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Abstract :  
 
As part of its development of post-accident management tools, the French Institute for Radiological 
Protection and Nuclear Safety is setting up a model to simulate radionuclide dispersion in the Toulon 
marine area (one of France’s main military ports). The model is based on the MARS 3D code 
developed by IFREMER. It reproduces hydro-sedimentation phenomena in the Bay of Toulon with a 
horizontal spatial resolution of 100 m and 30 vertical sigma levels and also factors in radioactive decay 
and dissolved/particulate distribution of the radionuclides studied. With no tide, the major currents in 
this area are generated by the wind. The model effectively reproduces the resulting hydrodynamic 
phenomena, which were measured throughout the summer of 2009 in the channel that links the Little 
Bay to the Large Bay of Toulon. When the Mistral (wind from the West/Northwest) blows, a surface 
current quickly appears, which pushes water southwards from the Little Bay, and which is offset by a 
bottom current (upwellings). When the wind blows from the East, the currents move in the opposite 
direction, and southeasterly waves, dependent on wind strength and fetch, occur in the Large Bay. 
Here, we give an example of the simulated dispersion of radionuclides released directly into the 
surface waters near the Arsenal, demonstrating the constraint relative to dispersion generated by the 
half-closed configuration of the Little Bay. Sediment in the Little Bay also forms an area where the 
most highly reactive radionuclides would accumulate, and where the lack of waves has the effect of 
considerably limiting the phenomena of resuspension. 
  
 
Keywords : Bay of Toulon – Radionuclides – Dispersion – MARS 
 
 
 
 1 Introduction 
 
As part of its research programs, IRSN carries out research on the consequences of a possible 
accidental release of radionuclides into the environment and, more particularly, on the vulnerability of 
the surrounding environment. The objective is to develop specific tools to contribute to evaluate and to 
help experts and stakeholders to manage the post-accidental situation, and especially contaminated 
areas localisation and contamination levels. 

http://dx.doi.org/10.1007/s10236-011-0429-0
http://www.springerlink.com/
http://archimer.ifremer.fr/
mailto:celine.duffa@irsn.fr
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As such, accidental marine dispersion of radionuclides originating from the naval military base 
activities in Toulon, on the French Mediterranean coast, need to be considered. Indeed, it is the 
home port of several nuclear-powered vessels. The different quays and basins where they are 
moored and where their maintenance is done are located along the inner curve of the Little Bay of 
Toulon. This area is half-closed off by a long sea wall, more than 1km in length, which divides it 
from the Large Bay, which is more open to the sea (Figure 1). Moreover, this area is of significant 
interest in both economical and ecological terms. Several release scenarios are considered: a direct 
release into the water in the port or at any point within the Bay, or a release into the air 
subsequently inducing deposits that spread on the surface of the water. To simulate radionuclide 
transfers and dispersion into this coastal environment involves the development of a specific model. 
This paper describes the preliminary development and first results of this model. 
Recent studies on the dispersion of pollution in coastal marine environments are based on models 
that are often multidisciplinary and, inevitably, complex, given the need to go beyond the simple 
representation of a passive tracer (James 2002). Radionuclides that remain in dissolved form, and 
whose half-lives are considered negligible as regards the hydrodynamic phenomena that come into 
play (e.g. Tritium), have often been used as such tracers, to demonstrate the movements of water 
mass (Dahlgaard 1995;  Bailly-du-Bois et al., 1999). The study on post-accident consequences 
undertaken in the Toulon area implies a need to take account of the behavior of the sediment, on 
which radionuclides with the greatest affinity for the solid fraction may be adsorbed. This study is 
therefore based on a hydro-sedimentary model developed for the area in question in conjunction 
with IFREMER, the French research institute for exploitation of the sea. The modeling principle 
developed here is the same as that established by Dufois (2008) for the mouth of the Rhone River. 
The MARS hydrodynamics model integrates a sediment transport model and the physico-chemical 
parameters that affect the behavior of the radionuclide in question (radioactive decay and a partition 
coefficient), and is combined with a sea state model which is essential for studying resuspension 
phenomena relative to sediment on the sea bottom. To factor in local hydro-sedimentary 
phenomena, it is also necessary to take account of how water masses generally circulate within the 
whole western Mediterranean basin. To do this, we use a system of nested models – the general 
circulation model providing the conditions for the limits of the smallest nested model. 
Following its implementation for the Bay of Toulon, the model described in greater detail in the 
section below needs to be calibrated and validated to provide reliable simulation results that can be 
used by emergency experts and managers in a post-accident situation. Calibration and validation of 
the model is carried out in stages. First, hydrodynamics (especially currents) and sea-states are 
examined. These data are compared with data measured in-situ. This first phase requires choosing 
a site that must be instrumented to enable measurements. In case of in any potential contamination 
of the Toulon Arsenal, the channel south of the sea wall will be the key point considering transfers 
between the Little Bay and the Large Bay of Toulon. Therefore, measurements were first operated 
in this site. 
 
