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ABSTRACT 
An optimized and updated design of new monitoring wells in the Amsterdam Water Supply 
Dunes makes for efficient and cost-effective monitoring of the position and movements of 
the fresh-brackish-saline groundwater interface. 

INTRODUCTION 
In the Amsterdam Water Supply Dunes (AWD), deep groundwater monitoring wells have 
been used for a.o., mapping the fresh/brackish/saline groundwater interface (FSI) position 
and movement, and for watching upconing near abstraction wells. A number of these wells, 
some about a century old, are being replaced by monitoring wells manufactured along the 
lines sketched by Nienhuis et al (2010). Since Nienhuis et al’s recommendations, additional 
improvements were made so that several limitations at the time could be overcome. Waternet 
is required to report to authorities every 5 years about the FSI position and movement in the 
AWD. Nienhuis et al (2010) have compared various methods for mapping saline and 
brackish groundwater and recommended a set of techniques optimally suited to the situation 
in the AWD that is probably equally applicable to other NW European coastal dunes with 
similar subsurface buildup (i.e., underlain by sandy aquifers). The main results of Nienhuis 
et al (2010) are shown -slightly modified- in Table 1.  
 
Table 1: Overview of methods for exploring salinity in monitoring wells (modified after 
Nienhuis et al, 2010) 

Method Approx. vert. 
resolution 

EC 
 inference Moment of use Relative 

cost Remarks 

[Cl
-

] / EC in 
piezometers 

~ 10’s of meters direct Anytime Moderate Representative of FSI only 
after initial effects have 

ceased [Cl
-

] / EC in 
minifilters 

Order of meters direct Anytime Moderate 

SN/LN 
geophysical log 

Decimeters / 
meters indirect Only once after 

drilling High Interference from drilling 
effects 

EM-log (EM-39) Decimeters indirect Anytime High Reliable even in wells with 
electrode cables

Electrode cables 
(GEM) Order of meters indirect Anytime Cheap Interference from drilling 

effects 

 
The suggested optimal combination of techniques comprises (1) drilling the borehole with a 
cased drilling method to avoid plastering of the lower parts of the borehole, (2) an inner 
diameter of 50 mm for the deepest piezometer tubes to allow detailed EM39 and gamma 
logging, (3) electrode cables with electrode pairs at every 3-4 m for rapid assessment of 
salinity, (4) minifilters matching every electrode pair depth to allow reliable formation factor 
assessment, and (5) additional 25 mm piezometers to allow head monitoring with 
dataloggers. 
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Plastering of boreholes 
Once a borehole made with an uncased drilling method reaches the FSI, short-circuiting of 
fresh and saline groundwater heads induces strong downward groundwater flow through the 
borehole from shallow fresh aquifers into the deeper saline aquifers. Shallow aquitards often 
help increase downward head gradients. As a result fine particles in the bore water end up 
plastering the borehole at depth. Cleaning/flushing the borehole is only locally possible close 
to piezometer screens. A consequence of this plastering is that the groundwater in the 
borehole between piezometers may take several years to reach equilibrium with the 
groundwater immediately outside the borehole that one seeks to measure in the first place, 
rendering measurements of electrode cable pairs and minifilter samples unreliable; details in 
Nienhuis et al (2010). A consequence is that e.g., upconing of brackish groundwater may 
have proceeded much further than electrode cable measurements suggest. For sandy aquifers 
the best remedy is to use a cased drilling method whereby in aquifers the borehole simply 
collapses in the wake of the pieces of the casing being withdrawn, and only at aquitard levels 
the borehole is filled with bentonite seals. 

