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Abstract 

With the help of an implicit differential method a model has been made 

of the fresh water lense of a circular island with phreatic water. 

Calculations were made of the position of the phreatic level and the 
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fresh-water/salt-water interface during growth from zero and after a 

sudden change of the salt water head. 

A simulation was carried out for the island Haringvreter and the 

results were compared with measured levels. The calculated effects of 

the changes in the salt water head could not be recognized in the 

measured levels. This is probably due to the fact that in reality the 

interface is not sharp, but has a certain thickness. The efffects of 

natural recharge (especially on the long term) could easily be 

recognized, 
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Notation and abbreviations 

meaning 

approximation of Jl 

approximation of II 

porosity 

open water evaporation(Penman) 

rate of natural recharge 

hydraulic conductivity for fresh water 

hydraulic conductivity for saline water 

Mean Sea Level <=N.A.P.) 

precipitation 

fresh groundwater flow 

saline groundwater flow 

radius 

distance to the centre of the island 

time 

parameter 

delta = p .. -p' 
----,rf-

interval length 

time step 

weight factor Crank-Nicholson 

dimension 

piezometric level of the saline groundwater 

referred to the impermeable base 

idem, referred to the water level of the lake 

level of the fresh-water/salt-water interface 
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referred to the impermeable base m 

!l' idem, referred to the water level of the lake m 

pf density of fresh groundwater kg/m3 

p .. density of saline groundwater kg/m"'' 

Jl phreatic groundwater level m 

1 Introduction 

After the closure in 1961 of the mouth of one of the Delta lakes 

<Veerse Meer) in the Netherlands and the establishment of a controlled 

saline water level, a number of sandbanks changed into islands where 

the development of a fresh water lense could be studied from the 

start. The studies of the island Haringvreter resulted in large series 

of data, which created the possibility of verifying models. 

2 The island Haringvreter 

The shape of the island Haringvreter is shown in figure 1. 

N<:J Eii 

rows of 

observation wells 

phreatic 

0 

Figure 1. Shape of the island Haringvreter 

The soil is built up from fine to coarse sands mainly of holocene 

origin to a depth of 90 m. --M.S. L. On the southern part of the island 

these sands are covered with a layer of holocene clay and peat. The 
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hydrological base, which is considered impermeable, is built up from 

tertiary clay. A fresh water lense of some importance could only 

originate in the phreatic northern part, which has about the form of a 

circle CFigure 1). 

An axial symmetric model was chosen for describing the situation in 

the phreatic part of the island. The chosen (hydrological) parameters 

are: 

- density of fresh water P• 1000 kg/m"'· 

- density of saline water P~ 1019 kg/ni". 

C( 
ps-pf = 0.019 jlf--

- porosity e 0.35 

- hydraulic conductivity k. 7.5 m/day. 

- radius R 300 m. 

- depth of hydrological base D 90 m.--·M.S.L. 

The Netherlands have a moderate marine climate with wet winters and 

dry summers. The average yearly precipitation for the Delta area P = 
759 mm, the open water evaporation according to Penman Eo reaches 727 

mm. The actual evaporation is taken as 

0.7-fEo so the precipitation-excess results from: 

f = P- 0.7*Eo, and is taken as the amount of natural recharge. 

<Surface flow is absent.) 

3 

3.1 

Description of the model 

Differential equations 

The aim of the model is to give an insight into the influence on the 

position of the fresh-water/salt-water interface from processes as 

replenishment and changing of the head. 

The supposed situation is an axial symmetric island with one 

homogeneous phreatic aquifer to a depth of 90 m. --M.S. L., horizontal 

groundwaterflow, a sharp fresh-water/salt-water interface without 

diffusion and dispersion. The reference level is taken at the 

impermeable base <Figure 2). 

With these suppositions a set of equations for the flow of fresh and 

saline groundwater and the levels of the phreatic water and the 

382 



f 

R 

Figure 2. Schematic display of the model 

interface can be derived: 

Equations of motion (Darcy): 

Equations of continuity: 

HEAD 

r 
-7 

(1) 

(2) 

(3) 

(4) 

Badon Ghijben-Herzberg relation (already found in 1827 by Du 

Commun): 

(5) 

Relation between k$ and kf (empirical): 

(6) 
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Elimination of \ and k~in the equations (1) to (6) give the next set 

of differential equations: 

3.2 

Q_p,_ 
ot + 

_l_~-• - 0 2rroroe or 

Analytical solution 

(7) 

0 (8) 

0 (9) 

(10) 

With the extra suppositions of a constant natural recharge a constant 

waterlevel at the boundary and neglection of the salt water flow an 

analytical solution is possible. As the new reference level is taken 

the water level of the lake <Figure 3) . 
f 

,. :M.S.L. r-----
P' ® S>o. 

R 

Figure 3. Schematic display for the analytical solution 

The differential equations become: 

(11) 

_L~ u. 
f = 2rr·r' or+ e( 1 + 1 /~)ot (12) 

(13) 

Substitution of (11) in (12) gives 

e. u _ rr 1. ~ 2f 2 'k'ot - or2- r'or k<1+1/~) 0 (14) 
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Boekelman (1984) found an analytical solution for this equation: 

)i' (r, t) 
f, CR

2 
- r

2
> 

2k(l+1/ll) 

In stationary situation this becomes: 

)i(r,o:o) fCR
2

- ¥ ) 
2k(1+1/ll) 

(15) 

(16) 

For the model this would mean a phreatic level in the centre of 0.28 

m. above and a level of the interface of 14.74 m. below the level of 

the lake. 

