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1. INTRODUCTION

The aim of this work is to model the behaviour of radio-
nuclides released in a surface water ecosystem : contamination of
water, sediment, food chain and (finally) fish.

The model is applied to the river MEUSE, to assess the con-
centrations of CS-137 in the major compartment of the river ecosys-
tem due to releases of Cs-137 by the Nuclear Power Plant SENA
(located at CHOOZ).

Radionuclides released in surface water are not simply
transported by the flow : physical transfers (adsorption/desorption
to sediment) and biological transfers occur and contribute to the
contamination of the upper level of the river food chain.

The radiocontamination of the different compartments (water, sedi-
ment, biomasses) is a pathway to the contamination of man.

The behaviour of radionuclides in surface waters cannot be
described without a preliminary knowledge of the water and sediment
transport. The model of radionuclides transfers in the ecosystem
is thus organized in successive submodels :

1) the hydrodynamic submodel : to assess river flow, depth, velo-
EITI85, v 3§

2) the sediment submodel : to assess the concentration of  suspen-
ded sediment in the water column and the concentration of bottom
sediment on the bed of the river, coupled by the sedimentation
and resuspension processes ;

3) the radiological submodel : to assess the radionuclides concen-
trations in water (liquid phase), the radionuclides concentra-
tions adsorbed to suspended and bottom sediments, and the concen-
tration of radionuclides incorporated in the different biological
compartments.



The processes considered present basically a three-dimen-
sional non-stationary feature. A 3D description of hydrodynamic,
sediment and radionuclides transport is generally useless and un-
necessary in rivers, so that the most efficient way is the one-
dimensional description (computation of cross-section averaged
values, obtained by integration of the equations over the cross-
section). Non-stationary effects (flood events, ... ) play however
an important role in river sediment transport, so that the model
proposed is a one-dimensional non-stationary model.

2. THE HYDRODYNAMIC SUBMODEL

This submodel calculates the hydrodynamic variables :
river flow, depth, cross-section, velocity, bed shear stress, .
(cross-section averaged values). The input data are the river flow
measurements at one or several stations, and the geometry of the
river (slope of the bed, slope of the banks, location of locks and
dams, ... ).

The equations express the conservation of water and the
equilibrium of forces :
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t : time (s) ;

X : Tongitudinal coordinate along the river axis (m) ;
A(x,t) £ cross-section area (m?) ;

u(x,t) : flow velocity (cross-section averaged) (m/s) ;
q(x,t) s Tinear lateral inflow (m2/s) ;

Q;(t) : inflow (m3/s) of the tributary i located at the

position X5 3



§(X-%;)  : Dirac function (m 1) ;

g : acceleration of gravity (m/s?) ;

Zb(x) : altitude of the river bed (m) ;

H{x,t) : depth of the river (cross-section averaged (m) ;
L{x,t) : width of the river (cross-section averaged) (m) ;
C(x) : Chezy coefficient (C2 = m/s2).

3. THE SEDIMENT SUBMODEL

A detailed description of the sediment submodel has been
presented in a previous paper (SMITZ & al., 1985).

For hydrodynamic and radiological considerations, it is
necessary to take into account the grain size distribution of the
sediment particles. The sediment submodel developed is a variable
multi-class model. For the application of the model to the river
MEUSE simulation, two particles size classes are routed :

class 1 : clay + fine silt
class 2 : coarse silt + sand.

For each class of particles, the sediment content is calculated in .

two sub-compartments : the suspended sediment and the bottom sediment.

The equations which express the sediment concentrations in
water column and on the river bed are :

suspended sediments : (class j, Jj = 1,N)
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bottom sediments : (class j, J = L,N)
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The source of sediments in the river is the supply of
sediments by tributaries (erosion process in the basin). The des-
cription of the sediment supply by tributaries is an important
problem in the sediment submodel : the input of sediments is incor-
porated via a statistical relation, but the field measurements are
scarse, and the statistical relation present high variabilities.

The model has been applied to the case of the river MEUSE
(fig. 1).

