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Numerical Modelling for the Distribution of 137Cs and 131I in the Scheldt Basin 

after a Potential Nuclear Accident 

1 Introduction 

Predictive models to develop environmental strategies for intervention are critical in making 

rapid decisions to minimize the potential impact of a nuclear accident. The contamination of 

water bodies, such as estuaries and rivers, after authorized liquid releases coming from nuclear 

installations does not represent a threat to the environment and human health due to relatively 

low levels of radioactivity. However, accidental releases such as those that happened during the 

Chernobyl disaster can become a concern. In Chernobyl, the radioactive contamination 

transported by the Pripyat river affected roughly 30 million people and eventually contaminated 

the Black Sea (IAEA, 2006a). The International Atomic Energy Agency (IAEA) has thus 

highlighted the need to have process-based models for radionuclide transport in regions that 

could be potentially affected by a nuclear accident (IAEA, 2019). The model simulations then 

provide useful information that allows efficient planning of human protection and environmental 

remediation measures. 

Early experiences with the use of transport models for radionuclides can be found in the work of 

Prandle and Charnock (1997), who simulated the transport of dissolved 137Cs from the Sellafield 

(UK) nuclear fuel reprocessing plant into the European Shelf Sea (Irish Sea) and similar work 

has been done for La Hague nuclear fuel reprocessing plant (Breton and Salomon, 1995). In the 

case of other facilities in Europe, such as the two nuclear power plants (NPPs, Doel and 

Borssele) in the Belgian-Dutch Scheldt Estuary (Figure 1), the use of models as assessment tools 

is a priority for the nuclear operators and national regulators. The tidal currents here are often 

strong, with a tidal range that can reach up to 5 m. Because of this, the contaminants can spread 

quickly upstream and downstream of the release point from the NPP.  

Estuaries are subjected to marine influences such as tides, waves, and the influx of saline water 

and to fluvial influences such as flow of fresh water and sediments. Depending on the extent of 

these influences, the estuaries can be classified as high or low energy estuaries. High-energy or 

tide-dominated estuaries are dynamic ecosystems shaped by strong tidal energy at the mouth 

compared to wave energy (Reynaud et al., 2018). The tidal impact in these estuaries can reach 

hundreds of kilometers. Numerical modelling for radionuclide pollution transport in such high-

energy estuaries is a challenging task because of the strong tidal currents with varying length and 

time scales (Periáñez et al., 2019). Although efforts have been made to develop marine 

radionuclide transport models (Brovchenko et al., 2022; Park et al., 2017; Periáñez et al., 2021; 

Periáñez and Cortés, 2023; Tsabaris et al., 2022), specific consideration must be given to tide-

dominated estuaries. This is because it is important to deal with all the subdomains (rivers, sea, 

and estuary) simultaneously. This study focuses on the Scheldt estuary, which is representative 

of tide-dominated estuaries. 

The Scheldt Estuary is a transitional zone with a unique ecosystem that is influenced by the 

Scheldt basin rivers and the currents of the North Sea. While the influence of the tides extends up 

to around 180 km upstream from the mouth of the estuary (van Rijn, 2013), the rivers still affect 

the near-shore dynamics of the Scheldt Estuary (Lacroix et al., 2004). Therefore, to simulate the 

fate of radionuclides in the Scheldt estuary, it is necessary to represent the circulation patterns in 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/nuclear-fuel-reprocessing
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the European shelf region and the river hydrodynamics. However, the simulation of such a 

system is complex due to its multiscale nature (e.g., river, estuary, coast, and sea).    

The contamination of water systems during an accident is not restricted to direct radioactive 

liquid releases from nuclear installations but also due to atmospheric releases in the form of 

radioactive wet and dry deposition. In past nuclear accidents, in addition to direct releases into 

the ocean, wet and dry depositions resulted in a significant amount of radioactivity in aquatic 

systems (Kawamura et al., 2011; Kobayashi et al., 2013; UNSCEAR, 2021). Besides the 

circulation patterns and the release pathways, the characteristics of the source term (radioactive 

composition of the release) are also important. It was found that 137Cs and 131I were important 

contributors for short-term radiation exposure to humans in both the Fukushima (UNSCEAR, 

2021) and Chernobyl accidents (IAEA, 2006b). 137Cs is a non-conservative radionuclide due to 

its adsorption property on sediments, and given its long half-life of 30 years, it can linger in the 

ocean for years (Behrens et al., 2012; Estournel et al., 2012; Prandle and Charnock, 1997; 

Tsumune et al., 2012).  

