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Abstract 

In many coastal regions the outflow of fresh groundwater to the sea 

takes place in several aquifers, on top of each other, separated by 

semi-pervious layers. It is often observed that fresh water in an 

aquifer occurs below saline water in another aquifer above it, where the 

fresh water is flowing upward in a saline environment. 

In order to obtain an approximate solution of the fresh/salt water 

interface it was assumed that the fresh water, after passing the semi

pervious layer, does not mix with the saline water. With this assumption 

there exists also a sharp interface above the semi-pervious layer and 

the fresh water flow can be calculated as a two-dimensional potential 

flow. Doing so, in an iterative way a complete fresh/salt water inter

face can be found for a strip of sand-dunes bounded by the sea on both 

sides. The calculation was done using a program package based on the 

finite element method. 

First the interface was calculated originating from the seaward flow of 

fresh groundwater in one aquifer. The result was compared with that 

found by an analytical solution, showing a good agreement. 

Next the form of the freshwaterbody was calculated for the case of flow 

of fresh water in two aquifers separated by a semi-pervious layer. This 

result was compared with the answer of an existing approximative method 

of calculation. It proved possible to find an acceptable form of the 

interface. 
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At last by calculating the flowlines a quantitative insight was gained 

in the way the freshwater recharge flows seaward. 

1 Introduction 

In the Dutch coastal area, as in many other coastal areas, outflow of 

fresh water towards the sea takes place in several aquifers (Figure 1). 

It can happen that in a lower aquifer fresh water flows seaward, while 

salt water is being present in the upper aquifer. 

I 

xxi 
Figure 1. Outflow of fresh groundwater to the sea in two aquifers 

In this region fresh water is then seeping upward in a saline environ

ment. Calculation of such a case may be performed by considering the 

flow to be horizontal in the aquifers and vertical through the semi

pervious layer, while the fresh water seeping upward into a saline 

environment is considered to be lost and is further neglected. However, 

assuming that the upward seeping fresh water does not mix with the salt 

water, it is possible to calculate the fresh water flow as a potential 

flow in a domain with also a sharp interface on top of the semi-pervious 

layer, an interface however with salt water on top of fresh water 

(Figure 1). Using the condition that the pressure of the salt water at 
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every point of the interface has to balance the pressure following from 

the fresh water head at that point, the total interface can be calcula

ted. 

With the help of the Laplace equation for potential flow the flow field 

can be calculated within given boundaries, using the finite element 

method. 

Although in this case the involved layers are supposed to be isotropic, 

the used program package can also be used in anisotropic cases. To this 

end the potential is defined as the product of conductivity and hydrau

lid head: 

<!l k.¢' 

where 

<!l potential [L 2 T~ lj 

k conductivity f LT-1] 
¢ hydraulic head (Lj 

The Laplace equation is then written as follows: 

For the streamfunction ~ the same relationship holds: 

0 

So the program can also be used to calculate the streamfunction from 

which the streamlines can be found. Starting from an assumed form of the 

fresh water body, the real form of this body can be approximated in an 

iterative way. Apart from the phreatic level and the interface the width 

of the opening of outflow has to be calculated. 

In order to check the reliability of the used model it is tested on a 

problem (Figure 2) for which, in a specific case, an analytical solution 

is known. In Figure 2 only one homogeneous isotropic aquifer is present 

and Van der Veer (1977) gave a solution for this case, assuming the out

flow of fresh water to take place in a horizontal plane. This solution 

also offers an expression for the width of the opening of outflow, which 
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expression can be used to find a first approximation for the width of 

the opening of outflow in our numerical model. Comparing the results of 

the model with the analytical solution can help to get insight in the 

most efficient construction of the mesh as needed for the finite element 

method. 

After getting results from the calculation of the case just discussed, 

which results matched the analytical results very well, the same program 

was used for the calculation of the case of two aquifers separated by a 

semi-pervious layer. In modelling the mesh, the semi-pervious layer is 

taken into account. The calculation for the case of two aquifers 

separated by a semi-pervious layer can to some extent be controlled by a 

method developed by Huisman and Todd (1959). It must be said that their 

method had other presuppositions, viz.: horizontal flow in the aquifers 

and vertical flow through the semi-pervious layer, whereas the fresh 

water seeping upward into a saline environment is considered to be lost 

and is not taken into account any longer. On the seaward side of the 

dune only salt water is supposed to be present. As symmetrical cases are 

studied only one side of the axis of symmetry is calculated. 

