found. At each station, sediment
and biota samples were collected in March and June of 1980 and were ana-
lyzed for plutonium and americium. Data indicate that the level of tran-
suranics is not very different in the two stations. A comparison of the
results with those obtained in regions only exposed to fall-out shows
contamination from La Hague releases. This industrial contamination is

238 239confirmed by the values of the isotopic ratio of Pu/ Pu in sedi-
ments, which are about 0.4 compared to a value of about 0.3 in fall-out
material. The concentration factors from sediments have been calculated
using the radionuclide concentrations in biota and associated sediments.
These factors are much higher than those obtained in the laboratory for
organisms living in contaminated sediments, under flowing uncontaminated
water.

Transfer of americium from sea to atmosphere by bubble bursting at—-
water surface (Belog Y., Caput C. and Gauthier D)

Laboratory experiments were performed to determine whether sea-
spray particles generated by bubble bursting could be richer in americium

241than bulk water. The experiments were conducted adding Am and
22Na to natural seashore water, blowing bubbles through the water by
means of an hydrophobic porous membrane, and drawing the resultant aero-
sol through a cascade impactor for subsequent analysis. The data obtain-
ed show that the americium to sodium ratio in aerosol particles is en-
hanced by several orders of magnitude compared with that in bulk water.
The enrichment is the highest for the largest particles and decreases
slightly for decreasing particle size. For submicronic particles, analy-
tical uncertainty causes 'doubt as to whether or not any enrichment is
present. The results are compared to those obtained in situ for pluto-
nium, americium and other trace metals.

(1) Laboratoire de Radioecologie Marine, Centre de La Hague,
B.P. No. 270, 50107 Cherbourg.

(2) Departement de Protection, Centre d'Etudes Nucleaires de
Fontenay-aux-Roses, B.P. No. 6, 92260 Fontenay-aux-Roses.
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DISTRIBUTION OF TRANSURANIC ISOTOPES IN THE
WATER OF THE NORTH SEA AND ADJACENT REGIONS*

H. KAUTSKY, H.-F. EICKE
Deutsches Hydrographisches Institut,
Hamburg,
Federal Republic of Germany

INTRODUCTION

During the years 1978 to 1980 large scale Investigations were carried
out for the determination of transuranics in the Western Baltic Sea, in
the Kattegat and Skagerrak, and in the whole of the North Sea including a
strip to the West and East of the Orkney and Shetland Islands, as well as
in a region between North Cape and Spitzbergen.

As Murray, Kautsky et al. •• ' ' ' have shown, transuranic isotopes
are transported into the North Sea by the currents not only from around
the northernmost tip of Scotland but also from the English Channel in the
South. They originate principally from the nuclear fuel reprocessing
plants at Windscale near the Irish Sea, and, to a lesser extent, from the
plants at Dounreay in Northern Scotland and La Hague in Northern France.

The measurements in the North Sea region were carried out in order to
gain better knowledge about the further spreading and behaviour of tran-
suranic isotopes which are introduced into the sea from nuclear fuel re-
processiong plants. As far as the other areas are concerned, measure-
ments are intended to provide basic data, respectively to supplement the
only very meagre data material available.

The isotopes of Pu and Pu were determined from 60 1
f 41unfiltered seawater according to the method of Murray and Statham •

241Nevertheless, for analysis of Am^200 1 of seawater were required
owing to the lower concentrations. For that reason, this isotope could
be determined in only a limited number of samples taken from particularly
interesting regions.

239+240The sampling stations and the concentrations of Pu in sea-
water - from the years 1979 and 1980 - are shown in Figs. 1 to 4. The
data of 1978 were made known in an earlier report; however, they are now
interpreted together with the present results.

* Agreement No. 2319 for other Research period 1979-81.
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239+240The slight rise of the Pu concentrations observed in March
1979 in the surface water of the Western Baltic Sea and in the Kattegat
went back again in 1980 to values such as were measured before 1979 (see

? ̂QFigs. 1 and 3); Pu was present in such low content that it either
could not be detected in 60 1 samples or the values lay near the limit of
detection of 0.03 fCi l"1.

241Am was measured in the surface water of the Kiel Bight in 1979

-1
with a value of 0.05 fCi 1 4- 20%, and at three positions in the
Kattegat with values of 0.04 +32%, 0.05 + 20%, and 0.06 + 35% fCi 1
These activity concentrations were ascribed to fallout.

As one can see in Fig. 1, in March 1979 Plutonium concentrations
occurred, in the near-bottom water layers of the eastern Kattegat and off
the northernmost point of Jutland, whch were clearly higher than those in
the surface water. The appearance of these heightened activity concentra-
tions is due to the influx of North Sea water which - because of its
higher salinity - spreads in the deeper layers of the Kattegat.

The measurements in the Barents Sea and off Spitzbergen during
August/September 1979 had a definite orientation. As the data indicate
(see Fig. 2), northwards of 74° N, on the average, somewhat higher plu-_-i
tonium activity concentrations (up to 0.63 fCi 1 ) occur than in the
regions situated farther South in which concentrations which are com-
parable with the fallout level of 0.2 to 0.3 fCi 1 were encountered.
At present, the origin of the activity concentrations with values_i
of >0.5 fCi 1 cannot be atributed to any particular source.

In the Barents Sea Am (8 samples) was found in the activity con-
centration range from 0.03 to 0.12 fCi 1 . An exception was a value
of 0.26 fCi l"1 + 21% at position 74° N, 30° E. Westwards of
Spitzbergen (79° N, 9° E) , an Am activity concentration of 0.19
fCi 1 + 22 % was found. These random type sample measurements in the
Barents Sea did not reveal any definite trend.

The investigations in the North Sea region now show that the main
quantity of plutonium isotopes at present in the North Sea is transported
with the ocean currents around the northernmost point of Scotland and
around the Orkney Islands into the North Sea.

The distribution of plutonium is shown in Fig. 4. In the region of
the Scottish and English East coasts which extends from 59° N to 55°
N, the Pu activity concentrations have remained almost unchanged since
1978 with values of 2 to 4 fCi 1 ; whereas, those to about 53 N in
the southerly direction have somewhat decreased. In the easterly
direction - above all, in the Central North Sea - higher plutonium con-
tents have spread further and are still clearly recognizable westwards of
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the 5 E meridian off the Norwegian cost to 62 N. In the regions
238 239+240just described, the activity ratio of Pu/ Pu, with a mean

value of 0.19, appears to be almost constant. This value varies conside-
rably from the existing ratio of 0.05 in fallout. This also shows
clearly that the greatest part of the plutonium originates from nuclear
energy plants, especially from nuclear fuel reprocessing plants.

Off the Southern North Sea coasts and in the German Bight, the radio-
logical conditions are extensively determined by the influx from the
English Channel. Compared with the values measured in 1978, here the
plutonium concentrations have in part considerably fallen, which may be
traced back to the reduced introduction from the nuclear fuel reprocess-
ing plant at La Hague. The fact appears to be interesting that the
spheres of influence of the northerly and southerly influx into the North

, , . , . . . 239+240 ,137Sea on the basis of the concentration ratios of Pu/ Cs -
particularly in the region eastwards of the Eng]ish Channel - permit dis-
tinct differentiation and demarcation. For example, the Pu/Cs ratios in
1978 along the English East coast from the Pentland Firth to 53° N have

—3 —3astounding constancy with numerical values of 0.3.10 to 0.2.10 ;
whereas, in the region southwards of 53 N as far as the Straits of-3Dover, values occurred of up to 4.1.10 . The constancy of the Pu/Cs
ratios from the northerly influx further supports the thesis that the
part of plutonium which enters the North Sea from nuclear fuel reprocess-
ing plants - in regard to the transport mechanism - behaves analogously
to Caesium.

During 1978, off the coasts, a reduction in the Americium activity
concentration values, ranging from 0.48 + 15% fCi 1 near the Straits
of Dover to 0.15 fCi 1 + 13 % near the island of Texel, was observed.
The corresponding values in the same area were between 0.26 + 16% and
0.11 + 17% fCi l"1 in 1980; whereas, in the German Bight in 1980 at
three positions Am contents of only 0.03 + 31%, 0.04 + 31%, and 0.06 +
22% fCi 1 were measured, which correspond to the fallout level. Even

241if Am in the North Sea at the moment is only present in low
quantities, this isotope - because of the continuous new formation from
241Pu - should be accordingly borne in mind.
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TRANSURANIC CYCLING BEHAVIOUR
IN MARINE ENVIRONMENT*

S. DANALI-COTSAKI
Greek Atomic Energy Commission,
Environmental Radioactivity Laboratory,
Attiki, Greece

1. Scientific Background

From the 12 transuranic elements now known, neptunium, plutonium,
americium, curium and californium represent legitimate environmental con-
cern today as these five are produced in large quantities as byproducts
of Nuclear Power Plants . Of the five elements of concern, the
first four have been found in measurable amounts in some marine environ-
ments while both Pu and Am are minor constituents of fall-out from
nuclear tests.

There is also naturally occuring Pu, produced as a result of neutron
p O Q

absorption of U, but it has been detected in ultra trace quantities
in Uranium rich minerals only. The presence of Pu in nature essentially
results from human activities, that is; from (a) nuclear weapon tests,
(b) accidental releases and (c) effluent discharges from fuel reprocess-

F21ing facilities.1 J

These transuranic elements are important because of their toxicity,
long residence times and potential harmful effects to marine biota and
subsequent danger to humans by transfer of contaminated seafood.

2. Scope of the Project.

Our research was initiated by studying the concentration of Pu in the
marine environment around the Greek Peninsula because of its importance
as a transuranic element. We were invited by the IAEA to join the Co-
ordinated Research Programme on this topic. It was important to begin
these studies of the concentration of the transuranic elements in the
Greek seas in order to determine the background levels before the opera-
tion of the first Nuclear Power Stations in Greece. We are grateful to
the Agency for its assistance to our efforts in this field.

* Contract No. 2317 for the Research period 1979-81.
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3. Experimental part.

The description of our experimental work is as follows:

a) Sampling: We have defined four sampling places and are near
Rhodes, Lemnos, Kavala and Sounion. Besides the above sampling
areas we collect samples occasionally from other areas such as
Kalamata, Porto Rafti (Evoikos) Crete, Aliveri (Evoikos), Pireus
etc. (Fig. 1).

The distance of the sampling points for three of the sampling
areas was near the coast; but for Rhodos as well as an occa-
sional sample, the distance was about 500 m away from the coast.

The sampling period covered sampling once per month for the
years 1979, 1980 and early 1981. Samples of about 2.5 1 were
collected once per month, but occasionally the collected sample
was about 50 1. Adding the monthly collected samples during one
year period, from the above sampling sites resulted in a com-
posite sample of 30 1. The sample collectors as well as the
storage bins were made of plastic.

b) Sample preparation; The samples are acidified by 12 M HC1
to pH 2 or 2.5 after their arrival at the Laboratory, which
takes about two hours after their collection. Samples collected
from Rhodos, Kavala, Lemnos, arrive at the Laboratory 2-3 days
after their collection. No filtration of the samples takes
place but they are immediately chemically treated according to
the Talvitie [3'4̂  and Fukai et al [5].

Pu was separated through ion exchange column (chloride form of
F4150 - 100 mesh), and electrodeposited according to Talvitie .

The anode for the electrodeposition, according to HASL^ ', is a
platinum disc, of 1 mm thickness and 12 mm diameter and is put in
the middle of the distance between the surface of the electrolyte
and the cathode. The cathode is a planchet of stainless steel
(No 304), of a thickness of 0.5 mm and 10 mm diameter, and it is
placed on the bottom of the cell.

The bottle used for the electrolysis is of polyethylene, resis-
tant up to 100 C, and its volume was 20 cm . The electroly-
sis, if an internal tracer was used, lasted for one hour, but if
not, it lasted for two hours. The cathode, after drying, was
taken for counting. The diameter of the mounted area was about

OQ£7 mm. The chemical yield was determined by using Pu, about
0.3 dpm, as an internal tracer, which behaves as an isotopic
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carrier also, is equal to 25%. Besides the sea water samples,
collected by our Laboratory, we also examined the radioactivity
of the sediment reference sample (SD-B-3), prepared by IAEA
Marine Radioactivity Laboratory (Monaco). For the treatment of
this sample we applied the methodology described by Ballestra,

Holm and 1
[3,4,5,6]

Holm and Fukai ' and Holm and Fukai ^ in addition to the
previous reported ones

c) Counting: The counting is by a spectrometer consisted of a 2048
channel analyzer by Nuclear Data, Model 60, connected to a mixer
of 4 surface barrier detectors. The sensitive area of the de-

2tector was 300 mm and the depletion depth 100̂ u. The detector
and the sample were put in a vacuum chamber where, by using
mechanical pump, the pressure was about 100 mTorr. The sample
was fixed at a distance of 15 mm from the sensitive area of the
detector and the resolution was 57 KeV and the efficiency 8%. By
decreasing the distance of the source up to 25 mm we got a better
efficiency equal to 22%, but the resolution increased to 136KeV.
The background was about 35 counts per day. The calibration of
the counting system was carried out with a standard source of
239Pu + 241Am + 244Cm with a total activity of 152 nCi.

4. Results and Conclusions: Several collected samples of sea water have
been treated for Pu and counted, but the results are not repor- ted. This
is due to the difficulties of a contaminated detector. The sediment
reference sample of 0.8 g. (SD ) was counted for 2700 min. The results
are shown in Table 1. The results from the other samples, which have been
treated properly and are ready to be counted, will help in the
determination of the back-ground radioactive levels around the Greek seas.
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FJQ. 1. Map of Greece showing locations of basic sampling
stat ions (A).
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BEHAVIOUR OF TRANSURANIC NUCLIDES
IN COASTAL ENVIRONMENT*

K.C. PILLAI, E. MATHEW, V.M. MATKAR,
N.N. DEY, M.C. ABANI, B.F. CHHAPGAR, C.D. MULLAY
Bhabha Atomic Research Centre,
Health Physics Division,
Environmental Studies Section,
Trombay, Bombay,
India

1. Behaviour of Transuranlc Nuclides in Coastal Environment

2. Rationale for Research to be carried out

In view of the nuclear technological developments, the potential for
contamination of marine environment with transuranic nuclides has
increased. In this context it is necessary to know not only the
current levels of these artificial nuclides but there is also a need
to understand the physico-chemical, biological and geochemical beha-
viour of transuranics to evaluate their significance in the marine
environment. Studies on these aspects have been carried out in the
coastal environment of the west coast of India, near Bombay. The
results obtained and conclusions drawn from the various investiga-
tions carried out are given below.

2.1 Development of analytical techniques for estimation of
transuranics in environmental materials

The detection-and estimation of Pu, Am and Cm in sea water and in
other marine samples is difficult owing to the large amounts of salts
present in the media, the presence of ultra trace quantities of these
nuclides, the fact that they are artificial elements having no stable
element counter part, the existence of the nuclides in multiple va-
lence states, and since the nuclides are alpha emitters, radiochemi-
cal separation of the nuclides from large amounts of naturally occur-
ring alpha emitting nuclides present in marine samples is required.

A large number of methods are available for estimation of Pu, Am and
Cm in marine samples. Most of the methods involve a preconcentration
step mostly coprecipitation on Bismuth Phosphate, Ferric (or Ferrous)
hydroxide followed by solvent extraction or ion exchange and estima-
tion by alpha spectrometry. The Bismuth Phosphate coprecipitation
technique for estimation of Pu in marine samples was found to give
higher and more consistent recoveries ' . The procedure had also

* Contract No. 1954 for the Research period 1977-81.
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the advantage that initial precipitation is carried out under the
acidic conditions and hence losses by contaminer absorption and poly-
mer formation are reduced. However, an argument against its wider
adoption was the difficulty in making it a part of the sequential

mscheme for other nuclides .

The Bi PO, method has been now developed into a sequential procedure for
estimation of Pu, Am and Cm in environmental samples. Optimum concentra-
tion of nitric acid in sea water for efficient recovery of Pu, Am and Cm
were worked out by conducting a series of experiments for Pu, and Am (and
Cm) up to 0.16 M acid concentration in sea water. In the estimation of
TUs in sediments, iron in sediment extracts interfered with the recovery
of Am (and Cm). However in the presence of a reducing agent Am recoveries

+3up to 76% were obtained from solution containing 1000 mg Fe /I. The
241 228most significant interference for Am estimation arises from Th

owing to its close alpha energy. The interference in the procedure deve-
234loped was investigated using Th tracer and was found to be negligi-

ble. The outline of the sequential scheme developed is given in Fig. 1
and the details have been published^ *.

2.2. Distribution of Transuranic nuclides in coastal environment

The coastal waters around Bombay receive in addition to industrial and
domestic effluents, treated low level radioactive effluents from
Bhabha Atomic Research Centre, Trombay. Investigations made earlier
on the behaviour and distribution of discharged radionuclides in

f4 5)Bombay Harbour Bay have been already reported L ' . The present
study was undertaken to assess the levels of Pu and Am in different
matrices of the coastal environment of the west coast of India during
1977-1981, details of which are reported elsewhere^ *'

Measurements were made on samples mostly collected from different
locations, within 30 km from the Research Centre (Cf Fig.2) of the
coastal areas of Bombay. The samples include sea water, sediments,
organisms and solar salt. Besides marine samples, two fresh water
lakes located near the city of Bombay were also studied to assess the

90 137current levels of Pu and Am. Some data on Sr and Cs are also
given to obtain relative information on their biogeochemical behaviour.

2.2.1. Sea Water

During the period, 6 coastal locations as shown in Fig. 1
were sampled for surface sea waters. The sample size varied from
10-100 litres. Filtered samples (Whatman No. 42) were used for Pu
and Am estimations. The average values obtained during the years
are given below.
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Table 1

Average Pu Concentrations in Coastal Waters over four years

Year

1977

1978

1979

1980

239,,Pu
avg'(fci i-1) range

2.6 + 2.1 1.7 - 4.6
(7)

1.8 + 1.4 1.1 - 4.3
(6)

1.27 + 0.08 0.3 - 2.2
(3)

0.6 + 0.6 (1)
( ) no. of samples

239pu 239pu
90Sr 137Cs

0.0038 0.0017

0.0007 0.06

0.0014 0.0001

0.0007

OOQ
Statistically significant Pu levels could not be obtained

in view of the short counting periods used and the small sample size.

The data obtained is presented in the form of a long-normal probabi-
lity plot in Fig. 3. The medium value obtained is 1.46 fCi l"1
which is very close to the fallout levels of Pu, 0.2 - 1.32 fCi l"1
reported for open ocean and coastal waters during the period of
study. It may be noted that Pu levels in sea waters are similar in
samples from locations both in the Bombay Harbour Bay and from out-
side the Bay on the Western Coastline of Bombay. (Location 5 and 1
and 2 in Fig. 1). Also fresh water lakes near Bombay had the same
levels of Pu as in sea waters, (cf Lake waters).
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SEA WATER

SUPERNATANT
DISCARD

ADD HNO3
i42 Pu AND Z4*Am TRACER
NH^OH, HCf
HEAT
H3P04 AND 8 t*3 CARRIER

\
&iP04 ( Tfi, Nb, Pu, Am, Cm)
DISSOLVE IN 6 N HCf, DILUTE WITH
O.Z H HC€ TO MAKE IT 0.75 N HCt

EFFLUENT
DISCARD

DOWEX so x a
WASH COLUMN WITH O.7S NHCl

ELUTE COLUMN WITH CON. HCl
EVAPORATE, RESIDUE DISSOLVE
IN 6 N HN03 ADD Na NOZ

DOWEX 1 x a
WASH WITH & N HN03

I
EFFLUENT (Am, Cm)
EVAPORATE TO DRYNESS
DISSOLVE RESIDUE IN
l.O N HiS04 . ADD(/VH4)J

SO4 AND ELECTROPLATE
ON SS PLANCHET

\
WASH COLUMN WITH COH HCt
DISCARD EFFLUENT ( Th)

\
ELUTE WITH NH..I IN CON. HCf

I
EFFLUENT(PU) DECOMPOSE
WITH HHO3 DISSOLVE RESIDUE
IN l.O N HZ504 ADD(NH4.),LS04

AND ELECTROPLATE ON
SS PLANCHET

FIG.l. OUTLINE OF SEQUENTIAL RADIOCHEMICAL PROCEDURE
FOR PLUTONIUM AND AMERICIUM (ALSO CURIUM)
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FIG. 2. SAMPLING LOCATIOHS.
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2.2.2. Lake Waters

239Pu levels in surface waters of two fresh water lakes located in
the North of Bombay city at a distance of 14 and 16 km from the
Research Centre were estimated.

