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SUMMARY 

The dune area along the Northsea coast in the western part of the Netherlands 
is one of the most valuable natural areas in this country. To keep the 
groundwater, for ecological reasons, at an adequately high level, groundwater 
abstraction has been reduced in the last 30 years from about 20 ~~3/year to 
about 2 ~3/year. 

This reduction is compensated by artificial recharge, which has become the 
predominant production method in the western part of Holland. Particularly the 
method of deep-well infiltration is winning ground because of the slight 
spatial demands it makes and the little hydrological impact. 

Pllli, the water supply company of North-Holland, has operated a deep-well 
infiltration system since the beginning of 1990. Its capacity is 5 Mm3/year. 
The infiltration takes place by means of 20 infiltration \vells into an aquifer 
50 to 100 metres below sea level. Abstraction is carried out through 12 
abstraction wells in the same aquifer 1vhere the infiltration wells are 
situated. The aquifer is bounded to the lower side by a thin clay layer, under 
which the groundwater is brackish. 

The greatest difficulty with abstraction is to avoid that brackish water is 
drawn into the aquifer that is used for infiltration and abstraction. 
There are two points of attention in preventing brackish groundwater from 
upconing near the abstraction wells. The first is the position of the abstrac
tion wells in relation to the infiltration wells. The other one is the degree 
of overinfiltration. 

When the wells configuration was designed, the existent infrastructure, the 
ecological values as well as the requirements with regard to minimum retention 
times and spread of retention times of the infiltrated water (in order to 
level off quality fluctuations) were taken into account. This resulted in a 
rhombuslike arrangement of infiltration and abstraction wells. Calculations 
showed that an overinfiltration of 10% was needed to avoid upconing of the 
brackish groundwater under the abstraction wells. 

When the deep well project had been in operation for more than 2 years' the 
measuring results, which were obtained by electrodes placed under the abstr~c
tion wells, showed that in spite of 10% overinfiltration, upconing of brack~sh 
groundwater did occur under some abstraction wells. 

To resolve this acute problem the overinfiltration \vas increased, after which 
the brackish groundwater sank down vertically or drained away horizon tally 
again. 

As infiltrated water is expensive, because it must be prepurified, and· in 
order to minimize the hydrological influence on the freatic groundwater table 
overinfiltration should be limited as much as possible. 
A three-dimensional computer model was used to simulate the movement of the 
brackish zone during the operation and to optimize overinfiltration. 
Besides, the model calculations provided an estimate of the maximum arnoun~ of 
groundwater that can be abstracted ~Vhen, in case of a calamity, infil trat~on 
has been stopped, taking care that the brackish ground\Vater is kept at a safe 
distance from the abstraction wells. 
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The calculations show that most of the overinfiltrated water drains away above 
the brackish zone and is lost. The loss depends on the duration of over
infiltration, but can amount to SO % of the overinfiltrated water. Besides, 
the calculations give an estimate of the length of time the abstraction can be 
continued after the infiltration has been discontinued due to calamities. 
Calculations show that also this period depends on the duration of the over
infiltration, but may amount to several months. 

1. INTRODUCTION 

The Provincial Water Supply Company of North-Holland (PWN) produces and 
distributes drinking water in the northwest part of the Netherlands. The 
annual production is to about 80 million m3 a year for about a million 
inhabitants. About 40 percent of the drinking water is produced by means of 
artificial infiltration of surface water. Infiltration will ad to the biologi
cal quality of the final product. For the greater part infiltration takes 
place in shallow canals, especially dug for this purpose. For a small, but 
increasing part, the infiltration is effected by means of deep wells. For 
deep-well infiltration pre-treated surface water is infiltrated into a deep 
sandy formation (figure 1) and simultaneously abstracted again at some 
distance from the infiltration site. 

figure 1 : Principle of deep-well infiltration 

The advantage of deep-well infiltration, in comparison with infiltration by 
means of canals, is that deep-well infiltration has only a neglectable impact 
on the environment. Another advantage is that abstraction can be continued for 
a longer p~riod if the infiltration has to be discontinued. At the moment, 
PVN has operated one deep-well plant, called DWAT, for 2 and a half year .. The 
annual infiltration and abstraction, which are carried out simultaneously, of 
DWAT amounts to S million m3. The plant is located in the dune area along the 
North-sea coast near Castricum (figure 2). In figure 2 the transport of pre
purified infiltration water over a length of more than SO kilometers is 
indicated. 
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figure 2 : Location of the deep-well plant DI<AT 