During the year 75, the Nuclear Power Plant SENA released
significant quantities of Cs-137, and a few data from routine survey
(IHE/CEN, 1965-1983) give some information about the river contamina-
tion. The model has thus been used to realize a non-stationary simu-
lation of the year 1975.

The extension of the model covers the French and Belgian
section of the river MEUSE (km O - km 600).

The river flow (m3/s) during the year 1975 is presented
at fig. 2.

The sediment submodel computes the concentration of suspen-
ded sediment and the concentration of bottom sediment at each point
and at each time (cross-section averaged values). Fig. 3 and fig. 4

present the computed values of suspended sediment and bottom sediment
at HASTIERE (km 488) during the year 1975. Computed values are in
good agreement with the general trend of Tield measurements.

4. THE RADIONUCLIDES SUBMODEL

The radionuclides submodel describes the activity of radio-
nuclides in water, in the suspended sediments, in the bottom sediments,
and in different compartments of the food chain. A complex dynamic
equilibrium governs the exchanges of radionuclides between these
compartments of the river system.



However, the contamination of the food chain can be eva-
luated separately, because the quantity of radionuciides contained
in biological compartments is extremely small compared to the quan-
tity of radionuclides contained in the water and sediment compart-
ments.

In a first step, the radionuclides submodel describes the
concentrations or activities of radionuclides in water and in the
different classes of sediments, and includes the processes of :

- transport by water ;

- transport by suspended sediment ;

- adsorption of dissolved radionuclides to sediments
(suspended and bottom sediments) ;

- desorption of adsorbed radionuclides ;

- radiactive decay.

A detailed description of this model has been presented
in a previous paper (SMITZ & al., '1985).

The equations which express the conservation of radionuclides
in water, in suspended sediment, and in bottom sediment are :

water
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suspended sediments
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a : activity in water (Bag/m®) ;
355 5 : activity in suspended sediment (Bq/g).
class J ;
35,5 : activity in bottom sediment (Bg/g),
class J ;
Ri : release of radionuclides in the river (Bq/s)
at the location X5 3
§ 3 Dirac function (ml) ;
TS - characteristic time of adsorption process (s™1!) ;
Kd,j distribution coefficient (m3/qg) ;
A : characteristic frequency of radionuclide decay (s 1!).

The adsorption/desorption processes between radionuclides
in water and radionuclides adsorbed to sediments (class j) are deter-

mined by the values of partial distribution coefficients Kcl i

This model has been applied to the river MEUSE to assess
the radiocontamination of water and sediment by Cs-137 released by
the Nuclear Power Plant SENA (Tocated at CHOOZ, km 473). The fluxes
(monthly - averaged values) of Cs-137 released in the river MEUSE
during the year 1975 are presented at the fig. 5. The radionuclides
submodel calculates activities in water, in suspended sediments
(class 1 and 2), and in bottom sediments (class 1 and 2). The values
of the partial distributions coefficient used in this study are :

Kd 1 = 0.08 m3/g (= 80000 2/kg)

Kg,o = 0

These values lead to a global distribution coefficient :
Kd ~ 0.05 mi/g (= 50000 ¢/kg)

(class 1 ~ 70 % , class 2 ~ 30 % in the MEUSE)
which is a value often given in the literature for Cs-137.



The Cs-137 activities in water, in suspended sediment,
and in bed sediment, computed by the model (simulation of the year
1975) at HASTIERE (km 488, that is 15 km the release point) are
presented at fig. 6, fig. 7 and fig. 8. Fig. 8 shows a good agree-
ment between observed and computed values.

The model can easily assess the flux of radionuclides trans-
ported by water and by sediment through any cross-section of the
river ; the transport of Cs-137 by sediment appear to be more impor-
tant (v 55 %) than the transport by water (~ 45 %).

Contamination of the fish

Experimental studies realized at the CEA/CADARACHE
(LAMBRECHTS A., 1983 ; FOURQUIER L., LAMBRECHTS A., 1983) show that
the contamination of the fish by Cs-137 is the result of multiple
exchanges (adsorption/desorption ; ingestion/excretion) between fish
and
- water,

1

sediment,
- benthic organisms (food),

macroplankton organisms (food).