Table 2
Pu concentrations in lake waters

Year
Cs

Pu
avg' (fCi 1-1) ranSe

239Pu
90 Sr

239Pu
137

1977 2.6 + 1.8 1.6 - 4.2
(3)

1978 2.85 + 1.1 1.4 - 4.3
(2)

1980 < 1.0 + 0.19 (1) 0.0003 0.0003

( ) no. of samples

The lowest concentration obtained was during rainy season when
there is maximum dilution of the surface waters during heavy rains.

The Pu levels in lake waters show a log-normal distribution and
the mediam value obtained is 1.76 fCi 1 (Fig. 4). Slightly
high levels of fallout Pu in lake waters is possibly due to the
contributions from the terrestrial runoff into the lake from the
catchment areas.

2.2.3. Marine Organisms

A variety of coastal organisms were studied for estimation of Pu and
Am levels during the period.

(i)Sea Weeds: Two species of sea weeds from two locations on the
west coast-Mangalore 700 km South of Bombay and Tarapur 100 km North
of Bombay, were obtained. The results are given in Table 3.

Table 3
Pu, Am concentration in Sea Weeds

239n 238,, 241.Pu Pu AmCollection Location Species ————————————————————————————
pCi kg"1, wet

1977 Mangalore Ulva 0.059+0.02 0.024+0.007 0.01+0.02
lettuca

1977 Tarapur Sargassam 0.73+0.24 0.17+0.09 0.32+0.03
1979 Tarapur Sargassam 3.46+0.53 0.29+0.12 2.73+1.6
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Ulva lettuca from Mangalore had lowest levels of Pu and Am. Sargassum sp.
is known to have higher accumulation factors for Pu than other species of
sea weeds. Levels ranging from 2.8 - 83 pCi kg have been reported by
Noshkin et al^ ' for Sargassum from Atlantic Ocean during 1970-71.

(ii) Benthic Organisms: The benthic organisms studied were mostly
from the Bombay Harbour Bay. They include clams, crabs and oysters.
Earlier studies had shown higher accumulation of Pu in Area than in other
organisms. These organisms except one oyster species were all collected
from the bay within 5 km distance from the discharge location. Pu and Am
concentrations in flesh and shell/bone are given in Table 4.

In the case of Area the flesh concentrations of Pu and Am varied from 0.61
-. _1

to 9.06 (avg. 3.25) pCi kg" (wet) and 0.11 to 3.9 (avg.1.44) pCi kg
(wet) respectively. The shell concentrations of Pu in most cases were
lower than the flesh values. Relatively higher values were observed in
1977 compared to the values in subsequent years. This was evident also in
the average sea water concentrations during these years.

10 0

1 O

3
0.

atm

0 1

0.01
O.O1 0.1 Z S" 10 ZO 4-O 60 60 30 9* 98

CUMULATIVE PERCENT

2 * o
FIG. 3 LOG- NORMAL DISTRIBUTION OF Pu IN SURFACE SEA WATER

OF BOMBAY BAV FROM 1377- GO
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In view of the possible fluctuating levels of Pu in the
discharge areas due to irregular releases and tidal oscillations, no
attempts were made to correlate the accumulation with respect to sea
water values. However, it is evident from the lowest concentration of
Pu in flesh tissues and the average Pu values in sea waters of the bay
(cf Table 1) the accumulation factor is more than 400.

241Am concentration in flesh tissues of benthic organisms
were lower by factor of 2. Relative to Pu, higher concentration of
241Am is found in shells indicating its preferential accumulation in
shells. No attempt has been made to obtain accumulation factors for Am
since statistically significant Am concentrations in sea water could
not be obtained for this area.

239
Ratios of Pu 239

90, and Pu
137, in the flesh of benthic organisms

Sr Cs
from the bay were an order of magnitude higher than the ratios found
in the flesh of non-benthic organisms thus indicating significance
of this specific pathway for transfer of Pu from aquatic environment
to man.

Table 4

Pu, Am concentrations in Benthic organisms form Bombay Harbour Bay

239
Year Species Part Pu 241Am

pCi kg"-*- wet pCi kg~l wet
avg. range avg. range

1977 Area Flesh
(Anadara
granosa)

6.6+0.67 4.3-9.06
(3)

3.02+0.25 2.1-3.9
(3)

Shell 0.4+0.04 0.3-0.5 1.45+0.13 1.3-1.6

Flesh

Shell

Flesh

Shell

Flesh

0.86+0.1

0.59+0.01
0.69+0.04

-

0.06+0.03

(2)

(1)
(1)

0.61-0.77
(3)

-

(1)

(2)

0.41+0.17 (1)

0.57+0.26 (1)

0.31+0.039 0.11-0.18
(3)

-
_ _

1979

1980

1977 Crab _
(Scylla
Serratta) Shell 1.11+0.12 (1)

1977 Oyster Flesh 2 + 0 . 1 0 1.11-2.9 0.79+0.08 0.57-0.98
(Crassostrea (2) (2)
Sp)

Shell 0.32+0.06 (1) 0.24+0.06 (1)
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(Ill) Non-benthic organisms: Eight species of non-benthic orga-
nisms were assayed for Pu and Am concentration. Flesh and bones
were analysed separately in the case of 4 species and the whole
organisms in the case of others. One of the species cat fish (Arys
Species) were sampled during all the years and the results are given
separately.

Table 5
Pu, Am in non-benthic organisms

. partsSpecies , ,* analysed

Cat Fish Flesh

Bone

Pompret Flesh
Mullet etc.

Bone

Others Whole

Pu
Avg . Range

(pCi kg'1)

0.22 0.013-08
(7)

1.45 0.045-3.35
(3)

0.55 0.36-0.9
(3)

0.95 0.47-1.91
(3)

0.29 0.09-0.66
(4)

Am
Avg.

(pCi kg-1)

0.04

0.21

0.047

0.19

0.053

Range

0.006-0.16
(5)

0.12-0.29
(A)

0.012-0.07

0.07-0.28
(4)

0.03-0.096
(3)

Unlike in the case of shells of benthic organisms, bone accumu-
lated 5-6 times more Pu and Am than the flesh. From the average Pu con-
centrations in flesh and bone for various species and the average con-
centration of Pu in sea water, the concentration factor in flesh ranges
from 150 to 375 and for bone from 640 to 1000.

239 90 239 137Pu/ Sr and Pu/ Cs ratios in these species ranged
from 0.0014 to 0.009 and 0.0005 to 0.017. These ratios are an order of
magnitude lower than those found in benthic organisms.
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2.2.4. Solar Salt

A number of salt pans located on the coast line of the Bombay Harbour
Bay utilizes the bay waters for manufacture of salt by solar evapora-
tion during the non-monsoon period from October to May. Salt samples
obtained from these salt pans were examined for possible accumulation
of Pu. One kg of salt was dissolved in 4 litres of distilled water
and the filtrates after acidification and addition of internal tracer
were analysed for Pu.

Pu content in the 12 salt samples from different locations ranged
between 0.01 to 0.12 pCi kg with an average value of 0.04 +_
0.01 pCi kg . The salt from the salt pans in proximity with the
discharge location had Pu content higher by a factor of approximately
2 than the ones from outside the bay areas. From the average Pu con-
tent in sea water obtained during the period, the accumulation factor
for Pu in salt calculates to 28.
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2.2.5 Coastal sediments

The preferential localisation of Pu near discharge location relative
to other radionuclides released to the bay have been reported
earlier . The pattern of distribution in shore and bottom sedi-
ments are complicated by various factors such as resuspension of
sediments by wave action, to and fro tidal movement and resultant
tidal transport and seasonal effects due to monsoon when there is
maximum runoff and turbulence in the bay.

A few specimens of shore sediments from the bay indicated accumula-
4 5tion factors for Pu in the range of 10 - 10 . Compared to the

offshore surface sediment, the shore sediments near the discharge
location had 2-8 times higher levels of Pu. One of the lake sedi-
ments had Pu levels of 102 pCi/kg possibly indicating terrestrial
runoff from catchment areas.

2.3 Interaction of Pu with sea water

Interaction of Pu in waste effluents and in pure solutions with sea
water were studied to obtain information on the solubility in water,
ageing effect, influence of carbonate/biocarbonates and dissolved
humic materials in sea water.

The maximum amount of Pu solubilised by the interaction of waste
effluents with sea water in the volume ratios of 1 : 200 were 20 pCi
l"1 which is equivalent to 3 x 10~4ug Pu l"1 (10~12M). The
Pu solubilised in sea water had cationic, anionic and non-ionic

—12 —13species. At 10 - 10 M concentrations, the non-cationic and
non-ionic species increased with time •

Interaction of pure Plutonium nitrate solutions with sea water showed
maximum amount of Pu was retained in solution soon after mixing. With
time more and more of Pu gets precipitated. At 10 M concentra-
tion in sea water it was found that after 120 days only 20% of the Pu
originally present was in soluble form. As in the case of effluents
interacted with sea water, the non-ionic species increased with time.

Interaction of Pu with organic matter (OM) extracted from sediments
-4showed that one mg of OM solubilised about 2.4 x 10 ug Pu and therqiPu was converted to the anionic form l * . Relative solubilisation

of U, Th, Ra and Pu with organic matter was found to be in the decre-
asing order (U > Ra >- Th -̂ » Pu ).
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Organic matter in sea water enhanced the solubilisation of Pu in sea
water. At 20 mg/1 of sea water the solubility of Pu was increased by
factor of 5.

Carbonates/bicarbonates influence the solubility of Pu in sea water
and is found to be directly proportional to the amount present in sea
water. One mg of carbonate solubilised 5 x 10 ug Pu per litre of
sea water. Solubilisation of Pu by organic matter appears to be
higher in presence of carbonates/biocarbonates.

_ _-I
At 96 mg HCO, 1 of sea water, organic matter was found to

—3solubilise 1.3 x 10 ug Pu per mg of organic matter in sea water.
It was been demonstrated that Pu in association with high molecular
weight organic componds can be present in sea water. Experimental
results show that even though organic matter present in sea water can
solubilise more Pu in sea water, inhibiting hydrolysis and precipita-
tion of the nuclide, these solubilised species can be further removed
from sea water by suspended silt. However, no data is available on
the possible utilization of the dissolved species by biological
organisms.

2.4 Plutonium in coastal sediments

The behaviour of Pu in the marine environment depends upon the
physico-chemical nature of the introduced Pu through fall-out, waste
releases and other sources and the subsequent interactions that might
take place in the medium. Sediment accumulates a major fraction of
the released Pu in coastal environment . The nature of Pu in
sediments influences its further interactions and biological availa-
bility. Remobilisation of Pu from sediments can take place as a
result of physico-chemical and biological factors. Some of these
aspects have been examined.

2.4.1. Leachability of Pu from sediments

In order to study the nature of Pu sorbed on sediments, different
leaching solutions were used to extract Pu.

A contaminated coastal sediment was mixed thoroughly and 50 g
aliquots of wet sediments were treated with 400 ml of bleaching solu-
tions seperately with intermittent stirring. The leaching solutions
used were 1 N ammonium, acetate, 0.05 N HC1, 0.1 N HC1, IN HC1, 4 N
HC1 and 5% EDTA. The slurry was allowed to settle overnight. The
supernatants were filtered (Whatman No. 42). The residue was washed
with 100 ml of leaching solution and both the filtrates were analysed

239together for Pu by radiochemical separation and alpha spectrome-
242try using Pu as an internal tracer.
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239Total Pu in the original 50 g aliquots was determined by
repeated 8 M HNO.J extraction and estimating Pu in the extract. The
per cent of Pu extracted by each leaching agent is given in Table 6.
The results indicate relative values for different leaching agents.

That Pu is not present in an exchangeable form in sediments is
evident from the extremely low release from ammonium. Acetate
leaching of the sediment. Both N/20 and N/10 HCE extracted Pu to the
same extent. Similarly, 1 N HC1 and 4 N HC1 extracted about 50% of
Pu from sediments. Pu is known to be extracted quantitatively from
marine sediments by 8 M HNO~. Therefore Pu is most likely present
in the sediments as hydrous oxides. About 30% of Pu could be removed
from sediments with EDTA indicating possible solubilization of sorbed
Pu by similar complexing agents which are likely to be present in sea
water/sediments.

Table 6

239Pu leached out from coastal contaminated sediments

239
S.No. Leaching solution Pu leached out % Total

pCi

1.
2.
3.
4.
5.
6.
7.

2.

1 N Amm. Acetate
0.05 N HC1
0.1 N HC1
1 N HC1
4 N HC1
5% EDTA
8 N HNO

Remobilization of Pu

0.81 + 0.16
1.75 + 0.81
1.36 + 0.29
66.38 + 14.77
68.1 +13.78
42.7 + 3.73
143.5 + 36.93

from sediments

0.6 + 0.2
1.2 + 0.6
0.9 + 0.3
46.3 + 15
47.5 + 15.5
29.8 + 8.1
= 100%

The removal of Pu from contaminated sediments was studied using
normal sea water, sea water with enhanced carbonate concentrations
and sea water with added organic matter. Three sediments from
different coastal locations were taken up for the study.

Sediments were mixed with different volumes of sea water and stirred
intermittently. The slurry was allowed to settle over night and the
supernatant was filtered out through millipore filter (0.22 urn) and
Pu estimated. The experiment was repeated using sea water with
carbonate added (140 mg CO. 1 ) and sea water with organic
matter extracted from sediments added (20 mg/dry wt 1 ). The
results obtained are tabulated below.
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The amount of Pu released from sediments to sea water appears to be
very small. Sediment to water ratio influences the removal to a
large extent. Maximum values for removal were obtained when the
sediment load in water is low (50 ppm). This is significant in the
context of silt transport and resuspension in coastal waters. Carbo-
nates in sea water enhances the release to some extent. However
there was no appreciable difference in the removal of Pu with sea
water containing excess organic matter indicating that Pu is not
mobilised through organic matter dissolved in sea water. Earlier

[11] had indicated that K, factors for Pu in silt isdstudies
higher by factor of 2 from sea water containing excess organic matter
than normal sea water.

Table 7

Removal of Pu from sediments by sea water

Pu removed
pCi

removed239 wt of
Pu sediment

Sedi- in (g) and —-
ment sediment volume of SW SW+C03 SW+OM SW SW+C03 SW+OM

pCi/g sea water
(1) used

1 2.87

2. 0.16

50 and <C 0.008 0̂.006 3.5
400 +0.0003

0.5 and - 0.0028 0.0038 - 3.3
1000 +0.0078 +0.0092

_

4.4

3. 8.84 0.05 and 0.0246 0.0536 0.0185 5.6 11.0 4.2
1000 0.008 +0.0094 +0.0140

2.4.3. Remobilisation from sediments under anoxlc conditions

Coastal sediments already contaminated with added Pu which were
used in the Laboratory uptake experiments were used for the
purpose. In addition to naturally occuring organic materials the
sediment had organic matter derived from organisms (clams) grown on
sediment beds in the Laboratory. The organic matter content was
8.6% compared to 3% found in coastal sediment.
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The sediment was thoroughly mixed and 200 ml of the slurry was
mixed with 500 ml of sea water and transferred to a round-bottomed
flask fitted with inlet and outlet tubes with stop cocks. Two
identical sets were prepared. One was used as a control. The
contents in the second flask was made anoxic by bubbling KUS gas
through the slurry with repeated shaking. The flasks were kept
closed and were shaken intermittently. The sediment and sea water
were allowed to remain in contact for a period of 5 weeks.

200 ml of supernatants from each flask was removed, filte-
red through a millipore filter (0.22 urn) and Pu estimated in the
filtrate. Pu was coprecipitated on Fe(OH) /Fe(OH). dissolved in

+3+59 M HC1 and Pu was isolated by passing the solution through an
anion column. Total Pu in the filtrate was also estimated and are
indicated below.

Table 8

Removal of Pu from sediments under anoxic conditions

Control Sample

pH of filtrate 7.75 7.9
Total 239Pu in filtrate(dpm) 0.0239+0.0154 0.0383+0.0165

Release from sediments 0.002 0.003
(% of total)
Excess Pu released from - 0.0144 dpm (60%)
sample (dpm)

Pu+3+5in filtrate 0.0159+0.0077 0.036+0.01
(67%) (94%)

As observed earlier, the Pu release from the sediments to
the sea water is only a very small fraction of the total. It may be
noted that the water to sediment ratio was small (500/70). Moreover
the organic matter content in the sediment was high. However it is
seen from the results that the reducing conditions in the sediment
enhanced the release rate to the extent of about 60%. The released
Pu in the case of the latter was either in the Pu or state
due to their non-adsorbability on the anion column. This experiment
is being repeated to confirm the findings.
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2.4.4. Plutonium in humic fraction of sediments

Sea water is known to contain a number of organic (ligands)
componds. Interactions of Pu with dissolved humanic materials and
other organics in sea water and sediments assume significance in coa-
stal waters in view of their higher availability in such areas. In

—1 —2sediments, ratio of organic to inorganic materials is 10 to 10
which is higher by 2 or 3 orders of magnitude than in sea water- Ura-
nium is known to become associated with humic acids and geochemical
enrichments have been reported. Pu interaction with organic consti-
tuents in sediments assume significance in view of their long half-

4 5life. K, factors of 10 - 10 have been obtained for Pu in coa-d
stal sediments; however an estimate of the organic bound Pu in sedi-
ments is not available. These aspects have been studied using the bay
sediments .

The "organic matter of the coastal sediments were obtained by
alkali extraction and purification by dialysis (4.8 mum pore diame-
ter), filtration through millipore filter (0.22 urn) and ion-exchange.
The purified fraction was decomposed, and the residue solubilised and
electroplated and alpha counted using an alpha spectrometer. Pu con-
tent in the organic fraction of the bay sediment obtained from the
same location over a period of few years are given in Table 9. The
same procedures were followed each year for extraction, purification
of organic fraction.

Pu content in the purified non-dialysable fraction of the
organic matter extracted from sediments varied from 0.22 to 4.27%.
There is a progressive increase of Pu content in the organic matter of
the sediments from the bay is evident from the results. The trend in
increase of Pu content in the organic fraction is possibly due to the
enhanced contact time of the released Pu with the sediments. Since
such reactions are slow it is likely that with more time of contact
more Pu can get attached to the organic constituents of sediments. It
is realized that sediments sampled would not have been confined to the
same place and would have undergone changes with time.

Am activity found in the organic fraction (0.35%) was only 4% of
239that of Pu though it was present in the sediment to the extent
239of 48% of Pu activity which indicates that Am is not likely to

be retained by the organic fraction of sediments. However in one of
the earlier experiments it was reported ' that the amount of Pu
and U in the organic fraction of sediment was 0.4% and 1.64% res-
pectively of the total amounts in sediments. The amount of Pu in the
organic fraction was only one millionth of the amount of uranium.
The possible geochemical enrichment of Pu like U in the organic rich
sediments will assume more significance in future and needs more
investigations.
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fable 9

Sediment
Year of for organic
sampling extraction

1968 200

1975 20

1976 1000

1977 1090

Total its Organic
sediment matter

(dpm) extracted
^Hatm ^ .-A. **"••« «"<»•*»«» > V

20.0 - 1080

18.3 - 196

919

1014 578 428J

dpm

0.27

0.31

2.20

43-3

Purified organic

Pn

dps x 10 /Bg

2.46+0.25

15.9+2.6

23.9±2.7
102 + 14

matter extract

1m

dpm dpmxlO~V«g

-

-

-

1 .71 4»01 + 1

Sampling location » (7) of. Pig. 2.

2.5. Laboratory studies on plutonium uptake

2.5.1. Plutonium uptake from contaminated sediments by clams

239About 10 kg of coastal sediments were spiked with Pu tracer
solution and mixed thoroughly with a mechanical stirrer. The sedi-
ment after thorough mixing was spread in four plastic tubs (60 cm x
30 cm x 30 cm) to an approximate depth of 2 cm. Sediments were
sampled from 4 points in each tub mixed together and an aliquot was

239analysed for Pu content.

The tub was now filled with sea water, about 20 litres. Aeration was
arranged to keep a mild circulation of the sea water without soiling
the sediment. After aerating the water for a day, 1 litre of the

239water was drawn, filtered and analysed for Pu content.