2 Numerical approach for a homogeneous coastal 

aquifer with precipitation 

The problem of the single homogeneous coastal aquifer involving a 

phreatic surface with natural recharge is now numerically solved with 

the finite element method. Use was made of the computer program AFEP 

(A Finite Element Package; solutions with the help of AFEP are referred 

to as "AFEP solution", especially when they are compared with other 

methods), developed by the Numerical Analysis group of Delft University 

of Technology. This program includes a subroutine for covering the flow 

region with a suitable mesh. The mesh arrangement and density can be 

varied for different parts of the flow region in order to adapt to 

convergent and divergent streamline patterns. The elements are triangu

lar. Apart from the design of a mesh also the boundary conditions must 

be specified. In this case the boundary conditions are (see Figure 2): 
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sea 

fresh (flowing) 

saline 
ft~1000kgjm3 

(stagnant) 

.?s=-1025 kg/m3 

I· LE + L- 2 000 m ·I 
Figure 2. Boundary conditions for the single homogeneous aquifer with 

natural recharge 

a) the upper boundary is a phreatic surface with constant recharge N 

(Neumann boundary condition); 

b) across the axis of symmetry as well as across the interface there is 

no flow (Neumann Boundary condition); 

c) at the opening of outflow there is a fresh water head depending on 

the depth and equalling -ay, where a is the relative difference in 

density between saline and fresh water (a 

y = x tg6 while 6 stands for the gradient of the underwatershore 

(Dirichlet boundary condition). 

The boundaries of the fresh water domain being known, the flow in this 

domain can be calculated, resulting in a value for the potentialfunction 

and for the streamfunction in all nodes of the mesh. For the nodes lying 

on the phreatic surface and on the interface the potentialfunction has 

to equal k.y and -a.k.y respectively. Starting with a first guess for 

the boundaries of the fresh water domain both the y-values of the 

boundary nodes along the phreatic surface and the interface can be 

corrected in accordance with the calculated values of the potential

function. However also for the width of the opening of outflow a guess 

has to be made which will need correction. This correction is based on 

two principles: 
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saLine 
interface 

Figure 3. Hodelling the opening of outflow LE 

a) ten Hoorn (1981) showed that the interface arrives vertically at 

open water. This is realized in the program by putting xe = xA, where 

A is the point where the interface reaches the open water and e is 

the first node on the interface below A (Figure 3); 

b) for equilibrium of the interface, the pressure at both sides of this 

interface must be equal; 

The pressure in the salt water is: 

He.Ps.g 

where 

He the depth of node e with respect to the sea-level [L} 

g the acceleration of the earth gravity [LT- 2
] 

Ps density of salt water [L- 3 H] 

When this pressure is transformed to a fresh water head, it equals He.a 

(¢He). By calculating the flow in the given fresh water domain, also a 

fresh water head in e is found (¢He). 

For the sake of equilibrium ¢He and ¢He should have the same value and 

where this is not the case, the most direct method to achieve it, is to 

adjust the width of the opening of outflow. If ¢He < ¢He the opening has 

to be made smaller and if ¢He > ¢He the opening has to be made larger. 

However, a narrowing of the opening will give both a rise in ¢He and a 
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drop in ¢He and the correct width should be found by trial and error in 

which the following correctionformula proved helpful: 

(1) 

where 

the length of the opening of outflow, new and old respectively 

arbitrary factor, e.g. for a beach under a slope of 0.1, a 

value of F = 40 is satisfying 

3 Calibration of the model 

By van der Veer (1977) an analytical solution has been found for a homo

geneous coastal aquifer with natural recharge where the flow is 

considered to be two-dimensional. The total solution of the problem 

consists of formulae for the fresh/salt water interface, the width of 

the opening of outflow, and the phreatic surface. 

These formulae can be used to check the results obtained with the help 

of AFEP, viz. the depth of the fresh/salt water interface, the width of 

the opening of outflow, as well as the position of the phreatic surface. 

Some of the results of calculations for a fresh water lens in a single 

aquifer are given below in Table 1. 