2. DEEP-WELL INFILTRATION SYSTEM DWAT 

The deep-well infiltration project DWAT consists of 20 infiltration, 12 
abstraction and 10 observation wells. The infiltration happens in an aquifer 
between 50 and 100 meter below sea level. The aquifer is bounded to the lower 
side by a thin clay layer. Below this layer the groundwater is brackish 
(figure 3). 
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figure 3 : Hydro-geological situation near the deep-well infiltration plant. 

In order to achieve a spread of retention times, quality fluctuations of the 
infiltrated water are reduced as much as possible, the infiltration and 
abstraction wells are laid out in a rhombuslike arrangement, taking,into 
account the existing road and path infrastructure (figure 4). 
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figure 4 : Well-field of deep-well infiltration project DWAT. 

3. PREVENTION UPCONING BRACKISH GROUNDWATER 

3.1 Measurement and control 

Because the infiltration wells are located in the centre of the well field and 
the abstraction wells on the edges (figure 4), it was expected that during 
infiltration and abstraction the brackish zone would move downwards in the 
centre of the well field and would move upwards on the sides or outside the 
well field. Calculations showed that an overinfiltration of 10 % causes such 
increase of the head in the aquifer in which is infiltrated and abstracted, 
that there is a vertical downward flow, on the lower boundary of the aquifer 
between the fresh and the brackish groundwater. By this downward flow the 
brackish groundwater is pushed downwards in the entire well field. The 
greatest lowering will occur in the centre of the well field (figure 5). 
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figure 5 Expected movement of brackish groundwater due to overinfiltration 
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Outside the well field the brackish zone is expected to move in upward 
direction. The position of the brackish zone is continually measured by means 
of electrode-cables installed below the filters of the abstraction wells and 
in the observation wells. The position of the brackish zone is determined by 
measuring the electric conductivity of the groundwater between electrode-pairs 
on the electrode cables. The distance between the electrode-pairs is 4 m. 
By means of the electrode-cables the position of the 300 mg/1 and the 10000 
mg/1 zone in the well field was continually measured during infiltration and 
abstraction. Before the infiltration in 1990 the distance between the aquifer 
in which the infiltration and abstraction is carried out and the brackish zone 
was only small (figure 3). 

The infiltration/abstraction started in February 1990 and now the project has 
been in operation for more than 2 years. The movement of the brackish zone 
below the filters of the abstraction wells was continually measured by the 
electrode-cables. In spite of overinfiltration, upconing of brackish ground
water was measured in 1990 by the electrode-cable in two out of 12 abstraction 
wells (PM808 and PM812, figure 6). For this reason the abstraction rate of the 
two abstraction wells involved was diminished, after which the brackish 
groundwater sank down or drained away and further upconing was prevented. 
Thanks to the electrode-cables below the filters of the abstraction wells, a 
very valuable instrument to optimize the ratio between infiltration and 
abstraction was available, which was indispensable needed in addition to the 
calculations. 

figure 6 
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Measured position of the brackish zone below abstraction wells 
PM807 to PM812. 

Besides measurement of the position of the brackish water in abstraction 
wells, this position was also measured in the observation wells by electrode
cables. The position of the brackish zone near the observation wells could be 
measured during the operation period from 1990 to 1992, in which the plant was 
about 500 days in operation. 

As infiltration water is expensive, because it must be prepurified, and in 
order to minimize the hydrological influence on the freatic groundwa.ter table, 
overinfiltration should be limited as much as possible. Electrode-cables are, 
besides calculations for the design, very useful to balance the infiltration 
and abstraction. 
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3.2 Simulation and prediction 

It is also necessary to predict the movement of the brackish groundwater in 
future circumstances, for example when in case of a calamity, the infiltration 
has to be temporarily stopped while the abstraction needs to be continued. 