Bivalves 'Meretrix'(25) were introduced into the tub. The animals
were allowed to filter the water. No food other than that available
from the sediments, are given. The animals are taken out after 3
days from one tub. The organisms were kept in filtered sea water to
free their gut of any sediments. The shells were thoroughly scrubbed
to remove any adhering sediment and the animals were sacrificed. The

239soft parts and shells were separately processed for Pu estima-
242tion by radiochemical separation and alpha spectrometry using Pu

as an internal tracer. Same number of control animals were processed
239simultaneously to obtain Pu fallout levels in the organisms.
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Table 10

uptake by clams-

«w (pci*g, „«) £?tgSx
<î ci y o

Soft parts shell tv%+«i 259p,,
in sediments

x 10-4

0

3

5

15

20

EDL

0.17 ± 0

0.77 ±o
1.5 + o.
0.23 ±0

.46

.24

41

•34

0.073 ± 0.11

1.32 + 0.3

1.28 + 0.167

1.86 + 0.21

1.76 + 0.23

,

1.8

4-3

5«5

4.1

Concentration factor from

Sea water

flesh shell

_

3 26

15 25

50 37

5 35

Sediment

flesh .shell
X10"4

0.49

2.2

4»2

0.6

5.7

5«9

5.0

5.0

The uptake experiments were continued for 20 days using the
same contaminated sediments and sacrificing the animals at intervals
of 3, 10, 15 and 20 days and estimating Pu concentrations in soft
parts and shells.

The initial activity of the sediment and sea water were
3.5 + 0.22 pCi g"1 and 0.05 + 0.015 pCi l"1 respectively.
Concentrations of Pu in soft parts and shells at different intervals
are given in Table 10.

The rate of uptake of Pu by flesh calculates to 58, 154, 100
and 11 fCi/kg/day and by shells 440, 256, 124 and 88 fCi/kg/day for 3,
5, 15 and 20 days respectively. Since the same sediment bed was used
for uptake experiments, the lowering in uptake rates may be due to
non-availability of Pu as a result of the production of exometabolites
by the calms as 'observed earlier by Beasley and Fowler [12]

The fraction of Pu transferred from sediment to the whole
organism have been estimated in each case and the value ranged between

-4 -41.8 - 5.5 x 10 with a mean value of 4 x 10 . However, it has
to be noted that uptake can result from both direct sediment ingestion
and from water. The concentration factors (CF) from sea water and
sediments were calculated and are also given in Table.
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Attempts to keep the organisms alive on sediment bed for
longer periods were not successful. Experiments were conducted with
another species of clams (Anadara granosa) however the mortality rates
were high and consequently meaningful results could not be obtained.

Table 11

23 9TPu Up take by algae

Time Filtrate Filter bed Dry algae 239Pu
(days) (dpm/1) with algae (mg) dpm/mg K,j

dpm algae

0 159 .8+40 .2 135.6+12.9 -

23 37.3 + 6.9 6.9 + 1.1 6.6 1.06 2.9 x 104

38 28 .0+ 1.9 50.1+ 4.8 19.6 2.55 9.1xl0 4

50 69.7 + 4.3 15.0 + 0.6 23 0.65 0 9 x 104

58 !-9± °-4 19.7+ 1.6 96.5 0.20 10.5x10*

79 2.5 + 0.5 10.3 + 1.1 90 0.11 4.5 x 104

94 2.2 + 0.1 18.4 + 1.5 185.5 0.1 4.5 x 104

Av. 5.4 x 104

2.5.2 Pu uptake by algae from sea water

About 300 1 of settled, clear sea water was transferred to
round plastic tanks and was spiked with plutonium nitrate solution.
The sea water was stirred well and one litre was removed for estima-
tion of Pu. An algae culture 'Dunaliella species' was allowed to grow
in the spiked sea water. Nutrient solution prepared from soil extract
with added nitrates and phosphates were added to the plastic tanks
during the course of the study to enhance the algae growth. The expe-
rimental set up was exposed to direct sunlight at least for 3-4 hours
each day.
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One litre of aliquots of the sea water containing the algae
was removed at intervals of 2 or 3 weeks. The culture was allowed to
grow for about 14 weeks. The aliquots were filtered through millipore
filter (0.22 urn) and Pu was estimated in the filtrate as well as in
the algael residue in the filter paper.

Table 11 below gives the Pu levels in filtrates and in algae.
The growth of algae in water could be seen from the increase in weight
of algae obtained from each aliquot at different intervals. The
growth rates were influenced by the addition of nutrients. The fil-
trate activity reduction was partly due to adsorption on surface of
the plastic tank. The spurt in filtrate activity on the 50th day is
possibly due to the solubilisation of Pu by the decay products of4algae. The Kd factors for Pu in algae ranged between 1-10 x 104with a mean value of 5 x 10 which is similar to those obtained for
sediments.
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PRESENCE AND DISTRIBUTION OF PLUTONIUM
ISOTOPES IN TWO TYPICAL MARINE SYSTEMS
Taranto and Venice Gulfs*

C. TRIULZI, L. TASSI PELATI, S. ALBERTAZZI
Istituto Zoologia,
Universita Parma,
Parma

A. DELLE SITE, V. MARCHIONNI
CNEN-FUNZ,
CSN Casaccia, Rome,
Italy

Introduction

In the framework of environmental and radiological researches carried
out to define the base line level of natural and artificial radioactivity
in the Taranto Gulf (Ionian Sea) I » > J and in the Venice Gulf
(Northern Adriatic Sea), the Radioecology Laboratory of the Zoology
Institute has recently developed and is still developing together with
researches of CNEN, an investigation on the Pu and Pu con-
tents in different marine samples. This paper reports the results ob-
tained "• ' * on a set of environmental samples (water, plankton, orga-
nisms and sediments) collected during different cruises from 1972 to 1979
in such marine areas (see Fig.l) as well as in other stations around the
Italian coasts * , it can be noticed that the radioactivity data refer-
ring to the Northern Adriatic are still unpublished.

details of sample collection, modalities of conservation, classifica-
tion and preliminary treatment, not reported herein, are published else-

Fl 3 461where ' ' • At the end of its investigation on the Venice Gulf
the Radioecology Laboratory is planning to study a third marine area
around Elba and Giglio isles (Fig. 1) in the Northern Tyrrhenian Sea.
Moreover, the same Laboratory is going to start the determination of
plutonium isotopes contents in several fallout samples collected in the
past years and already analyzed by Ge(Li) gamma spectrometry .

The radiochemical method set up to determine plutonium in these
different matrix samples is wholly described in another extensive

r o I 7^6paper1 J. Each analytical sample was traced with Pu or Pu
spikes to determine the global separation yields. The separation and the
purification of plutonium from other natural alpha emitters and from
other matrix interferences was achieved by extraction chromatography on
columns of trin-obtyl-phosphine oxide (TOPO) supported on microporus
polyethylene (microthene-710). Each eluted fraction containing Pu (III)

* Agreement No. 2321 for the Research period 1979-81.
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was then electroplated and alpha sources were counted by a high-resolu-
tion calibrated f^-spectrometer (silicon solid state detector) or by
ionization chamber.

All values obtained by alpha spectrometry were corrected for reagent
blank, counting efficiency and for internal separation yield.

r o -1
A method was checked1 J by analyzing some sea water and organism

reference samples prepared by the IAEA Monaco Laboratory as well as by
analyzing SD-B-3 sediment sample and SW-N-1 sea water sample supplied in
1980 to intercalibration purposes.

Taranto Gulf samples and results

Fig. 2 shows the sediment collection stations. Sea bed material
samples termed "L" or ZL", were collected at about 10 m depth by a sedi-
ment grab sampler in October 1974 in front of the Sinni river mouth near
the pipe-line outlet of the NRC Trisaia located on the right bank of the
Sinni river, 4 km far from the coast line.

The other samples termed "ST" were collected (July 1972) at different
depths (see Table 3) by means of a Phleger corer (dia = 7 cm).

Sea water samples (100 or 200 1 of unfiltered surface water) were
collected in May 1972 and in October 1978 about 8 km off-shore the Sinni
river mouth between the ST2/A and the ST2/B stations on a 50 m batimetric
line; such samples are termed SW.l and SW.2, respectively.

The plankton sample (60 - 70% of Copepoda) and the neritic and
benthic organisms were collected in Dec. 1975 2-15 km off the coast line,
between the ST2/A and ST.E stations.

f 4 51Results ' of the radiochemical determination, with the error
(lo) due to the counting, are reported in Table 1; the data of vertical
sediment distributioi
3 are the following:

-1 239+240sediment distribution in pCi Kg dry of Pu as reported in Fig

Thickness
(cm)

ST2/A
ST2/B

0-6

10.5
17.4

6-10

11.7
23.2

10-18

7.6
13.7

18-31

0.8
11.4

30-40

6.2

rgiIn comparison with other samples cored at greater depth in the
Mediterranean sea (500 T- 5000 m) whose fallout delivery ranges from 3% to
10%, samples ST2/A and ST2/B show values of 2 and about 6 mCi/km2 which
are equal to the estimated plutonium deposition in the Mediterranean area
(2.1+ 0.5) and about 3 times larger, respectively.
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A few facts can be taken into account' ' to try an explanation for
the accumulation of Pu isotopes in the ST2/B station, that is, dispersion
of terrigeous material from both the coast shore-line erosion and river
outflow as well as the particulate transport process through surface cur-
rents from the Southeastern area to the Taranto Gulf. In fact, as poin-
ted out by other authors, the sea waters of the Ionic-Aegean basin are

239+240characterized by the highest Pu content in suspended matter
as well as by a concentration in such deep water higher than
elsewhere.

Venice Gulf samples and results

Fig. 4 reports the map of sampling collection in the Venice Gulf area.

Sediment samples (AAD/27/77, AAA/7/7/79 and AAA/5/79) were collected
in 1977 and 1979 by sediment grab samples in different stations (27, 7, 5)
from the Po river mouth on at different depths as shown in Fig. 4. Sur-
face sea water (unfiltered) samples (100 1 size) were collected (1979) in
stations 5,8 and E-4 (near station 27).

Mixed plankton samples were drawn nearby station 27 either on the sur-
face (AAD/om/79) or at a 10 m depth (AAD/10m/79) and on the surface
(AAA/8-fl8/79) between stations 8 and 18.

Preliminary results of the Venice Gulf area are reported in Table 2.
It can be noticed that the sediment Pu and Cs concentrations are
higher near the Po river mouth, whereas the water Pu concentration is
higher in the farthest stations.

Pu isotope concentration in plankton is higher in sample AAA/8-18/79
in comparison with sample AAD/om/79. The sample drawn at 10 m depth
(AAD/10m/79) shows a lower concentration value.

These latest values can be compared with the data relevant to
plankton of Taranto Gulf as well as with the other samples collected
along the Italian coast' ' which range from 0.065 to 320 pCi
239+240Pu/wet kg.

Finally, it should be pointed out that such an area is still being
thoroughly investigated. The results of the study will be published in a
future paper; in fact, attention should be paid to the role of discharged
suspended material from the Po to the Adriatic sea. To this aim, the

137vertical distribution of Cs (and plutonium isotopes) in the cores
collected in the Po river mouth area is at present under determination.
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TABLE 1 - Plutonium isotopes in waters, plankton, marine organisms and
sediments collected in the Taranto Gulf (Ionian Sea)

Sea Water
Samples

SW. 1 (1972)

SW.2 (1978)

Marine Organism

(1974)

SS
Go b£uA WLQ ZA.
Go bJJJub YIA.Q C/L

Elidonn mulatto,
and Oc^opoi vutQC
Soi^a. IOAC.CVUA
SolgjO. VU&JO/LC6

Plankton (1975)

Sediment
Samples
(1972)

ZL (1974)
ST.O
ST.2/A (*)

ST.2/A+B

ST.2/B (*)

ST.E

238,,Pu

fCi/1

o.io+p.o:

0.04+0.0

23!

pCi/kg wet

0.030

0.231

0.192

VUA °'°52

0.042
0.035

0.175

thickness
cm

0-2
0-6
0-6
0-6
0-6
0-6

239+240 238
PU PU 1nn

239+240Pu
fCi/1 %

2 1.51+0.09 6.6

1 1.32+0.07 3.0

3+240 238
PU PU

. ,, „ 239+240pCi/kg dry Pu
%

0.144

0.963 5

0.798 4

0.216

0.176 4

0.148 3

3.020 4

239+240 238Pu Pu ...
239+240,,Pu

pCi/kg dry %

1.98+0.57

14.30+0.47
10.50+0.50 8

13.56+0.66

17.45+0.71 4

12.67+0.31 6

(*) See also vertical distribution along the cores in Fig. 3
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TABLE 2 - Plutonium isotopes and Cs in waters, plankton and sediments
collected in the Venice Gulf (Northern Adriatic Sea)

Sea water
Samples (1979)

AAD/E4/79
AAA/8/79
AAA/5/79

Plankton
Samples (1979)

AAD/0m/79
AAD/10m/79
AAA/8-rl8/79

Sediment
Samples
(1977 - 1979)

AAD/27/77
AAA/7/79
AAA/5/79

238Pu
fCi/1

0.06+0.01
0.18+0.03
0.13+0.03

239+240Pu
fCi/1

0.82+0.05
1.29+0.09
1.80+0.13

239+240— Pu
pCi/kg wet pCi/kg dry

0.25
0.10
0.68

238_Pu
pCi/kg dry

1.11+0.08
0.97+0.07
0.37+0.04

5.31
2.12
10.71

239+240Pu
pCi/kg dry

30.3+0.4
26.0+0.4
10.3+0.2

137̂Cs
pCi/m3

216
193
197

238
239+24̂  10°Pu

%

7.5
ND
5.8

137Cs
pCi/kg dry

565
265
79
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Fig. 1 - Sample collection areas: 1) Taranto Gulf (Ionian
Sea); 2) Venice Gulf (Northern Adriatic Sea);
3) Slba-Giglio Isles (Tyrrhenian Sea).
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TARANTO GULF

Fig. 2 - Map of sampling locations in the Taranto Gulf
area (Ionian Sea). Dots denote sediment collec-
tion stations.
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30'

Fig. 4 - Map of sampling locations in the Venice Gulf area
(Norrh Adriatic Sea). Oots denote the water and
sedimenr collection stations.
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AMERICIUM-241, PLUTONIUM-239, 240 AND
CERIUM-144 CONTENTS IN SHALLOW NEAR SHORE
SEDIMENT COLLECTED AT TOKAI, JAPAN*

Y. KUROKAWA, A. YAMATO
Power Reactor and Nuclear Fuel Development Corporation,
Tokyo,
Japan

To investigate the behaviour of plutonium, americium and radiocerium
in marine environment, the contents of these nuclides in shallow near
shore sediment samples, including core samples, were measured. The
samples were collected in 1977 and 1980 at offshore Tokai-mura, Ibaraki
pref. JAPAN (36°26'N, 140° 37' E, Fig. 1). The bottom of this area
is covered with fine sand (1mm dia) over old shelf, and depth of the
water is less than 90 meters.

'.i *

1. Contents of 239> 240Pu and 144Ce-144Pr.

—The contents of "*»^upu and iH^Ce ranged from 0.55-77 pCi kg *~
dry (with a mean value of 25 pCi kg dry in 1977 and 14 pCi kg dry
in 1980) and 18.5-526 pCi kg" dry (with a mean value of 147 pCi kg"1
dry in 1977 and 43 pCi kg"1 dry in 1980) respectively (Fig. 2 & 3).
The two nuclides sliowed strong statistical correlation with each other in
these sedi- ment samples (Fig. 4).

i -, 241 » 239» 240,,2. Core sample analyses on Am and Pu.

Twenty two core samples were collected from the area in 1977 and
241 239 240 241Am and ' Pu were determined (Tables 1 & 2). Since Am

241is the daughter of Pu through its decay, strong correlation
between two nuclides was expected. But as shown in Fig.5, it was not as
strong as the correlation between ' Pu and Ce. This may be
caused by differences of valency states as well as by differences in the

241 239 240physical forms of Am and fallout ' Pu in a shallow near
shore environment.

The ratios of Am/ ' Pu in these core samples ranged from
0.1 to 0.79 with a mean value of 0.34 which excludes two suspect values
(Table 3). This mean value is higher than the values reported by
Livingston and Bowen in samples collected at Buzzards Bay, Massa-
chusetts. M. Yamamoto et. al* ' reported much higher ratios in soil
samples collected in Japan.

* Agreement No. 2320 for the Research period 1979-81.
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239 240The inventory of ' Pu in these core sediment samples was2calculated to be 1.18 mCi/km (averaged value) in 1977, which is
239 240almost the same as for cumulative fallout ' Pu in Tokyo

F31reported by Y. Miyake et all J.

239 240 144The contents of both ' Pu and Ce in sediment
collected in 1977 showed slightly higher mean values compared to
those in 1976 or in 1980 and may reflect the Chinese nuclear test
explosions. Decrease of ' Pu content in these samples may
be due to other phenomena than its decay.
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Table 1. Vertical distribution of 239'21(0pu in core samples
Collected at near shore Tokai, Ibaraki-pref. Japan in 1977

location

#(5)
#(15)
#(19)
#5
#14
#18
#23
#(D
#(9)
#4
#12
#16
#17
#21
#32
#49
#63'
#70'
#72
#74
#77
#110

0 - 5 cm

16 ± 1.7
22 ± 2.1
17 ± 1.8
10 ± 1.1
18 ± 1.8
18 ± 1.8

7.2 ± 0.9
12 ± ?1 . 2
13 ± 1.4

4.5 ± 0.6
9.7 ± 1.0
19 ± 2.0
13 ± 1.3
17 ± 1.9
20 ± 2.1
8.8 ± 1.5
3.0 ± 0.4
8.7 ± 1.0
39 ± 5.0
14 ± 1.6
8.1 ± 1.0
7.6 ± 0.5

5 - 15 cm

28 ± 2.8
18 ± 1.8
11 ± 1.2
7.8 ± 1.0
21 ± 2.2
20 ± 2.1

9.0 ± 1.1
12 ± 1.2

9.2 ± 2.8
4.2 ± 0.5
9.4 ± 1.0
13 ± 1.3
17 ± 1.7
17 ± 1.9
20 ± 2.1

4.5 ± 0.66
1.3 ± 0.3

-
11 ± 1.5
11 ± 1.3
11 ± 1.2
7.7 ± 0.4

15 - 50 cm

4.3 ± 0.5
28 ± 2.8
11 ±1.2

0.03 ± 0.06
22 ± 2.2
19 ± 2.1

1.0 ± 0.2
7.4 ± 0.9
1.2 ± 1.5

-
10 ± 1.7

7.6 ± 0.9
7.8 ± 0.9

-
18 ± 1.9

-
-
-
-
-

7.8 ± 0.9
-

50 - B cm

-
-

7.7 ± 0.9
-
-

8.9 ± 1.0
0.08 ± 0.09

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

length (cm)

40
20
62
47
42
54
55
35
17
13
62
20
42
11
39
12
10
4
5
12
33
25

B: Bottom of the core
pCi kg" - dry
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Table 2. Vertical distribution of 21flAm in core samples collected
at near shore Tokai, Ibaraki-pref. Japan in 1977.

location

# ( D

# 5

#16

#17

#18

#(19)

#21

#23

#32

#77

0 - 5 cm

4.1 ± 0 .43

2.0 ± 0.29

4.1 ± 0.52

4.2 ± 0 .49

-

-

5.6 ± 0.54

5.7 ± 0.55

5.4 ± 0.57

4.9 ± 0 .43

5 _ 15 cm

4.0 ± 0.46

2.1 ± 0.31

3.7 ± 0.45

5.6 ± 0.51.

7.9 ± 0.67

4.5 ± 0 .42

1.7 ± 0.22

2.6 ± 0 . 31

4.5 ± 0.41

5.4 ± 0 .60

15 - 50 cm

3 . 8 ± 0 . 3 8

0.31 ± 0.12

2 . 5 ± 0 . 3 0

2.4 ± 0.47

6.2 ± 0 .49

3 . 2 ± 0 . 3 2

-

2.9 ± 0.87

5.4 ± 0.52

1.2 ± 0.23

50 - B cm

-

-

-

-

2.7 ± 0.28

3.4 ± 0.35

-

-

-

-

B; Bottom o f the core.
Unit; pCi kg" - dry

Table 3. 'Am/ 2 3 9 I 2 "t 0Pu ratio in core samples

location

# ( D

# 5

#16

#17

#18

#19

#21

#23

#32

#77

0 - 5 cm

0.342

0.200

0.216

0.323

-

-

0.329

0.792

0.270

0.605

5 - 15 cm

0.333

0.269

0.285

0.329

0.395

0.409

0.100

0.289

0.225

0.491

15 - 50 cm

0.514

[10.33] *

0.329

0.308

0.326

0.291

-

[2.90 ] *

0.300

0.154

50 - B cm

-

-

-

-

-

0.442

-

-

-

-

Except * data,
n = 26
x = 0.341
a = 0.140

All data,
n = 28
x = 0.789
o = 1.90
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Fig. 1, Sampling points of sediment.

