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Abstract 

The low polder "De Moeren-Les Moeres" on the French-Belgian border have 

for the first time been reclaimed in the 17th century. It was the last 

reclaimed polder of the area and consequently the lowest in elevation of 

his surface. Near the highest bounding area, the old dunes, an important 

upward flow of salt water exists. The salt water occurs immediatly under 

the watertable. Since the first world war (1914-1918) water is pumped 

from the fresh water pocket under the old dune area. The quantity of ex

tracted water is extreemly limited by the rise of the chloride content. 

These two important problems in the area are studies by the collection 

of field data and the application of mathematical models. The distribu

tion of salt and fresh water has been deduced from resistivity measure

ments in boreholes and chemical analysis of groundwater samples. The 

occurrence of pervious and' semi-pervious layers are deduced from bore

hole loggings like natural gamma~ray, spontaneous potential, caliber, 

point-resistants, long- and short normal. The horizontal hydraulic 

conductivity of the pervious layers and the vertical hydraulic conducti

vity of the semi-pervious layers are found by analysing the drawdowns in 

the pumped and in the surrounding layers. Finally the measurement of the 

heads and the resistivities of the water in the observation well enables 

us to draw the lines of equal fresh-water head. 

All this field information is applied into a mathematical model which 

calculates the evolution of the flow and the distribution of salt and 

fresh water. 
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1 Introduction 

In the Flemish coastal plain the possibility of obtaining fresh ground

water for water supply is limited. Two possibilities exist : the deep 

confined aquifer with a small transmissivity beneath the thick clay of 

Flanders (about 110 m) or the phreatic aquifer which varies in thickness 

from zero to forty meters. Because of the depth, the·small discharge 

rate and the quality the confined layer is only of interest in the case 

of small watercatchment with well defined quality demands. In the 

phreatic aquifer fresh and saltwater occur. Under the dunes where the 

fresh water occurs over the whole depth of the phreatic aquifer water 

catchments exist. The water demand incr7ases because of the expansion of 

the tourism in the coastal area and the connection to the public water 

supply of the farms and the local communities and industries in the 

polder area. At some places in the polder area there is salt-water see

page. In winter there is a large amount of fresh water which flows 

through the river IJzer. This water has inundated temporaly the low 

lying polders around the river. The knowledge of the distribution and 

the flow of salt and fresh water in the phreatic aquifer can contribute 

to the control of the fresh water in the coastal plain. 

R. d'Andrimont (1902) and 0. van Ertborn (1903) discuss for the first 

time the flow and distribution of fresh and salt water in the Belgian 

coastal plain. H. Thiele (1943) determines for the first time the depth 

of the salt-fresh water interface by means of electrical sounding in the 

French-Flemish and West-Flemish polder area. The depth of the salt-fresh 

water interface was mapped for the whole Belgian coastal plain by W. De 

Breuck et al. 1974, M. Gulinck places some observation wells between the 

water catchment of Oostduinkerke and the sea and executes a pumping test 

as a preliminary study of the watercatchement of De Panne. 

In the period 1974-1978 a hydrogeological study was executed in the dune 

area west of De Panne (L. Lebbe, 1978). It comprises an investigation of 

the lithostratigraphy by cable-tool drilling analyses on water samples 

from different depths and locations, the resistivity of the formation 

and the groundwater by resistivity logging techniques. The hydraulic 

200 



_head at different depths and locations has been followed and a quasi

three-dimensional non-steady state model has been calibrated. 

In the period 1978-1981 a hydrogeological study was focused on the flow 

of fresh and salt water under the beach of De Panne with semi-diurnal 

tide. By means of reverse-circulation rotray drillings through the un

confined aquifer and resistivity logs five resistivity profiles 

perpendicular to the shore were drawn. These profiles provide a fairly 

good idea of fresh, brackish and salt water distribution underneath the 

beach. Also continued hydraulic head measurement and chemical analyses 

of watersamples have been done. A two-dimensional mathematical model 

treats the steady-state flow of fresh and salt water with a sharp 

interface in a vertical cross-section (L. Lebbe, 1981). Also the model 

of solute transport and dispersion of Konikow & Bredehoeft (1978) has 

been applied after modification so that density difference effects can 

be taken into account. With this model the evaluation of the fresh-salt 

water flow and distribution has been studied. In this way the presence 

of an isolated fresh-brackish water lens under the lower part of the 

beach before the watercatchment area of De Panne can be explained as a 

transition state in the case that the natural groundwater flow to the 

sea is inversed (L. Lebbe, 1983). 