3.2.1 Modelling 

To make such predictions, model-calculations of the movement of the brackish 
groundwater are needed. For this deep-well project calculations were carried 
out with a sharp interface, transient finite-element model. This calculation 
model is called SALINA 

In the SALINA computer code the pressure in both the fresh and the salt part 
of the aquifer is expressed in the fresh water head at the bottom of the salt 
aquifer(~) (figure 7). 
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figure 7 : Parameters used in,the computer code SALINA 

---> P(z) = (pf.~- ps.z).g (1) 

with : pf 
ps 
~ 

density of fresh water (kg/m•) 
density of salt water (kg/m•) 
fresh water head at the bottom of the salt part of the 
aquifer (m) 

g gravity constant (m/s•) 

The flow equation can be expressed by the gradient of pressure 

---> _q = k. VP 

with : k = permeability (m/day) 
P pressure (Pa) 
q flow (m/day) 

(2) 

The continuity in the fresh part of the aquifer is a function of flow, storage 
(S), position of the interface (h) and abstraction N (positive or negative) 
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---> 'VQf- 'Vqf.(H-h)- Soh/ot + N (3) 

and in the salt part of the aquifer : 

---> VQs- V qs.h- -Soh/ot + N (4) 

Combining equations of flow (1,2) and continuity (3,4) for both the fresh and 
the salt part of the aquifer, gives for both the fresh and the salt part an 
aquation of the form : 

Soh/ot- function(~,h) 

Combining these equations for the fresh and the salt part of the aquifers 
gives, 2 equations and 2 variables ~and h (position interface) to be solved. 

3.2.2 Simulation 

With the Salina-model the lowering of the brackish zone, here defined as the 
10000 mg/1 zone, was simulated during the operation from 1990 to 1992. The 
maximum calculated lowering of 5 m occurs in the centre of the well field 
(figure 8). The lowering diminishes on the sides of the well field. The 
measurements by the electrode cables are in reasonable accordance with the 
calculations (figure 8). 
The same calculations have been made for the 300 mg/1 zone. The calculated 
lowering in the centre of the well field is larger than the calculated 
lowering of the 10000 mg/1 zone. This can be explained as follows : the slope 
of the interface depends· on the pressure gradient caused by the infiltration 
and on the density of the brackish water. The higher the density, the larger 
the resistance the interface has to a gradient position, so the calculated 
lowering of the 300 mg/1 zone will be larger than the calculated lowering of 
the 10000 mg/1 zone. Besides the calculated lowering of the 300 mg/1 is 
overestimated because, in actual fact, the lowering is obstructed by the 
slower movement of brackish water with a higher density at larger depths. A 
multi-interface calculation should give a more reasonable prediction of the 
movement of brackish groundwater with a relatively low density. But, like the 
calculations show, even in actual natural circumstances, the thickness of the 
brackish zone will diminish due to the (over-)infiltration, especially in the 
centre of the well field. 
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Calculated and measured lowering of the top of the brackish zone 
(10000 mg/1) during the operation period of 1990 to 1992. 
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3.2.3 Prediction 

Besides simulation of the movement of brackish groundwater during operation, 
prediction is needed especially for emergency situations. If the infiltration 
is interrupted, for example because of surface water pollution due to a 
calamity, it could be necessary to continue the abstraction for a certain 
time. With model calculations the length of this period, which is of great 
importance to the drinking water supply, can be estimated. Calculations have 
been made for both the movement of the 300 mg/1 zone and the 10000 mg/1 zone 
during abstraction, assuming that the infiltration during that period was 
zero. 