1.  Area studied 
 
Between Cap Sicié in the West and the Presqu’île de Giens to the East, the Bay of Toulon has a 
unique configuration (Fig. 1). The city of Toulon and its military port are located along the inner 
curve of the Bay. The Little Bay is quite shallow, linked to the Large Bay by a channel around 30 
meters deep. This channel is the main area of hydrological transfer between the Little Bay and the 
Large Bay. It is located south of a long sea wall built in the 19th century. The Large Bay, delimited 
by the Presqu’île de Saint Mandrier to the west and Cap de Carqueiranne to the east, is open to the 
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Mediterranean Sea and subject to the influence of the general circulation of water in this region 
related to the Ligurian Current flowing from east to west. In addition, there is also a connection here 
with the deep water areas via a canyon whose head lies south of the area in question. 

 
 

Fig. 1: Presentation of the area studied 
 
A former local study (Thouvenin, 1988) shows that salinity in the Bay of Toulon is always high, 
around 38.1‰. A reduction in salinity due to the influx of freshwater flows from the open sea can 
appears occasionally. There may sometimes be great differences in water temperature. It is 
generally around 13°C in winter. Stratification occurs in summer, with water temperatures reaching 
as high as 25°C above the thermocline, while remaining between 14 and 17°C at depth. The 
thermocline quickly disappears when the Mistral is blowing (wind from the Northwest), due to 
coastal upwellings. 
There is very little local hydrodynamical data. Millot (1981) showed that the main influence is 
meteorological conditions. Since there is no significant tide, the main forcing is the wind, which 
directly causes surface currents. Three distinct typical wind situations can be defined: the Mistral 
(around 40% of the time), East wind (around 40% of the time), and calm weather (20% of the time). 
In this area, the Mistral blows from the West/Northwest in winter and spring. The East wind usually 
brings with it rain and waves. This wind can be relatively strong between September and March. 
 
2.  Description of the model 
 
Like any other pollutant released into the sea, what happens to a radionuclide is a result of the 
movement of water masses, particularly the displacement of liquids and suspended matter, and 
also of its own behavior (radioactive decay and affinity with particles suspended in water in 
particular). The displacement of water masses and sediments need to be modeled using special 
tools that reproduce hydrodynamic and sediment processes in a specific area as accurately as 
possible. 
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The numerical modelling platform was built from a chain of various models. Firstly, two nested wave 
models were run offline to compute wave parameters. Then a chain of two nested circulation 
models was run together with the online coupled sediment transport module using the wave model 
results as an input.  
 

2.1. Sea state modelling  
Wave fields were simulated with two nested third generation wind-wave models. A WAVEWATCH-
III (Tolman 2002; Chu et al. 2004) model, modified by Ardhuin et al. (2007),  was implemented at 
the regional scale (western Mediterranean Sea, 0.1° resolution) (Dufois et al. 2008) and provided 
southern boundary conditions for a higher resolution (100 m resolution) SWAN model (Booij et al. 
1999; Ris et al. 1999)  focused on the Toulon Bay.  
These models were based on the two-dimensional wave action balance equation including energy 
density generation and dissipation terms by wind, white-capping, wave-bottom interaction, and 
redistribution of wave energy due to wave–wave interactions. For that application, both SWAN and 
WW3 models are forced by Météo-France wind fields (Aladin model with a resolution of 0.1°). The 
regional model WW3 was firstly validated and compared with other models for two periods in 2002 
and 2003 (Ardhuin et al. 2007) and then for the year 2001 (Dufois 2008; Dufois et al. 2008). 
  

