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SUMMARY 

In this case-study, the behavior of a freshwater lens, as effected by infiltrations and 
abstractions is investigated by means of data, collected from seven Permanent Electrode 
Systems, with each 13 pairs of electrodes. The registered movements of the brackish 
water zone are related to infiltrated and abstracted amounts of water. As well as 
according to the interpretation of the data as to the results of a regression analysis, the 
response appears to be very small, only in the vicinity of the infiltration/abstraction-wells 
the brackish zone reacts on the infiltration-pattern. Near the dual-purpose-wells there is a 
correlation-coefficient of 0.85. By means of a computer simulation has been determined 
which parameters influence the movements of the brackish zone. These parameters are 
the hydraulic conductivity, the anisotropy of the soil and the dispersivity. 

TEXEL 

• 

Figure 1: Position ofthe Netherlands, Texel and "De Hooge Berg" 
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I. INTRODUCTION 

Texel is an island in the North of the Netherlands (Figure 1). The population is 
12,500 people, in summer this number is 60,000, causing a problem as far as drinking 
water supply is concerned. To deal with this, the Provincial Waterworks of North
Holland (PWN) use a groundwater reservoir, "De Hooge Berg". The reservoir is formed 
by three dual-purpose-wells, placed in a freshwater lens, infiltrating water in winter and 
abstracting in summer. The freshwater lens is situated from 5 m + MSL (Mean Sea 
Level) to 50 m - MSL. The soil consists of fine sand, which gets coarser with depth. 
Directly under the infiltration and abstraction screen, some small clay-lenses are found. 
About 65 m - MSL a thick complex of clay is situated. 

2. METHODOLOGY 

2.1 Permanent Electrode System 

To be able to monitor the movements of salt water and the brackish zone, one of the 
dual-purpose-wells and six observation-wells are equipped with Permanent Electrode 
Systems. The wells are placed close together: the total area which is covered is about 
600 x 600 m. In Figure 2 a schematic map of the area is given. In this map, the wells 
named PPJ to PP3 are dual-purpose-wells, the others are observation-wells. The coding 
of the observation-wells indicate the distance and direction from PP1: Wl2 lies 12 
meters west, N70 lies 70 meters north ofPPI and so on. 

Figure 2: Schematic map of the project area 
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The observations are collected monthly and started in 1978. Data of the infiltrated 
and abstracted amounts of water (as flowrate per day) and the hydraulic heads are 
registered as well (observations on the 14th and the 2sth of a month). The Permanent 
Electrode Systems consist of 13 pairs of electrodes, which are placed 3,0 m apart. The 
electrode systems measure the electrical resistance of the formation. Since the resistance 
of the soil matrix is constant at a certain place, the only difference in the observations is 
caused by changes in the electrical conductivity of the potewater. Analysis of the water 
showed that, in this formation, salt water(> 1000 mg Cl-11) has a resistance smaller than 
1.3 Om. The electrical resistance of fresh water(< 100 mg Cl-/1) is greater than 20 0fl1· 
In Figure 3 an example of the observations at the dual-purpose-well (PP2) is given at one 
date. 
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Figure 3: Observations of the Permanent Electrode System at PP2 

507 

To obtain an image ofthe movement of the brackish water zone under influence of 
the infiltrations and abstractions, the position of the zone is pictured for a series of da:tE?5 

(Figure 4). In this figure it is clear that, especially in the early years, the brackish zone 15 

pushed down in the winter and pulled up in the summer. This matches the infiltrat::iO~ 
pattern: infiltration in the winter, abstraction in the summer. 
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Figure 4: Movements of the brackish zone in time under a dual-purpose-well, PP2 

The movements of the brackish zones at the observation-wells are much smaller, but 
also here are similarities (Figure 5). 
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Figure 5: Movements of the brackish zone in time under an observation-well, N?O 
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This result was reason to search for a relationship between the movements of the 
brackish water zone (y) and the infiltrated and abstracted flowrates (x). This is executed 
by means of a multiple linear regression analysis. The flowrates are divided in three parts 
(Figure 6), because the infiltrations and abstractions in the few days before an 
observation are probably of more influence than those of a month before the observation. 