Height of the Depth of the fresh 

LE phreatic surface salt interface 

X = lOrn X = 2000m X = lm X = 2000m 

AFEP solution, beach 7.42 0.438 4.434 -16.32 -176.65 

with slope tgB = 0.1 

AFEP solution, beach 7. 51 0.437 4.434 -16.31 -176.64 

with slope tgS = 0 

Solution of van der Veer, 7.78 0.443 4.435 -16.53 -176.67 

beach with tgB = 0 

One-dimensional 0.0 0.441 4.417 -16.94 -176.69 

calculation 

Table 1. Comparison of different calculations for a coastal aquifer with 

a phreatic surface and natural recharge 
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The conclusion of this comparison can be that there is very little 

difference between the considered solutions. The AFEP program can be 

used with confidence for examining the case of two aquifers separated by 

a semi-pervious layer. Also experience was gained with modelling the 

opening of outflow, and it proved to be possible to calculate the width 

of this opening. 

4 Calculation of the interface in the case of 

two aquifers separated by a semi-pervious layer 

The situation is now in accordance with Figure 1, two sandy aquifers 

separated by a claylayer. The claylayer is situated between 50 and 55 m 

below sealevel and has a hydraulic resistance of 500 days. The other 

geohydrological and geometrical parameters as well as the natural ground

water recharge are the same as for the one layer case. The permeability 

is the same on both sides of the semi-pervious layer (kl = k3). A sharp 

interface is assumed between the fresh and salt water, this interface 

being present under as well as above the semi-pervious layer. Now again 

the flow can be calculated with the help of the finite element method, 

however both the seaward tongue caused by the semi-pervious claylayer 

and the assumed sharp interface on top of this layer make it more 

complicated to calculate the boundaries of the fresh water body. As the 

interface is found in an iterative way, for a fast convergence of the 

position of the interface a good first approximation of the interface is 

important. 

For the position of the greater part of the phreatic surface and the 

interface a good first approximation is possible by calculating it for a 

one layer aquifer assuming only horizontal flow. Near the shoreline this 

approximation is no longer possible. The shape of the tongue can be 

approximated with a formula derived under some presuppositions about the 

flow. 

These are (Figure 4): 

a) above as well as below the semi-pervious layer there exists a sharp 

interface between fresh and salt water; 

b) in the aquifers there is only horizontal flow, in the semi-pervious 

layer only vertical flow. 
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Figure 4. Modelling the fresh water tongue with under and above the 

semi-pervious layer a symmetrical interface 

From b) follows, as no fresh water is lost: ql = q3. 

With the help of some results from van Dam and Sikkema (1982) a formula 

can be derived, which describes approximately the shape of the interface 

in the tongue. van Dam and Sikkema consider the interface below a polder. 

For the case that this interface reaches the semi-pervious layer 

(Figure 5), they derive the following formula for the depth of the 

interface below the semi-pervious layer: 

H 
6 K.c + Vf!i1.x (2) 

Figure 5. Interface reaching the semi-pervious layer below a polder 
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where 

H depth of the interface below the semi-pervious layer 

x distance to the point where the interface reaches the 

k 

c 

semi-pervious layer 

conductivity of the aquifer 

resistivity of the semi-pervious layer 

a relative difference in density between saline and fresh 

water, a = (ps - Pf)/pf 

A piezometric head of the saline water with respect to the 

top of the aquifer (A is considered to be constant) 

p 

p s' f 

difference between polder level and saltwater head 

density of respectively saline and fresh water 

[ -] 

From symmetry it follows that halfway the semi-pervious layer (Figure 4) 

the fresh water head is constant and, owing to this resemblance with a 

polder level, we call this fresh water head p. At the end of the tongue 

we can derive a formula for this fresh water head, as equilibrium of 

pressure gives: 

from which: 

where 

the thickness of the semi-pervious layer 

The upward seepage of fresh water in the lower half of the semi-pervious 

layer is, as long as the flow in the tongue can be considered to be 

symmetrical, identical to the upward seepage into a polder with a polder

level a(A - 1/2 D2) above the salt water head through a semi-pervious 

layer with a thickness 1/2 D2. 

So, using formula (2) and putting: 

k k3, being the conductivity of the lower aquifer 

c ( 1/2 D2/k2), where k2 is the conductivity of the semi -pervious layer 

p a(A - 1/2 D2) 
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we find for the depth h3 of the interface below the semi-pervious layer: 

(3) 

This solution is also given by Edelman (1972), page 160 for the inter

face below a polder, but there 

h , as in this case D 

On the upward side of the tongue, owing to symmetry the distance from 

interface to semi-pervious layer is the same. With formula (3) it is also 

possible to make an estimation of the length of the tongue, taking a 

certain value for the depth of the interface under the semi -pervious 

layer at the place of the shoreline (yc in Figure 4). Starting with a 

first estimation of the position of the interface, with the help of 

formula (3) the fresh water heads on the interface are calculated, after 

which the interface can be moved according to the principle of equal 

pressure in fresh and salt water. On the upper side of the semi-pervious 

layer the boundary of the tongue is difficult to be found by shifting 

the interface until there is equilibrium in the pressure by fresh and 

salt water. 