This study introduces a computational model for simulating 137Cs and 131I transport in the 

Scheldt basin (estuary, river, and European Shelf region). In this framework, two-dimensional 

shallow water equations are coupled with section-averaged river models. The model includes the 

advection by the currents and river flow, turbulent mixing in the estuary, and radioactive decay. 

The model is then employed for the simulation of radionuclide transport under hypothetical 

scenarios for radioactive releases from the Doel NPP located on the bank of the estuary. The 

scenarios in this study are chosen in such a way that they lead to a worst-case release condition 

in the Scheldt environment.  

2 Materials and Methods 

2.1 Model Domain 

The upstream limits of the model domain were defined based on the location of hydrometric 

stations in order to use discharge information for the definition of boundary conditions in the 

model. Most of these stations are located upstream, at the end of the tidal zone for the Scheldt 

basin. The downstream boundary of the model coincides with the shelf break in the North 

Atlantic Ocean. The boundary in the sea was placed far away from the area of study to minimize 

its influence on simulations. This is because the hydrodynamic conditions along the sea 

boundary obtained from global tidal models can become inaccurate as they approach the shallow 

regions (de Brye et al., 2010).  

The entire system of the Scheldt includes rivers, estuary, and the European continental shelf 

(herein referred to as the shelf region). The representation of such a system in a model involves a 

multiscale approach (Figure 1). In this regard, the domain was divided into two regions: the first 

region is the tidal Scheldt rivers and their tributaries, and the second is the Scheldt estuary and 

the shelf region.  

The first region comprises (1) the tidal part of the Scheldt River, which extends from Ghent to 

the Hemiksem, with a width increasing from 50 m at Ghent up to around 500 m at the Hemiksem 

and (2) the tributaries of the Scheldt: the Durme, Rupel, Dyle, Kleine Nete, Grote Nete, and 

Zenne (widths from 10 m). Since the variation of the hydrodynamic variables across the river 



 

3 

 

section can be neglected for the rivers inside the first region, we use the one-dimensional section 

averaged equations for the representation of flow and transport. The second region extends from 

Hemiksem (just after the confluence with Rupel) until the shelf break. The mouth of the estuary 

is roughly 8 km wide at Vlissingen. In this region, the flow circulation is predominantly two-

dimensional. The measurements inside the estuary show that during flood and ebb tides, the 

water flows through different pathways. Therefore, in this region, the simulation of flow and 

transport is done by using two-dimensional depth-averaged equations. To represent a continuous 

transition between the rivers and the estuary-sea, both regions are connected. 

 

Figure 1. Model domain for the one-dimensional region that includes the Scheldt River (from Ghent to Hemiksem) and its 

tributaries, along with the two-dimensional region that includes the Scheldt Estuary (from Hemiksem to Vlissingen) and the Shelf 

Region, with the location of NPPs. 

2.2 Coupled Hydrodynamics Module 

In the first region, the Saint-Venant equations are formulated in terms of discharge (Q) and 

cross-sectional area (A) in Eq. 1-2: 

 𝜕𝐴
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(2) 

Where t is the time, x is the spatial coordinate along the river, g is the acceleration due to gravity, 

h is the water depth to the deepest point in cross section, ρ is the water density, P is the 

hydrostatic pressure force, F is the along-flow component of the pressure force resulting from 

the width variation, and S is a frictional term estimated according to the Manning formula, i.e., 
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𝑆 = 𝑛2

𝑄|𝑄|𝑏∗4/3

(𝐴)7 3⁄
 

(3) 

In the above relation, n is the Manning coefficient and b* is the free surface width. The cross-

section A depends on the riverbed elevation profile and the free water surface level (η) at 

position x. The domain is divided into line segments, and the solution is then discretized at each 

elemental node. On each node of the discretized elements, the cross-section profile for the rivers 

is extracted from the bathymetric data collected by ‘Flanders Hydraulic Research’. Hourly 

discharge measurements are applied to the upstream node boundary of each river. At the 

confluence points of the rivers, a bifurcation solver is used. The existing hydraulic works are also 

included in the discretization, and they consider the changes in direction and different 

submersion conditions.  

The second component of the domain is simulated using two-dimensional depth-averaged 

equations. The shallow water equations here are formulated in terms of the velocity (u) and the 

actual water depth (H) at a position of x and y in Eq. 4-5: 

 𝜕𝑈

𝜕𝑡
+ ∇. F(U) = 𝐺(𝑈) 

(4) 
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(5) 

𝒖 = (𝑢, 𝑣) is the depth averaged horizontal velocity, 𝜐 is the horizontal eddy viscosity, f is the 

Coriolis factor, and 𝜏 is the bed shear stress as represented in Eq. 6.  