x1 = flowrate in the week of the 
observation 

x2 flowrate from the last observation 
until the week of the new 
observation 

obselvation 

1 
Xo!-----~ 

----'<a 
xi + flowrate in the week before 
the observation Figure 6: Division of flowrates in three 

parts 

The used formulas are: 

y 
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In these formulas, IYxy is the standard deviation between x andy, Yavg is the ave~ag~ 
value of y and R is the correlation-coefficient. In general, when R is smaller than a .0~ 
0.6, the correlation is negligible. When R is over 0.8, there is a rather strong correlatio · 
In this case the results given in Table 1 are obtained. ______, 

R Observation wells ---Resistance PP2 Wl2 N70 Z70 ----1.3fhn 0.577 0.396 0.630 0.308 -----2.0Dm 0.699 0.425 0.682 0.566 -s.onm 0.833 0.439 0.720 0.566 ----1o.o nm 0.879 0.439 0.403 0.415 --15.0 Dm 0.893 0.346 0.478 0.423 -----20.0 Dm 0.869 0.328 0.496 0.366 

Table 1: CorrelatiOn-coefficients 

Obviously, only at the dual-purpose-well (PP2) there is a correlation. Even at ~~2~ 
an observation-well at 12 meters west from one of the dual-purpose-wells, no correla ~~e 
is found. The probable reason is that the movements of the brackish zone at t rn 
observation-wells are very small as compared to the resolution of the measuring sys e ; 
The exact position of the brackish zone is detennined by linear interpolation, which rna 
not be accurate enough to describe the exact position of the brackish W!lter. 

2.2 Computer simulation 

. much 
In many other cases, the observed movements of the brackish water zone are f the 

more distinct. The results of this analysis were reason to investigate into the cause 0 this 
small movements of the brackish and salt water in the groundwater reservoir. f'or n 
purpose, a computer simulation is the suited method. In this simulation, parameters ca 
be varied so an insight in the process may be obtained. 

The computer simulation is performed with the, adapted for density flow, corrtP';-1;~; 
code ofKonikow-Bredehoeft for vertical cross-sections. For a detailed descriptiofl 0 

used version ofKonikow-Bredehoeft is referred to [1], [2) and [3]. 

In Konikow-Bredehoeft, the groundwater-flow equation is solved with the fitU~~~ 
differential method. As result of this, the area has to be modeled in a rectangular . ~ell 
The transport of solute is determined with the method of characteristics: in each gO f ~he 
a number of particles is placed. Each particle is given the initial-concentration o is 
gridcell. After solving the groundwater-flow equation, the new position of the partiC~~he 
determined. The concentration of the gridcells can be calculated as the average o ry 
concentration of the particles in the gridcell. As a result, the numerical dispersion is ve 
small. In this case-study, the initial number of particles per gridcell is 8. 
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The conductivity and the initial concentration of solute, in this case chloride, can be 
given for each gridcell. The hydraulic heads, given as fresh-water heads, must be given at 
the boundaries. These stay constant during the computations. In the rest of the model, 
the hydraulic heads are computed by the program. Other parameters that have to be 
given, are anisotropy, porosity, storage coefficient, longitudinal and transversal 
dispersivity and recharge. Also, modelling parameters such as the number of particles are 
necessary. 

In the project area, a cross-section has been chosen for the modelling. This cross
section is the north-south line, over the observation-wells N300 and N70, the dual
purpose-well PP2 and the observation-wells Z70 and Z300. To eliminate influences from 
the boundaries, the total length of the cross-section is 4,000 meters. The height of the 
cross-section is 85 meters, so the complete freshwater lens lies in the cross-section. The 
grid cells are 125 x 5 m, so the model consists of 3 2 x 17 cells. 

Figure 7: 

Cross-section 

Flow perpendicular to the 
cross-section 

The model is calibrated with the 
observations of the Permanent Electrode 
Systems. An important goal of the calibra
tions was to keep the size of the freshwater 
lens constant when no water was infiltrated 
or abstracted. This was a problem because of 
the shape of the freshwater lens. The 
elliptical shape of the contourlines of the 
hydraulic heads indicate a flow component 
perpendicular to the cross-section (Figure 7). 
The computer model allows no flow in this 
direction and therefore has a surplus in the 
water balance. The effect is an enlargement 
of the freshwater lens. To cope with this 
problem, the applied hydraulic heads were 
adjusted. 