In the period 1981~1985 the hydrogeological study continued in the area 

behind the dune and beach already studied. This area can be subdivided 

in polders, old dunes, low polders and again polders going from north 

to south (Figure 1 and Annex I). The northern polders lie between the 

young dune belt and the small old dune belt. It forms a strip with a 

width of about 1200 m. The groundlevel varies between 2,8 and 4,2 m TAW. 

The old dunes form a small belt between the villages Ghyvelde in France 

and Adinkerke in Belgium. The belt has an average width of about 600 m. 

The groundlevel varies between 4,2 and 8 m TAW. This small dune belt is 

limited to the south by a low polder area. The low polder area is a 

basin-shaped area partly in France and partly in Belgium and has a ground

level which varies between 0,5 and 1,25 m TAW. The polders at the 

southern boundary of the studied area have a groundlevel between 1,25 

and 4 m TAW. 
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Figure 1. Location of observation points and of the resistivity profiles 
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This paper will treat the fieldobservations, which consist of reverse

circulation rotary drilling with logs, collection of groundwater samples 

and extensive chemical analyses, hydraulic head measurements, the appli

cation of pumping test, to deduce the vertical and horizontal hydraulic 

conductivities of the different depostions. Finally an attempt is made 

to simulate the historical evolution of the fresh and salt·water flow 

and distribution under the southern part of this area. 

2 Borehole loggings 

A number of reverse-circulation rotary drillings with loggings has been 

executed so that it becomes possible to draw resistivity and lithostra

tigraphical profiles. The loggings comprises caliper-, resistivity-, 

spontaneous-potential-, point-resistance and natural-gamma loggings. 

With the caliper, the spontaneous-potential- and the natural gamma log

gings lithostratigraphical boundaries can be detected. This was very 

useful in the localisation of the boundary between the clay of Flanders 

.and the covering sand layers filled with brackish water which have the 

same resistivity of the clay. With the natural gamma log the clay 

content in the sediments can be deduced so the appearance of pervious or 

less pervious layers can be mapped. 

With the resistivity loggings the water-quality in the phreatic aquifer 

can be estimated. Taking an average formation factor of 4 and a relation 

between the total salt content TDS and the resistivity of the water at 

field temperature (10-ll"C) P = 10000/TDS we can estimate the salt 
w 

content of the pore water from the long-normal resistivity loggings. In 

tabel 1 the percentages of fresh and salt water in the pore water are 

given with the resistivity of the sediments. One assumes that the TDS 

of pure fresh water is 375 mg/1 while the TDS of pure salt water is 

28700 mg/1. The sensitivity of the resistivity to the salt content 

decreases quickly with the amount of salt. In Annex 1 a resistivity 
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profile is plotted with lines of equal resistivity of the sediments. 

From this profile one can estimate the distribution of salt and fresh 

water. 

Table 1. The percentage of fresh and salt water in the pore water 

against the resistivity of pore water and deposits 

Percentage of Percentage of Resistivity of Resistivity of 
fresh water Pf salt water p pore water p deposits pt s w 

99 % 1 % 1S,2S 61 

9S % s % s,s 22 

84 % 16 % 2,04 8, 1S 

so % so % 0,69 2,76 

1 % 99 % 0,3S 1,41 

3 Chemical analysis of groundwater samples 

Observation wells have been installed in the boreholes after the log

gings. From this observation wells groundwater has been sampled at 

different places and different levels. The results of the analyses have 

been indicated on the resistivity profile in figure 2 : the total salt 

content, the anion concentration (Cl-, SO~-. Hco;) and the cation 

concentration (Na+, K+, Mg++, Ca++) are given is mg/1 beside the 

vertical bar graphs. Because it was impossible to take good water sam

ples from the observation wells in the very fine deposits in the 

southern part of the low polders, there is a lack of information about 

the water quality in this deposits. 
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4 Hydraulic head measurements 