2.2. Coastal circulation model 
Circulation modelling was performed using the operational MARS-3D code (3D hydrodynamical 
Model for Applications at Regional Scale), a three-dimensional model with reduced () vertical 
coordinates based on the resolution of the Navier-Stokes equations (Lazure and Dumas 2008, 
http://www.previmer.org). This model with free surface is inspired by the model of Blumberg and 
Mellor (1987) as primitive equations are solved using a time-splitting scheme under assumptions of 
Boussinesq approximation, hydrostatic equilibrium and incompressibility. The mode splitting 
technique was built with an iterative and semi-implicit method and allows simultaneous calculation 
of internal and external modes with the same time step. The external mode is solved with an ADI 
(Alternating Direction Implicit) scheme (Leendertse 1970). 
For our application, two domains are nested off-line. Lateral incoming fluxes (salt, momentum and 
temperature) and elevations at the open boundaries of the inner domain is provided by a coarser 
model (NORMED) simulating the Northern Mediterranean Basin (its southern open boundary is 
located at 39.5°N) and validated with both temperatures from AVHRR imagery and in-situ data 
(André et al. 2005; André et al. 2009). The vertical discretization of both domains consists of 30 
vertical σ-layers, with refined resolution near the surface and near the bottom. The model is forced 
by atmospheric conditions (modeled wind field and solar fluxes provided by MM5, PSU/NCAR; 
http://www.mmm.ucar.edu/mm5/). 
 

2.3. Sediment transport strategy  
The module used for this study is based on the fine sediment transport model SiAM (Cugier and Le 
Hir 2000; Le Hir et al. 2001; Cugier and Le Hir 2002). Several developments were achieved to 
account for the specificity of the studied area. These developments partly follow those previously 
carried out by Waeles et al. (2007, 2008) to model sand/mud mixture transport.  
The grain-size distribution on the Bay of Toulon (Fig. 3) evidences the high sediment spatial 
variability on that region. It is thus necessary in our modelling strategy to account for both sand and 
mud transport. For our study, two classes of particles, one class of sand and one class of mud, are 

http://www.mmm.ucar.edu/mm5/
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used. The fine sands with a diameter of 200 µm have a constant settling velocity of 2.5 cm/s 
(Soulsby 1997). Then, considering that flocculation processes occurred in the nearby environment 
(more precisely in the Gulf of Lions: Thill et al. 2001; Durrieu de Madron et al. 2005), we assume 
that mud particles are not present as primary particles in the water column. Only one class of mud 
with a varying settling velocity is thus implemented in the model. Aggregation processes that modify 
aggregate size and density (and therefore their settling velocity) are schematically taken into 
account through a formulation of the settling velocity, dependent on sediment concentration. The 
expression of Thorn (1981), which is used, also take into account hindered processes that decrease 
the settling velocity for high concentration levels. The settling velocity of the mud is thus described 
by: 

))1(,min( 201
βCkWCkW S

n
S −=  

with WS0 = 2.6 10-3 m/s, k1 = 1.5, n = 1, k2 = 0.008, β = 4.65 
Moreover a minimum settling velocity of 10-5 m/s is imposed. Those parameters have been set up 
following Dufois (2008), whose study was focused on the Gulf of Lions and the Rhone River 
prodelta.  
Both sand and mud are transported in the water column using the following advection dispersion 
equation: 

