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Summary

The Rhône, with its 6 nuclear sites (17 reactors of various types and a fuel reprocessing unit), presents
a relevant example for comparing the impact of these various installations on the aquatic ecosystem.
Artificial radioactivity (Yemitters, Pu, 3H, 90Sr...) and natural radioactivity are monitored in sediments
and various living organisms in the river and its prodelta. A summary of the radioecological procedure
is given and illustrated with examples selected from results obtained over the last fifteen years (data
resulting from about 7500 samples taken up- and downstream of the installations and in the prodelta).
The evolution of results obtained during this period by Y spectrometry on fish up- and downstream of
the nuclear power station at Bugey and the Marcoule fuel reprocessing unit is presented. The role of
aquatic vegetation as indicator of radiocontamination is also illustrated. The evolution in the
concentration levels of Y emitting artificial radionuclides in sediments and mussels in the prodelta is
commented on in order to show the global radioecological impact of the Rhône in the Mediterranean
sea. The analyses presented show that it is possible to quantify the influence of each source term on
the total artificial radioactivity of the compartments of the ecosystem. The source terms are atmospheric
fallout from early nuclear weapon tests and of the Chernobyl accident, and liquid wastes of various
composition from nuclear installations.

1 Introduction

Between 1956 and 1986, a considerable number of nuclear power installations came into operation
along the Rhône over a distance of 300 km. The present operations, spread over six sites, include two
Fast Breeders, a Natural Uranium Gas-Graphite Reactor, twelve 900 MWe Pressurized Water Reactors,
two 1300 MWe Pressurized Water Reactors and a fuel reprocessing unit. The operation of these
installations causes slightly radioactive liquid and gaseous wastes to be discharged into the environment,
following processing and in compliance with the legislation in force. For the last fifteen years,
radioecological monitoring has assessed the impact of artificial radionuclides on the radiocontamination
levels of the main compartments of the ecosystem (sediment, vegetation, invertebrates, fish). The
influence of each source term can be quantified: atmospheric fallout from nuclear weapon tests (137Cs,
90Sr, 338Pu, 239Pu, 340Pu), from the Chernobyl accident (134Cs, 137Cs, 131I, 132Te, 140Ba, 103Ru, 106Ru) [I],
liquid wastes from nuclear power stations (3H accompanied by the eight identified radionuclides 134Cs,
137Cs, 58Co, MCo, 131I, llOmAg, 124Sb, 54Mn) [2], liquid wastes from the Marcoule unit (mainly '06Ru)
[3]. A global approach is adopted so that the information required for analyzing the impact of each
installation can be obtained. This approach is based on three types of complementary information: data
obtained from in situ studies involving a series of steps (selecting the station and the compartments to
be sampled, sampling, preparing, measuring, interpreting the data), bibliographical studies and
experimental studies. For some radionuclides, the results of these experiments were formalized using
an explanatory and predictive mathematical model, which was validated by comparing results with the
field data. Using this type of model, radionuclide transfers in a freshwater food chain can be simulated
under various contamination hypotheses [4, 5]. This radioecological procedure is illustrated in this
article by examples from the Bugey and Marcoule sites and the prodelta.

2 Materials and methods

2.1 Sampling stations

Around 70 sampling stations were selected between the Lake of Geneva and the prodelta in order to
carry out a comparison between concentration levels up- and downstream of each nuclear site. Five
monitoring stations along the Mediterranean coast provide a view of the global impact of the river. By
analyzing the results obtained zone by zone, the contribution of each source term to the total artificial
radioactivity of the compartments of the aquatic ecosystem can be assessed (Fig.l).



2.2 Sampling, Sample
Preparation, Measuring,
Data Management

Depending on the station,
samples may be taken from the
water, sediments, vegetation,
invertebrates or fish. At inland
sites, raw water samples are
taken by an automatic device,
sediment collected with a
Berthois cone, plants gathered
by hand and fish caught with an
electric rod. In the sea,
sediment samples are taken
using wide-section core drills
(625 to 700 cm2) which provide
core samples of several
centimeters. Since 1984,
Mytilus sp. samples are
collected monthly [6]. The
samples are prepared either
immediately or after freezing to
-40°C. Their preparation
process (drying,
incineration...) depends on the
measuring method to be used
(standard physical and
chemical measurements, Y and
a spectrometry, 90Sr
radiochemistry, organic 3H
measurement...). Using
relational data base
management, the entire set of
site results for a precise subject
are available.