 
𝜏 = 𝑛2

𝐻𝒖|𝐻𝒖|

(𝐻)7 3⁄
 

(6) 

where n is the Manning coefficient. The domain here is represented by an unstructured mesh 

consisting of triangular elements (28,000 triangular elements), as presented in Figure 2. Since the 

domain of interest is the Scheldt estuary, a finer mesh is used in the upper estuary and the 

southern bight of the shelf area (Belgian Coastal Region) (Figure 2b). Here, elements with a 

maximum width of 750 m are used. For shallower regions, such as the lower estuary, the 

maximum width size of the elements is around 100 m (Figure 2c). Since computational time is of 

importance, the mesh size is optimized. The bathymetry of the region was obtained from 

European marine observation and data network (EMODnet). The boundary conditions imposed 

at the shelf break were obtained from the simulations of elevation and velocity harmonics done 

by the global ocean tidal model (TPXO9.1) (Egbert and Erofeeva, 2002). For the meteorological 

forcing, wind velocities (10 m above sea level) were obtained from the Copernicus climate 

database (Hersbach et al., 2020).  
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Figure 2. (a) Unstructured triangular mesh generated for the discretization of a two-dimensional section of the model domain, 

(b) with higher mesh resolution in the upper and (c) lower estuary. 

For the connection between regions, a boundary-connected coupling based on flux continuity is 

adopted. The hydraulic structures are implemented by using a flux term that allows to represent 

the stage-discharge relationship in the discontinuous Galerkin (DG) method. The whole system 

of equations is then solved using the DG method of the SLIM (Second Generation Louvain-la-

Neuve Ice Ocean Model, www.slim-ocean.be) modelling framework (Bladé et al., 2012; Draoui 

et al., 2022, 2020; Patil et al., 2022). Supplementary material contains a discussion of the model's 

calibration and performance in the shelf region, coast, estuary, and river compared to field 

measurements. 

2.3 Transport Module 

2.3.1 Radionuclide Model: 137Cs and 131I 

Radionuclide transport (137Cs and 131I) is simulated using a Eulerian approach including 

advection, diffusion and radioactive decay. 137Cs has a half-life of 30 years, while that of 131I is 

just 8 days. The corresponding transport equations are as follows: 

 

For 1D domain 𝜕𝐴𝑐

𝜕𝑡
+

𝜕

𝜕𝑥
(𝑄𝑐) =

𝜕

𝜕𝑥
(𝐷𝐴

𝜕𝑐

𝜕𝑥
) + 𝑆 − 𝜆𝐴𝑐 
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For 2D domain 𝜕𝐻𝑐

𝜕𝑡
+ ∇. (𝐻𝒖𝑐) = ∇. (𝐻𝐷∇. 𝑐) + 𝑆 − 𝜆𝐻𝑐 

 

 

where S is the source for the radionuclide under consideration and 𝜆 is the decay constant of the 

radionuclide. The source term S here is used to define radioactive fallout or direct liquid releases. 

In the model, it is assumed that the radionuclides that enter the simulation domain are well mixed 

in the element where the release point is located. Other processes, such as biological and 

suspended sediment adsorption, are excluded. This assumption is valid for accidental releases 

where the duration of the simulation period is short, or in the case of radionuclides such as 131I 

that do not tend to readily adsorb themselves to the sediments (Periáñez et al., 2019). Studies 

have shown good agreement when ignoring such effects (i.e., adsorption on sediments) under 

these circumstances (Tsumune et al., 2012). However, this assumption does not hold for long-

term simulation where accumulation, settling, and resuspension play a significant role for 

radionuclides such as 137Cs. It is also worth noting that the adsorption property of 137Cs to the 

sediment decreases significantly if the salinity increases (Wang et al., 2022).  

2.3.2 Salinity Model 

The salinity model is simulated using the same set of equations as the radionuclide transport 

model, with the exception that the decay term is dropped and the source term is restricted to just 

saline liquid releases. The simulation units are expressed as practical salinity units (PSU). The 

changes in salinity caused by biological or chemical interactions can be neglected. Salinity is, 

thus, referred to as a conservative quantity that is merely transported by advection and diffusion 

processes and hence provides a good tracer of water masses. Furthermore, due to the available 

measurements of this variable, salinity becomes an ideal choice for the verification of the 

transport model. 

