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INTRODUCTION 

The results of a three-dimensional density-dependent simulation for a field area along the Belgian 
coastal plain are presented. The numerical model, MOCDENS3D, is used. The model has proven its 
value in several simulations for different parts of the Netherlands (Oude Essink 2001; Oude Essink 
2001; Oude Essink 2002). The main achievement of this modelling exercise lies in the extensive 
description of a real field site, where the input is closely based on sediment distribution and 
geomorphology derived from drilling descriptions and geophysical bore logs. Parameter values for 
both groundwater flow and solute transport are based on quantitative results from a parameter 
identification test carried out within the boundaries of the field area. In this upconing test drawdown 
and concentration changes are simultaneously observed and are later jointly interpreted (Van Meir 
2001).  

After a sensitivity analysis to evaluate the influence of model parameters, a first simulation models the 
existing freshwater-saltwater distribution using all gathered field data. A very good agreement between 
observed and modelled features allows a predictive simulation of three different sea-level rise 
scenarios for a time period of 500 years. The results demonstrate the influence of the sediment 
distribution and the geomorphology on the speed with which effective seawater intrusion will take 
place. As expected, both seepage and salt load will increase significantly as well. 

GEOLOGICAL CHARACTERISTICS OF THE MODELLED AREA 

The modelled area is situated in the eastern part of the Belgian coastal area near the resort village De 
Haan (Figure 1). The area is about 8 km2 and has been characterised by new drillings and 
geophysical investigations. The most important aquifer near the coast is the Quaternary aquifer 
bounded below by a Tertiary clay deposit. Thirteen drilling are placed in two cross-sections 
perpendicular to the coast and one cross-section parallel to the coast forming a three-dimensional 
array (Figure 2). The drilling descriptions in combination with the natural gamma ray logs delineate 
four different Hydrogeological Units. A Hydrogeological Unit is an ensemble of sediments with 
comparable hydrogeological characteristics. This means that they have a characteristic horizontal 
conductivity, anisotropy, porosity and storage. The boundaries of Hydrogeological Units are not 
necessarily coincident with chronological boundaries. The different units are illustrated in Figure 2. 
Unit 1 is a coarse to medium sand situated above the Tertiary boundary characterised by a sharp 
increase in natural gamma rays. Unit 1 has the lowest natural gamma ray signal and is traceable 
throughout the studied area. Unit 2 is a combination of silty and sandy layers and is characterised by a 
higher natural gamma ray signal. Unit 3 is a peat layer present in almost all the drillings; it is of 
Subboreal age. The composition of the upper unit, Unit 4, depends on the geomorphology; Unit 4 
combines the recent deposits.  
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Figure 1 Indication of the studied area in the Belgian coastal plain 

 

Figure 2 Zoom on the drilling distribution and example of one natural gamma ray profile (drilling SB9). 

The geomorphologies encountered in the modelled area are typical of the entire Belgian coastal area. 
There is the gently sloping beach, the recent dunes, and remnants of old dune areas and there is the 
polder area. In the latter two more sub-regions are distinguished, the low-lying marshlands with silt-
clayey deposits near the surface and the slightly higher creek ridges with more sandy material just 
underneath the surface. Hydrogeologically these different areas will behave differently, it is therefore 
important to delineate the area appropriately (Figure 3). 
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To further characterise the aquifer LN resistivity profiles taken after drilling was completed and before 
piezometers were installed give an insight in the fresh-salt water distribution. In general a high 
resistivity indicates freshwater, a low resistivity indicates saltwater in a sandy deposit (Archie’s Law in 
(Keys 1989)). In a silt or clay deposit the clay particles also increase the conductivity and will lower the 
resistivity signal. Before the development of dunes the Quaternary deposits were saturated with 
seawater. As soon as dunes develop an effective barrier against seawater intrusion is made and a 
freshwater lens develops. The dunes form the main recharge area in the modelled area, water flows 
from the dunes inland and towards the sea diluting the salt water and forming a freshwater tongue 
inland. This scenario is clear in the LN profiles perpendicular to the coastline (Figure 4), where a high 
resistivity zone exists underneath the dunes (freshwater lens) in Unit 1 (sand deposits). A low 
resistivity zone is also noted underneath this freshwater lens, this forms the transition to saltwater. The 
high resistivity zone diminishes inland forming a freshwater tongue surrounded by brackish to salt 
water. The low resistivity zone near the coastline in the dunes is caused by the higher silt content in 
Units 2 and 3. 
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Figure 3 Geomorphology of the studied area 
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Figure 4 LN resistivity cross-section, with interpretation of freshwater, brackish and saltwater. 