In the observation wells regular level measurements took place. Before 

the measurements the wells have been pumped so that the whole water 

column in the well has the same quality and the same density. This was 

controlled by measuring the resistivity of the water during pumping on 

the well and after pumping at different levels in the well. From the 

resistivity of the water in the well the density can be deduced from the 

relation between the resistivity and the total salt content and the 

density of the water. Once the density Pi of the water column in the 

observation well and the location of the filter of the observation well 

are known zk (figure 2) one can deduce from the measured hydraulic 

head hi the fresh water head hf from the relation : 

The density of the fresh water is taken equal at 1000 kg/m3 
• 

From the regular measurements the seasonal fluctuation of the fresh 

water head can be deduced. Also maps can be drawn with lines of equal 

fresh water head at different levels and at different times. From the 

map with the average fresh water head during the period one can deduce 

the average groundwaterflow in the studied area (figure 3). The ground

waterflow is very low in the central part of the basin-shaped low 

polder. There is only a small flow from the "Bewestpoorteiland" to the 

surrounding areas. Also a higher flow exists at the borders of the 

basin. The highest flow occurs between the old dune ridge to the low 

polders. 

5 Pumping tests 

Three pumping tests were executed in the studied area. In these pumping 

tests only one layer is pumped in the multilayered aquifer system. The 

drawdown is measured in all pervious and semi-pervious layers at dif-
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Figure 3. Lines of equal fresh-water head. 

Mean values of the head during the period 1984-1985 
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ferent distances of the pumping wello In figure 4 the lithostratigra

phical profile of one of the pumping sites is shown together with the 

location of the pumping and observation wells in the pervious and semi

pervious layers. The horizontal hydraulic conductivity and the specific 

elastic storage of the pumped layer can be deduced from the drawndowns 

in the pumped layer with the help of the classic analytical methods. The 

hydraulic resistances of the bounding layers can only be estimated with 

these classic analytical methods. With the help of the drawdowns in the 

non-pumped layers these hydraulic resistances can be deduced better. 

The hydraulic parameters are deduced by comparison of the observed 

drawdowns in all layers with the drawdowns calculated with a two-dimen

sional axi-symmetric model. From the deviation between the observed and 

the calculated drawdown and from the sensitivity of the drawdowns to all 

the hydraulic parameters, the hydraulic parameters can be adjusted so 

that the deviation between the observed and calculated drawdowns becomes 

less. By a successive adjustment of the hydraulic parameters a good 

agreement can be found between the observed and calculated drawdowns. In 

figure 6 the calculated drawdowns (curves) and the observed drawdowns 

(cross signs) are given in all layers at the pumping site shown in 

figure 5. So more hydraulic parameters can be deduced. Also more infor

mation can be obtained about the accuracy of the deduced parameters (L. 

Lebbe, 1985). 

From the first pumping test (figure 4 and 5) one deduces that the shell

bank with a thickness of 12,3 mat the pumping site have a very high 

conductivity of 125 m/d. From the drawdown in the pumped layer we can 

deduce that the lateral extend of this very pervious layer is limited. 

From the bore logs we deduce that this shell-bank forms a long-strip 

under the southern part of the old dune ridge Ghyvelde-Adinkerke. The 

specific elastic storage of the shell layer is rather small, 4.10- 5 m-1 

This shell layer is covered by a sandy loam with a thickness of 2,2 m. 

This semi-pervious layer has a hydraulic resistance of 240 days or a 

vertical hydraulic conductivity of about 0,0092 m/d. 
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The second pumping test is situated in the southern part of the low 

polders (Figure 1). The phreatic aquifer is reduced in thickness (about 

6 m) and consists of an alteration of sandy loam and loamy sand. The 

horizontal hydraulic conductivity of the lower 4,2 m of the phreatic 

aquifer is small (0,12 m/d) while the specific elastic storage is large 

(1,2.10- 3 m- 1
). The hydraulic resistance of the upper 1,8 m of the 

phreatic aquifer is 58 days and the vertical hydraulic conductivity is 

about 0,031 m/d. 