97



99.99

99.9

99

95

» 90

•p
•*
•H

.Q
O
Ma,

•H
-M

D

O

80

70

60

50

40

30

20

10

0.1

0.01

O #105
O 2 3 9

A l l t l t<

J P u

I I I M I 1 I
10
content (pCi/kg)

100 1000

Fig 2. Cumulative probability vs. content plot of 2 3 9 / 2 l * 0 p u and
1!*'*Ce in sediment collected at Tokai, Ibaraki-pref. in 1977.

98



•p
•H
iH
•H
.Q
(d
ft
O
Ma

•H
-p
(0
H

99.99

99.9

99

95

90

80

70

60
50
40

30

20

10

5

0.1

0.01

A #35

2 3 9 / 2 4 0 ,

*Pr

I I I I I I I I I I I I I I I I I I I I I I I I I I I
10 100
contents (pCi/kg-dry)

1000

Fig. 3. Cumulative probability vs. content plot of 2 3 9 / 2 i » O p u an(j
l l t l*Ce in sediment collected at tokai, Ibaraki-pref. in 1980.

99



100

.x\-H

-Pca;-Pcou 10

I I I I I I I I
10 100

Ce content (pCi/kg)
1000

Fig. 4. Correlation between 239'2"°pu and 1 "* "Ce- l "* ".Pr in sediment collected
at near shore Tokai, Ibaraki-pref. in 1977 and in 1980.

10

tn

(1)-PCOo

0.1 i i i i i i i i i i i i i i
2 3 9 f 2 it 0-, 10 100°Pu content (pCi/kg)

Fig. 5. Correlation between 21tlAm and 239'2topu ^nsediment core samples collected at shallow
near shore Tokai, Ibaraki-pref. in 1977.

100



STUDY ON THE BEHAVIOUR OF TRANSURANIC
ELEMENTS IN THE MARINE ECO-SYSTEMS AROUND
THE KOREAN PENINSULA*

K.R. YANG
Korea Advanced Energy Research Institute,
Seoul,
Korea

Description of research carried out

The radionuclide contamination of the marine environment is a serious
world-wide problem, especially in our country, Korea, as it is a penin-
sula located in the middle latitude of northern hemisphere of higher
fallout contamination zone. We also have a 600 Megawatt nuclear power
plant which has been in operation since 1977 at Kori situated on the sea-
shore of the East Sea . In addition eight PWR and one Candu type power
plant are under construction on the sea-shore of the East and Yellow
Seas. The operation of these plants could result in possible radioactive
contamination in the marine environment if not adequately controlled. We
have many fisheries, sea-weed farms and shell-fish breeding grounds in
inshore areas that must be protected as large quantities of marine pro-
ducts are taken for local food. There are some foods exported.

There are no published data of existing levels of plutonium and ame-
ricium in marine environments around the Korean peninsula. Therefore,
this study will provide local data on the transuranic contamination
levels which will be useful to marine radio-ecologists as reference data
and at the same time will give valuable scientific information for the
marine environment pollution control managements. Our concern is due to
the very high radiotoxicity of these transuranic elements and from their
long half-life and alpha emitting character.

The analytical procedures adopted for the determination of the pluto-
nium is those of Kai M Wong's, reported in Anal. Chim. Acta, 56 "Radio-
chemical determination of plutonium in sea water, sediments and marine
organisms" and for the determination of americium. "The procedure for
analysis of americium in marine environmental samples" by Bojanowski et
al, was adopted. The pure plutonium-236 and americium 243 are used as a
yield monitor and the radioactivity of the plutonium and americium isoto-
pes in a sample are determined by means of an alpha spectrometric mea-
surement using a alpha spectrometry system, ORTEC MODEL 576-600 RN equi-

2ped with a 600 mm ruggedized low background surface barrier detector.

* Contract No. 2315 for the Research period 1979-81.
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In this study, we have determined plutonium-239+240 and americium-241
for six sea water, six sea sediment and twenty seaweed samples which were
collected from the coastal zone of Korea. The results are summarized in
Table 1.

The levels of plutonium-239+240 and americium-241 in sea water range
from 0.75 - 1.57 and 0.27 - 0.45 fCi/Kg respectively with mean values of
1.08 +0.20 and 0.37 + 0.02 fCi/Kg. The ratio of plutonium-239+240/-
americium-241 of sea water has a mean value of 2.9

The levels of plutonium-239+240 and americium-241 in sea sediment
range from 7.2 - 20 and 2.0 - 6.5 pCi/Kg-Dry respectively with mean value
of 14+1.5 and 3.9 + 0.5 pCi/Kg-Dry. The plutonium-239+240/americium-241
ratio of sea sediment has a mean value of 3.8.

The radioactivities of plutonium-239+240 in sea weed samples range
from 0.01 + 0.01 pCi/Kg-Wet of Porphyra yezoensi s to 0.54 + 0.10 pCi/Kg-
Wet of Enteromorpha-complex with mean values of 0.45 +0.10 pCi/Kg-Wet
for green algae and 0.41 + 0.05 pCi/Kg-Wet for brown algae and 0.18 +_
0.02 pCi/Kg-Wet for red algae. The radioactivities of amerioium-241 in
seaweed samples range from 0.07 + 0.01 pCi/Kg-Wet of Condrus pinnulatus
to 0.15 +_ 0.02 pCi/Kg-Wet of Codium fragile, Enteromorpha-complex, Ente-
romorpha linza, Scytosiphon lomentaria, and Sargassum confusum with mean
values of 0.15 + 0.02 pCi/Kg-Wet for green algae, 0.11 + 0.01 pCi/Kg-Wet
for brown algae and 0.09 + 0.01 pCi/Kg-Wet for red algae.

The ratio of plutonium-239+240/americium-241 in seaweed ranged from
1.1 in Porphyra yezoensis to 5.6 in Sargassum thunbergii with mean values
of 3.1 for green algae, 3.9 for brown algae and 2.0 for red algae. The
tendency of plutonium-239+240 and americium-241 levels in seaweed show
that green algae is slightly higher than brown algae and red algae is
much lower.

The concentration factors of plutonium-239+240 ranged from 88 to
547. The highest value is shown by Hizikia fusiforme, brown algae, and
lowest value is shown by Porphyra yezoensis, red algae with mean values
of 449 for green algae, 354 for brown algae and 167 for red algae.

The concentration factors of americium-241 ranged from 178 to 555.
The highest value is shown by Sargassum thunbergii, brown algae with mean
values of 430 for green algae, 294 for brown algae and 237 for red algae.
The highest concentration factor is shown by green algae and the lowest
factor is shown by red algae in mean val-ue for both of plutonium-239+240
and americium-241. All results show fallout contamination levels without
any other sources of radioactive contamination.
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Table 1. Transuranic Elements in Marine Environmental Samples
around the Korean Peninsula

Sample

Total Sea water (fCi/Kg)
1. Kunsan site
2. Yosu site
3. Cheiju site
4. Kangnung site
5. Kijang site
6. Anmyondo site

Mean
Surface Sea-sediment
(pCi/Kg-Dry)
1 . Kunsan site
2. Yosu site
3. Cheiju site
4. Kangnung site
5. Kijang site
6. Anmyondo site

Mean
Sea weed (pd/Kg-Wet)
1. Green Algae
1. Ulva jsertusa
2. Codium fragile
3 . Enteromorpha- comp 1 ex
4. Enteromorpha linza

Mean
II. Brown Algae
1. Scytosiphon lomentaria
2. Ishige okamurai
3. Ecklonia cava
4. Laminaria japonica
5. Pelvtia wrightii
6. Myelophycus caespitosus
7. Undaria pinnatifida
8. Hizikia fusiforme
9. Sargassum thunbergii
10. Sargassum fulvellum
11. Sargassum confusum
12. Sargassum horneri

Mean
III. Red Algae

1. Porphyra yezoensis
2. Chondrus pinnulatus
3. Porphyra tenera
4. Gelidium amansii

Mean

Radioactivity

Pu-239+240

1.21+0.20
0.75+0.10
1.57±0.20
0.9010.10
1.11±0.20
0.95+0.10
1.08±0.20

12+1.2
19±1.9
7.2+1.0
11+1.1
15+1.5
20±2.0
14+1.5

0.3810.05
0.50+0.10
0.54+0.10
0.36+0.05
0.45+0.10

0.4410.05
0.39+0.05
0.41+0.05
0.2910.02
0.51+0.10
0.45+Q.O5
0.32+0.05
0.41+0.05
0.4510.05
0.46+0.05
0.36+0.02
0.41+0.05
0.41+0.05

0.10+0.02
0.15+0.02
0.18+0.02
0.27+0.02
0.18±0.02

Am-241

0.4010.05
0.30+0.05
0.45+0.05
0.35+0.02
0.45+0.05
0.27+0.02
0.37+0.02

2.0+0.2
5.5+0.5
2.110.2
3.510.3
4.010.4
6.5+0.5
3.9+0.5

0.1310.02
0.1510.02
0.1510.02
0.1510.02
0.15+0.02

0.15+0.02
0.1210.01
0.0910.01
0.07+0.01
0.1310.02
0.09+0.01
0.1210.02
0.10+0.01
0.08+0.01
0.14+0.02
0.15+0.02
0.09+0.01
0.11+0.01

0.09+0.01
0.07+0.01
0.09+0.01
0.10+0.02
0.09+0.01

Pu-239
+240

Am-241

3.0
2.5
3.5
2.6
2.5
3.S
2.9

6.0
3.5
3.4
3.1
3.8
3.1
3.8

2.9
3.3
3.6
2.4
3.1

2.9
3.3
4.6
4.1
3.9
5.0
2.7
4.1
5.6
3.3
2.4
4.6
3.9

1.1
2.1
2.0
2.7
2.0

Concentration
Factor

Pu-239+240

342
526
446
480
449

289
248
261
387
421
287
356
547
405
380
229
432
354

88
167
240
172
167

Am-241

289
555
375
500
430

429
267
200
233
325
200
343
333
178
350
333
333
294

225
200
300
222
237
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TRANSURANIC CYCLING BEHAVIOUR IN
MARINE ENVIRONMENT*

E. HOLM, B.PERSSON
Department of Radiation Physics,
Lund University,
Lund,
Sweden

Introduction

Radiochemical Separation and Measurements of Actinides

Methods for sequential analysis of transuranium elements together
with natural actinides and polonium have been developed. This has been

229possible by choice of radiochemical yield determinants such as Th
209 242 243and Po together with the usual ones [ Pu and Am] for tran-

suranium elements.

One of the most difficult analyses is the one for americium. The
extraction procedure has been improved by the use of a mixture of HDEHP
-HMEHP (di - and mono - 2 ethyl hexyl phosphoric acid) - TBP (tributyl
phosphate) which gives a synergistic effect.

237A method for analyzing Np in environmental samples has been239developed. Np and Ge (Li) - spectrometry was used for the radioche-
mical yield determination. Biological samples up to 200 g dry weight
were analyzed with a minimum detectable activity of 10 fCi (370 uBq). It

237 239+240was then possible to determine the Np/ Pu activity ratio in
global fall-out to ••£.0.0027. Furthermore, neptunium stays in the water

237 239 + 240phase and does not concentrate in biota. The Np/ Pu acti-
vity ratios in contaminated sediments from Bombay, Bikini and Windscale

-4are only in the order of 10 . In samples from Thule contaminated by
__£

the B-52 incident in 1968 the same ratio is less than 10 . This means
237that Np was not present in weapon grade plutonium. Insignificant

241amounts have of course been formed in situ by decay of Am.

Transuranium elements in the Mediterranean

In collaboration with the IAEA Monaco Laboratory it was found that
americium was more associated with particulate matter than plutonium.
Americium is settling faster in the water column giving as result that
americium becomes depleted relative to plutonium in the surface layer.

241Particles are enriched in Am relative to plutonium by a factor of
about 3 (Fig. 1). Particulate Am represents 10% and plutonium 4% of
the total activity.

* Contract No. 2305 for the Research period 1979-81.
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Figure 1
Vertical variations of activity ratios "'+240Pu/137Cs,
23«pu/239+»opu and 24iAm/23*'+240pu m a Mediterranean
water column (in the figure "'-"-"opu js expressed as "9Pu).

a
010

Activity Ratio
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"Pu

01 02 03 0.4

'Am
'Pu

241By separation and measurement of build up Am from stored discs,
on which plutonium 1-3 years ago had been electrodeposited, it was

241possible to determine Pu in Mediterranean waters.

241The average concentration of Pu for unfiltered sea water is 7.3
+0.6 fCi 1 which gives an average U Pu activity ratio
of 6.8 + 0.5. This ratio agrees with that in integrated fall-out and
supports the slow vertical transport of plutonium in the Mediterranean

241 239+240water column. The Pu/ Pu activity ratio in suspended matter
does not significantly differ from that in sea water.

Transuranium elements in the Baltic

The distribution of actinides (plutonium, americium, thorium and
uranium) has been studied in water, sediments and algaes along the coasts
of the inter-Scandinavian waters Oeresund, Kattegatt and Skagerack. The
concentrations of plutonium and americium in water are very lowj 0.4 and
0.1 fCi (14 and 3 uBq) per 1. We cannot see the depletion of americium
with respect to plutonium in these very shallow waters as was found in
other areas.

The activity concentrations of plutonium and americium have been
241studied in samples of fucus collected during 1968 - 1979. The Am

concentrations are lower relative to plutonium predicted from integrated
fall-out (Fig.2).
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239-240pu and 24iAm jn 239.240pu

^

-- —— — - 241 Am (theoretical)

0.05

1970 1972 1974 1976 1978
Year

Figure 2. Pu and 4 Am activity concentrations
in Pucus during 1967-1978. The Pu/Cs activity ratio is

also displayed.

We have very high concentration factors for plutonium and americium
to fucus. These are in the order of 14 000 and 18 000, on dry weight
basis respectively. The results indicate that americium produced in_ situ
has different pathways than does plutonium to reach the organisms. Of
importance is of course the time during which fucus accumulated the

228 2*28̂  ~radionuclides. The activity ratio of Th, Ra was used to
estimate the age of the plants. Radium is more strongly absorbed than

OOQ
thorium and we have an in vivo build up of Th. As a result we

determined a mean age at collection of 12 months.

Table 1. Actlnldes 1n water and fucus

Water(uBq/kg)Surface 450Bottom (19m)
Fucus(»Bq/kg) 5000dry)

230Th

270

400

ooo 9^A 9^CC JCxU ""^Ml £O9|*in u u

70 18100 650

90 12700 450

238,j 239+240pu

15900 14
40

11100 190

241A,

37

53

CF (dry) 11000 1300 1300 700 700 700 13500 18000
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Transuranium elements in the Arctic

In 1980 we participated in the Swedish YMER 80 expedition to the
Svalbard area, NE Greenland and Franz Josef's Land. This cruise
lasted for 100 days. Fig. 3 shows the main areas of operation. It
will take long time to analyze the very large number of samples
collected. Preliminary results indicate higher concentrations of

Cs and plutonium than can be explained by integrated fall-out
at these latitudes. Sources such as European reprocessing facili-
ties and transport by the Gulf Stream are possible.

The preliminary results from the YMER-80 expedition indicate
137that plutonium does not show the same decrease as Cs from the

North Sea to the polar Basin.

While Cs in surface water shows a continuous decrease from
2-3 pCi l'1 (70 - 100 mBq) to 0.2 - 0,5 pCi l"1 (7 - 18 mBq)
over this distance plutonium shows rather constant concentrations
0.3 - 0.4 fCi 1 (10 - 15 uBq) and even slightly higher values
north of Svalbard. About 10% of plutonium is in particulate form
( <0.45 urn).

The integrated area content due to global fall-out at Isfiorden
Svalbard (77°N) was about 600 pCi m (22 Bq) for Pu.

239+240 137The Pu/ Cs activity ratio was 0.013.

In order to investigate possible impact from other sources
, 2 3 8 ,239+240determinations of activity ratios such as Pu/ Pu and

241 .239+240,, ... ,Pu/ Pu will be made.

Many other types of samples were selected such as sediments,
algae, samples from seals, polarbears and sea birds. The analysis
of these samples will be carried out during the next two years.
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Figure 3.
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ARTIFICIAL RADIONUCLIDES IN THE
COASTAL ZONE OF SOUTHERN SCOTLAND*

A.B. MACKENZIE, R.D. SCOTT
Scottish Universities Research and Reactor Centre,
Glasgow, Scotland,
United Kingdom

Introduction

Concentrations of plutonium and radiocaesium in sediments and soils
from the coastal zone of Southern Scotland have been studied over a
period of 18 months. The project has two specific objectives namely:

(i) To assess the magnitude of any onshore transfer of artificial
radionuclides; and

(ii) To study the post-depositional behaviour of artificial radionu-
clides in intertidal sediments.

Vertical profiles of intertidal sediments, beach sands and coastal
soils have been collected from the locations shown in Figure 1, with a
regular six monthly sampling programme having been established for Sky-
reburn Bay intertidal sediments. Cores of marine sediment have also been
collected from Loch Etive on the West Coast of Scotland.

It is well established that concentrations of artificial radionu-
clides in the marine environment around the west coast of the British
Isles are dominated by releases from Windscale Nuclear Fuel reprocessing
activities. In addition, concentrations around the east coast are incre-
asing in response to temporal variations in the Windscale discharge
pattern. Attempts have been made in the present study to relate observed
concentrations of artificial radionuclides to either discharges from
Windscale or atmospheric fallout from weapons testing. While analyses
have been completed on only some of the samples collected, results
obtained allow a number of preli- minary conclusions to be drawn, as
discussed below.

1. Onshore transfer of manmade radionuclides

Results for analyses of surface samples from the area under study are
presented in Table 1. Interpretation of these results is based upqn the

134 137assumption that both of the isotope ratios 1) Cs/ Cs and
238 239 2402) Pu/ ' Fu in seawater and sediments of the Irish Sea have

* Contract No. 2409 for the Research period 1979-81.
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been in the range 0.2 to 0.3 in recent years and that these values arise
almost totally as a result of Windscale effluent discharges. It is fur-

n oo
ther assumed that atmospheric fallout is characterised by a Pu/-
239 240 134' Pu ratio of about 0.05 and that Cs is not present in fallout.

In the analyses of samples of beach sand from above the mean high
134 238 239 240water mark, the presence of Cs along with Pu/ ' Pu ratios

in excess of the fallout value of 0.05 indicates a small but detectable
onshore transfer of marine radioactivity. A variety of possible mecha-
nisms could produce this effect including wind movement of either sea
spray or sediment particles. For the Skyreburn Bay samples, the beach

137 239 240sand shows a larger Cs/ ' Pu ratio than the intertidal sedi-
ments, possibly indicative of a transfer of sea spray rather than sediment
particulates.

The results for soil samples collected 1 to 2 km from the shore at
Ardrossan and Skyreburn Bay indicate that, within the uncertainty in the
isotope ratio values which can be taken as representative of the Windscale
discharge and the error on the observed results, the observed concentra-
tions are consistent with fallout levels and isotope ratios and that any
contribution of Windscale nuclides to the total observed would be a
maximum of about 10%. It can therefore be concluded that, at present,
significant onshore transfer of Windscale effluent is confined to a narrow
strip above the mean high water mark in the area studied. Recent reports
of independent work in three U.K. laboratories indicate that in Cumbria,
where substantially higher concentrations of manmade nuclides occur in the
coastal marine environment, a more significant onshore transfer of radio-
nuclides takes place with resuspension from intertidal sediments being a
possible mechanism (1-3). The present work indicates that for sites on
the Northern side of the Solway Firth and further North, this process is
negligible.

2. Intertidal sediment studies

Initially, sediment cores of length 18 cm were collected but since
Windscale effluent nuclides were found to be present to considerable
depths, cores of length 50 cm were collected in later stages of the

137study. Results for core SB1 are shown in Table 2. Both Cs and
239 240' Pu profiles show distinct maxima at 9-12 cm which could be
related to the 1974-75 maximum in the amount of acti- vity discharged from
Windscale. These profiles show a similarity to corresponding profiles for
the Esk Estuary in Cumbria obtained by Aston and Stanners (4,5). Applying
the same approach as used by Aston and Stanners for interpretation of
their results to the Skyreburn Bay data suggests a sedimentation rate of
about 3.5 cm y being consistent with the position of the Cs and

' Pu maxima and decay corrected values for the Cs/ Cs
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ratio. There are however two problems raised by this treatment of the
data, namely:

i) How are profiles reflecting temporal changes in the Windscale
discharge pattern produced when visual observation of the
sediment indicates substantial physical and biological mixing?
(The effects of this mixing could also be apparent in the

210constant Pb profile.)

ii) What is the source of the depositing material? If the source is
sediment being eroded from other parts of the intertidal flats or
the estuary then radionuclide concentrations in the depositing
material could be influenced as much by the deposition history of
the source sediment as by variations in the Windscale discharge

The aluminium, manganese, carbonate and particle size distribution
(Table 3) results for this core do not suggest any geochemical mechanism
which would give rise to the observed profiles.