3 Space-Time Interpretation
of the Impact of Nuclear
Installations - Some
Examples

At present the data available for
the Rhône and its prodelta
comes from measurements
carried out on 7500 samples.
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Figure 1 : The Rhône river - Location of the nuclear power stations,
the fuel reprocessing unit and the main sampling stations.

By analyzing them, the evolution of natural and artificial radioactivity can be monitored over time in
the various compartments of the aquatic ecosystem, and the impact of the different source terms can
be compared [7,8]. The results chosen to illustrate this article were obtained by Y spectrometry on fish
up- and downstream of a nuclear power station that has been operating for 18 years (Bugey) and a fuel
reprocessing unit that has been operating for 30 years (Marcoule). The role of aquatic plants as
radiocontamination indicators is also demonstrated for these two sites. The evolution of concentration
levels of Y emitting artificial radionuclides in sediments and mussels in the prodelta is commented on
in order to give a global view of the radioecological impact of the Rhône in the Mediterranean sea.

4 Illustration of the Impact of the Bugey Power Station

4.1 Evolution of Concentration Levels of y Emitting Artificial Radionuclides in Fish (Fig.2 et 3)

From 1975 to 1985, the only source of contamination upstream of the site of Bugey was atmospheric
fallout from nuclear weapon tests. This is characterized by a 137Cs content of 0.22 + 0.07 Bq.kg'wet



weight in fish and episodical presence Of95Zr [I]. From 1975 to 1977,134Cs and 137Cs were measured
downstream from the site, sometimes accompanied by 65Zn and 54Mn. These radionuclides indicate the
impact of the gas-cooled reactor. The 137Cs is of double-origin: 28 % of the total concentration is due
to earlier atmospheric fallout and 72 % to liquid wastes from the nuclear power station. During this
peiiod, the total concentration of Y emitting artificial radionuclides was 3.2 ± 2.1 Bq.kg^wet weight.
The average obtained during the period 1978-1985 (2.4 ± 1.2 Bq.kg^wet weight), corresponding to
the PWRs start (1978-1979), is not significantly different. On the other hand, 58Co and 60Co appear.
After Chernobyl, in May 1986, a very distinct increase in cesium was recorded both up- and downstream,
as well as episodic detection of 103Ru and 11OmAg. At that period, the impact attributable to the accident
represented 95 % of the total concentration of 134Cs and 137Cs. From the end of 1988, artificial
radioactivity levels were virtually identical to pre-accident levels (upstream: 1.2 ± 0.2 Bq.kg^wet
weight in 1989). This decrease corresponds to the apparent effective half-life for radiocesiums observed
in river fish, which is around 190 days [1,9].
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Figure 2 : Evolution with time of total concentration levels of Y emitting artificial radionuclides in fish
collected up- and downstream of the Bugey nuclear power station.
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Figure 3 : Evolution with time of composition of total concentrations of Y emitting artificial radionuclides
in fish collected up- and downstream of the Bugey nuclear power station.

4.2 Types of Y Emitting Radionuclides Present in Immersed Plants Collected Upstream of Bugey in
1989. Comparison with the Composition of Liquid Waste Discharges (Fig. 4)

Aquatic phanerogams and mosses show a qualitatively identical spectrum of Y emitters. Compared with
the annual average composition of liquid wastes, 124Sb is absent because of a very small concentration
factor (8 to 30 (dry weight) depending on contamination conditions). 131I is absent too. The volatile



compounds of this latter separate off during sample drying but it can be measured on fresh samples
which have not undergone any processing [10]. Mosses give a more representative picture of liquid
waste composition than the immersed phanerogams. Generally they show concentrations which are 2
to 3 times greater (in 1989 for example, 183 to 821 Bq. kg1 dry weight as opposed to 36 to 392 Bq.kg'
dry weight) [H].