( )( ) ( )( ) ∂∂ ∂
∂∂ ∂

∂∂ ∂∂ −∂ ∂ ∂
+ + + = + + + −

∂ ∂ ∂ ∂ ∂ ∂ ∂

CC C
h yh zs x z

d

KK Kw W CC uC vC E F
t x y z x y z

  

where C is the suspended concentration, Kz and Kh are respectively the vertical and the horizontal 
turbulent diffusion, (u,v,w) are the three components of the velocity, Ws is the settling velocity and E 
and Fd are respectively the source and sink terms (erosion and deposition, defined below).  
However, whereas vertical gradients of mud concentration are smooth due to small settling velocity, 
most of the sand transport occurs close to the bottom, where both current and sediment 
concentration exhibit strong gradients (which could not be reproduced by the model due to the 
vertical resolution). The horizontal flux of sand is therefore corrected within the first layer (close to 
the bottom) following the method described by Waeles et al. (2007). That method assumes a 
logarithmic velocity profile and a Rouse profile for the sand concentration. 
The deposition flux is expressed independently for each fraction. The mud fraction deposition term 
is computed directly from the concentration calculated in the middle of the bottom layer as 
follow: =d sF W C  
For the sand fractions, whose concentration is highly inhomogeneous along the vertical, it is 
necessary to consider a near bottom concentration to compute the deposition flux. Thus the 
modelled concentration is extrapolated at z=2 cm following the method described by Waeles et al. 
(2007). 
For erosion, the critical shear stress τc is fixed to 0.2 N/m² whatever sediment compaction and 
composition. This value is in the range of measured values in the Gulf of Lions (Dufois 2008; 
Schaaf 2002). 
Moreover, all sediment classes are assumed to be eroded “together” (mass erosion) according to 
their mass fraction: 

α

τ
τ

)1(
,

0 −=
mc

sf
i EpE  if ,>sf c mτ τ   

and otherwise 0=E  
where pi correspond to the fraction of each sediment class and τsf is the skin shear stress. E0 and σ 
values are then dependent on the sediment composition. We hereafter consider that the sediment 
could either be cohesive or non-cohesive depending on its mud content (fm). The sediment is 
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considered to be cohesive if fm>50% and non-cohesive if fm<30 % (Waeles et al. 2007). Within the 
non-cohesive mode, parameters are determined following the numerical study of Waeles et al. 
(2007) (E0=0.01 g/m²/s, α=0.5), whereas within the cohesive mode parameters are determined 
following measurement carried out in the Gulf of Lions (Dufois 2008) (E0=0.68 g/m²/s, α=1.65). 
When the mud fraction is comprised between 30% and 50 % the sediment behaviour is not clearly 
defined. The parameters of the erosion law (E0 and α) are then determined by interpolation between 
the parameters determined for each mode in order to guarantee continuity. 
The sediment compartment is moreover discretized in layers ranging from 2 to 5 cm to account for 
possible temporal changes of bed composition.  

 

2.4. Radionuclide behavior 
Radionuclides are introduced into the model as tracers. Two key parameters are taken into 
consideration: the radioactive half-life and a coefficient derived from the ratio of solids to liquids (Kd) 
which dictates the proportion of the radionuclide in question in the dissolved phase and in the 
particle phase. Dispersion of radionuclides in dissolved form is not a problem provided the 
hydrodynamic model has been set up. Simulating what happens to radionuclides associated with 
the particle phase is more complex. Based on the sedimentation model developed here, two high 
assumptions can be made: the radionuclides are only carried by muds and the balance between 
liquid and solid phase concentrations is always consistent (conditional upon the Kd). Next, the 
radionuclides adsorbed by mud particles will follow the same course as these particles: 
sedimentation, resuspension and advective transfer. 
 
2.5. Implementation in the Toulon area 
The TOULON model developed covers an area extending from Cap Sicié in the west to the 
Presqu’île de Giens in the east (Longitude:  05.832°E to 06.132°E; Latitude: 43.04°N to 43.13°N). 
To render the hydrodynamics in the Bay of Toulon, it is necessary to set a relatively exact 
resolution. We defined meshes with 100m long sides for 30 sigma levels. Implementing the 100m 
TOULON model requires in-depth knowledge of the bathymetry in the area. Bathymetric 
measurements were taken to complete the information provided by the SHOM (Service 
Hydrographique et Océanographique de la Marine - French Navy hydrographic and oceanographic 
service). The compiled data were interpolated to create a bathymetric model for the area defined 
(Fig. 2), paying careful attention to representing the channel between the Little Bay and the Large 
Bay correctly. 
To initialize the state of the surface layer of seabed sediments, a grain-size classification chart of 
the sediments was drawn up based on measurements made on around fifty samples taken from the 
Bay of Toulon (Fig. 3).  
The initial suspended concentrations are set to 0 for sand and 1 mg.l-1 for mud. Due to the lack of 
data concerning freshwater input in this area, this suspended matter origin is not considered in the 
first version of the model. Nevertheless, we impose a minimum suspended matter concentration 
equal to 0.1 mg.l-1, corresponding to the minimum value measured in the area. 
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Fig. 2: Bathymetry for the entire area studied (right-hand chart) and detail of the Bay’s sea 
bottom (in meters). 