Analyses of cores collectd at subsequent dates are at present
incomplete and will be reported at a later date. The following
observations have however been made based upon the results presented
in Tables 4 to 6.

a) The total depth of penetration of radiocaesium into the
sediment is about 30 cm, which also marks a transition from
silt/sand to clay and there is very little penetration of
radiocaesium into the clay layer. This total depth of
penetration would indicate a sedimentation rate of about
1.5 cm y in contrast to the value of 3.5 cm y deri-
ved from the position of the maximum concentrations.

b) Variations in vertical profiles of radiocaesium as a
function of time do not reflect recent variations in the
Windscale discharge.

c) The presence of large quantities of shells and shell frag-
ments can produce a dilution of radionuclide concentrations.

On the basis of these observations, the following model can pro-
visionally be proposed:

i) The process being observed is probably a widely variable
and transient net accumulation.
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11) The material being deposited Is probably eroded from some
other part of the bay or estuary and the radlonucllde
content of the sediment Is determined by conditions during
its previous deposition in conjunction with variations in
the Windscale output.

ill) The clay layer can be regarded as a semi-consolidated sedi-
ment presenting a barrier to further rapid movement of radio-
nuclides down the sediment column.

iv) Physical and biological mixing do occur in the silt/sand
layer, the effect of these processes being to retain the
relative position of radionuclide peaks on the timescale of a
few years but to reduce the amplitude of the maxima.

This model is consistent with profiles for intertidal sediments
collcted from Ardrossan and Westferry In the Firth of Clyde (Tables 7
and 8). It should also be noted that at the low concentrations
observed at these sites, a significant fallout contribution is sugge-
sted by the low values of the 134Cs/137Cs and 238Pu/239'240Pu
ratios. The fallout contribution is greater than 50% if the previously
defined isotope ratios are used.
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Figure 1.
Locations of sampling sites
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Table 1

Typical Surface Concentrations of Manmade Eadionuclides
_1

in South west Scotland (mB g )q

Site

Skyreburn Bay

Skyreburn Bay

Skyreburn Bay

Ardrossan
Ardrossan
Ardrossan

Westferry
Westferry

Westferry

Eaglesham

Nature

Intertidal
Beach Sand
Soil

Intertidal

Beach Sand
Soil

Intertidal
Beach Sand
Soil

Peat Bog
I

1̂ Cs

33
9-2
ND

3.9
3.7
ND

8.0

5.0
ND

ND

157Cs

4?8
185
63

30
48
45

87
60
88

7k

2*W

13.3
3.0
0.04

0.15
NA

0.07

0.3
NA

NA

NA

239,240pu

58
12

0.7

1.0
NA
1.0

2.0
NA

NA

NA

ND = Not Detected

NA = Not available at the time of Meeting

Table 2 RESULTS OF ANALYSES FOR INTERTIDAL SEDIMENT CORE SB1. SKYREBURN BAY,

SOLWAY FIRTH, 17.10.79 (Radionuclide concentration units m Bq g~ )

Depth (cm)
0-3
3-6
6-9
9-12
12 - 15
15 - 18

1̂ Cs
33 ±2
45 i 2
45 i 2
53 ±2
45 + 2
35 ±2

Wcm

478 +.5
657 + 5
762 ± 5
950 +, 7
793 ± 6
742 +. 5

2*W
13.3 ± 0.4
9. 3 ±0.5
11.2 +_ 0.5
16.9 +_ 0.7
13.2 ± 0.6
10.5 + 0.8

239,24opu
58 +_ 2

43 ± 2
49 i 2

77 ±3
63 ±3
42 +_ 2

210Pb
14 i 1
14 i 1
12 i 1
15 ̂  1
13 +_ 1
14 +_ 1

Al(#)
3.8
3-5
3.7
3-5
3-4
3.8

Mn(#)
0.076
0.051
0.047
0.046
0.045
0.045

CaCqJg)
4.4
4.7
4.6
5.3
5.0
5.6
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Table 3
A. Size Fraction composition of sediment. Size Fraction Analyses for

Skyreburn Bay Intertidal Sediment
Size Fractionyi/m

>250
150-250
75-150
<75

% By Weight of Total

5-5
13.0
55.1
26.4

B. Radionuclide Concentration in Size Fraction Samples

Size Fraction,!/ m

>250

150-250

75-150

<75

1^Cs

76

45

51

47

1^cs

933

523

661

663

106U.Ru

229

113

113

117

Units: mBq g-1

Table 4.
Results for core SB5: Skyreburn Bay Intertidal Sediment 18.4.80

Depth (cm)
0-3
3-6
6-9
9-12

12-15
15-18

134Cs
51.8+3.8
38.4+3.8

24.9+1.9
26.91.1.9
38.4+1.9
19.2+1.9

1̂ CS
?88±5
543+3
353±3
462+3
832+5
502+3

Units: mBq g-1
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Table 5 Results for core SB6: Skyreburn Bay Intertidal Sediment, 25.9.80

Depth (cm)

0-3

3-6

6-9

9-12

12-15

15-18

18-21

21-24

24-27

27-30

1^Cs

24+2

19+2

9±2

14+2

8+1

7+.1

7+.1

3±1

ND

ND

^Cs

350+3

267+3

155+2

220+2

302+5

152+2

148+2

62+2

40+2

3+2

SfcaCO

4.7

5-3

7.1

5.6

8.2

7.8

18.8

8.3

10.1

5.2

_Units: mBq g ; ND: Not Detected
In samples from depths 30 to 5k cm radiocaesium was not
detected.

Table 6 Radiocaesium Results for Core SB7'- Skyreburn Bay Intertidal Sediment,
25.9.80

Depth (cm)
0-3
3-6
6-9
9-12

12-15
15-18
18-21
21-24
24-27
27-30
30-33
33-36

1̂
Cs

10.8+0.3
25.0+1.2
55-0+.1.5
13.5±1.8
13.0+2.2
4.0+1.7
2.2+0.3
ND
ND
ND
ND
ND

1̂
Cs

445i3
528+3
13̂ 3+5
417+4
647±5
113+2
63i3
42+2
27+3
14+2
12+_2
4+2

_*!Units: mBq g ; ND: Not Detected
In samples from depths 36 to 50 cm, radiocaesium
was not detected.
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Table ?
Results for Ardrossan Samples: Intertidal Sediment, 28.9.79

Depth (cm)

0-3
3-7
6-9
9-12

12-15
15-18

1̂ Cs

3.9±1.3
.̂5±1.2
3.0+1.2
2.5+1.2
4.2+_1.3

ND

157Cs

30+2
37±2
l+ 5+2
1*8+2
55±2
55+2

Units: mBq g~ ; ND: Not Detected

Table 8
Results for Samples from Westferry: Intertidal Sediment 28.9.79

Depth (cm)

0-3
3-6
6-9
9-12

12-15
15-18

1̂ Cs

8+2
5±2
ND
ND
ND
ND

137Cs

87+3
57±2
25+2
12̂ 1
9+1
3+_1

Units mBq g~1; ND; Not Detected
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TRANSURANIC CYCLING BEHAVIOUR IN
MARINE ENVIRONMENT*

RJ. PENTREATH, D.F. JEFFERIES, J.W. TALBOT,
M.B. LOVETT, B.R.HARVEY
MAFF Fisheries Radiobiological Laboratory,
Lowestoft, Suffolk,
United Kingdom

Introduction

The principal objective of studies at this laboratory has been
to further our understanding of the environmental behaviour of tran-
suranium nuclides in the marine environment with particular refe-
rence to the controlled disposal of low-level liquid wastes, under
authorisation, into coastal waters. A considerable effort has been
expended on developing and improving the analytical methodology, and
although a final document on the methodologies used at FRL has not
yet been prepared in full one aspect of particular interest, the
demonstration of different oxidation states of plutonium in sea

(1 £Owater, has been published .

A number of cruises have been made in all coastal waters of the
UK in order to measure concentrations of transuranium nuclides in
both filtrate and particulate sea water samples. These data are
being evaluated in order to estimate the degree and rate of dis-
persion away from the Windscale area by making comparisons relative

137to Cs. During the period covered by this report samples have
been obtained in May 1978, April 1979 and November/ December 1980
around the UK coast, with additional sampling in the Irish Sea in
April 1980 and in the North Sea in July/August 1980. Some preli-
minary data have been published on K estimates for suspended

/ f \ Q
sediments for Pu, Am and Cm, and data for Np have been sub-
mitted for publication . A summary of these data is given in
Table 1. Studies are currently being made to differentiate further
between the various oxidation s-tates of Pu present in sea water, the

241nature of Am, the oxidation state of Np, and the relationship
between the environmental behaviour of these nuclides and the
Windscale effluent.

A large number of sediment cores has also been obtained from the
Irish Sea and neighbouring waters in order to estimate sea-bed
inventories. Since the beginning of 1978 (16 positions), May 1978
(43 positions), March 1979 (13 positions), November 1980 (94 posi-
tions). In addition, 36 shore-line positions have been sampled for

Agreement No. 2322 for the Research period 1979-81.
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inventory purposes. Obviously analyses of these cores represents a
very large analytical effort, although only a selected number are
being analysed in detail with respect to vertical profiles. The
task has not yet been completed. (The NERC* laboratory at IOS**
Taunton has also made a detailed study of the sediments, and sedi-
mentary history, of the eastern Irish Sea in collaboration with
FRL. Sediment cores have been taken, X-rayed, and will be analysed
in an attempt to estimate the influence of bioturbation on observed
vertical core profiles).

In the process of making an overall assessment of the degree and
nature of sediment contamination, a number of parallel studies have
been made. Some of these have been aimed at understanding the phy-
sical processes of sediment movement in relation to sediment loads
and water movements - including the use of nephelometers, current
meters and sea-bed drifters; others, of particular interest to these
meetings, have been made in order to identify the mechanisms by
which these nuclides become incorporated into sediments, and the
possibility of their subsequent re-mobilization back into the water
column. Plutonium has been studied in detail ' and the
general conclusions have been that, under present conditions, this
element is unlikely to be re-mobilized, once incorporated, due to
the lower oxidation states predominating in interstitial waters. A
more general characterization of the interstitial environment has
also been made in relation to the possible effect on oxidation

(9) 239states , and the results of laboratory experiments using Np
(131have been presented . Studies are also being made on the

possible role of humic and fulvic substances.

Were it not for the accumulation of transuranium nuclides by bio-
logical materials the impact of discharges to the marine environment
would be very small indeed. Studies on the biological availability
of these nuclides have therefore concentrated on food species eaten
directly by man. The concentrations of Pu and Am in plaice caught
near to Windscale were studied over a two year period, and the data
related to those obtained from sea water measurements and the rates

(2)of discharge « Some data on Cm were also obtained. A similar
two-year study of transuranium nuclides in lobsters was started in
the Spring of 1980, and some preliminary results of concentrations
of Pu, Am and Cm in crustacean tissues have been presented ' .
In order to delineate the pathways of accumulation of transuranium
nuclides by marine organisms, and to estimate rates of uptake and
loss, controlled laboratory experiments are being made. Detailed

* NERC = Natural Environment Research Council
** IOS = Institute of Oceanographic Sciences
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studies with fish have demonstrated interesting differences in the
accumulation of Pu between a teleost and an elasmobranch^ ' '
and some of these studies have been extended to a subcellular
level . Laboratory experiments have also been made to study

237the retention of Pu by certain Crustacea and some of the
(12)results have been presented in a preliminary form ; the results

have not been published.

The ultimate purpose of these studies is to assess, and thus
eventually better control, the potential impact of such radio-
nuclides on man and the environment. Calculations made for radio-
logical protection purposes usually require concentration factor
data for each element. Some preliminary data for plaice have been

(2)published and data for edible Crustacea are being prepared.
Provisional data for other organisms have also been obtained by
collecting material at different locations, and these are given
relative to filtrate sea water in Table 2.

The controlled discharge of transuranium nuclides into the
marine environment must, of course, be viewed in perspective and not
in- isolation from other radionuclides . For the Windscale area
the exposure of local populations from the consumption of fish
is considered to be of minor importance relative to the shellfish
pathways ^ ' ' . In the long term the impact of the transura-
nium nuclides in this area appears to be lower than that of some of

(14)the fission product nuclides v ' but such calculations are
dependent upon our understanding of their environmental behaviour,
and this is an aspect which still requires further study.

Part of this work has been supported by contract with the
Commission of European Community.
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Table 1. K, values (Bq.kg" dry weight suspended load/Bq.l™ of sea water,
filtered through a 0.22 pm filter) T = mean, s = standard error, n = number of7 x
samples.

Location

Irish Sea
1977 x

s
x
n

1978 x
s_
X
n

1979 x
s_x
n

1980 x
s_x
n

Outside Irish Sea
1977 x

S
X
n

1978 x
sx1
n

1979 *
s_
X
n

Radionuolide
239/240̂

3.1 x 105

0.8 x 10-5

15

2.8 x 105

0.4 x 105
21

3.7 x 105

0.4 x 105

28

-
_
-

6.3 x 10̂
2.7 x 105

5

7.5 x 105
1.2 x 105

31
6.6 x 105

1.6 x 105

28

24V 243/2440, 237Np

2.4 x 106

0.4 x 106

15 -
6 f,2.2 x 10 1.5 x 10

0.3 x 106 0.5 x 106

21 6
, ,

1.9 x 10b 1.6 x 10
0.2 x 106 0.4x 106

28 8

1.1 x 104

0.4 x 104
8

2.8 x 106 7.6 x 105

1.5 x 10 0.1 x 105

6 2

1.9 x 106 9.4 x 105
0.2 x 106 4.0 x 105

31 6
1.2 x 106

0.2 x 106

28 -
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Table 2. Preliminary concentration factor data for transuranium nuclides in
the Irish Sea, calculated relative to filtrate (<0.22 P>a) sea water. These data
are derived from a single sampling of biological materials and sea water in
June 1980. It is not known if they represent equilibrium conditions and they
should be treated with caution. (Errors are based on +. 2 o propagated counting
errors).

ST BEES HKAT)

Ascopfayllum nodosum

ffucus spiralis

Pacua vesiculoBus

Fucus serratus

Patella vulgata
(soft parts)
Patella vulgata
(shell)
Hucella lapillus
(soft parts)
Nucella lapillus
(shell)
Asterias rubens
(digestive gland)
Asterias rubens
(arm plates)
Echinus eaculentus
(gat contents)
Echinus esculentus
(gonad)
Echinus esculentus
(test)

2?9/240pu

7.5 x 105+ 0.5 x 103
5.7 * 103+ 0.3 x 103
4.9 x 103

+ 0.3 x 103
6.7 x 103

+ 0.4 x 103
7.0 x 103

±0.5 x 103
2.2 x 103

+ 0.2 x 103
3-3 x 103

+ 0.2 x 103
1.8 x 103

i 0.1 x 103
2.0 x 103

+ 0.1 x 103
4.1 x 103i 0.3 x 103
3.3 x 104

+ 0.2 x 104

1.7 x 103+ 0.1 x 103
4.0 x 103

+ 0.3 x 103

241to

9.4 x 103+ 0.7 x 103
9.2 x 103

+ 0.6 x 103
8.2 x 103

+ 0.7 x 103
9.7 x 103+ 0.7 x 103
4.1 x 104

+ 0.3 x 104
2.5 x 104

+ 0.2 x 104
1.4 x 104

+ 0.9 x 103
3.3 x 104

+ 0.2 x 104
3.6 x 103

+ 0.3 x 103
1.1 x 104

+ 0.7 x 103
2.4 x 105+, 1.4 x 104
3.2 x 104

+ 0.2 x 104
2.6 x 104

+ 0.1 x 104

243/244̂

1.7 x 104
+ 1.3 x 104
1.6 x 104+ 0.9 x 104
8.4 x 103+ 8.0 x 103
9.3 x 103

+ 7.1 x 103
5.7 x 104+ 3.6 x 104
3.4 x 104

+ 2.2 x 104
3.1 x 104

+ 1.8 x 104
3.6 x 104

+ 2.3 x 104
4.2 x 103

+ 3.6 x 103
1.6 x 104

+ 1.0 x 104
3.2 x 105+ 1.7 x 105
2.4 x 104

+ 1.3 x 104
1.9 x 104+ 1.1 x 104

25?HP

2.5 x 10
± 0.8 x 10
6.0 x 10

+ 2.7 x 10
2.5 x 10

+ 0.8 x 10
2.0 x 10

+ 0.9 x 10
8.9 x 102

+ 2.9 x 102
5.5 x 102

+ 2.0 x 102

5.8 x 102+ 1.9 x 102
2.4 x 1C2

+ 0.8 x 1C2

1.2 x 102
+ 0.5 x 102

4.5 x 102
+ 1.7 x 102

1.5 x 103+ 0.5 x 103
4.4 x 102

+ 1.9 x 102

2.0 x 102
i 0.7 x 102
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Table 2 (continued)

239/240^

POIHT
Ascophyllum nodogum 2.8 x 10? 5.8 x 1Q3 7.3 x 103 1.5x10

i 0.2 x 103 + 0.6 x 103 +. 7.6 x 10? +. 0.7 x 10
gucus serratua 4.5 x 10? 9.7 x 10? 1.1 x 104 2.7x10

+ 0.3 x 10? +_ 0.9 x 103 -f 1.0 x 1Q4 + 1.0 x 10
Patella vulgata 6.5 x 102 5.9 x 103 - 2.6x10
(soft parts) ± 0.6 x 102 + 0.6 x 103 - + 1.0 x 10
Patella vuleata 4.0 x 102 9.9 x 103 3.9 x 103 1.9 x 102
(shell) + 0.4 x 102 + 0.9 x 103 + 4.3 x 10? + 0.7 x 102

Mytilus edulis 1.1x10? 1.3 x 104 1.5 x 104 1.8 x 102
(soft parts} + 0.1 x 103 + 0.1 x 104 + 1.4 x 104 ± 0.8 x 102

Kbrfcilus edulis 1.0 x 103 9.8 x 103 1.7 x 104 3.1 x 102
(shell) + 0.8 x 102 + 0.9 x 103 + 1.6 x 104 ± 1.3 x 102
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TRANSURANIC BEHAVIOUR IN
MARINE ENVIRONMENT*

V.T. BOWEN
Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts,
United States of America

1. RADIONUCLIDES IN DEEP SEA AMPHIPODS

We have so far received for analysis three samples of deep sea
amphipods trapped in the center of the North Pacific Gyre by C.
Ingram, Scripps Institution of Oceanography. One sample was
collected in 1978 and two in 1979; in Table 1 the Pu, Am and 137Cs
concentrations measured in these samples are shown, and compared to
data representing the bottom water and top sediments in the same
area; to provide another comparison data are also shown representing
sea-cucumbers and rat-tails from the Atlantic Ocean at about 2600
m. Unfortunately no other samples of Pacific deep sea benthic or
bathypelagic organisms have yet been available to compare with the
amphipods.

The data indicate that deep ocean organisms take up and metabo-
137lize artificial radionuclides, at least Pu, Am and Cs. It is

interesting to note the amounts and apparent sources of the nuclides
measured in these organisms.

137In respect first to amounts of Pu and of Cs, these deep
ocean amphipods contain each of these nuclides at concentrations
that are essentially the same as those observed in intertidal mussel
samples collected on either coast of the U.S. The amphipods are a
little richer in Pu than are mussels from most east coast sites and
a little poorer in Pu than those from west coast sites, while the
137Cs lies just below the median value for both populations; this
involves comparison with data from the Mussel Watch Program (EPA)

241from 1976 to ;979. In respect to Am, however, the amphipod
samples are definitely poorer than are mussels from either coast.

The sources from which these deep ocean amphipods might draw
these nuclides are limited, and fairly well defined radiochemically.

1. Ambient bottom water.
2. Particles suspended in the ambient bottom water.
3. Sediment, near the sediment-water interface.
4. Large particle biogenous detritus falling from above.