Figure 8 shows the model with the hydraulic conductivities and resistances. The 
applied anisotropy is 0.1, the porosity is 0.3. Since the calculations are steady-state, there 
is no storage-coefficient. In Figure 9 the concentration of the water at the start of the 
simulation is given. The darker the gridcells in this figure, the higher the chloride
concentration: the white gridcells contain fresh water (p = 1,000 kg!m3), in the black 
gridcells the concentration is 18,630 mg CI-!1, the concentration of seawater 
(p = 1,025 kg!m3). 
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Ftgure 8: Hydrauhc conducttvtttes and reststances, used m the model 
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Figure 9: Model with chloride-concentrations of the groundwater 
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After calibration, the influence of several parameters is determined. For this reason, 
a testcase was made over several infiltration and abstraction periods of each 30 days and 
a flowrate of 5,000 m3/day. In each calculation, all parameters, except for one, are the 
same. The varied parameters are dispersivity, conductivity, porosity and anisotropy. 
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The dispersivity is a measure for the spreading 
of solute. In the soil, differences of velocity occur, 
as is visible in Figure 10. An initially equally divided 
stream is forced around the grains. At the border of 
the grains, the velocity is zero and therefore the 
velocity in the middle of the pore is much larger. As 
an effect, the salt in the water is spread. Other 
causes of this spreading are the shape and 
orientation of the grains. 

In the Netherlands, a longitudinal dispersivity (ar,) of0.02 to 0.2 meter is often used 
[4]. In this case 0.2 appeared to be an accurate value. In much foreign literature [5] this 
parameter is in the order of 2.0 to 20.0 meter. The reason for these differences is not 
clear. The transversal dispersivity (aT) is usually a factor 10 smaller. When the 
longitudinal dispersivity is small, the brackish zone is small, even a sharp fresh-salt 
interface can be detected in such cases. Also after various infiltration and abstraction 
periods, the brackish zone is small. When the dispersivity is large, the opposite occurs. In 
Figure 11 these results are schematically pictured for aL = 0.2 meter and aL = 20.0 
meter. 

Variation of the hydraulic conductivity (with constant porosity) is of limited 
influence on the results. The size of the grain increases with the hydraulic conductivity, 
as well as the size of the pores. The difference in velocity increases therefore only little. 
A small influence on the dispersivity and the movements of the brackish is the result. 
Obviously, variation of the porosity is of much more influence on the changes in velocity. 
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Variation of anisotropy is, in most cases, also of influence. An anisotropic soil 
(kh »kv) results in an almost horizontal flow. When the brackish zone is located directly, 
under the infiltration/abstraction screen, is there hardly any flow in the brackish zone. 
When the soil is isoptropic, the brackish zone is much more influenced by infiltrations 
and abstractions. 

Of course these three parameters are related to each other and depend on the type 
of soil. 

Also the influence of small clay lenses under the infiltration/abstraction screen is 
determined. For this case, the area is determined where the influence of the infiltrations 
and abstractions is noticeable. This area, about 500 m wide, is modelled with gridcells 15 
m wide arid 5 m high. Several cases are computed, in which only the number and 
situation of gridcells filled with clay varies. To be able to determine exactly the difference 
of upconing of the salt water as a result of the clay,Ienses, there is no brackish water 
zone in these models. The concentration of the fresh water is 100 mg CJ·/1 and the 
concentration of the salt water is 18,630 mg CJ·/1. 

In Figure 12 the results of some C\!Ses after an abstraction of 30 days, with a 
flowrate of 5,000 Jll3/day are pictured. The darker the gridcell, the higher the chloride 
content of the gridcell. The light gray gridcells have a chloride concentration between 
100 and 150 mg CJ·/1, so they contain fresh water. 

" 

-~ ---- ~-
'!'; '!'; 

" " 

~ screen CJ CJ I2S] lill!iil --clay < 100 100-150 150 ·1 ,000 1 ,000 • 5,000 > 5,000 mg crJJ 
Figure 12: Influence of clay lenses on the upcomng of salt water 
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The clay lenses are obviously of influence on the upconing of salt water. The 
position of the clay lenses is also of importance. In cases, in which the clay lenses lay not 
directly under the abstraction screen, more brackish water is formed. Even in these cases 
the amount of brackish water formed by the upconing is (slightly) smaller than in the case 
without clay lenses. Also after various periods of infiltrations and abstractions, this 
difference is noticeable. 