In the model, the entering salinity of the river and its tributaries is set to zero. For inflow periods, 

the salinity at the shelf break boundary is prescribed to be 35, which corresponds to an average 

of climatology data and measurements (Lacroix et al., 2004). The initial condition in the model is 

a linear salinity profile in the estuary that extends from the point of zero salinity observed in the 

Scheldt River near Hemiksem to the Belgian shore at a salinity of 35. In the rest of the shelf 

region, a uniform salinity level of 35 is used as the initial condition, with zero salinity in the 

rivers and tributaries. The supplementary material contains the salinity simulation results of this 

model and their comparison to measurements.   

2.4 Hypothetical Scenario Definition 

2.4.1 Releases and source term definition  

We are interested in using this model to evaluate the impact of accidental releases coming from 

the Doel NPP into the Scheldt estuary. The Doel NPP is located on the banks of the Scheldt 

estuary near Antwerp (Belgium) at 5102’ N and 402’ E (Figure 1). The source term (radionuclide 

composition) is restricted to 137Cs and 131I. These two radionuclides were selected based on the 

values established in the Fukushima accident. Several hypothetical accidents occurring at the 

Doel NPP were considered and simulated. These scenarios are selected in order to have worst 

case conditions after atmospheric and direct releases in the Scheldt basin. The amount of 

radionuclides that are hypothetically released from the Doel NPP in this study is based on the 

Fukushima accident as reported by UNSCEAR (2021) (Table 1). 
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Table 1 Total radionuclide releases as reported by UNSCEAR (2021) from the Fukushima accident to the atmosphere and as a 

direct release pathway into the aquatic environment. 

Pathways Total Release (PBq) 
131I 137Cs 

Atmospheric deposition 100-

500 

6-20 

Direct release (March – April 2011) 9-13 3.5-5.6 

For the atmospheric deposition source, the JRODOS atmospheric model (Raskob et al., 2016) 

was used to determine the activity distribution of 137Cs and 131I on the surface of the Scheldt 

basin. The JRODOS model has been previously utilized for assessments following the 

Fukushima accident (Ievdin et al., 2012; Kovalets et al., 2014; Selivanova et al., 2023). For this 

study, the radioactivity deposition results were obtained after an atmospheric release period of 6 

hours. The release period is based on observations from the Fukushima accident which show that 

most of the release to atmosphere occurs within this timeframe (Tsuruta et al., 2014).  

2.4.2 Meteorological conditions of the study area 

The water currents and meteorological conditions of the Scheldt Estuary are quite variable. For 

our purpose, we consider a realistic combination of conditions that could deliver the maximum 

impact. Therefore, the simulation period starts on the first day of July (the summer period), 

when, on average the freshwater flows are low (the dry period). Moreover, the winds (Northwest 

winds) in the shelf region and water currents are generally more regular than in other seasons 

(Hossen and Akhter, 2015). During this period, the wind speed over the estuary can range from 0 

up to 3-4 m/s (Hossen and Akhter, 2015). In the Scheldt estuary, the maximum frequency in a 

year for wind direction occurs between 1800 – 3000 (1800 is in the south direction) (Hossen and 

Akhter, 2015). That indicates that in a possible scenario of accidental release, there is a higher 

probability that the atmospheric release plume will move towards the sea; moreover, the lower 

wind velocities would result in a highly concentrated deposition of radionuclides.  

There are many possible combinations of wind speed and direction that could occur at the 

moment of an accident. We considered two specific meteorological conditions: (1) atmospheric 

releases are directed towards the lower estuary, rivers, and tributaries; and (2) the release is 

towards the sea. Figure 3 shows the area of deposition for radionuclides considered in the 

scenarios, and Table 2 presents the parameters used for them.  
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Figure 3. Total amount of radionuclide deposited on the Scheldt basin after 24 hours of initial release as computed by the 

JRODOS model for 137Cs and 131I and two wind directions for scenarios 1,2,4 and 5. 

Table 2 Scenario definitions for 137Cs and 131I and their amount of radioactivity released in the Scheldt basin for the model. 

Scenario Radionuclide Pathways Amount 

released 

Wind 

Speed 

Wind 

direction 

1 137 Cs Atmospheric 

depositions 

10 PBq 1 m/s 2900 WNW 

2 1350 SE 

3 Direct 

Release 

52 

GBq/min 

  

4 131I Atmospheric 

depositions 

100 PBq 1 m/s 2900 WNW 

5 1350 SE 

6 Direct 

Release 

127 

GBq/min 

  

The liquid radioactivity released directly into the estuary during the scenarios presented in Table 

2 is based on the releases that occurred during the Fukushima accident. As reported, it was very 

difficult to estimate the duration of the accidental release of radionuclides that occurred by using 

backward extrapolation of inventories (UNSCEAR, 2021). Here, we assume an accidental 

release scenario of six hours to keep the combination of atmospheric and direct liquid release. 