* Agreement No. 2290 for the Research period 1978-81.
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In the table attached, and In the tables of the next section,
the Pu, Am and Cs concentrations of the first three of these
possible sources are summarized. Briefly, both ambient bottom water
and suspended particles of the North Pacific have proved to be

137essentially free of Cs; the amphipods must draw that nuclide
either from the sediment, or from the hypothetical large particle
detritus. The difference between the Am/Pu ratios in either
the suspended particles (Table 3, below) or the bottom sediments,
and those in the amphipods is striking:

241Am/Pu in suspensoids = 2.3
241Am/Pu in top sediments = 0.3 - 0.5
241Am/Pu in amphipods = 0.10 - 0.18 (denied access to bait)

The one sample of near-bottom water for which soluble Am data
241are available (Table 3), however, shows a Am/Pu ratio of 0.10.

Either, then, the amphipods are drawing their Pu and Am from the
137near-bottom water (but their Cs from the mud), or both they and

the near-bottom water are drawing their Am and Pu from the large-
particle biogenous detritus. This could be decided only by analysis
of samples representing the latter source; we believe, however, that
there must be considerable effect of this source on the bottom sedi-
ment composition, too much for the large—particle biogenous detritus
to be as different from the sediments as required by the second
hypothesis above. This is supported by the small number of analyses
we have so far made of sediment-trap samples from the PARFLUX ex-

241periment; these samples tend to exhibit Am/Pu ratios slightly
137higher than we see in open ocean sediments, and Cs/Pu ratios

substantially lower.

For comparison, in Table 1, we have shown data representing two
samples of the sea cucumber, Molpadia, that ingests large amounts of
sediment. The Cs/Pu ratios higher than 10, and the Am/Pu
ratio of 0.31, are typical of the sediments in which these sea
cucumbers burrow.

The data, also shown in Table 1, representing the deep sea
rat-tail, Nematonurus, offer another comparison. Rat-tails as a
group feed near or on the bottom, on crustaceans, worms, or other
fish; they come readily to dead fish used as bait, so may be des-
cribed as opportunistic scavengers. The ratios of Am/Pu and

Cs/Pu that are exhibited by these tissues could have come from
near-by sediments (we have reported areas of Atlantic sediments with

Am/Pu well over 1) or from large-particle detritus. The latter
would have had to be collected and processed by smaller organisms
that are prey of the rat-tails.
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From both these comparisons the nuclide concentrations and
ratios seen in MPG-I amphipods are consistent with their having
acces to, and absorbing from, appreciable sources of long-lived
radionuclides. We have not seen any other deep ocean organisms that
divide their uptake-attentions between sediment and near-bottom
water. It will be interesting to see what are the nuclide concen-
trations in similar amphipods from other ocean areas.

2. ACTINIDES. 55Fe AND 137Cs IN N. PACIFIC WATER COLUMNS

On both 1979 and 1980 cruises to the central N. Pacific, we
supplemented our collections of large volume samples of whole water
(processed in the laboratory to yield estimates of the total concen-
trations, at various depths, of iron-55, cesium-137, plutonium and
americium) with special collections, and/or special processing, to
yield information concerning some of the physical and chemical pro-
perties of the various radionuclides. One approach, used in both
years with some variation, was the use of in situ pumps to draw
large volumes of water through collecting trains that consisted of
prefilters followed by chemisorptive cartrides; the other, used only
in 1980 and in cooperation with Mr. Donald Nelson (Argonne National
Laboratory), consisted in processing 50-1 water samples, on ship-
board as soon as possible after retrieval, to separate reduced (III
or IV valent) Pu from oxidized (V or VI valent) Pu, or (one experi-
ment) to separate III, IV, or VI valent Pu from V valent Pu.

The pumps used in 1979 were defective and were deployed so that
they pumped actively during lowering and retrieval. The time spent
pumping at depth was, however, always large compared to that spent
lowering and retrieving so that this defect seems to have had a
minimum effect on the data: only the 1000 m and 1500 m samples
yielded estimates of total Pu that differ significantly (on the high
side) from those obtained by large volume water sampling at the same
stations. There are no consistent differences, either, from 1979 to
1980, in the estimates of the particulate fraction of the Pu present
at depths between the surface and 750 m.

The data on which we will base this brief discussion are pre-
sented in Figure 1 and in Tables 2, 3, 4 and 5. In Figure 1 are
1979 Pu concentration vs depth data obtained either by radiochemical
analysis of whole water collected in Bodman bottles and brought back
to the shore-based laboratory for processing or by in situ collec-
tion with one or the other pumpingchemisorption systems discussed
above. In Table 2, for comparison, all of the 1979 chemisorption
data so far completed, and in Table 3 all of those from 1980 are
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TABLE 1
137Pu, Am and Cs In deep-ocean organisms

RADIONUCLIDES IN DIS/MIN/KILOGRAM WET
SampleNo.
4412
4763
4872

3104
3552

3539
3540
3541
3542

CollectionIdentification Date

Amphipods1 - N. Pacific Aug. 78
2 " " July 79
2 " " July 79

Bottom Water " "
Top Mud3

Sea Cucumber
Molpadia N. Atlantic July 75
Molpadia " " Apr. 78

Rat Tail
Nematonurus N. Atlantic Apr. 78

Guts & Contents
Liyer
Flesh
Bones, Skin, etc.

Notes:
* Access to Bait.
2 No Access to Bait.

0-1 cm depth.
Pend.= Analysis pending.
——— Below Detection Limits

Depth 239,240m Pu

5800 0.49+0.05
5800 0.53±0.04
5800 0.52+0.04

5800 0.0005-0.0015
5800 0.8-7.6

? 3.5+0.2
2600 3.5+0.2

2600
0.41±0.06
0.04±0.01
0.016+0.007
0.11+0.01

238 241Pu Am

0.020±0.016 0.09±0.02
0.028+0.010 0.054+0.12

<0.003 0.061+0.010

——— 0.0002-0.0003
——— 0.3-3.0

0.34±0.04 1.82+0.12
0.27±0.03 1.06±0.27

0.03+0.015 0.56±0.07
0.005+0.018

nil 0.013±-006
0.010±0.004 0.064±0.026

137Cs

2.1+1.3
1.2+0.6
0.5+0.6

0±0.005
20-110

38.7±0.5
34.1±0.8

10.2±1.6
11.3+0.6
5.7+0.3
6.3+0.3



displayed. Most of the stations that have been pooled in the figure
and tables lay within about a 1.5 square centered on 30 , 158 W.
In Table 4, the 1980 data from samples collected in Bodman bottles are
set out. In Table 5 are shown the data obtained in 1980 from Bodman
bottle samples that were processed on ship to separate various identi-
fied valence states of Pu; the "total Pu" estimates shown have rele-
vance for comparison with the values in the first three tables.

A summary of the important points that are now evident follows.
This may be done bycomparisons of activities in water mass: surface
water, the shallow high-Pu layer, N. Pacific Deep Water (1000-3000 m),
and the near-bottom water.

Surface Water: Whole water Pu concentrations in 1980 in the MPG-I
area ranged from 0.038 to 0.056 dpm per 100 kg, with a mean of 0.046 +
0.006. This is certainly significantly less than the mean concentra-
tion of 0.13 + 0.03 from 11 samples collected in 1972 in the same gene-
ral area- From the euphotic zone, about 2/3 of its Pu has been removed
in the past 8 years. That the removal of Pu has been via particle
sedimentation is shown, both by the (possibly) higher than usual frac-
tion of Pu on particles in the surface, nearly 12% compared to an ave-
rage of only 5 or 6% in the water column from 300 to 1500 m, and by the
less striking reducti
by one third or less.

137less striking reduction, in the same period, in Cs concentration:

Shallow High-Pu Layer; The layer of high-Pu water with its maximum
concentration lying 500-600 m deep was one of the most surprising, and
consistent, findings of our 1972 MPG-I and GEOSECS stations. That this
feature is still present is shown clearly in Figure 1 and in each of
the tables; the peculiarity of its shape is well illustrated. There is
no evidence in the 1979 and 1980 data that the concentration maximum of
this layer has deepened since 1972, nor that the concentrations have

137been diminished.This continues to amaze us, especially as the Cs
90(and Sr) at these depths has decreased, since 1972, about in

proportion to the surface layer reduction.

One hypothesis to explain these observations was that Pu, at the
shallow concentration maximum, might be attached to particles with
enough positive buoyancy to counteract the downward water movements
that move Cs. The data of Tables 2 and 3 show this is not the
case, only 4 to 6% of the Pu, even at the concentration maximum, is

241particle associated. The much higher proportion of Am that is
particle associated agrees with preconceptions about the activity of
this radioelement; the fact that this behaviour is not, commonly, re-

241fleeted in a substantial displacement of the Am on sinking parti-
cles does not rapidly equilibrate with the dissolved phase of that
element, or both.
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The Fe data are puzzling due to the noise among the samples
which are still obscure, although we are confident that it is not
derived from sampling or radiochemical problems.

North Pacific Deep Water; This layer was neglected on the two
cruises. The samples from below the Pu concentration maximum show no
striking change in nuclide ratios or particle association until the
3000 m level is reached. Here on two successive years a really signi-
ficantly higher fraction of particle-associated Pu is seen than any-

0/1where else in the water column (25-42% vs 4-10%); the Am/Pu ratio
on these particles is, correspondingly, lower than anywhere else in the
water column. But more samples are needed to support any detailed
hypotheses concening what is going on.

There is no evidence that, at these stations, the 3000 m water has
gained Pu between 1972 and 1979-80; if anything the values shown are
now less than in 1972.

North Pacific Near-Bottom Water: In 1979 only one try was made
at this layer, and the high-Pu water was not clearly encountered
(see Figure 1). In 1980, however, two in situ pump stations (Table
3) seven radiochemical Bodman samples (Table 4), and one
valencestate Bodman sample (Table 5) were retrieved within a short
distance of the bottom. Of the nine samples so far analyzed, five
exhibit Pu concentrations higher than 0.10 dpm per 100 kg and two
others are well within confidence limits of that value.
Furthermore, the one near-bottom sample so far measured from our
work on RV Hakuho Maru (station at 39°N, 166°E) also showed Pu
well above 0.10 dpm per 100 kg. The data may indicate from the
MPG-I samples that we may be working close to the eastern edge of
the high-Pu bottom layer: of four near-bottom samples between
270°N and 30°00.5'N, all can be taken to be in the high-Pu
water; of the three locations similarly sampled between 30°01'N
and 30°04'N, only one is in the critical range. This is a point
we wish to pursue.

The in situ filtration data (Table 3) are very valuable in
several respects:

Firstly, they confirm that this near-bottom high-Pu layer
cannot be, as has been suggested by others, the result of sediment
resuspension: only 1.3% of the Pu in this sample was present associ-
ated with particles, the Am/Pu and Fe/Pu ratios in the
soluble phase are far below those that characterize any resuspenda-
ble fraction in the bottom sediments. Secondly, the particles that
are present are much richer, both in Am and in Fe, than any
sediment fractions; and richer in Fe than any particles from
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higher in the water column. These particles have been long-term
residents of the near-bottom layer, and had their chemistry modified
by that association is a possible conclusion.

Valence State Measurements; summarized in Table 5 are a series
of measurements of Pu valence state distributions from chemical
separations made on ship by Mr. D.M. Nelson (Argonne) on our Bodman
samples. All but two samples were measured in replicate, as shown.
Considering the small amounts of Pu often available, the data are
remarkably consistent; at the two levels where good check analyses
were made (Surface and 5600 m) total Pu values obtained by WHOI
agree precisely with those in Table 5.

The water column is divided, in respect to Pu valence state, as
follows:

a) From Surface to 300 m, about equal proportions reduced (III
+IV) and oxidized (V + VI).

b) In the shallow Pu maximum at 550 m, the proportion is much
less, closer to one-third reduced, two-thirds oxidized. In
this layer (the only one examined for V-valent Pu) most but
not all of the oxidized Pu is V-valent.

c) Immediately below the shallow Pu maximum the ratio, reduced
to oxidized, begins to rise, reaching 0.7 by 750 m, and
about 1 again at 3000 m, (where the concentrations are very
low, and uncertaintities correspondingly high).

d) In the high-Pu bottom water, abruptly, most of the Pu is
oxidized, 10% or less reduced.

These data are unexpected, and hard to reconcile with the low
fractions of Pu found to be particle-associated in the in situ fil-
tration experiments. Prediction from laboratory experiments or from
the Irish Sea observations would have suggested that most "reduced"
Pu would be associated with particles (or would attach to the
particle-loaded prefliters during filtration). Few complexones are
known or likely to be present at high enough concentration to stabi-
lize the redox equilibrium of Pu at the proportions observed. We do
not know of any other factors that would alter the equilibrium so
narrowly at the 500-600 m depth level.

The only observation that fits satisfactorily with our previous
conceptions is that of the valence state distributions in the high
Pu bottom water. If the Pu resolubilization process (from the sedi-
ments of the Aleutian Trench) releases Pu and Fe largely in oxidized
forms, at the same time holding back a larger proportion of the
241Am, then the behaviour observed in this layer is reasonable.
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TABLE 2

PARTICULATE VS TOTAL ACTINIDES AND IRON-55
IN N. PACIFIC WATER COLUMNS - 1979

SAMPLES*

Sta.
168
1151133J
115]
133 \
168 j

168
115)133}
168
203
203
216

Depthm.
300
300

500

600
600
750
750
1000
1500
3000

Vol ume1.
270
200

270

420
375
494
731
245
377
113

239PLUTONIUM
Whole
Water ,dpm-100 kg"1

0.345+0.007
0.271±0.015

0.518+0.019

0.428+0.026
0.285+0.042
0.538+0.219
0.206+0.007
0.157+0.013
0.035+0.009

Particles
%
4.7
11.4

6.4

4.4
4.2
1.7
7.3
6.4
42.9

SOLUBLE

Am/Pu 55Fe/Pu
0.13±0.01 15+3

0.095±0.009

0,21+0.02 11±5
0.34+0.06 35+28

0.20+0.02
0.20±0.03
0.50+0.34

PARTICLES

Am/Pu
1.63+0.37

2.15+0.25

3.79+0.45
2.42±0.33

2.53+0.43
2.08±0.03
0.57+0.21

55Fe/Pu
19+25

62+20
55Fe=0

133+32

Samples collected in situ with stream-powered pumps, Microwynd Filters and MnO^ chemisorptive cartridge trains;
pumps could not be controlled at depth, so pumped during lowering and retrieval.
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TABLE 3
PARTICULATE VS TOTAL ACTIN10ES AND IRON-55

IN N. PACIFIC WATER COLUMNS - 1980

SAMPLES*

Sta.
105
178
158A
111
142
161
153
177
165
162

Depth
m.

Surface
ii
ii
300
550
550
750
3000
5600
5800

Vol ume1.
210
530
526
167
338
777
201
672
650
608

239PLUTONIUM SOLUBLE PARTICLES
Whole
Water ,

dpm.lOOkq" Particles Am/Pu

0.038±0.003 11.6 0.14+0.03

0.508±0.018 4.3 0.17+0.01

0.040+0.004 25.1 0.27+0.04
0.097+0.019 4.4 0.18±0.04
0.17±0.08 1.3 0.08+0.04

55Fe/Pu Jta/Pu 55Fe/Pu

58±13 0.91+0.23 250+64

,
3.05±0.31 30+18

480+.317 0.61±0.11 380±50
55pe=0 1.63±0.32 370+110
21±19 2.32±0.53 2545±516

Samples collected in situ' with battery powered pump, Microwynd Filter and
chemisorptive cartridge
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TABLE 4
ACTINIDES AND CESIUM-137 IN N. PACIFIC WATER COLUMNS - 1980

*Samples

Sta.
150
107
110
154
107
110
158B
150
178
120
154
135
120
116
130

Depthm.
Surface
294
308
400
550
550
647
3009
5085
5305
5337
5504
5586
5700
5754

Vol ume1.
60
60
120
120
60
120
120
60
60
60
120
120
60
60
120

Above
Bottom 2iq ?4n Am. "»><-'tupu

0.044+0.007
0.318+0.024

0.25±0.02 (0.29±0.03)
0.45+0.02 (0.51+0.02)

0.435+0.025
0.57+0.04 (0.65±0.04)
0.46+0.02 (0.51+0.03)

0.079±0.013
168 0.124+0.017
506 0.07U0.010

0.13+0.01
307 0.16±0.01 (0.18+0.02)
225 0.084±0.017
111 0.070+0.011
44 0.20±0.03 (0.23+0.03)

238

0
0
0
0
0
0

0
0

0

Pu/239,

BDL
,030±0.
,033±0.
.036+0.
.011+0.
.019+0.
.011+0.

BDL
BDL
BDL

.055±0.

.029+0.
BDL
BDL

.042±0.

240pu
+
014
029
001
009
013
007

016
022

022

A

0
0

0

0.166±0.
0
0
0
0

0.026+0.

0
0.017±0.

241Am
.019±0
.052±0

.160+0

009 (0
.016+0
.026+0
.018+0
.028±0
004 (0

.023+0
003 (0

A

.005

.008

.014

.188±0.010)

.006

.007

.006

.004

.029±0.004)

.006

.019+0.004)

137̂

40.2+0.
35.0±0.

NM+
NM

15.8+0.
NM
NM

0.30+0.

NM
NM

NM

1

4
4

3

30

Samples collected in 160 1. Bodman Bottles; 60 1. volumes processed ashore by usual WHOI procedures;120 1. volumes processed on deck by LLL MnOo precipitation, calculated assuming 100% shipboard collection,
( ) calculated assuming 80% shipboard collection.
Radionuclides in disintegrations per minute per 100 kg seawater (unfiltered)

+ BPL = Below detection limits; NH * Not Measured.



TABLE 5
PLUTONIUM OXIDATION STATES IN N. PACIFIC WATER COLUMN - 1980

SAMPLES*

Sta.
107

135

101
116

101

120

161
166
125

150

135

Depthm.
Surface

Surface

Surface
300

550

550

550
550
750

3000

5600

LatitudeN.
29°59.7'

30°02.8'

24°01.5'
30°01.2'

24°01.5'

30°03.0'

29°57.3'
30°02.5'
30°04.4'

29°59.8'

30°02.8'

TOTAL
0.044*0.005
0.053*0.005
0.042*0.005
0.044*0.005
0.056*0.006
0.330*0.006
0.320*0.020
0.595*0.04
0.675*0.04
0.600*0.03
0.645*0.04
0.650*0.04
0.535*0.04
0.295*0.018
0.293*0.020
0.073*0.007
0.062*0.008
0.116*0.012
0.120*0.013

239 7/10'CHVPu 1n disintegrations per minute per 100 kg
REDUCED*

(III or IV)
0.020*0.004
0.031*0.004
0.020*0.002
0.019*0.002
0.028*0.007
0.171*0.008
0.157*0.016
0.162*0.011
0.235*0.010
0.238*0.01
0.238*0.01
0.240*0.015
0.206*0.012
0.122*0.007
0.120*0.009
0.033*0.003
0.042*0.004
0.011*0.004
0.011*0.002

OXIDIZED
(V and/or VI)* MX
0.024*0.005
0.022*0.005
0.022*0.002
0.024*0.002
0.027*0.007
0.157*0.008
0.160*0.016
0.43 ±0.017
0.44 ±0.014
0.364*0.01
0.407±0.016
0.407*0.015 0.344*0.017
0.329*0.017 0.251*0.013
0.173*0.008
0.173*0.012
0.040*0.003
0.020*0.003
0.105*0.008
0.109*0.007

RATIO
UH-IV)/.(V-VD

0.83
1.40
0.91
0.79
1.04
1.09
0.98
0.38
0.53
0.65
0.58
0.59
0.63
0.71
0.70
0.83
2.10
0.104
0.101

Samples from 160-1. Bodman Bottles; Pu separations done on ship as soon as samples retrieved.
pptte in presence of and excess S04
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We believe that is of considerable importance that these
questions be further explored, and the apparent contradictions be
brought to successful resolution. For that reason we have organized
a cruise to the Aleutian Trench and NE Pacific in 1981, and are
looking for another cruise, in 1982, north of Hawaii to work along
about 30 N westward from about 158°W to at least 170°E. We
expect that the valance state studies will continue to be a coopera-
tive project with Mr. Nelson.
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3. Vertical Profile of Artificial Radionuclide Concnetrations in
the Central Arctic Ocean.

H. Livingston, S. Kupferman, R.M. Moore and V.T. Bowen

Introduction

During 1979, as part of the Lomonosov Ridge Experiment (LOREX;
Weber, 1979), water samples were collected, at several depths in the
Central Arctic Ocean, to be used for radiochemical analysis of arti-
ficial radionuclides. The collection and the hydrographic setting
of these samples are reported by Moore and Lowings (1981). Data
concerning trace elements in the same set of profiles are reported
by Moore (1981).