ANNUAL LIQUID WASTES IMMERSED PHANEROGAM AQUATIC MOSS
Total quantity = 237 GBq Number of samples = 2 Number of samples = 5

' 36 to 392 Bq.kg-1 dry weight * 183 to 821Bg.kg-1 dry weight

* Concentration of gamma emitting artificial radionuciides: minimum to maximum
WM Cs-134 [23 Co-58 Q § Mn-54 \Z2\ Sb-124 IZ-3 Others
CU Cs-137 [~3 Co-60 K U Ag-HOm E 3 1-131

Figure 4 : Nature and composition of total concentrations of y emitting artificial radionuciides in
immersed vegetation (phanerogam and moss) sampled in 1989 downstream from Bugey nuclear power
station. Comparison between the annual composition of the liquid wastes for the 8 identified
radionuciides released in 1989.

4.3 Illustration of the Impact of the Marcoule Fuel Reprocessing Unit

4.3.1 Evolution of the Concentration ofy Emitting Artificial Radionuciides in Fish (Fig.5 et 6)

During the last 30 years, the operation of this unit has had a distinct effect on the various compartments
of the Rhone's ecosystem. Artificial radionuciides detected upstream of the site (134Cs, 137Cs and
episodically, 58Co, 60Co, 11OmAg, 54Mn...) appear in significantly greater concentrations downstream.
Some radionuciides characteristic of liquid wastes from the unit are only detected downstream (103Ru,
106Ru+Rh, 144Ce+Pr). As an annual average, the total concentration of yemitting artificial radionuciides
is 2 to 20 times greater downstream the site than upstream (in 1991, 0.64 ± 0.16 Bq.kg'wet weight
upstream as opposed to 5.7 + 1.6 Bq.kg^wet weight downstream). In May 1986, the Chernobyl
accident produced a two-fold increase in the total concentration of y emitting artificial radionuciides in
this section of the Rhône.
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Figure 5 : Evolution with time of total concentrations of y emitting artificial radionuciides in fish
collected up- and downstream of the Marcoule fuel reprocessing unit.
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Figure 6 : Evolution with time of composition of total concentrations of yemitting artificial radionuclides
in fish collected up- and downstream the Marcoule fuel reprocessing unit.

4.3.2 Types of Y Emitting Radionuclides Present in Immersed Plants Collected Downstream from
Marcoule. Comparison with the Composition of Liquid Waste Discharges (Fig.7)

The distribution of radionuclides in immersed phanerogams and mosses is very similar. Apart from
i aSb, gamma emitting radionuclides present in liquid wastes from the unit such as 137Cs, 54Mn, 144Ce+Pr
and 106Ru+Rh are also found in the plants. 106Ru + Rh make up about 55 % of the total concentration
in these organisms. The studies re-emphasize that the sensitivity, concentrating power and "memory"
of immersed plants, and particularly mosses, make them very efficient radioactive pollution
bioindicators.
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Figure 7 : Nature and composition of total concentrations of Y emitting artificial radionuclides in
immersed plants (phanerogam and moss) sampled in 1989 downstream from the Marcoule fuel
reprocessing unit. Comparison between the annual composition of Y emitting artificial radionuclides in
liquid effluents released in 1989.



4.4 Concentrations of Y Emitting Artificial Radionuclides in the Prodelta. Examples of Sediments
and Mussels (Fig. 8A et 8B)

The 106Ru+Rh observed in mussels undoubtedly originated from the Rhône before the Chernobyl period.
This is confirmed by the decreasing gradient observed here and there from Faraman, the most
marked station. This element represents more than 90 % of the anthropic radioactivity due to yemitters.
The impact of Chernobyl in 1986 appears mainly as an increase of l06Ru+Rh concentrations at all
stations and systematic detection of 103Ru, previously absent from the samples [12].
Several radionuclides show up in the sediments [12]. Those present in the greatest concentrations are
106Ru + Rh and 137Cs. The Chernobyl accident led to an increase in the levels of 134Cs, 137Cs and 106Ru+Rh.
Both before and after Chernobyl, they represent 90 % of the total concentration of Y emitting artificial
radionuclides in the surface sediments at this station. Following the accident, 103Ru was observed in
mussels but was not detected in sediments.
The prodelta data combines all waste present in the course of the Rhône. Sediments are efficient
indicators of cesium discharge and to a lesser extent, ruthenium discharge, whereas mussels appear to
be efficient indicators of ruthemium discharge. The absorption coefficient in sediments is twice as great
for cesium as for ruthenium (2000 and 1000 m3.t l respectively), whereas the concentration factor for
ruthenium in molluscs is one hundred times greater than for cesium (2000 and 20 (wet weight)
respectively).
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Figure 8: A- 103Ru and 106Ru concentrations (Bq.kg1 dry weight: mean fresh weight/dry weight
ratio around 16) in soft tissues of Mytilus sp. sampled at four locations in the Rhône prodelta. For
1986, the data shows concentrations recorded before and after the Tchernobyl accident arisen on 26*
April.