MOCDENS3D 

The model used is a three-dimensional finite-difference, density-dependent solute transport model 
(Oude Essink 1998). Its main characteristics are that it is block-centred; it uses the numerical solution 
technique options of Modflow for the groundwater flow equation; it solves the ADE separately for 
advection with the Method of Characteristics (MOC) and uses standard finite-difference techniques for 
the dispersion part. The whole model structure resembles the Modflow structure, which allows 
packages to be added as required by the stated problem (e.g., drain package, general head boundary 
package etc.). To limit the variations in pore volume of cells a uniform grid is used. As with all 
numerical models the model area needs to be discretized and geological and model parameter values 
assigned. The model area is 3000 m long, 2600 m wide and the Quaternary aquifer is on average 40 
m thick. This is discretized into 60 rows from north to south (from the coastline inland), 52 columns 
west to east and 20 layers from top to bottom. This means one finite-difference cell is 50 m long, 50 m 
wide and 2 m thick and has a volume of 5000 m3. 

There are three model parameters; the number of particles per cell, the distance a particle can travel 
during one time step and the closing criterion. The value for these model parameters is somewhat 
arbitrary, but they do influence the accuracy of the result, therefore several values for these three 
model parameters were used in a simplified geology case in which there is a constant horizontal and 
vertical conductivity assigned to a large number of layers at the time. This simplification speeds up the 
simulation allowing the evaluation of the influence of the model parameters.  

The higher the number of particles the more accurate the simulation results, however, the higher the 
number of particles the slower the simulation process. Therefore it should be checked whether it is 
really necessary to use the maximum allowed number of particles. In the following simulations 8 
particles per cell are used. The difference between 1 and 8 particles indicates that for necessary 
accuracy 8 particles was a minimum. The maximum distance a particle is allowed to travel during one 
time step did not have an appreciable influence so a rather large value of 0.9 is chosen. This means a 
particle can travel 90% of the length of the cell (50 m) during one time step or 45 m. The higher value 
speeds up the simulation without jeopardising the accuracy. The last model parameter is the closing 
criterion; this value indicates the maximum allowed difference in freshwater head between two 
consecutive simulations. The smaller this value the more accurate the simulation results should be. As 
it did not seem to have a large influence on the simulation results nor on the speed of the simulation a 
rather strict criterion of 5.10-6m is used. 
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The east and west boundary as well as the lower layer are no flow boundaries. The lower boundary 
because it consists of heavy Tertiary clay and may be considered impermeable compared to the 
Quaternary sand deposits, the east and west boundaries because flow in the coastal plain is mainly 
directed perpendicular to the coastline. The boundary on the shore side is a general head boundary 
from 4.2 m TAW in row 7 to 2.36 m TAW, corresponding with the average sea level, in row 1. A 
general head boundary allows infiltration when the surrounding heads are higher and seepage when 
the surrounding heads are lower. The boundary on the Southern side or row 60 is a constant head 
boundary where the constant heads are based on observations in piezometers and topographical 
changes. As it is a polder area and only a steady state simulation is carried out this constant head is a 
realistic boundary. 

SIMULATING FIELD CIRCUMSTANCES 

MOCDENS3D needs a uniform grid, but in reality the deposits are not uniformly distributed. To 
circumvent this problem and insert the derived geology up to a point a program is written to calculate 
the horizontal conductivities and hydraulic resistances in every model cell. The first step in this 
process is to generate maps of thickness for the different observed Hydrogeological Units. This is 
done manually first and is followed by an automated interpolation using Surfer software and a linear 
variogram. In a second step horizontal and vertical conductivities are assigned to the Hydrogeological 
Units based on the inverse interpretation of a pumping-upconing test carried out in one of the 
observation wells (Van Meir 2001); Van Meir and Lebbe, 2002 in preparation). Thirdly, a program is 
written to search the geological composition of every cell and to calculate the contribution of each of 
the Units that make up this cell. From this the average horizontal conductivities are calculated. 
Multiplying these values with the thickness of the model layer then provides a transmissivity value 
required by MOCDENS3D. The required vertical conductances between nodal points of each cell are 
derived from the geological layers between those nodal points and the average vertical conductivities. 
In this way the transmissivity and vertical conductance values reflect the geological complexity without 
changing the model grid dimensions. The final parameter values are summarised in Table 1, and the 
complexity of the model input is reflected in Figure 5. 

To calculate the influence of sea level rise the present distribution of freshwater and saltwater is 
calculated. This simulation is started from an initial situation where the entire groundwater reservoir is 
filled with saltwater having a concentration of 25000 mg/l TDS. The simulation begins when infiltration 
of 280mm/year freshwater starts in the dune area; an infiltration of 60% of 280 mm/year is given to the 
old dunes because the vegetation is denser and the water table is closer to the surface. After a 
simulation of about 1000 years the present distribution is reached. The main observed characteristics 
are also visible in the model results. A deep freshwater lens as observed in the wells close to the 
dunes is visible in de model results (Figure 6), the freshwater tongue going inland as well as the extent 
of the lens is comparable to the observations. The extent of this lens is strongly dependent on the 
geomorphology and this too is clearly modelled. More obvious results are that the freshwater tongue 
enters inland through the main permeable aquifer, Unit 1 and that the narrow transition zone as 
observed in LN logs is well reproduced in the model results. It is therefore concluded that we have 
been able to simulate the present freshwater-saltwater distribution with the necessary geological 
complexity. A direct comparison of TDS values with the model results is not possible because model 
cells have a surface area of 2500 m2. 
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Figure 5 3D model discretization in 52 columns, 60 rows and 20 layers,  
with the realistic input of geology and geomorphology 
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Figure 6 Result of the steady state simulation for the past 1000 years reaching the present equilibrium 
freshwater-saltwater distribution (column 20 upper, column 40 lower cross-section) 
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Parameter Parameter value 
Kh Unit1 10m/day 
Kv Unit1 6.7m/day 
Kh Unit2 4m/day 
Kv Unit2 0.04m/day 