There is considerable intrinsic interest in radionuclide distri-
bution data from an ocean virtually unstudied in this respect.
Furthermore, we had confidence that differences in nuclide ratios
among the various source terms for the Arctic Ocean would enable
such data to assist in choosing among hypotheses concerning Arctic
circulation.

Summary and Conclusions

Although the LOREX radionuclide data raise more questions than
they answer, it has been gratifying that they do fit into the widely
held views concerning water supply to and circulation within the
Arctic Ocean. We have considered the implications of our data set.
Our purpose has been to illustrate how apt and how powerful a tool
is offered to physical oceanographers by radiotracer measurements of
this sort. The effort of collecting the required samples is very
substantial, as is the effort of making the analyses. The results
may encourage others to begin establishing the wide ranging net of
sampling sites that will be needed to exploit the information avai-
lable from the tracer distribution that now obtain, and from the
changes to be anticipated in the next decade.

The data lead to the following conclusions:

a) The time scales of water movement to the center of the
Arctic Ocean from the Bering Strait, from the Norwegian
Coastal Current, from the Norwegian Sea, or from the sur-
face Atlantic Ocean, are consistent both with our resi-
dence-time estimate of about 8 years for surface water, and
with the circulation time estimated for the Atlantic Water
(Coachman and Aagard, 1974).

141



Water Mass
Surface
Mixed Layer

Bering Sea Summer Layer

TABLE IV-E-1
LOREX 79 NORTH POLE STATION RADIONUCLIDE DATA

Nucllde
Sample Salinity S1 . n?Depth-m .%, ugAt.L Cs

2 30
75 32

Bering Sea Winter Layer 110 33.5

90,

29

Sr

6.9 39.2±0.5 31.6i0.7

20 33.6±0.4 33.1±4.4

25.5±0.i> 25.5H.O

Activity 1n dpm per 100 kg

137r_, 238Pu/
239,240pu 239,240pu

1.24 0.082*0.013 < 0.1

1.02 0.098±0.012 < 0.1

0.042±0.011

0.03H0.007

1.00 0.045±0.008 < 0.1 -0.005±0.007

Intermediate Layer

ATLANTIC WATER

Arctic Bottom Water
A)Eurasian Basin

(FRAM)

B)Ameraeian Basin
(MAKAROV)

500 34.88

1000 34.901
1500 34.920

2500 34.940

3000 34.953

7 7.3±0.4 4.5±0.1

7.5 6.6±0.3 3.8±0.3
8.7 18.5±0.4 8.7±0.1

10.3 7.3±0.2 4.8±0.7

12.8 0.9±0.3 0.6±0.3

1.63 0.1U0.01 < 0.1 0.025±0.006
1.74 0.061±0.014 < 0.1 0.019±0.005
2.16 0.068t0.007 < 0.1 0.018±0.005

1.52 0.035±0.006 < 0.1 0.003±0.002

1.50 0.012±0.005 < 0.1 0.004±0.002



TABLE IV-E-2
RADIONUCLIDE INVENTORIES AT LOREX STATION

WATER
MASS
SURFACE MIXED
LAYER

BERING SEAWATER

ATLANTIC WATER
(upper)
INVENTORY TOTAL

ATLANTIC WATER(lower)over FRAM Basin

SAMPLE
DEPTH m

2

75
110
500
1000

ABOVE 1250

1500
over MAKAROV Basin 1500

ARCTIC BOTTOMWATER
FRAM Basin
MAKAROV Basin

2500
3000

DEPTHINTERVAL
INTEGRATED m
0-39

40-82
93-305
306-750
750-1250

jn:

1250-1750
1250-1500

1750-4000
1500-4000

yUSr
5.6

7.9
24.5
9.0
9.9
56.9

19.6
9.8

48.7
6.8

Inventories
137Cs
6.9

8.0
24.5
14.6
14.9
68.9

42.1
21.1

74.1
10.1

in md-km"2
239,240pu
0.014

0.023
0.043
0.220
0.137
0.437

0.153
0,076

0.356
0.14

Ml*
0.005

0.007
0

0.050
0.043
0.105

0.041
0.020

0.030
0.045

WATER COLUMN INVENTORY:
FRAM BASIN

MAKAROV BASIN
125.2
73.5

185.1
100.1

0.946
0.653

0.176
0.170

b) A substantial incursion of Windscale effluent labelled
water has travelled from the Irish Sea and penetrated to
1500 m in the Arctic Ocean, where it is mixing with fallout-
labelled Atlantic Water lying above it, in the unexpectedly
short time of 8 to 10 years.

c) Concentration of soluble fallout tracers in the deep water
of the Fran Basin indicate it receives an active and rapid
supply, by downward advection of Atlantic Ocean surface
water; transfer of this water to the Makarov Basin is slow*

d) In most layers of the Arctic Ocean, Pu and An appear to
have been supplied much less by advection with the soluble
tracers than by direct fallout to the Arctic, followed by
ice melting to release these particle tracers to the
surface mixed layer.
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4. Bioturbation and the Distributions of Fallout Radionuclides in
Pacific Ocean Sediments.

- Vaughan T. Boweir, Hugh D. Livingston, J.C. Burke'
and

D.L. Schneider

Over a several year period ,we have accumulated data concerning
fallout nuc.lide concentrations in a,large number of sediment samples
from the central North-Pacific-Ocean,- close -to the middle" of the N.
Pacific Gyre. Finally, this accumulation represents enough informa-
tion to reveal the degree of short-term .and -close-spaced variability
among sediment samples in this area; we feel that -reasons' for the
variability shown are also strongly indicated.' ' "
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In Figure IV-B-1 are shown the concentrations of Cs or
239 240' Pu measured in the top centimeter of sediment from 19
cores. Each core is represented by a square block placed on the
scale above the concentration interval appropriate; for instance,

137looking at the Cs representation, three cores are indicated as
having exhibited concentrations between 100 and 110 dpm per Kg dry,
but only one between 200 and 210 dpm per Kg dry. Both nuclides show
a much greater range of concentrations than we would have expected,
but even more surprising is the evidence of a bimodal distribution

137of Cs concentrations, whereas Pu in the same series of cores is
distributed unimodally. Although it is not indicated in the figure,
there is no strong correlation of nuclide concentration with the
year the core was taken, with the sampling device used (four diffe-
rent coring devices are represented), or with other parameters
summarized below.

In Figure IV-B-2 are shown the inventories in the whole sedi-
ment column of 17 of these same cores; two were taken with a device,
Dr. K. Smith's free vehicle benthic respirometer, that does not give
enough penetration for inventory evaluation. The data are exhibited
as above in Figure IV-B-1. The range of variation among the cores
is still unexpectedly large, but there is n
bimodality that was shown in Figure IV-B-1.
is still unexpectedly large, but there is no hint of the Cs

Among these data also there is no correlation of inventories with
the years of collection, the gear used, and so on. It had been our
expectation that even in this area of very modest bottom relief, and
weak near-bottom circulation, we would see a tendency for sediment
accumulation to be more rapid on topographic lows than on topogra-
phic highs; this has been shown by other work to have characterized
the long-term history of sediment accumulation in this same area.
But neither the Pu nor the Cs inventories exhibit such beha-
viour, although there is a weak tendency for inventory values to be
more uniform among a subset of cores collected where the bottom
relief was extremely slight — + 15 m. or less. Next, it seemed
appropriate to examine the correlation with depth of bioturbation.

In Figure IV-B-3 we have set out the same inventory data shown
above, but below each core's position is shown the depth in that
core to which the relevant nuclide could be measured. This assumes
that there may be nuclide-specific aspects to bioturbation as dis-
cussed below. Also shown are the median values for each distribu-
tion. Our expectation was that there would be a strong correlation
between the sediment inventory of a given nuclide and the depth to
which it had been mixed in detectable concentration. In fact, how-
ever, although there is a definite tendency for small depths of
penetration to coincide with inventories less than the median, there
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are some small penetrations that coincide with high inventories; the
greatest depths of penetration seem to come at about median inven-
tories, and the highest inventories coincide with penetrations well
below the maxima. It is, however, gratifying that these data indi-
cate the measured depth of penetration is not simply an analytical
artifact that increases with increasing strength of signal (which we
take to correspond to nuclide inventory); this was a possibility we
felt a good deal of concern over. Another interesting point shown
by this figure is that the range of depths of penetration in this
restricted and homogeneous area is very considerable, and there is
no strong correlation of depths of penetration of the two nuclides
reported. The mean penetration is, however, identical at 12 cm
for Cs and for Pu.

We believe the patterns shown are explainable in terms of the
effects of several interacting phenomena:

1. These are short-term phenomena in that the Cs delivery
began only in the early 1950's and should have peaked about
1963, while the Pu delivery (see Bowen et al, 1980) should
have shown two peak periods, about 1956 and about 1964.

2. There was minimum horizontal variability of fallout deli-
very either to the sea-surface or to the sediment surface
in this area; this is confirmed by the water column data
reported by Bowen et al (1980) as well as by more data
gathered since.

3. Even in an area, like this one, of very slight bottom
current activity, the likelihood of sporadic, local,
instances of sudden high-energy nearbottom current flows is
possible. Photographic evidence of this has appeared
repeatedly in the subject area.

4. Bioturbational mixing in the sediments of the deep ocean we
believe is controlled locally by its fuel supply. In the
short term this can be thought of as arriving in two forms,
a steady inflow of relatively small particle debris, and a
very sporadic arrival of large dead organisms. The flux of
the first should be relatively uniform over large areas,
controlled by the intensity of organic production near the
sea surface, but the second flux must locally be controlled
by pure chance.
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We can conceptualize fallout delivery to the seafloor as con-
trolled by the nearly uniform flux of down-sinking fine particles,
providing fuel for the minimum bioturbational down mixing that cha-
racterizes the area, and by the sporadic local arrival of dead fish
(or equivalent) bringing fuel enough to support much more intense
bioturbation to much greater depths. During the time when nuclides
still reside in the upper centimeter of sediment (or so) they must
be subject to sporadic, randomly oriented, horizontal relocation by
bottom current movement. Since the critical timing for delivery of
Pu is different from that of Cs, it would be expected that the
inventories and penetration depths of the two nuclides would not be
identical. A less-than-maximum rapid down-mixing event, occuring
just at the time of greatest delivery flux of a nuclide would be
most effective in fixing, locally, a maximum inventory.

Our thinking has been clarified by data from R/V KNORR cruise 73
to the subequatorial and equatorial Pacific. These data will be
incorporated in the final publication. They show that under the
high-productivity area along the northern edge of the equatorial
currents, mean depths of penetration range as high as 20 cm, and
maxima as high as 35 cm or so; but just south in the 5 N to 8 S
area, mean and maximum penetrations are not different from those
seen under the mid-North Pacific Gyre. Also relevant are data, just
beginning to be available, showing that in sediments close to the
base of the continental slope off northern California, under quite

137high productivity waters, Pu or Cs penetrations are very uni-
form averaging deeper than 35 cm.

P A C I F I C C O R E S

NUCLIDE CONCENTRATIONS
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I. Bibliographic Summary - 1978 :

A. Reports that have been published since the last progress
report.

COO-3563-51; COO-3568-15 : Bowen, V.T., 1978. Natural
matrix standards. In Environment Internations !_ 35-39
(Pergamon Press).

COO-3563-57: Blakemore, R. P., 1978. Effects of poly-
chlorinated biphenyls on macromolecular synthesis by a
heterotrophic marine bacterium. Applied and Environmental
Microbiology 35̂  (2): 329-336.

COO-3563-59; Schwarzenbach, R. P. and N.S. Fisher, 1978.
Rapid determination of the molecular weight distribution of
total cellular fatty acids using chemical ionization mas
spectrometry. J. Lipid Res. 19(1). 12-17.
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COO-3563-60 : Blakemore, R. P. and A.E. Carey, 1978.
Effects of polychlorinated biphenyls on macromolecular
synthesis by a heterotrophic marine bacterium. Applied and
Environmental Microbiology 35_(2): 323-328.

COO-3563-61; COO-2379-16: Carey, A.E. and B. W. Schroeder,
1978. Rapid sampling culture chamber. Applied and
Environmental Microbiology 35/5): 976-977.

COO-3563-64 : Grey, A. E. and G.R. Harvey, 1978. Metabo-
lism of polychlorinated biphenyls by marine bacteria.
Bull. Environm. Contam. Toxicol. 20: 527-534.

COO-3563-66 : Fisher, N. S. and R.P. Schwarzenbach, 1978.
Fatty acid dynamics in Thalassiosira pseudonana (bacilla-
riophyceae): implications for physiological ecology. J.
Phycol. 14_(2): 143-150.

COO-3563-69: Gavini, M. B., 1978. Radionuclide ratios in
wet and dry deposition. Samples from June 1976 through
December 1977. Earth and Planetary Science Letters 41:
228-232.

COO-3563-75: Livlngston, H. D., V.T. Bowen and J.C. Burke,
1977. Fallout radionuclides in Mediterranean sediments.
Rapp. Comm. int. Mer Medit. _24_(3): 37-40. (Formerly Report
COO-3563-50).

COO-3563-77; COO-3568-20: Hardy, E. P., H. D. Livingston,
J.C. Burke and H. L. Volchok, 1978. Time pattern of
off-site plutonium contamination from Rocky Flats Plant by
lake sediments analyses. USDOE Environmental Quarterly
Report EML-342, pp.1-123 through 1-146.

B. The following reports have been submitted for publication
or are in press.

COO-3563-47; COO-2379-10: Livingston, H. D. and V. T.
Bowen. Pu and Cs in coastal sediments. Earch and
Planetary Science Letters. (In press).

COO-3563-72; Kupferman, S. L. and H. D. Livingston. A
procedure for independently estimating blanks and
uncertainties for measured values of Sr and Cs
concentrations in the Atlantic Ocean. J. Marine Research
(In press).
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COO-3563-74; Kupferman, S. L., H. D. Livingston and V. T.
Bowen. A mass balance for Cs and Sr in the North
Atlantic Ocean. J. Marine Research (In press).

COO-3563-68: COO-2379-15: Kupferman, S. L., V.T. Bowen, H.
D. Livingston and A. Aarkrog. Radioactive effluent from
Windscale as a perturbation of the fallout tracer experi-
ment in the North Atlantic Ocean. Earth and Planet. Sci.
Letters (submitted).

COO-3563-79: Livingston, H. D., S. A. Casso, V. T. Bowen
and J. C. Burke. soluble and particle-associated fallout
radionuclides in Mediterranean water and sediments. Pre-
sented at XXVlth Congress and Plenary Assembly of the
International Commission for Scientific Exploration of the
Mediterranear Sea (ICSEM), Antalya, Turkey, 24 Nov. 2 Dec.
1978. To be published in Proces Verbaux of the meeting.

C. The following reports were presented at various meetings
and will be published.

COO-3563-70: COO-2379-17; Carey, A. E. and V. T. Bowen.
Bacteria and plutonium in marine environments. Presented
at the Am. Society for Microbiology, 78th annual meeting,
Las Vegas, May 1978. (Only Abstract to be published in
meeting proceedings).

COO-3563-78; COO-2379-20: Schneider, D. L. and H.D.
Livingston. Detection and measurement of curium in the
marine environment. Presented at the Am. Chemical Society
Symposium on Analytical Methods in Oceanography, Boston,
June 1978.

TI. Bibliographic Summary - 1979 .

A. Reports that have been published since the last progress
report are as follows:

COO-3563-45*; Pechnik, J. A. and N. S. Fisher, 1979.
Feding, assimilation, and growth of mud snail larvae,
Nassarius obsoletus (Say), on three different algal diets.
J. exp. mar. Biol. Ecol. 38: 57-80.

This report was titled "Ingestion and Assimilation of three
species of phytoplankton by larvae of the gastropod nassarius
obsoletus" in previous progress report.
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COO-3563-47**; COO-2379-10: Livingston, H. D. and V. T.
137Bowen, 1979. Pu and Cs in coasta"

and Planetary Sci. Lttrs. 43: 29-45.

137Bowen, 1979. Pu and Cs in coastal sediments. Earth

COO-3563-70; COO-2379-17: Carey, A. E. and V. T. Bowen,
1978. Bacteria and plutonium in marine environments. Am.
Soc. for Mocrobiology Abstracts of the 78th Annual Meeting,
No. N71, p. 174.

COO-3563-72: Kupferman, S. L. and H.D. Livingston, 1979.
A procedure for independently estimating blanks and
uncertainties for measured values of Sr and Cs
concentrations in the Atlantic Ocean. J. Marine Research
37_(1): 141-156.

COQ-Jjo^- . ,. K^pferman, a. L,. , ^. D. Livingston and V. T.
Bowen, 1979. A mass balance for Cs and Sr in the
North Atlantic Ocean. J. Marine Research 37_(l'): 157-199.

COO-3563-81: Bankston, D.C., N.S. Fisher, R.R.L. Guillard
and V. T. Bowen, 1979. Studies of element incorporation by
marine phytoplankton with special reference to barium.
U.S. DOE Environmental Quarterly Report EML-356,
pp. 1-509 - 1-531.

3. The following reports have been submitted for publication.

COO-3563-68; COO-2379-15: Kupferman, S. L., V. T. Bowen,
H.D. Livingston and A. Aarkrog. Radioactive effluent from
Windscale as a perturbation of the fallout tracer experi-
ment in the North Atlantic Ocean. This has been submitted
to Earth and Planetary Science Letters and is now under-
going revision after review.

COO-3563-82: Bush, K. and S. L. Kupferman. Wind stress
direction and the alongshore pressure gradient in the
Middle Atlantic Bight. Submitted to J. Physical
Oceanography.

** This report was titled "Pu and ̂ 7Cs distribution patterns in
coastal sediments of the Northwest Atlantic Ocean" in previous
progress reports.
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COO-3563-84; COO-2562-02; Bowen, V. T. and C. L.
Hollister. Low level waste management. Part of IAEA
Advisory Committee on Ocean Dumping Report; meeting held in
Jamaica, Dec. 1978. To be published in Intern'1 Radioactive
Waste Management Journal.

C. The following reports were presented at various meetings
and will be published.

COO-3563-83; Bowen, V. T. and H. L. Volchok. Spiked
sample standards; their uses and disadvantages in analy-
tical quality control. Presented to Working Group on Low
Level Radioactivity of the Intern'1 Council on Radionuclide
Metrology, Braunschweig, W. Germany, June 1979. To be
published in Environment International.

COO-3563-85: Olson, B. L. and V. T. Bowen. Actinide uptake
by phytoplankton or by resuspended marine muds. Presented
at the American Society of Limnology and Oceanography,
Inc., 42nd Annual Meeting, Stony Brook, N.Y., June 3979.

. Bibliogrtaphic Summary - 1980

A. Reports that have been published since the last Progress
Report are as follows:

COO-3563-33; COO-3568-07: H. D. Livingston and V. T.
Bowen, 1979. Contrasts between the marine freshwater
interactions of plutonium, americium and some other transu-
ranium elements. In Interaction between Water and Living
Matter Vol. 1, pp.110-118. Proceedings of the Interna-
tional Symposium, Odessa, October 6-10, 1975. (This report
was also published by U.S. Energy Research and Development
Administration, HASL Environmental Quarterly, HASL-315,
pp.1-157 - 1-172).

COO-3563-65: N. S. Fisher, B. L. Olson and V. T. Bowen,
1980. Plutonium uptake by marine phytoplankton in
culture. Limnology and Oceanography, 2X5) 823-839.

COO-3563-79; H. D. Livingston, S.A. Casso, V. T. Bowen and
J.C. Burke, 1979. Soluble and Particle-Associated Fallout
Radionuclides in Mediterranean Water and Sediments. Rapp.
Comm. int. Mer. Medit. 25/26, 5, pp.71-76.
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COO-3563-82: K. Bush and S. L. Kupferman, 1980. Wind
Stress Direction and the Alongshore Pressure Gradient in
the Middle Atlantic Bisht. J. Phy. Oceanogr. 10(3): 469-471.

COO-3573-83; COO-2562-05; V. T. Bowen, H. L. Volchok,
1980. Spiked Sample Standards; Their Uses and Dis-
advantages in Analytical Quality Control. Environment
International 3̂ : 365-376.

COO-3563-88; COO-2562-04; V. T. Bowen, V. E. Noshkin,
H. D. Livingston and H. L. Volchok, 1980. Fallout radio-
nuclides in the Pacific Ocean: Vertical and horizontal
distributions, largely from GEOSECS stations. Earth and
Planetary Science Letters, 49; 411-434.

COO-3563-89; B. Schroeder, G. Thompson, M. Sulanowska and
J. N. Ludden, 1980. Analysis of Geologic Materials Using
an Atomated X-Ray Fluorescence System. X-Ray Spectrometry,
JK4): 198-205.