 
Fig. 3: Proportions for the sand fraction (values above 63 μm, as a %) 

a/ Sample measurement values; b/ Interpolated chart based on available data. 
 
 
3.  Instrumentation and model validation 
 
The first step in calibrating and validating the model focused on the hydrodynamic processes that 
play a determining role in transfers between the Little Bay and the Large Bay, i.e. through the 
channel. A Workhorse Sentinel 600kHz ADCP (Acoustic Doppler Current Profiler) made by RD 
Instruments was placed at the bottom of the channel, at a depth of 32m (lat.: N43°5’20’’; long.: 
E5°56’02’’) on June 25, 2009. To prevent any trawling-related problems caused by fishing boats in 
the area, the ADCP was placed in a Floatec™ trawl-resistant cage equipped with an acoustic 
recoverable system. 
Over a period of 45 days, during summer 2009, this device was used to record current velocity and 
direction as well as wave spectrum (wave module linked to the ADCP).  
In addition to the model results, the input data also had to be validated. The NORMED model, 
which provides the initial conditions and the boundary conditions, has been validated previously 
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(André et al. 2005, Nicolle et al. 2009). For the period June to August 2009, the wind strength and 
direction data provided by MM5 were compared with the values measured by Météo-France’s La 
Mitre weather station in Toulon (see values for July in Fig. 4). Data from these two sources for the 
period studied were very similar, increasing our confidence in the representativeness of wind data 
input into the model.  
Using the measurements sourced mainly from the ADCP placed at the bottom of the channel linking 
the Little Bay and the Large Bay during the summer 2009, initial analysis of the results was 
performed. In Figure 5, the measurement and model results have been superimposed (Fig. 5-b for 
currents and 5-c for waves) and positioned in time in comparison to wind data (Fig. 5-a). Calculated 
correlation coefficients are equal to 0.52 for mean current norm (root mean square error RMSE=9.8 
cm.s-1) and 0.72 for wave heights (RMSE=0.07m).  
We see that the phenomena of reverse currents at the surface and at depth calculated by the model 
are in line with the actual situation. For example, there was a Northwest wind episode between July 
7 and 12 which induced currents flowing out of the Little Bay in a northeasterly direction at the 
surface, and currents flowing in at the sea bottom and heading in a southwesterly direction. This 
Mistral episode caused practically no wave, a situation reproduced faithfully by the model. When 
the wind blows from the East (for example, from July 14 to 23), the currents flowing out of the Little 
Bay at the bottom of the channel reached velocities of over 30 cm.s-1. The model, which accurately 
reproduced the direction of the current, apparently underestimated these velocities. The two 
Southeast gale episodes induced occasional increases in wave height, which was also reproduced 
accurately by the model. 

 
Fig. 4: Comparison of wind speed and direction in the MM5 model with measurements taken 
at the Météo-France La Mitre local weather station (Toulon). 
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Fig. 5: a/ wind direction and speed input into the model, b/ recorded (in red) and modeled (in 
blue) current direction and velocity along the water column and c/ measured (in red) and 
modeled (in blue) wave heights in the channel between June 25 and August 16, 2009. 
 