The rate of release is estimated from the total amount of radionuclide released between March 

and April 2011, with inventories of 137Cs at 5 PBq and 131I at 12 PBq (UNSCEAR, 2021). The 

simulation period considered here is about a month after the initial release since the model is 

developed with the aim to catch the peak activity concentration and to guide the actions to be 

taken during and immediately after the accident. In case of longer periods, measurements of 

activity are feasible and more reliable (Cao et al., 2022).  

2.4.3 Hydrodynamic conditions 

The scenarios presented in Table 2 involve radioactive release from different pathways and 

meteorological conditions. Here, we consider the effects of the hydrodynamics in the Scheldt 

basin on the distribution of radioactivity. For this, we consider two cases: (1) the influence of 
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releases starting at high and low tide (at the point of release); and (2) seasonal differences 

between the months of January and July. The Scheldt estuary is greatly influenced by tides; thus, 

the tide conditions at the start of release can play a role in the distribution of the radioactivity. 

For instance, if the plume is released during low tide, it is likely to move towards inland regions 

in the first six hours. During the wet season additional fresh water is delivered in the Scheldt 

basin and this could potentially alter the activity levels as well as the spatial distribution. 

Therefore, the model is simulated for January, which has more rainfall and storm surges than 

July. For all the scenarios discussed here, we use the conditions indicated in scenario 1, which 

involves 137Cs. 

3 Scenario Simulations: Results 

The simulation results for activity concentration of radionuclides under the scenarios discussed 

in Section 2.4 are presented in this section. The simulation results were acquired using a 

computer with i7 8th generation CPU and 16 GB RAM which takes around 24 hours for a 7-day 

simulation period.  

3.1.1 Atmospheric Releases: Scenario 1 and 4 

Figure 4a and 4c show the activity concentration of 137Cs and 131I respectively, after 76 hours (~3 

days) of release and Figure 4b and 4d show the concertation after 25 days of release. 

 

Figure 4. Simulated radionuclide concentrations in surface waters (a) after 3 days of initial release for 137Cs, (b) after 25 days of 

initial release for 137Cs as defined in scenario 1, (c) after 3 days of initial release for 131I, and (d) after 25 days of initial release 

for 131I for scenario 4. 
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The concentration of 131I is substantially higher than that of 137Cs, particularly in the initial days 

following the release. This larger initial concentration occurs because the overall amount of 131I 

emitted is ten times higher than that of 137Cs. In this scenario, where the atmospheric release is 

directed towards the coast, the plume in the estuary moves to the Belgian coast. This is expected 

due to the tidal motion known for this estuary (Lacroix et al., 2004 ). The concentration of 131I at 

the coast is higher than 10 kBq/m3. While for 137Cs, the concentration never exceeds this value. 

Figure 5 shows the concentration of both radionuclides at the location of Blankenberge (for 

location, see Figure 1). It is evident that in the coastal region the release of 131I has a greater 

impact than the release of 137Cs, but the maximum concentration (>10 kBq/m3) for 131I is not 

expected to reach until seven days following the first release. 

 

Figure 5. Temporal variation of activity concentrations at Blankenberge located at the Belgian Coast: (a) 137Cs for model 

parameters defined in scenario 1 and (b) 131I for model parameters defined in scenario 4. 

Since 131I decays faster than 137Cs, the concentration starts to decline soon after reaching the peak 

value at about nine days, after which the concentration drops below 10 kBq/m3 (at about 16 days 

after the initial release). Moreover, Figure 5 shows the 131I concentration is comparable to the 
137Cs concentration at around 25 days. For 137Cs, the decrease in concentration is seen due to the 

water influxes from the English Channel from the south-east towards the Southern Bight region 

(i.e., the Belgian Coast). Therefore, in the case of 131I too, the dilution could be an additional 

reason for the decrease in concentrations. 

After a nuclear accident, the Scheldt Estuary would be most affected by atmospheric deposition 

because of its proximity to the NPP. It is worth mentioning that the maximum concentration of 

these radionuclides is present near the mouth of the lower estuary (i.e., downstream the Doel 

NPP). Even though the release is towards the coast, the tidal motion in the estuarine part 

transports the radionuclides towards the inland basin. Antwerp city (Figure 1), located upstream 

from the NPP, is an important urban and industrial settlement that is expected to be the most 
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affected by these releases. Figure 6 shows the temporal variations of the concentration at 

Antwerp. 

 

Figure 6. Temporal variation of activity concentrations at Antwerp located at the Scheldt estuary: (a) 137Cs for model parameters 

defined in scenario 1 and (b) 131I for model parameters defined in scenario 4. 