The third pumping test is situated in the nothern part of the low 

polders (Figure 1). The phreatic aquifer is 16,2 m thick. Three layers 

can be distinguished. The lower layer consists of medium to fine sands 

with shells. This layer is covered by loam with a thickness of about 3 

m. The upper layer consists of fine sands. The filterscreen of the 

pumped layer is situated in the lower layer. From the pumping test one 

deduces that the horizontal hydraulic conductivity of the lower layer is 

5,5 m/d and the specific elastic storage equals 1,7.10- 4 m-1
• The layer 

in the middle is a semi-pervious layer with a hydraulic resistance of 

about 2600 days or a vertical hydraulic conductivity of about 

0,0012 m/d. 

From the pumping test one deduces that the horizontal and the vertical 

hyraulic conductivity of the different layers have a large variation. 

From north to south the sediments becomes finer. The horizontal hydrau

lic conductivity of the most pervious layers of the phreatic aquifer 

decreases quickly in this direction. The specific elastic storage in

creases from north to south. The lateral extension of the semi-pervious 

layer is complexe and the hydraulic resistance changes much. With the 

large amount of lithostratigraphical data and pumping test data one 

obtains an tnsight in the possible occurrence of the different layers 

and their water-conducting properties. This knowledge can be completed 

by the calibration of a mathematical model of groundwater flow and 

quality with the hydraulic head data and the water aquifer data obtained 

from field observations. 
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6 Evolution of fresh and salt water 

flow and distribution 

The fresh and salt water flow and distribution are simulated by the 

mathematical model of solute transport and dispersion of Konikow & 
Bredehoeft (1978). The model has been modified so that density-differen

ce effects can be taken into account (L. Lebbe, 1983). 

6.1 Location of studied cross-section 

Because the boundaries between the northern polders, the old dunes and 

the low polders are parallel one can consider the groundwater flow in a 

vertical cross-section perpendiculare to this boundaries. The simulated 

flow is than representative for the greatest part of the area. The flow 

is not representative at the end of the old dune ridge and at the west 

and east boundaries of the basin-shaped low polders. The cross-section 

begin in the northern polders and runs through the old dune ridge to the 

low polders. The cross-section is subdivided in eighteen layers with a 

thickness of two meters and in thirty-eight columns with a width of 

fifty meters. Six columns are located under the polders, thirteen under 

the old dunes and nineteen under the low polders. From the lithostrati

graphical porfile one can deduce the location of the impervrious clay 

substratum, the impervious boundary of the unconfined aquifer. From this 

profile one can also deduce the location of the different pervious and 

semi-pervious layers. The ratio of the vertical to horizontal hydraulic 

conductivity is chosen equal to 0,02. The hydraulic conductivity at 

every node is defined so that the transmissivity of the pervious layers 

and the hydraulic resistance of the semi-pervious layers approximate the 

field values. By the application of the method of characteristics nine 

traceable particles are used in each cell of the finite-difference grid. 

The maximum cell distance per movement of the particles has been chosen 

at 0,85. The longitudinal dispersivity of the porous medium, a
1

, is 

0,15 m. A small value is assigned to the ratio of transverse to longitu

cinal dispersivity,a T;a
1 

equals 0,01. The effective or water-con-
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ducting porosity,E , is 0,3. In every simulation the buoyancy is deduced 

from the calculated concentration after each time step of five years. 

With this new buoyancy values a new fresh-water head and groundwater 

velocity was calculated. 

6.2 Geological and geomorphological 

evolution of the studied cross-section 

Before the arise of the old dune ridges (Annex I) the studied area can 

be considered as a small bay area. The limits of the bay area coincide 

with the west, south and east boundary of the low polders. At about 

3500 BP two dune ridges arise parallel to each other (the old dune ridge 

under the northern part of the young dunes and the old dune ridge 

Adinkerke-Ghyvelde). It is not clear if the most landward dune ridge 

arises first a long time before the second or if the two old dune ridges 

arise in a small time interval. After the arise of the two dune ridges 

the area north of the old dune ridge Adinkerke-Ghyvelde becomes an area 

where the mean watertable level is not far below the mean groundlevel. 