 
4.  Results and applications 
 

4.1. Hydrodynamic results 
The Toulon model was tested during 2009. To begin with, hydrodynamic results were analyzed, 
focusing on the model’s response to different meteorological episodes. The currents modeled were 
mainly drift currents induced by the wind-induced currents. Local wind conditions were used to 
classify the model results according to three types of wind conditions in the area:  
Due to the West/Northwesterly wind (Fig. 6-a), surface water is pushed out of the Little Bay, 
accelerating in the narrower passages, especially south of the sea wall. A return current is 
generated very quickly, at depth and moving in the opposite direction, causing coastal upwellings. 
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During this summer period, entrainment of warm surface water out to sea entails the disappearance 
of the thermocline and a spectacular drop in the temperature of the surface layer of the water, as 
seen during the Mistral episode which started on July 17, 2009 (Fig. 6-a). During this wind episode, 
at approximately 10 m.s-1, the surface currents reached 20 to 30 cm.s-1. This drift current is strongly 
influenced by bathymetry and water flowing out of the Bay of Toulon at the surface is replaced by 
deep water flowing in through the deep channel in the south. Fig. 7 shows the reversal of the 
currents at the surface and at depth in the channel to the south of the sea wall. We can see that 
bathymetry is the major limiting factor. The vertical section given in Figure 8 shows that during the 
Mistral episode on July 10, 2009, the strength of the currents flowing out of the Little Bay was over 
10 cm.s-1 from the surface to 8m below the surface. Currents flowing in through the bottom of the 
channel at a depth 20 to 30m were between 5 and 8 cm.s-1. The reverse current area was between 
10 and 15m deep, parallel to the isotherms. The waves induced by this wind blowing from the west 
only affected the south of the area covered by the model. The Little and the Large Bays are 
sheltered and the model effectively registers the lack of any swell caused by the Mistral. 
When the wind comes from the East/Southeast (Fig. 6-b), a current flowing into the Bay of Toulon is 
created at the surface, compensated by an outflow of deep water concentrated toward the canyon. 
This current, which flows in from the south, then follows the coast west to enter the Little Bay. An 
eddy is created behind the Hyères peninsula. The episode of July 22, 2009 shows the rise in 
surface water temperature due to this inflow of warmer water from the east.  The swell induced by 
the wind comes from the south and may be strong in the Large Bay. During the summer 2009, the 
two east wind episodes on July 14 and 23 induced modeling of significantly high waves, of nearly 
1m, in the Large Bay. 
In calm weather, several areas of eddying appear. Flow enters the Little Bay at depth and flows out 
at surface level.  
 

 
Fig. 6: Model results: currents (in m.s-1) and water temperature (in °C) calculated at the 
surface  
a/ Northwest wind on July 18, 2009 – b/ East wind on July 22, 2009 
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Fig. 7: Current strength (arrows) in the channel during Northwest wind episode on July 10, 
2009 (a/ at the surface - b/ at sea bottom). Color scale=bathymetry (m). 
 
 
 

 
Fig. 8: Current strength (color scale en m.s-1) and isotherms (°C) along a South-North profile 
between the Little Bay and the Large Bay during Northwest wind episode on July 10, 2009                  
 
 