Figure 6 shows that the tidal motion brings a significant amount of radioactivity towards 

upstream parts of the estuary. Though both radionuclides exceed zero in around two days, the 
131I exceeds 10 kBq/m3 only after three days and the 137Cs after ten days of release from the NPP. 

Maximum concentrations occur around the 12th and 18th day for 131I and 137Cs, respectively. 

However, the backward motion of the radioactive plume never goes beyond Hemiksem in the 

inland river basin.  
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3.1.2 Atmospheric Releases: Scenario 2 and 5 

 

Figure 7. Simulated radionuclide concentrations in surface waters (a) after 2 days of initial release for 137Cs, (b) after 25 days of 

initial release for 137Cs as defined in scenario 2, (c) after 2 days of initial release for 131I, and (d) after 25 days of initial release 

for 131I for scenario 5.  

Figure 7a and 7c show the concentration of 137Cs and 131I after 48 hours. This shows that the 

deposited plume on the far reach of tributaries moves faster downstream towards the confluence 

with the Rupel River. This is primarily because freshwater dynamics can become dominant 

towards the upstream reach of the tributaries, thus decreasing the flushing time. Nonetheless, 

even if the plume moves downstream faster (within 3-4 days) towards the mouth of the Rupel 

River (Figure 7a and 7c), it takes roughly 6 days for 137Cs and 19 days for 131I to reach lower 

activity levels (<10 kBq/m3) in Rupel. This is because 131I is released in greater quantities than 
137Cs. But it is essential to note that larger depositions in the tributaries would result in a longer 

period of radioactive contamination in the Rupel River. Figure 7b and 7d show the distribution 

for 137Cs and 131I after 25 days of release. In this case, the activity concentration is spread in the 

estuary and no activity is predicted in the coast. 

Figure 8 shows the concentration of radionuclides in tributaries right before their confluence 

with the main rivers which are: the Dyle River connected to Rupel (Figure 8a and 8b), the Grote 

Nete connected to Rupel (Figure 8c and 8d), and then the Rupel connected to the Scheldt River 

(Figure 8e and 8f). 
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Figure 8. Temporal variation of concentrations in the tributaries of the Scheldt River: (a) 137Cs and (b) 131I in the Dyle River for 

scenarios 2 and 5 respectively, (c) 137Cs and (d) 131I in the Grote Nete River for scenarios 2 and 5 respectively and (e) 137Cs and 

(f) 131I in the Rupel River for scenarios 2 and 5 respectively. The extracted concentration is located immediately before the 

confluence with the main river. 

It is important to note that the confluence of the Rupel with the Scheldt River is approximately 

12 km downstream from the beginning of the Rupel River (the confluence point of the Nete, 

Dyle and Zenne rivers). In the tributaries of the Rupel, the radionuclide plume stays for 

approximately 4 days, but the concentrations reach significant quantities of up to 70 kBq/m3 in 

the case of 137Cs and 1 MBq/m3 for 131I. In the Rupel River, two activity hot spots are noticeable. 

One coming from upstream, transported by the water from its tributaries and another from 

downstream, transported by the tidal motion. This is clearly presented in Figure 7c, where the 

separated plumes coming from the estuary (downstream) and its tributaries (upstream) are 
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visible. As seen by the spikes in Figure 8e between days 3 and 4, both the plumes join in the 

Rupel River and travel towards the estuary.  

 

Figure 9. Temporal variation of concentrations at Antwerp located at the Scheldt estuary: (a) 137Cs for model parameters defined 

in scenario 2 and (b) 131I for model parameters defined in scenario 5. 

Figure 9 shows the activity concentrations of both radionuclides at Antwerp, showing that it is 

once again one of the most vulnerable locations in this scenario. Moreover, since the atmospheric 

releases deposit on the surroundings of Antwerp, the rise in concentration to its maximum value 

is almost immediate and is also higher compared to scenarios 1 and 4. Since inland depositions 

also reach these areas, as described in scenarios 2 and 5, they have the greatest effect in this 

location. The concentration of 131I after the end of the simulation period is around 125 kBq/m3, 

and that of 137Cs is 30 kBq/m3.  

3.1.3 Direct liquid releases: Scenario 3 and 6 

The distribution of 137Cs and 131I in surface water for direct release scenarios 3 and 6 is shown in 

Figure 10. Figure 10a and 10c show the activity concentrations of 137Cs and 131I, respectively, 

after 72 hours (~3 days) of release, and Figure 10b and 10d show the concentrations after 25 

days of release.  
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Figure 10. Simulated radionuclide concentrations in surface waters (a) after 3 days of initial release for 137Cs, (b) after 25 days 

of initial release for 137Cs as defined in scenario 3, (c) after 3 days of initial release for 131I, and (d) after 25 days of initial 

release for 131I for scenario 6. 