Shore and dunes Old dunes Creek ridge Marshland Kh Unit3+4 

8m/day 6m/day 0.6m/day 0.06m/day 
Shore and dunes Old dunes Creek Polder Kv Unit3+4 
5.3m/day 4m/day 0.4m/day 0.04m/day 

αL 0.5 m 
αTH=αTV 0.05 m 
ne 0.45 

Table 1 Parameter values 

SIMULATING SEA LEVEL RISE 

Three different sea-level rise scenarios were originally simulated; no sea level rise, an average sea 
level rise of 0.5 m/century and a maximum sea level rise of 0.9 m/century as proposed by the (IPCC 
2001). Here only the average sea level rise results are discussed, for results of the other two 
scenarios the reader is referred to (Van Meir 2001). To simulate the effect of a sea level rise on the 
freshwater-saltwater distribution the boundary condition on the coastline is changed. The general head 
boundary there is increased in a number of time steps and the maximum simulation time is 500 years. 
For the increase of 0.5 m/century the simulation starts from the present simulated distribution with a 20 
year simulation of equilibrium; it then simulates 9 stress periods of 25 years in which the sea level 
rises with 0.125 m per stress period followed by another 20 years of equilibrium simulation and 
another 9 stress periods with a rise of 0.125 m in each stress period. This means total simulation time 
is 490 years and total rise is 2.25 m. It is a steady state simulation; this means that some assumptions 
regarding the future have been made. There is no change in average infiltration rate in the next 490 
years, there is no change in drainage levels, no artificial land raise is assumed and no large 
geomorphological changes have taken place.  

The main visible result is a shift of the water divide towards the sea (Figure 7). It is a consequence of 
the increasing vertical gradient between the seashore and the inland boundary where drainage levels 
remain the same. As a consequence the freshwater lens shrinks and an inflow of seawater directly to 
the inland boundary will eventually take place. Again, geomorphology plays an important role. When 
two extreme cases are compared (column 20 & column 40, Figure 7) then we can see that in column 
40 the resistance against seawater intrusion is larger because the infiltration area, dune-old dune 
area, is much larger. In column 20 where the infiltration area is very narrow, the freshwater lens 
shrinks immediately. Because of this increasing gradient between seashore and polder boundary the 
groundwater velocity will also increase and so will seepage and salt load. Seepage is the vertical 
upward discharged flow expressed in m3/day. In the total 490 years simulation there is a rise in 
seepage from 5700 m3/day to 8300 m3/day, for the polder area. In the present model the low-lying 
clayey polder area covers a surface area of 1 km2. But the most important seepage occurs not in the 
low-lying polder area but at the transition of the dune/old dune area and the creek/sand flat area 
covering a surface area of 1.5 km2; here there is an increase of 23800 m3/day in the total simulation 
time. If the level were kept at 2.9 m TAW for the creek/sand flat area all this extra water would need to 
be drained away. The salt load increase is also largest for the creek/sand flat area. Salt load is the 
product of seepage and average concentration for every cell; these products are then summed up for 
the area in consideration. For the creek/sand flat area the salt load rises from 13000 ton/year to 37000 
ton/year. However, in all the presented results it is also clear that because of this heavy seepage at 
the boundary between dunes/old dune area and either low-lying polder area or creek/sand flat area 
the situation beyond this boundary does not alter much. It experiences higher groundwater flow 
velocities, but the saltwater will remain because freshwater infiltration is drained away immediately. 
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Figure 7 Results for the case of a 0.5m/century sea level rise for both column 20 and column 40, 
 please notice the difference response. 

CONCLUSION 

From the presented three-dimensional simulations the following may be concluded: 

 Because sediment distribution and parameter values have been inserted based on all possible 
field data and quantitative derivations from a parameter identification test, the simulation results 
are in good agreement with the observed freshwater-saltwater distribution. 

 The influence of geology and geomorphology on the freshwater-saltwater distribution is 
demonstrated in all simulations 

 When an average sea-level rise of 0.5 m/century is considered the most important result is the 
shift of the water divide towards the high water line 

 The resistance of the existing freshwater lens against shrinking is determined by the surface area 
of the recharge area 

 Because of the increasing gradient, the groundwater velocity also increases; this leads to an 
increase in seepage and salt load 

 Beyond the most important gradient change the inland freshwater-saltwater distribution does not 
alter. 
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