Starting point of the calculations is the lowering of the brackish zone after 
the infiltration/abstraction period from 1990 to 1992. The calculated rise of 
the position of the 300 mg/1 zone; after a calamity abstraction of 50 days, 
shows that after a period of 50 days the position of the brackish zone (300 
mg/1) is at some places already shallower than the natural position. This 
gives an indication that, in order to prevent further upconing into the 
direction of the abstraction wells, the calamity abstraction has to be 
terminated. In this situation the total amount of overinfiltration from 1990 
to 1992 cannot be recovered fully; a large part of the overinfiltrated water, 
more than 20 percent, has drained away and is lost. Calculations with the 
10000 mg/1 zone give the same kind of loss. . 
It can be concluded now that the overinfiltrated volume, needed to prevent 
brackish groundwater from upconing during the operation, cannot be recovered 
fully during calamity circumstances when the infiltration will be interrupted 
and the abstraction is continued. Of course the loss depends on the geological 
conditions and from the position of the wells. But because density differences 
will help the brackish zone to rise to its natural position, during the 
abstraction, there will always be a certain loss. The lost infiltrated fresh 
water will drain away horizontally above the brackish zone. 
If the infiltration/abstraction, and so the overinfiltration, could be 
continued for a long period, the position of the brackish zone comes into 
equilibrium with the groundwater flow. For an overinfiltration of 10 % the 
permanent position of the 10000 mg/1 interface after a operation period of 10 
years, is calculated with the model. Th.e maximum lowering occurs naturally in 
the center of the ·well field and amounts to 12 m according to the calculation 
results. (figure 9). 
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figure 9 Calculated stationary position of the brackish zone. 
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From that moment on the position of the brackish zone will not change anymore. 
The infiltrated fresh water will flow horizontally away above the salt water 
layer, and the overinfiltration will be lost further on as indicated. If the 
overinfiltration is continued, the· loss will be 100 % of the over-infiltration 
volume from that moment on. 

If after this period the infiltration is interrupted and the abstraction is 
continued, the model calculations show that after about 5 months the natural 
position of the 10000 mg/1 interface, as it was before the operation of the 
project, will occur at some places in the well field. The abstracted volume in 
this period of 5 months is only half of the total overinfiltrated volume 
during the preceeding operation period. The loss of overinfiltration is caused 
by the fact that the overinfiltrated water, which has disappeared by horizon
tal flow above the salt water layer, cannot be recovered because of the 
immediate rise of the brackish zone during the calamity abstraction without 
infiltration. 
Because brackish water with a lower density will move upwards faster during 
calamity abstraction, the period the abstraction can be continued without 
infiltration will be shorter than is indicated by the calculation results with 
the 10000 mg/1 zone. 

For the DWAT deep-well infiltration project it can be concluded that the 
period the abstraction can be continued without infiltration depends on the 
length of the preceding period in which overinfiltration had been performed. 
If the period of overinfiltration is at least 5 years, this period can amount 
to several months. 

4. CONCLUSIONS 

-First, it is clear that, if brackish groundwater occurs near a deep-well 
infiltration system, a certain amount of overinfiltration is mostly necessary 
in order to prevent brackisch groundwater from upconing. The greater part of 
this overinfiltration will be lost and only a small quantity can be recovered 
during calamities, or in situations with overabstraction instead of overin
filtration. The loss depends on local hydro-geological conditions, and on how 
long overinfiltration had been performed previously after which the over
abstraction occurs, but can amount to large quantities, ranging from 20 to 40 
or more percent. In spite of the loss of the overinfiltrated water, ·a deep
well infiltration near brackish groundwater could have a value for the 
drinking water supply during calamities, in which infiltration is not possi
ble. The period the abstraction can be continued without infiltration depends 
on the length of the preceding period in which overinfiltration occurs. For 
the DWAT project as described above, this period can be as long as several 
months if the period of overinfiltration amounts to at least 5 years. 

-Secondly, model-calculations are a useful tool to design and to optimize the 
operation of a deep-well plant. However, nothing is more unexpected than the 
things that are invisible such as natural processes at a great depth. Therefo
re control, for example by measurements by electrode-cables, in addition to 
calculations, is certainly necessary. 

-Finally, sharp interface calculations are only useful to predict the movement 
of brackish groundwater with a relatively high density. However, the movement 
of brackish groundwater with a lower density will cause more problems. To 
predict the movement of this low density brackish water, a 3-dimensional 
density solute transport model is needed. The point is that nowadays this kind 
of models are only available in a 2-dimensional form. For 3-dimensional 
problems a multi-interface approach can give a more reasonable prediction. 
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Multi-interface models can relatively simply be derived from single-interface 
models. 
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