This area was only during a short time under the direct influence of the 

sea which can be deduced from the thin Dunkerque II-deposits. The area 

south of the old dune ridge Adinkerke-Ghyvelde forms a lake with 

brackish water, which is in connection with the sea and receives water 

from the bounding area. In the eleventh century the area north of the 

old dune ridge and the bounding areas of the lake have been drained and 

the influence of the sea on the lake has been minimized. In 1626 the 

first reclamation of the lake was completed and the low polders were put 

into agricultural use. The reclamation of this low polder area was not 

continuous. In periods of war or economic recession between 1646 and 

1827 the low polders inundated as a whole or partly with fresh and/or 

salt water. The last inundation was at the end of the second world war 

in 1944-1945. In the old dune ridge there is a small watercatchment 

which was started in the first world war by the English troops. 
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6.3 Simulation of the evolution of fresh 

and salt water flow and distribution 

One assumes that the conductive properties of the deposits do not change 

in time. Then the evolution of fresh and salt water flow and distribu

tion is influenced by the change of the boundary conditions. From- the 

lithostatrigraphical and geomorphological data one can deduce four 

principal periods. In each period a typical set of boundary conditions 

prevails most of the time. Although the boundary conditions can change 

for a shorter time in each period, these changes are not considered in 

this simulation. 

The initial time of the simulation is situated at the arise of the old 

dune ridge. Because the sea has a free access to the studied area before 

the arise of the dunes one can suppose that the whole aquifer is filled 

with salt water. The aquifer is bounded below by an impervious layer. 

The upper boundary of the aquifer is located partly under a marshland, 

under the arising dunes and under a brackish lake. Under the old dune 

ridge one assumes a constant-vertical-flow boundary of fresh water. The 

vertical-flow velocity equals 280 mm/year, the present infilration rate. 

Under the marshland one assumes a constant-head and a constant-concen

tration boundary. The fresh-water head in the uppermost cells is not far 

below the groundlevel at this time (3,8 m TAW). The constant-concentra

tion equals 90 % salt water. Under the brackish lake one assumes also a 

constant-head boundary. The fresh-water head is equal to the fresh-water 

head in the bounding marshland (3,85 m TAW). The fresh-water head put 

into the uppermost cells are calculated taking into account the levels 

of the cells and the buoyancy of the brackish water in the lake. In 

these uppermost cells one assumes also a constant-concentration bounda

ry of 50 % salt water. The vertical boundaries under the marshland and 

the lake are constant-head and constant-concentration boundaries. The 

fresh-water heads are calculated with the levels of the cells and with 

the buoyancy of 100% salt water so that there is no vertical flow of 

salt water at the boundaries. The constant concentration equals 100% 

salt water. 
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As a result from the simulation one obtains the fresh-water head and the 

groundwater-flow velocities for every time step and the concentration 

after every time step at all nodal points. These output data can be 

represented in a vertical cross-section. The vertical axis of this 

cross-section is ten times exaggerated with respect to the horizontal 

axis. The fresh-water heads and the concentrations are represented by 

lines of equal values. These lines are found by a bilinear interpolation 

between the values of the nodal points. The groundwater-flow velocities 

are represented by vectors. These vectors are obtained by calculating 

the horizontal and vertical components in the nodal points. These 

components are found by the multiplication of the horizontal or vertical 

velocities with a time increment. The time increment was chosen in figu

re 6 and 7 as one year. The vectors are plotted in all points taking the 

scale of the horizontal and vertical axis into account. 

In the first part of figure 6 the evolution of salt and fresh water flow 

and distribution is given after the arise of the old dune ridges. A 

fresh-water lens under the old dune ridge starts to form. At the begin

ning the transition zone is quite large and the fresh-water lens is 

symmetric. The fresh water lens does not farther extend when it reaches 

the semi-pervious layer. The transition zone becomes quite small. 

Because of the sloping bottom of the brackish lake there is an infiltra

tion of brackish water until the transition zone between the brackish 

water of the lake and the salt water in the aquifer is horizontal. Of 

this first period, five hundred years are simulated. The flow and dis

tribution of fresh and salt water does not change farther meaningfully. 

The second principal period in the evolution of the studied area starts 

at the reclamation of the marshland north of the old dune ridge and of 

the marshland bounding the brackish lake. At the reclaimed marshland 

which becomes polders now there is an alteration of constant-head and 

constant-vertical flow boundary. The constant-head boundaries are the 

area around a drainage channel. The fresh-water head is 1,20 m lower 

than in the first simulation period. The constant-vertical flow bounda-
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Figure 6. Evolution of fresh and salt water flow and distribution 

after the arise of the old dune ridges and after the 

reclamation of the marshlands to polders 

216 



@ RHLAMATION Of BRACKISCH LAKE TO LOW POLDERS. 