3.3 Numerical solution 

For the solution of the differential equations (7) to (10) an implicit 

finite difference method is chosen with the use of a Crank-Nicholson 

scheme. The difference equations are applied to the central point of 

the difference molecule (Figure 4). 

central 

t point 
t 

r+llr r+2llr 

Figure 4. The Crank-Nicholson difference molecule 

Alternately places are linked to the levels~ and )i Cat the points 

jfllr, with j odd) and the flows Q,. and Q,. Cat the points jfllr with 

even). At the boundary the levels~ and )i are given, so the radius has 

an odd number of interval steps llr. The levels and flows are 

calculated for every time step. 

Because the two differential equations (9) and (10) are non-linear 

some form of linearization has to be applied. This is dane with 

approximations of )i and ~ viz. AP)i and AP~, calculated from the values 

of. )i and ~ in the former time step and checked afterwards. If the 
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Figure 5. Position of the interface in the middle of the island 

salt water head 
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Figure 6. Position of the interface at several moments 
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difference between the approximation and the calculated values of % 

and~ exceeds a given value the calculation is repaeted with an 

adapted approximation. 

After derivation of the difference equations in the central point of 

the difference molecule the known values at time t and the unknown 

values at time t+~t can be separated and presented as a matrix 

equation 

where 

A = the matrix 

K = the unknown vector (flows and levels on time t+~t) 

a = the known vector (flows and levels at time t) 

With the use of 

a = 
1 

(17) 

the matrix equation on the next page is found. Boundary conditions are 

zero flow at r=O and a given head (the water level on the lake) at 

r=R. 

4 

4.1 

Calculations 

Growth of the fresh water lense 

With a constant average natural recharge and a constant waterlevel at 

the boundary the growth of a fresh water lense from zero can be 

simulated. To make a comparison possible with values calculated with 

the analytical solution, also a situation with the base at 1000 m.

M.S.L. was calculated (comparable to a neglected salt 

groundwaterflow). As the figures 5 and 6 show, there is a difference 

in growth speed and form of the-lense. This is due to assumptions made 

for the analytical solution. 
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4.2 Sudden change in the water level at the boundary 

Two times a year the constant water level on the lake is changed, a 

rise in april of 0. 70 m. (to M.S. L.), an equal fall in september Cto 

0. 70 m. -M.S. L. 

Figure 5 shows the speed of adaption of the interface and the phreatic 

level in the middle after the fall of 0.70 m. at the boundary. The 

fresh water lense looses only a very small amount of water due of the 

larger gradient because the interface sinks rather fast (0.58 m. in 6 

weeks in the middle). Natural recharge is kept constant. 

0 
. 0. 1 

fall(m) 0_2 

·o. 3 
0.4 

0.5 
0.6 

0.7 

_ \ interface 
$alt . 

Later \ 

head at ' 
-~phreatic level 

i:>·Cftfiidary- · ·· · ·· ···- ·· -=-~-~------- --------·--

0 10 20 30 40 50 60 70 
--7 t(days) 

Figure 7. Falling of the interface after a sudden change (-0.70 m.) in 

the salt water head 

4.3 Simulation 

A simulation was made for the period from 1961 to 1984 with a changing 

water level at the boundary (twice a year). Figure 8 (next page) shows 

the simulation of the position of ·the phreatic level and the 

interface. The dry years 1970 to 1972 and 1976 and the wet years 1974 

and 1979 can easily be recognized 

4.4 Extreme drought 

Also the influence of extreme drought after a stationary situation was 

calculated. Such a situation (negative recharge 10 mm/day) can occur 

in tropical areas. The result (Figure 9) shows a quick sinking of the 

phreatic level and a concave form after some time, which means that 
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Figure 8. Position of the interface and the phreatic level in the 

middle of the island 

0. 3 r:-~----------..<:::::~~ 
0.2 r level referred 

to M.S. L. (m) _t=7 days 
O.l~--------------------~--~--------------------------

___.t=14 days 

M.S. L. ~ ~ - -
t=42 days 

-0.1 

t=180 days r(m) 
-0.2 ~ 

0 50 100 150 200 250 

Figure 9. Position of the phreatic level during extreme drought 
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the interface cannot adapt itself fast enough to the new situation and 

saline water will intrude from the lake on top of the lense. 

5 Comparison with measured values 

By means of analysis of observation well samples, 

'saltwatches' (vertical multi-electrode cable), geo-electrical survey 

and electrical sounding, a lot of data were collected. To make a 

comparison possible with calculated values, the positions in the field 

Ca non-circular island) have to be connected with the ones in the 

model is necessary. The best way to compare the two is taking the 

distance to the boundary. The side where the aquifer is covered with a 

clay layer is also taken as a boundary (which introduces an error). 

This results in a situation as shown in figure 10. 

1 km. 

Figure 10. Key for comparison between calculated and measured values 

Comparison between calculated and measured positions of the interface 

Cthe best example is shown in figure 11 on the next page) shows that 

the changes in the water level of the lake can seldom be found in the 

course of the measured values. A reason for this can be the assumed 

sharp interface. In reality the interface is a layer with a certain 

width caused by diffusion and dispersion. This layer is in addition 

widened by the changes in the water level and in the natural recharge. 
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Near the boundary of the island the position of the interface is 

deeper than calculated. In reality the lense has a certain thickness 

at the boundary, in the model the positions of the phreatic level and 

the interface are the same. 

The influence of the precipitation excess can especially be recognized 

on the long term Cwet and dry years) 

6 Conclusions 

With respect to the growth and the form of the lense the model 

satisfies, with respect to the effect of changes in the water level of 

the lake the model gives a distorted view. Because this effect is 

absent in the measured levels of the interface, the use of a constant 

(average) water level suffices as far as the interface is concerned. 

The influence of the precipitation excess on the position of the 

interface is reasonably reflected by the model, especially the long 

term influences Cwet and dry years). 
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