A simplified food chain and contamination chain of the carp
has been established (LAMBRECHTS, 1983) ; the main results of these
laboratory studies are :

- benthic and macroplankton organisms present a short renewal time,
and reach quickly an equilibrium state of contamination ;

- transfer of Cs-137 towards carps 1is continuous ; no sturation
effect can be observed ;

- the carp fixes about 13 % of the activity of the ingested benthic
organisms ;

- the carp fixes only 3 % of the activity of the ingested macro-
plankton organisms ;



1=

- the cumulative contamination of the carp by water, sediment

and food shows that the transfers are cumulative ;

- each transfer (contamination/decontamination) can be represented

by a transfer coefficient.

It is thus possible to assess the dynamic contamination

of Tish expressed as a function of the radionuclides concentration

in water, in suspended sediment, in bottom sediment : the contamina-

tion of the food (benthic and macroplankton organisms) is directly

incorporated as a linear function of water and sediment contamination.

3
i W
Bt”a

The equations which govern the fish contamination are :

a t2  (APR - NOV) (a/s)
L0 (DEC - MARCH)
= TFN,F ay M

+ a TFS=F age M+ (1-a) TFS,F agg M

M + TF

* TFgs.F s ss,F 3ss

mass of the fish (g) ;

parameters of growth law ;

specific activity in fish (Bq/g fresh) ;
activity in water (Bg/m?) ;

activity in suspended sediment (Bq/g) ;
activity in bottom sediment (Bq/g) ;
partial transfer factor from suspended sediment to fish 3
partial transfer factor from bottom sediment to fish ;
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TFN,F partial transfer factor from water to fish
(includes transfer factor due to ingestion of
benthic and macroplanktonic organisms) ;

TFS,F partial transfer factor from sediment to fish
(includes transfer factor due to ingestion of
benthic and macroplanktonic organisms) ;

DF - desorption coefficient ;

a > unknown factor, which represents the relative

influence of suspended sediment activity and of
bottom sediment activity in the contamination of
the fish (o varies from 0 to 1).

This simplified model of fish contamination is applied to
a fish (carp) of the river MEUSE. The numerical values of the
different parameters are estimated by the laboratory experiments
realized at the CEA/CADARACHE (LAMBRECHTS, 1983).

Fig. 9 presents the computed values of the mass of a
river MEUSE typical carp, as a function of his age. Fig. 10 presents
the values of the specific activity in a carp, computed by the fish
contamination submodel ; the model simulates the evolution of the
fish contamination during five successive yearly cycles (each year
is assumed to be the same as the year 1975). The activities in
water, suspended sediment and bottom sediment are calculated by the
first step of the radiological submodel. Case 1 (a = 0) is the
simulation of the preferential contamination pathway through bottom
sediments ; case 2 (a = 1) is the simulation of the preferential
contamination pathway through suspended sediment.

The results obtained by the model show a cyclic contamina-
tion of the fish (extra contamination by food during summer months,
decontamination of fish during winter months, when the decontamina-
tion flux is greater than the contamination fluxes). Fig. 11 presents
the time evolution of the different contamination fluxes. Contamina-
tion by food appear to be an important way in the mechanism of conta-
mination.
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The computed activities in a typical carp of the MEUSE

(10-30 Bg/kg fresh) are in good agreement with the observed values :

measurements of fish contamination by Cs-137 in the river MEUSE
during the year 1975 lie between 8 and 66 Bg/kg fresh (IHE/CEN ,
1965-1983). The histogram of measured values and computed values

is presented at fig. 12.

The fish contamination model consider the contamination
of a typical carp of the MEUSE river, living in the sourroundings of
HASTIERE (km 488)n while field measurements concern a lot of fishes
sampled in the whole river ; these fishes present different growth
rates and diet habits, and thus different contamination rates.
These reasons explain that fish contamination observations present
a wider variability than the contamination values computed by the
model.
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