B- 134Cs, 137Cs and 106Ru concentrations (Bq.kg1 dry weight) of sediment surface layer
(0-1 cm) sampled annually at various dates in front of the Grand Rhône mouth (Station 8).



5 Conclusion

Generally, artificial radioactivity due to y emitters observed in the aquatic ecosystem downstream from
a nuclear power station represents a slight proportion of radioactivity from natural sources [13]; when,
since 1985, the average annual discharge of the 8 identified radionuclides from Bugey is 263 ± 54 GBq,
the levels of artificial radioactivity for 1990 downstream from this site vary as follows: 0.07 to 1.6 %
of the total natural radioactivity in sediments; 16 to 89 % in immersed plants (phanerogams and mosses);
0.3 to 3.9 % in fish (Tab.l). Downstream from the reprocessing unit, the percentages are higher (7.9
to 89.7 % in sediments, 6.5 to 256 % in immersed plants and 0.02 to 71.1 % in fish) (Tab.l).

Table 1: Natural radioactivity due to y emitters in the different compartments of the River Rhône
(average levels with 95 % confidence interval) and the variation range (minimum to maximum values)
of total concentrations of y emitting artificial radionuclides recorded in 1990 downstream from Bugey
and Marcoule.

Compartments

Natural radioactivity

Artificial radioactivity
downstream from Bugey

Artificial radioactivity
downstream from Marcoule

Sediments

Bq.kg-'d.w.

1949 + 144
(271)-

1.3 to 31.2
(2)

153 to 1749
(9)

Immersed

Phanerogams

Bq.kg-'d.w.

1745 + 291
(355)

284
(D

113 to 4642
(16)

Plants

Mosses

Bq.kg-'d.w.

2148 + 541
(90)

1910
0)

1993 to 5572
(2)

Fish

Bq.kg'w.w.

114 + 11
(1607)

0.3 to 4.4
(7)

0.02 to 81
(82)

* number of samples

Qualitatively, the main radionuclides characteristic of liquid wastes from nuclear power stations found
in the aquatic ecosystem are J7Co, 58Co, 60Co, "°">Ag and 54Mn. Their presence is more or less episodic
and depends on the waste composition and the compartment concerned. For Marcoule, the y emitters
are mainly 106RuH-Rh, 103Ru and '44Ce+Pr. Radiocesiums have several sources (atmospheric fallout
and nuclear installations) and are detected almost systematically.
This article only takes into account y emitting artificial radionuclides. A similar analysis could be carried
out for other artificial radionuclides such as 90Sr or 238Pu, 239Pu, 240Pu, present at trace levels along the
entire length of the Rhône (atmospheric fallout from earlier nuclear weapon tests), and especially
downstream from Marcoule (liquid wastes from the unit) [14, 15]. Bound organic tritium also shows
up in all compartments of the aquatic ecosystem downstream from nuclear installations, although it has
various sources [16].
Radioecological monitoring of a river with several nuclear sites and of its prodelta provides valuable
feedback of experience for evaluating the impact of liquid wastes from nuclear installations on the
aquatic ecosystem. Interpretation of site results raises questions concerning radionuclide transfer
mechanisms in the various ecological compartments - questions which will be answered by designing
appropriate laboratory experiments. Finally, mathematical models based on experimental results and
validated by in situ data, can be used to simulate transfer in a defined ecosystem and complete the set
of tools required for analyzing a given radioecological situation.
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