For a shifting towards the saltwaterside decreases not only the pressure 

of saltwater but also the fresh water head and consequently the pressure 

of the freshwater. By a method of trial and error the interface above 

the semi -pervious layer is found, mainly by shifting it in the region 

where the interface has about a .vertical position and taking into 

account that over the length of the tongue the interface on top of this 

layer is practically a mirror image of the interface below this layer. 

Horeover at the end of the tongue as elsewhere the fresh water head has 

to match the salt water pressure which gives an indication in what 

direction the interface has to be adjusted. 
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5 Results of the calculation in the case of two 

aquifers separated by a semi-pervious layer 

Although a straightforward iterative process was not available, finally 

for the greater part of the boundary a position was found for which the 

difference between the depth of the interface and the calculated depth 

(derived from the fresh water head) is only a few centimeters. For the 

just discussed interface lying above the semi-pervious layer the diffe

rence is more, but does not exceed 1 tn. The results of the calculation 

are presented in Figure 6. With the same geohydrological parameters also 

a calculation is performed according to the method developed by Huisman 

and Todd (1959). Their method used however other presuppositions. The 

difference between the calculation discussed in this paper and the 

calculation according to the method of Huisman and Todd can be mostly 

explained, from the difference in modelling and the different presuppo

sitions (see Introduction). 

AFEP +4951 
-··--·· Huisman-Todd .. ~··--·· ~ 

.......-::;:::.·· . 
~-· ka10 m/d I 

M.S,L __ , __ . . ---~. ~- ____ .......___ _ ____... --·--
"""""="-- -400 ~00 800 1200 1600 20i 

-~5~~~~=-----==========F-==m=~-=======9 
I 

Horizon-tal scale 1 : 20 000 
Vertical scale, above M.S.L. 1: 250 

below M.S.L. 1:5000 

C;o 500 d 

k= 10 m/d 
I 

Figure 6. Comparison of the AFEP solution and the solution according to 

Huisman and Todd for the case of two aquifers separated by a 

semi-pervious layer 
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The most important differences are: 

a) the discussed calculation is two-dimensional, the calculation 

according to Huisman and Todd is one-dimensional; 

b) the presence of only salt water in the subsoil on the seaward side of 

the shoreline in the method of Huisman and Todd has for consequence 

that on this shoreline there is a fixed fresh water head of 1.25 m 

(h = H/a). 

c) there is a difference in modelling the tongue, the method of Huisman 

and Todd taking a constant head at the top of the semi-pervious layer, 

while in the discussed method a constant head is assumed halfway the 

semi-pervious layer. 

By contourplotting the calculated streamfunction values, a pattern of 

streamlines is obtained. From Figure 7 some interesting conclusions can 

be drawn about the quantities of flow. From the streamline pattern can 

be seen that about 30 % of the natural recharge is percolating through 

the semi-pervious layer. Up to the shoreline 16 % is seeping upward back 

through the semi-pervious layer. As a result 14 % flows into the fresh 

water tongue. This water can be considered to be lost for withdrawal. 

Figure 7. Streamline pattern in the case of two aquifers separated by 

a semi-pervious layer 

423 



6 Conclusions 

Up till now, for the fresh/salt interface above the semi-pervious layer 

an elliptical form is assumed, see Bear (1979) page 402. On the seaside 

of this interface only salt water was considered to be present. Because 

there is a constant flow of fresh water in the lower aquifer into the 

tongue laying under the sea, a complete calculation of the runoff of 

fresh groundwater has also to take this water into account. As a first 

start for a calculation a sharp interface is assumed above the semi-per

vious layer, on the seaward side of the shoreline. By numerical solution, 

it proved possible to find the total fresh/salt interface within 

reasonable accuracy. 

The results of the numerical solution have been compared with those 

obtained with the method developed by Huisman and Todd, and the 

differences can be explained from the different modelling and presuppo

sitions. In reality no sharp interface will be present above the semi

pervious layer. In this region the situation is unstable: dispersion and 

density currents will occur in which local disturbances may be of great 

influence. Further research will also have to cope with these phenomena. 
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