POLII:RS *' OLD D<H:S --ojo LOW Pfl.MRS 

111.00 YEARS 

10.00 YEARS 

210 00 YEARS 

(B) START Of WATERCATCtt1ENT IN OlD DUNES. 
POUJERS ojo WAT£RCAJOH:HI N lliD lll!£5 ~· LOW pr!DrR$ 

5.00 YEARS 

2000 YEARS 

b' I] 

7000 
o PUHPED CEll 

YEARS 

c:::=J rr==n [ll [ill]] ITilliiiiil llillllllll 
p' >99•!. 99•;. > Pr > 95•;. 9s•;. > Pr > e4•;. &~o•!.>Pf>SO'"/. SG-/e>Pr>1•1. Pt <We 

~igure 1. Evolution of fresh and salt water flow and distribution 
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ries are areas between the drainage channels. There is an infiltration 

of fresh water at a rate of about 3/4 of the infiltration rate in the 

dune area. The boundary condition under the old dune ridge does not 

change. Under the brackish lake only the values of the fresh-water head 

change. One supposses a drop of 1,20 m of fresh-water head in the 

brackish lake because of the drainage of the surrounding marshland. Only 

the fresh-water head values of the vertical boundaries under the polders 

and the brackish lake are lowered with 1,20 m. In the second part of 

figure 6 the evolution of salt and fresh water is given after the recla

mation of the marshland to polders. During five hundred years of the 

simulation there is no meaningful change. 

The third principal period in the evolution of the studied area starts 

at the reclamation of the brackish lake into low polders. The boundary 

conditions under the polders and the old dunes do not change. The values 

of the constant-head and the constant concentration boundaries of the 

upper boundary under the low polders are deduced from the field observa

tions of the watertable and the resistivity profile. A period of 270 

years has been simulated. In the first part of figure 8 the results of 

this simulation are given. A large flow from the polders under the old 

dunes to the low polders develops. In the upper part of the aquifer the 

fresh water lens extends to the north. This is due to the infiltration 

of fresh water in the polders. By the large flow from the polders to the 

low polders the fresh-water lens extends in the lower part of the 

aquifer to the south. So the fresh-water lens under the old dunes 

obtains an asymmetric shape. There is an important upward flow of fresh 

and brackish water in the low polders close to the old dunes. The salt 

water entrapped into the semi-pervious layer is only slowly expelled by 

the water, which flows in the southern direction. From the field obser

vations one sees that the semi-pervious layers show a higher resistivity 

than the surrounding sediments. If this higher resistivity is due to the 

lower salt content of the pore water, then this brackish water in the 

semi-pervious layer can only be explained by a deeper groundwater flow 

from the brackish lake to the aquifer. This deeper flow is possible when 

the water-level of the brackish lake was higher than the surrounding 

polders during a certain time. 
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The fourth principal period starts with the watercatchment in the old 

dune ridge. In the northern part of the dune ridge water is extracted in 

two cells with a total discharge rate of 100 m3 /year per meter width of 

the studied cross-section. A period of 70 years has been simulated. In 

the second part of figure 8 the results are given. Under the watercatch

ment there is a rise in the fresh-salt-water transition zone. The flow 

of the salt water under the fresh-water lens increases to the low 

polders. The salt content of the upward flow under the low polders 

increases. 

7 Conclusion 

Based on extensive field observation an attempt is made to simulate the 

evolution of fresh and salt water flow and distribution under the pol

ders, the old dunes and the low polders. The principal features of the 

salt and fresh water distribution deduced from the resistivity profile 

are obtained at the end of the simulation. Only the occurrence of the 

higher resistivity in the semi-pervious layer is until now a problem. By 

the analysis of a pore-water sample of this semi-pervious layer one can 

deduce if the higher resistivity is due to higher formation factor or 

the higher resistivity of the pore water. In the southern part of the 

low polders it is also difficult to take water samples of the very fine 

deposits by means of observation wells. For the accomplishment of this 

study water samples should be taken from these fine deposits for obtai

ning a chemical analysis of the pore water. 
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