3. CONCLUSIONS 

The Permanent Electrode Systems, with which the dual-purpose-well and the 
observation-wells are equipped, describe the position of the brackish water zone quite 
accurately. The influence of infiltrations and abstractions is however only well noticeable 
when the movements of the brackish zone are of the order of the distance between the 
pairs of electrodes. 

In the case as described, the movements of the b1ackish zone are much smaller than 
in other cases. 

The hydrodynamic dispersion appeared to have the greatest effect. Iil the case with 
no longitudinal dispersivity, there is a sharp interface between the fresh and salt wateq in 
the case with a large dispersivity (C¥L equal to 20.0 m), the brackish zone can get very 
thick under influence of infiltrations and abstractions. 

Other parameters that appeared to be of importance are the porosity and the 
anisotropy. Also small (serni)permeable layers directly under the dual-purpose screen 
limit the movements of the brackish zone. In an anisotropic and homogeneous soil, the 
hydraulic conductivity however is hardly of any influence. 
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Appendix 

The Permanent Electrode System 

With the so-called 'normal' system the resistivity-depth relation is determined in a borehole, 
by means of 4 electrodes. 
Two electrodes -current electrodes (CE)- supply an electric current to the subsoil, thus 
creating a potential field. The other pair of electrodes -potential electrodes (PE)- are used to 
determine a potential difference. Mostly two electrodes (1 CE and 1 PE) are situated at the 
surface, the other two down in the borehole. 

In case a current electrode is present in a homogeneous, isotropic and infinite medium and 
moreover the distance (r) to one potential electrode is small, as compared to the mutual 
distance between the other electrodes and moreover small as compared to the distance to 
both, then the potential can be determined as follows: 

(1) 

The potential difference between the current electrode (radius r0) and the potential electrode 
at a distance r then is 

After integration: 

dV - -I dR - _ ___!g_ dr 
411'r 

v- _!p_ [V] 
41tr 

(2) 

(3) 

The 'specific resistivity' as computed with this formula in case uf a 'normal' set-up, is in fact 
an 'apparent' specific resistivity, as the drilling mud in the borehole affects the result. 
The Permanent Electrode System (PES) avoids this problem in the following way. In this 
case a multi-strand cable is installed in the bore hole, mostly in combination with an 
observation well, to the tube of which the cable is attached. 
After the installation, the casing is withdrawn and the borehole collapses, leaving the cable 
in a fixed position and permanently in the subsoil. 
On the outside of the cable and at fixed depth intervals -e.g. 4 m- pairs of electrodes (1 CE 
and 1 PE) are applied at a mutual distance of e.g. 20 em. Each electrode is connected to a 
wire, which itself ends in a connector at surface level. 
The measuring system is comparable to the resistivity log. At the surface the other current 
and potential electrodes are installed' (see Figure 1). By means of a switch one pair (CE and 
PE) of electrodes on the cable is selected. The four electrodes now are connected to a 
resistivity measuring instrument, which reads Ohms directly (R). Once the distance between 

1 Instead of using a pair of electrodes at the surface, also electrodes may be selected on the cable. However, 
they have to be chosen at a sufficient mutual spacing and distance from the other pair , as otherwise formula (3) is 
no longer applicable. 
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CE ~ spec. resistivity p (Om] 

switch 

Figure 1 Permanent Electrode System and observations 

current and potential electrode (r) in the subsoil is known, the (apparent) specific resistivity 
at that depth, can be calculated applying .formula 3: 

p - 4nr R [Om] (4) 

The values obtained in this way approximate the specific resistivity quite well, as the 
electrodes are directly in con'tact with the formation. 

By choosing pairs of electrodes at different depths, the specific resistivity versus depth can 
be determined. 
An advantage of this system is, that the observations can be repeated at any time and changes 
may show-up timely. 

In the present case 26-strand cables were used, pairs of electrodes (13) at every 3m. Mutual 
distance of current and potential electrode 0,20 m. 