The direct liquid release scenarios are treated as point source releases into the Scheldt estuary 

that are subjected to advection and dispersion. Since the transport in the estuary is dominated by 

advection, the extent of the affected areas after three days of release for both radionuclides is 

comparable. Even if 131I has a one-order-of-magnitude higher release rate, the concentrations of 

both radionuclides after about a week become equivalent in magnitude. This can be observed at 

Antwerp, where the concentration becomes similar after about 8 days of release. Later, the 

concentration of 131I starts decreasing considerably (Figure 11). 

 

Figure 11. Temporal variation of concentrations at Antwerp located at the Scheldt estuary: 137Cs for model parameters defined 

in scenario 3 and 131I for model parameters defined in scenario 6. 
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About a month after the release, the extent of affected areas for both radionuclides is comparable 

(Figure 10c and 10d). The total inventory released in these scenarios is 45.72 TBq of 131I and 1.8 

TBq of 137Cs. Even though these are considerably smaller than the atmospheric releases (Table 

2), it must be kept in mind that only a portion of what is released is deposited on the Scheldt. 

While in the event of a direct release, the total inventory is released. That leads to concentrations 

that are considerably higher (>10 kBq/m3) and the maximum concentration at Antwerp has a 

greater peak than in other scenarios. It is important to emphasize that following the initial 

release, the entire lower estuary becomes contaminated within a few days and begins to spread in 

the upper estuary. As seen in Figure 10a and 10b, both radionuclides reach the mouth of the 

estuary approximately 25 days after discharge. However, compared to 137Cs, the concentration of 
131I has now decreased. This is visible when the scale of the figures is kept the same for both 

radionuclides, as shown in Figure 12a and 12b.  

 

Figure 12. Simulated radionuclide concentrations in surface waters (Bq/m3) (a) after 25 days of initial release for 137Cs, (b) after 

25 days of initial release for 131I as defined in scenarios 3 and 6 respectively. Both figures are equally scaled to a maximum of 20 

MBq/m3 to show thet impact of degradation in the case of 131I. 

Under these scenarios, the radioactive plume in the Scheldt River propagates upstream until 

about the mouth of the Durme and the Rupel River. Furthermore, the extent of affected areas 

toward inland rivers appears to be greater in scenarios 3 and 6 than in the others (liquid releases 

vs atmospheric releases). Figure 13a and 13b show the concentration of 137Cs and 131I at the 

location of Schelle (see Figure 1 for location) for the different scenarios. 
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Figure 13. Temporal variation of concentrations at Schelle located in the Scheldt River: (a) 137Cs for model parameters defined 

in scenarios 2 and 3 and (b) 131I for model parameters defined in scenarios 5 and 6. 

For scenarios 1 and 4, which involve radioactive deposition towards the coast, there is no 

significant impact at Schelle and are thus excluded from Figure 13. Moreover, as shown in 

Figure 13, the impact of 137Cs and 131I in the case of atmospheric releases are lower than those of 

direct releases. However, scenario 5 and, even to a smaller extent, scenario 2 have an impact at 

this location that occurs earlier. Whereas the concentration in the direct release scenario stays 

low for up to 4-5 days. The peak of 131I occurs on the 12th day after release, followed by the peak 

of 137Cs two days later. Figure 13 shows that at this location, the peak concentration for 131I (1.9 

MBq/m3) is now lower than that for 137Cs (2.56 MBq/m3). 

3.1.4 Low and High Tide 

Figure 14 shows the simulated distribution for 137Cs in the Scheldt estuary after 5 days for the 

start of the release at highest peak of the tide (Figure 14a) and at the lowest peak of the tide 

(Figure 14b). The distribution of radioactivity in the Scheldt estuary is similar whether the 

release occurs at high or low tide. 
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Figure 14. Simulated radioactivity distribution in the coast and the estuary for 137Cs after 5 days of the initial release: the 

radioactive plume is released at the (a) high tide and (b) low tide condition at the location of NPP. 

 

Figure 15. Temporal variation of radioactivity concentration for 137Cs at Antwerp for release starting from low tide and high 

tide. 