4.2. Radionuclide dispersion simulations 
Although still undergoing improvements and validation, the first version of the Toulon model was 
tested to examine the possibility of simulating radionuclide dispersion in the event of an accidental 
release.  
A fictitious spill of 1GBq (109 Becquerels) of 137Cs in the port on June 15, 2009, time 00:00 was 
input into the model. The model was initialized from June 1 and ran under real conditions over a 
period of 45 days (a period for which hydrodynamic results had previously been studied and partly 
validated). The parameters relative the radionuclide studied were input into the model: radioactive 
half-life T1/2= 30.2 years and a coefficient derived from the ratio of solids to liquids Kd= 4 103 l/kg 
(IAEA 2004). For the period covered by the simulation, the radioactive half-life has very little 
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relevance. Based on the Kd value and assuming a concentration of suspended clay particles of 
approximately 10 mg.l-1, we obtain a proportion of Cs associated with these particles of 0.04 Bq.l-1 
for 1 Bq.l-1 in dissolved form. As a result, we focused primarily on the dispersion of dissolved Cs 
(Fig. 9).  
On June 15, 2009, wind conditions were relatively calm and surface dispersion of Cs was not 
especially fast. Six hours after the spill, the contamination remained limited to the bottom of the 
Little Bay (Fig. 9-a). The maximum concentrations calculated were 106 Bq.m-3. By the next day, the 
Mistral was blowing and pushed the contamination out of the Little Bay at surface level (Fig. 9-b). 
Radioactivity levels in the Little Bay now ranged between 1 and 105 Bq.m-3. Four days later, in spite 
of the Northwest wind, these levels had not decreased by more than one order of magnitude in the 
Little Bay, as the sea wall restricted outflow (Fig. 9-c). The surface currents then carried the 
contamination southwest as far as Cap Sicié. More than three weeks after the spill, the entire area 
covered by the model was contaminated. The highest radioactivity levels were still around 103 
Bq.m-3 in the Little Bay. This dispersion simulation shows that radionuclides may travel across the 
open boundary. As boundary conditions are given by the larger NORM model operated off-line, 
there is no re-entry of radionuclides. Nevertheless, we consider that this boundary effect is not 
significant in the area of main interest. This example effectively demonstrates the fact that a release 
in the port would be extremely negative insofar as regards the dispersion of contamination, given 
that renewal of the body of water in the Little Bay is limited due to its half-closed configuration.  
The Cs adsorbed into clay particles will partly be deposited on the sea bottom, contributing to 
contamination of the sediment. In the Little Bay, the radioactivity of accumulated deposits was 
below 30 Bq.kg-1. These values will obviously vary in the case of other radionuclides.  
In the case of an accidental release in the air, an air dispersion model is required for the data to 
input into the model described here. Surface deposit values would be used in such a case for each 
mesh of the grid and for each radionuclide examined, using an input file. Indirect inflow via leaching 
from the catchment basin cannot, at the present time, be factored in since we lack any 
quantification of this flow.  
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Fig. 9: Results of the simulated dispersion of the dissolved fraction of Cs in the surface layer 
following an accidental release of 1GBq (radioactivity levels in the water given in Bq.m-3 
shown using a log scale on the color and current vector scales) - a/ June 15 at 06:00 
(Release + 6hrs); b/ June 16 at 18:00; c/ June 20 at 00:00; d/ July 08 at 06:00. 
 

 

Conclusion 
 
In the event of a nuclear incident or accident involving a vessel either at sea or in dock, any 
potential release into the environment must not only be quantified but what happens to it in different 
environments must also be assessed. In particular, such an assessment will form the basis of 
decisions regarding different sampling strategies, aimed at targeting any measures to be 
implemented. It is therefore essential to model such transfers in the environment. Nonetheless, 
while modeling the dispersion of radionuclides in the air is now widespread, especially in simulating 
accidents at nuclear sites, models for dispersion in the marine environment are much less common. 
This can be explained mainly by the fact that the kinetics of radionuclide transfer in the sea are 
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much slower and, above all, by the fact that the impact on the population is not as direct nor as 
immediate as a release directly into the air. Nonetheless, various studies have previously focused 
on the issue of radionuclide dispersion in the sea in the event of an accidental release. The 
radioecological consequences of an accident during the transport of used nuclear fuel by sea along 
the coast of Norway has been studied using a “box” dispersion model, which was derived from a 
hydrodynamics model (Iosjpe 2009). In the Mediterranean Sea, R. Perianez looked at modeling the 
dispersion of radionuclides released into the Alboran Sea following an accident involving a ship, 
using a hydrodynamics model (2006 and 2008). Developing a radionuclide dispersion model that 
would factor in their transport by particles across a coastal area and with a resolution as fine as the 
Toulon model proved somewhat more complex.  However, it is necessary as the spread or 
accumulation of pollution can be mainly linked to sediment transport. After all, this model cannot be 
brought into operational use until it has been calibrated and validated.  
Since it is not possible to validate radionuclide dispersion directly, this involves validating all the 
hydrodynamic and sedimentation processes on which this dispersion model is based. In addition to 
the currents which need to be validated for other periods and other locations, it is also necessary to 
calibrate and validate the module modeling sediment deposition and remobilization in its entirety. In 
this process, it is necessary to investigate the relative importance of different parameters, including 
settling velocity and critical shear stress for instance. In terms of the medium- and long-term post-
accident impact, studying contamination of the sedimentation compartment and what happens as 
time passes is a priority.  
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