COO-3563-90; COO-3569-23: J. C. Burke, W. R. Clarke,
M. Heit and H. L. Volchok, 1980. A 22-foot portable
research catamaran: background, design, and sue to date.
U. S. DOE Environmental Quarterly, EML-381,
pp. 1-17 - 1-127.

COO-3563-93: M. Heit, Y.L. Tan, C. S. Klusek and H.
Volchok, 1980. The original deposition history of trace
elements and polynuclear aromatic hydrocarbons in two
remote lakes in the Adirondack acid rain region. U.S. DOE
Environmental Quarterly, EML-381, pp. 1-75 - 1-127.

B. The following reports are in press or will -be published.

DOE/EV/03563-1; COO-2379-13; V. T. Bowen and Livingston H.
D., 1980. Radionuclide distributions in sediment cores
retrieved from marine radioactive waste dump sites. This
was presented at the IAEA International Symposium on the
Impacts of Radionuclide Releases into the Marine Environ-
ment, Vienna, October 6-10, 1980. To be published.

COO-3563-84; COO-2562-02; V. T..Bowen and C. D. Hollister,
1980. Preand post-dumping investigations for inauguration
of new low-level radioactive waste dump sites. Ir± press
in Radioactive Waste Management 1(3): 235-269.
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C. The following reports were presented at various meetings.

DOE/EV/03563-2; A. E. Carey and V. T. Bowen, 1980. Diffe-
rential uptake of plutonium by marine bacteria: effects of
Pu oxidation state. Oral paper presented 7-12 Sept. 1980.
Univ. of Warwick, Coventry, England. In Abstracts of the
Second International symposium on Mocrobial Ecology, pp.
169-170.

DOE/EV/03563-3; H. D. Livingston and V. T. Bowen, 1980.
Dispersion in Scottish and Norwegian coastal circulation of
radionuclides from Windscale discharges. Presented at the
Second International Ocean Dumping Symposium, Woods Hole,
MA, April 15-18, 1980.

DOE/EV/03563-4; D. C. Bankston, 1980. Determination of
barium in seawater by a standard addition method adapted to
the direct current echelle optical emission spectrometer.
Presented at the Intern'1. Winter Conference 1980 on Deve-
lopments in Atomic Plasma Spectrochemical Analyses,
Jan..1980, San Juan.
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THE BEHAVIOUR OF TRANSURANICS IN
NATURAL WATERS

D. EDGINGTON
Center for Great Lakes Studies,
University of Wisconsin,
Milwaukee, Wisconsin,
United States of America

Research Summary

There has been considerable International concern regarding the
advisability of the disposal or dumping of radioactive wastes in the
oceans and the IAEA has sponsored programs to establish recommenda-
tions regarding the advisability, safety, and limits for the dispo-
sal or dumping of radioactive wastes in the oceans and to review the
oceanographic basis for such recommendations. The assimilation
capacity of the oceans for long-lived radionuclides will depend
largely on the maximum concentrations that can be safely or agree-
ably contained within it. To determine this maximum concentration
it is important to study the natural mechanisms for removal or
control in the oceans. These are radioactive decay or association
with particles and burial in the sediments. Therefore it is clear
that we need a better understanding of the processes involved in
sediment/water interactions, in transfer across the sediment/water
interface, and within the sediment column.

Long-lived radionuclides, or other pollutants, are found in
three major compartments: in solution, on suspended particles (bio-
tic and abiotic), and on sediments. A conceptual model can be for-
mulated to describle the change in concentration of these pollutants
with time in terms of the physical and chemical properties of the
system, as illustrated in Fig. 1. The application of this model
requires a fundamental knowledge of the physical processes of ad-
vection and diffusion in the oceans as well as the kinetics and
equilibria involved in the association of the radionuclides with
particles. The simplest model assumes that the radibnuclide is in
equilibrium with particles, and that the concentration in the water
column is controlled by this equilibrium reaction. The association
of soluble species in the water with particulate matter can occur by
several different chemical reactions such as coprecipitatlon on
newly formed particles, active uptake with biogenic material, preci-
pitation on surfaces of particles, and adsorption or ion exchange
with surface layers.

* Agreement No. 2318 for the Research period 1979-81.
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Extensive sets of measurments of plutonium suspended particles or sedi-
ments have shown that this element is associated with iron oxide surfaces
and that values of equilibrium constant for the reaction, K

Pu , + sediment > Pu ,.soln ^— sediment

commonly called a distribution coefficient have a remarkably narrow range
from samples collected from a wide range of different environments^ .
In order for this simple model to be used it is essential to show that
the reaction of soluble radionuclides with sediments is reversible.
There is some feeling that the reactions with sediment are not so and
that there is a "hysteresis effect", that is, the K for the uptake
reaction is different from that for desorption. This is true for the
uptake of Cs onto sediments containing montorillonite clay. In
order to answer this question for plutonium, a double tracer experiment
has been performed using sediment that has been contaminated with

poo /o\nanocurie concentrations of Pu . Small amounts with this sedi-
ment were equilibrated with Lake Michigan water for varying times from a
few hours to a few days. A steady state value was reached within one
day. The values of 1C obtained from these experiments were very simi-
lar to these measured in a wide range of environments, and multiple ex-
tractions of the same sediment sample showed that the 1C did not
markedly change, even when greater than 50% of the original sediment has
been desorbed, indicating that a large proportion of the plutonium absor-
bed onto sediment particles is in an exchangeable chemical form rather
than irreversibly adsorbed.

Additional measurements made at Argonne National Laboratory have
shown that the majority of plutonium in the water column of Lake
Michigan (and the oceans) is present as Pu(V) and that when

( 4}absorbed onto particles it is present as Pu(IV)v . The ratio of oxi-
poo 238dation states measured for Pu in Lake Michigan water and for Pu

in the desorption experiments are the same.

Thus the chemical behaviour of plutonium in the Great Lakes and
oceans can be explained in terms of two major equilibrium processes.
The complete model for the chemical processes involving plutonium in
natural waters is shown in Figure 2. Work at Argonne National Labo-
ratory has shown that in different aquatic environments, particu-
larly in waters with high concentrations of dissolved organic mate-
rial, the ratio of Pu(V)/Pu(IV) moves in favour of Pu(IV) as a
result of the complexing of plutonium by inorganic or organic
compounds. At the present time the nature of this complex is not
known' ' and a continuation of these important basic studies will
be attempted under further IAEA coordinated research programmes.
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DISTRIBUTION OF TRANSURANIC NUCLIDES
IN MEDITERRANEAN ECOSYSTEMS

S. BALLESTRA, M. THEIN, R. FUKAI
International Laboratory of Marine Radioactivity,
Oceanographic Museum,
Monaco, Principality of Monaco

Summary

For the comprehensive understanding of the behaviour of
transuranic elements in the marine environment, the knowledge on the
distribution of these elements in various components of marine ecosystems
is essential. Since the Mediterranean Sea is considered a sufficiently
self-contained system, our approach for studying the processes controlling
the transuranic cycling in the sea has been to follow, step by step,
the redistribution of plutonium and americium in different components of
the marine environment, taking Mediterranean ecosystems as examples.
While the studies in the past years have supplied quantitative
information on the inputs of plutonium and americium into the Mediterranean
from atmospheric fallout [1] and rivers [2] as well as on their behaviour
in the Mediterranean water column [3 - 5], only scattered data have been
made available so far on the occurrence of the transuranic nuclides in the
Mediterranean marine biota [6 - 8] or sediments [6, 9, 10]. In order to
fill up this information gap, biological and sediment samples were collected
from the northwestern Mediterranean region during 1975-1978 for the
transuranic measurements. The results of these determinations are given in

the present report.

The locations of the sampling stations along the French coast of
the Mediterranean are shown in Fig. 1. At these stations various species
of seaweed as well as mussels (Mytilus galloprovincialis) were collected,
whenever possible with shore sediments. The collections were made at
shore, but other types of biological samples were sometimes obtained from
local markets. The seaweed samples were cleaned as much as possible with
the seawater jn situ and the mussels were dissected in the laboratory.
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After oven-drying, these samples were analyzed for plutonium and americium
by applying the procedures described previously [11]. Since the build-up

241 241of Am due to the decay of Pu contained in the samples occurred
241during the sample storage, the Am ingrowth have been corrected by

applying the Pu/ Pu activity ratio of 7, determined for the
Mediterranean surface water and suspended matter in 1975 [12].

239+240 241In Table 1 the concentrations of Pu and Am in coastal
surface waters (unfiltered) collected around Monaco during 1976-1978 are
given with the activity ratios 238Pu/239+24°Pu and 241Am/239+24°Pu.

239+240Although a trend of seasonal variations of Pu in the coastal water
may exist, no systematic decrease of the transuranic concentrations from
one year to the other is noted. While the average concentration of
239+240 —1Pu, 0.89 + 9.09 fCi 1 in the coastal surface water around Monaco
is not significantly different from that in the open surface Mediterranean.

-1 2411.03 + 0.05 fCi 1 , in 1975, the average Am concentration for the

coastal waters, 0.11 + 0.02 fCi 1 is higher than that in the open waters
in 1975, 0.057 + 0.007 fCi l"1 [13]. Thus, the 238Pu/239-f24°Pu ratio for
the coastal water does not differ from that for the open-sea water, the

Am/ Pu ratio for the coastal water tends to be higher than that

for the open-sea water. As the seawater samples were not filtered, the
higher Am/ Pu ratios for the coastal waters may be attributed to
the effects of suspended matter brought down to the coastal region from

the land. Surface soil has been known to have much higher Am/ Pu

ratio than that for seawater [14]. The average concentrations of
239+240 241Pu and Am presented above for the coastal water around Monaco
were used for computing concentration factors of these radionuclides in

the biological samples analyzed.
The transuranic concentrations and activity ratios for the

Mediterranean coastal sediments are given in Table 2. All sediment samples

analyzed to date represent the superficial layer (0-2 cm) of deposited
239+240sediments. The concentrations of Pu in the shore sediments presented

in Table 2 are in a range of 0.7 - 3.7 fCi g , showing no systematic
variation with respect to the sampling locations. Thus, no effect of a
possible transuranic source, the Rhone River, has been observed for shorei

239+240sediments. The Pu concentrations in the offshore sediments are
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higher approximately by an order of magnitude. Although only a small
number of results are available, the concentration difference between

241the shore and offshore sediments applies also to Am. This indicates
that these transuranic elements are preferentially associated with the
finer fractions of the sediments, which are more easily carried away by
water movements to offshore areas than do the coarser fractions. While

238 239+240the Pu/ Pu ratios in the shore sediments are not significantly

different from those in the offshore sediments, the Am/ Pu ratios
are likely to be higher in the offshore sediments than in the shore
sediments. The Am/ 39*24opu ratio of -v 25% obtained for the offshore

sediments is 'in good agreement with that of 22% for the integrated
fallout in 1974 [14]. This means that the offshore sediments studied are

241only under the influence of the global fallout, despite the higher Am/
239+240Pu ratio relative to that for the shore sediments.

239+240The Pu concentrations in various seaweeds are given in Table 3
238 239+240with the Pu/ Pu ratio as well as the concentration factor of

239+240 239+240Pu in the seaweeds. The concentrations of Pu in these
seaweeds vary in a range of 0.1 - 0.9 fCi g , except for a brown seaweed
collected at Banyuls (Cystoseira stricta), in which the concentration

.1
reaches as high as 2.8 fCi g . As this species has not been analyzed
for other locations, it is not clear whether the elevated concentration

r

is due to species specifity of local conditions. However, since the
other seaweed (Estrocarpes silicocus) from the same station also shows

239+240higher concentration of Pu, the high concentration in Cystoseira
is likely to be caused, at least partially, by the local conditions such
as higher suspended sediment load in the ambient water, etc. It is also

noted that a freshwater algae collected from the Grand Rhone (Mirophyllium
~1 238sp.) shows relatively higher concentrations of 0.90 fCi g . The Ptl/

239+240Pu activity ratios for the seaweeds are not significantly
different from the average ratio for the seawater around Monaco (5 + 1%),
except for that of the freshwater algae from the Grand Rhone (20 + 3%).
This elevated ratio may be attributed to the release of waste effluents

from nuclear installations to the Rhone river. The concentration factor
239+240of Pu in the seaweeds varies in a range of 140 - 840,. with the

exception of 3100 for the Cystoseira stricta from Banyuls.
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239+240 241In Table 4 the concentrations of Pu and Am in mussels are
presented with relevant activity ratios and concentration factors. The
ranges of concentration variations are respectively 0.06 - 0.61 fCi g
for 239+240pu and 0>Q5 _ 0>u fc£ g-l for 241̂  For 239+240pu

majority of the values is within a range of 0.1 - 0.2 fCi g . Similar
to the cases for the seaweeds, the mussels from Banyuls also show a

-1 238 239*240higher pu concentration (0.61 fCi g X) . While the "°PU/ * Pu
ratios for mussel collected from the stations well away from the Rhone
show no difference from the average ratio for the seawater around Monaco,
those for the mussels collected between St. 8 (Martigues Ponteau) and
St. 12 (Grau du Roi) as well as from Venice, tend to show higher ratios.
This is considered to represent the effects of the Rhone or Po discharge,
which contains transuranics released from the nuclear installations.
Although the available data are scarce and the associated errors are

241 239+240large, the Am/ Pu ratios also show the similar tendency. The
concentration factors of Pu and Am for the mussels range
respectively 70 - 690 and 450 - 1400. Althouth the data available are
too scarce for the conclusive generalization, the concentration factor

241of Am for mussels is likely to be higher by a factor of 5 - 10 over
that of 239+240Pu.

The data of transuranic nuclides presented above for seawater,
sediments and marine biota collected along the French Mediterranean coast
indicate that, although variations of absolute concentrations of these
nuclides in various environmental matrices are relatively large, the

238 239+240activity ratio, especially that of Pu/ Pu, is likely to be a
good indicator for detecting the influence of the discharges from nuclear
installations. Especially, mussels seem to be sensitive indicator organisms
for this context, as has been indicated by the "Mussel Watch" programme
carried out recently along the US coasts [15].
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Fig. 1. The locations of the sampling stations along the French coast of the Mediterranean Sea.

Table 1. Concentrations of plutonium and americium in
coastal waters around Monaco (1976-1978)

Date of
collection

May '76

Nov '76

Mar '77

Aug '77

Nov '77

Mar '78
tr

Sep '78
ft

Nov '78

Average

O-IQ OAT^ _,. 239+240,, ZJOPu 241, Am
Depth Pu 239+240p *" 239+240p, Pu , Pu

(fd 1 ) (%) (fCi I ) (%)

Surface 1.1 ±0.1 -

" 1.32±0.05 4±2

" 0.71±0.07 -
" 0.9310.08 2±1

" 1.06±0.05 5±1 0.10+0.02 9±2

" 0.7 ±0.2 - 0.18+0.03 26±9

" 0.71+0.06 7±3

" 0.56+0.05 - 0.09+0.02 16+4
" 0.60±0.03 - 0.06+0.01 10±2

1.3 ±0.1 - 0.12±0.01 9±1

0.89±0.09 5+1* 0.11+0.02 12+3*

Based on the average concentrations
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Table 2. Concentrations of plutonium and americium in sediments
collected along the Mediterranean coast

Station T . Date of 239+240Location n, . TypeNo. collection
(fCi

PU 7

g-1)*

238DPu
139+240,.Pu

(%)

241 Am
239+240_

(fCi g-1)*
PU

(%)

SHORE SEDIMENTS

1 Menton July '75 pebbly sand 2.5±0.3
3 Beaulieu " " 3.710.3 6+2 0.51+0.05 14±2
4 Nice " " 0.7+0.1 9±4

11 Port St. Louis June '76 sand 3.0±0.2 8±3

12 Grau du Roi " " 3.1±0.2 -

13 Sete(Balarue) " silty sand 3.1+0.2 4±1

OFFSHORE SEDIMENTS

2 off Monaco Mar '76 sand 27±1 2.8+0.4 7.2±1.0 27+4
(40m depth)

off Villefranche Oct '78 " 18.1±0.8 6+1
(500m depth)

4 off Nice Oct '74 " 21+2 5+1 4.9+0.6 23+4
(100m depth)

* On dry weight basis-
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Table 3. Concentrations of plutonium in seaweed collected along the Mediterranean coast

Station T . . Date of „ ... Location , . . SpeciesNo. collection r

3 Beaulieu July '75 Codium tomentosum
4 Nice Sep ' 75 Enteromorpha linza
5 Cros de Cagnes July '75 Ulva lactuca
6 Cannes June '76 Ulva lactuca
11 Port Saint-Louis " Ulva lactuca
" " (fresh water) " Mirophyllium sp.
" " May ' 77 Codium tomentosum

12 Grau du Roi " Ulva lactuca
13 Sete June '76 Ulva lactuca
" " May '77 Ulva lactuca

14 Banyuls June '76 Estocarpes silicosus
" •' " Cystoseira stricta

239+240pu

(fCi g""1)*

0.17*0.02
0.13*0.02

0.66*0.06

0.58±0.08

0.13±0.02

0.90+0.06
0.35+0.03
0.54+0.05
0.17±0.01
0.19±0.02
0.75+0.08
2.8 +0.5

238.,Pu
239+240..Pu

8±5
8±4
9±3
7±2
3±1
20±3
7+2
10±2
4±1
6±2

5±2

Concentration
Factor

188
146
740
650
143
203
392
605
188
209
840

3101

On wet weight basis .



Table 4. Concentrations of plutonium and atnericium in soft parts of mussels collected along the
Mediterranean coast

Station . . Date ofXT Location ,, .No. collection

2 Monaco Nov '76
7 Saint Mandrier June '76
8 Martigues Ponteau "
10 Port de Bouc "
11 Port Saint-Louis "

May '77
12 Grau du Roi June "76
13 Sete (port) "
" " May '77

(etang)
14 Banyuls June '76

Venezia May '77

239+240 238Pu 241 241Am
239+240pu *" 239+240pu

(fCi g"1)* (%) (fCi g"1)* (%)

0.39±0.04 6±2
0.15±0.02 8±2
0.20i0.03 38±8 0̂ 1340. 04 70±20
0.06±0.01 12+5
0.09±0.01 - 0.09+0.02 100±20

0.23+0.02 " 18+6
0.11±0.02 12±6
0.17+0.02 4+2
0.11+0.02 - 0.05+0.02 50+20
0.12±0.04 -

0.61+0.07 3.5+0.9

0.11+0.02 15+7 0.70+0.02 90+30

Concentration
factor

Pu Am

438
168
225 1400
67
101 980
258
124
191
124 450
135
685

** **104 880

On wet weight basis
Concentration factors calculated on the basis of average concentrations in the Adriatic Sea
0.97*0.04 fCi I"1 of 239+240Pu and 0.10+0.03 fCi 1~1 of



IV. CONCLUSIONS

The intercalibration exercise was an important part of this Coordina-
ted Research Programme as it provides the reliability necessary in order
to confidently predict the cause and effect relationship in environmental
behaviour mechanisms. A look at the range of values reported for the

238 239 241three isotopes, Pu, Pu and Am in various matrices show that
many laboratories are indeed reliable and consistent. However, these same
figures also indicate the need for a continuing effort in this area.

Programmes such as these that collect large amounts of marine samples
in many diverse environments and process them for a variety of radionucli-
des show a remarkable consistency in values for most of the radionuclides.
Occassionally, some values appear to be anomolous as is the case of the

Ce activities of over 2 mCi/kg dry weight in the brown algae along
the East coast of Greenland which were confirmed by two investigators over
two sampling years. The source of this short lived fission product should
be better defined.

In many of these studies there are excellent descriptions of the dis-
tribution patterns of various radionuclides in contaminated coastal en-
vironments. These local patterns represent a static view in time of a
very dynamic system. The more advanced national programmes are involved
in explaining the causes of these changes in activities due to changes in
key environmental parameters that affect these distribution patterns. It
is this understanding of the total system that is necessary before the
behaviour of these transuranics in marine environments can be reliably
predicted. These radionuclide distribution patterns studies are therefore
needed in a variety of areas combined with good ancillary oceanographic
data in order to provide an understanding of the range in benaviour for
these radionuclides.

Although this particular Coordinated Research Programme has been
concluded, the Agency is continuing its support of a related programme
through the Monaco laboratory. Two objectives were quite clearly met in
full: the information exchange including the publication of results, and
the intercalibration exercise were obviously adequate. Considerable
progress has been made in developing better measures of the isotopic
composition and speciation, although the picture on source-term inputs is
certainly not clear. There is still considerable information needed n
those processes, time scales, and pathways by which such radionuclides
cycle through the marine environment and in part, man.
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