However, a small difference in peak concentrations (at high tide) can be observed at Antwerp 

(Figure 15), where the temporal variation for concentration follows the same trend except for the 

peak values. The peak values for the release at high tide are generally lower than those for 

releases at low tide. This is expected because Antwerp is located upstream of the release (no 

direct deposition here: see Figure 3 for scenario 1) and the plume released at low tide is 

transported towards the rivers, increasing the concentration. Furthermore, the difference in peak 

values is more prominent in the first few weeks, but after around 21 days, the peak values for 

both cases become similar. 
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The start of release at high tide has a greater impact on the coast than the release at low tide 

(Figure 14).  However, for releases at high tide, the concentration along the coast does not 

exceed 7000 Bq/m3, while released at low tide, no radioactivity is observed along the coast.  

Moreover, for scenario 1 (in Section 3.1.1), the radioactive contamination at the coast is lower 

than that observed here (for high tide). This is because the starting time of scenario 1 was chosen 

as the first hour of the first day of July, which corresponds to two hours after the high tide. 

Nonetheless, it should be noted that the increase in concentrations are less than 5%. 

3.1.5 January and July 

Figure 16 shows the distribution of 137Cs in the Scheldt estuary after 5 days of simulation during 

the months of July (Figure 16a) and January (Figure 16b). In both cases the release period begins 

on the first day of their respective month. 

 

Figure 16. Simulated 137Cs distribution in the coast and the estuary after 5 days of initial release for the month of (a) July and (b) 

January. 
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Figure 17. Temporal variation of radioactivity concentration for 137Cs at Antwerp for the period of July and January. 

After roughly 5 days, the concentrations obtained for July and January have a similar peak 

concentration of around 5000 Bq/m3 at the coast (Figure 16). However, the distribution for each 

month shows a distinct spatial distribution. The most noticeable difference occurs in the lower 

estuary (lower estuary is represented in Figure 2) where the concentrations are lower for January 

than for July. Figure 17 shows the temporal variation of 137Cs in Antwerp for the months of July 

and January. It can be seen here that after the initial week the concentration in July increases, 

whereas that in January remains lower. This is because of higher discharge from the river during 

January.  

4 Conclusions 

A hydrodynamic model was developed to simulate the fate of radionuclides in the Scheldt basin 

as a decision-support tool for emergency planning. The model has proved to be useful to 

simulate the spreading of radioactivity originated from both distributed (atmospheric releases) 

and point (direct releases) sources over any temporal scale. It provides valuable insight about the 

magnitude of activity concentration that could be found in this water system. The model includes 

the effect of wind drag and encloses a domain that covers the complete continental shelf region. 

This minimizes the impact of the boundary conditions on the calculations in the area of interest. 

The model has the capabilities to couple 1D and 2D domains with low computational cost. This 

characteristic is desirable in the case of emergency for faster diagnosis of the situation. 

Irrespective of the release source (be it atmospheric or direct liquid releases), the tides in the 

estuary are the primary driving force in the distribution of radioactivity. Thus, the Scheldt 

estuary is the most vulnerable region where high activity concentrations are found for long 

periods. That is due to the constant change in direction induced by low and high tides. While the 

radioactivity at the Belgian coast is only seen for specific scenarios (atmospheric releases 

towards the sea). In the upstream parts of the river, the discharge plays a significant role in the 

upstream propagation and flushing of the radioactive plume. These interaction of the 

radioactivity between different flow regions (i.e. estuary-sea and river systems) is made possible 

by taking into account: (1) the impact of the tides and winds on radionuclide distribution in the 

complete system, (2) to consider the recirculation of the radioactive plume mainly along the 

coast, and (3) the seasonality (impact of variability of the river’s discharge on the propagation of 

the plume in the upstream river system). In models restricted just to the area of interest around 

the NPP, the radioactive mass that leaves the domain is not taken into account. However, in tidal 

systems like Scheldt, radioactive plumes can return into the domain. Here, SLIM makes it 

possible to simulate a sufficiently large domain that keeps better track of the radioactive mass. 

The model simulation for radioactivity distribution and its levels provides information for 

emergency responders to make informed decisions. For instance, even with such a large release 

amount, the results show that the impact on the Belgian coast is rather limited in space (within 35 

km from the estuary mouth). Whereas for the deposition in rivers, the radioactivity level subsides 

within a few days. This can further aid in the effective planning of radioactivity measurements 

that need to be undertaken in the wake of an accident. Since tidal motions vary concentrations, 

the model can assist in foreseeing the time to observe maximum concentration. For instance, 
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measurements taken at low tide in Antwerp will provide extremely low radioactive levels. 

Subsequently, protective measures for the public can be implemented in areas with high 

radioactive concentrations. Additionally, with available projected data for discharge and tides, 

the model can support decisions by predicting the evolution of the radioactivity distribution in 

the event of a nuclear accident.   
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