EM39 logging 
EM39 and gamma logs allow inference of salinity and aquitard presence in much more detail 
than traditional borehole descriptions. The deepest piezometer tube should be at least 25 mm 
(Deltares, 2012), preferably 50 mm along the entire length to allow EM39 and gamma logs 
to be lowered to the deepest filter screen. Care must be taken to ensure that the piezometer 
tube is straight as EM39 setups are usually long and stiff and barely fit in the piezometer 
tubes. Ideally the piezometer tube should be left “dangling” as much as possible during 
removal of the casing and filling of the borehole. Although metal parts in monitoring wells 
usually adversely influence EM39 measurements, electrode cables induce no interference 
(Nienhuis et al, 2010); only the electrodes themselves sometimes show up in EM39 logs. 

Geo-ElectricMeasurement cables and minifilters 
GEM cables (based on LN and SN log principles) allow quick and efficient monitoring of 
groundwater salinity while minifilters allow to assess actual formation factors  (FF) needed 
for sufficiently accurately converting specific resistivity ρs to chloride concentrations 
(Nienhuis et al, 2010).  ρs (Ohm-m) relates to the measured apparent resistivity ρa (Ohm) by 
the formula   ρs = 4π ρa.d   where d = electrode spacing in m; TNO-DGV, 1988). 
 

 
Figure 3.  (From left to right)  Bare minifilter; Electrode pair and minifilter screen 
attached to deepest 2” piezometer;  3 mm internal diameter minifilter tubes connected 
to 0.4” PVC tubes at 15 m below surface;  Final array at the surface 
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Minifilters are very cheap and in practice their number is only limited by the drilling 
technique. Traditionally, minifilters couldn’t be used for aquifers with groundwater  heads 
(either saline, brackish or fresh) more than 7-8 meters below surface level as minifilters 
sampling happens using vacuum  methods. This limitation has been overcome by connecting 
the relevant minifilter tubes to 0.4” PVC tubes at a depth of 15-20 m below surface  
(Figure 3) so that bailers can be used for sampling from the minifilters. In principle it would 
even be possible to measure groundwater heads.  

RESULTS 
Figure 4 shows an old monitoring well (left) containing only traditional piezometers made in 
1910, that has been replaced by new well 24H1305 (right) made in 2014 according to our 
above recommendations, at a distance of 25 m. Between the wells, time series of salinity 
measurement have been plotted. The figure also shows the EM39 logging as a shaded 
chloride bar from light gray and dark gray representing fresh and saline groundwater, resp. 
The salinity is estimated from the Long Normal values using an average formation factor for 
the entire profile. At a depth around of  62 m-msl a light gray zone is visible due to a clay 
layer. For every electrode pair the formation factor is calculated using the measured EC of a 
water sample taken from the nearby installed minifilter. The relation between EC and 
chloride in the AWD is determined from a large data set, allowing accurate conversion of 
apparent resistivity from electrode pairs into chloride concentration estimates. In Figure 4 
the estimated chloride values are shown as shaded dots. During drilling of the old well, 
temporary filter screens allowed accurate assessment of the FSI position at that time. After 
well completion, when only traditional piezometers were available, the FSI rose. Due to the 
vertical distance to the next higher piezometer, the FSI position could only be assessed to lie 
between 82 and 97 m-msl, and later on, when the FSI rose still more beyond that next 
piezometer, the resolution became even worse. With the new well a relatively sharp FSI 
between 83 and 86 m-msl has been determined which is a clear improvement in resolution. 
 

 
Figure 4.  Old (L) and new ( R) monitoring well and salinity measurements. 
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FORMATION FACTOR 
Formation factor values (FF) relating to the electrode pairs can be inferred directly using 
electrical conductivity (EC) measurements from minifilters (Table 2). It turns out that in the 
aquifer levels containing fresh groundwater the formation factors are higher (~5.4) than in 
saline levels (~4.2) but that is probably related to different lithology. The anomalous values 
for the shallowest electrode pair are believed to be due to measurement error. 
 
Table 2: Calculation of formation factors derived from EC measurements in well 
24H1305 
ELECTRODE PAIR EP1 ... EP9 EP 10 EP 11 EP 12 EP 13
Depth [m-msl] 113 … 89 86 83 80 77 
Minifilter Electrical Conductivity [mS/cm 25 dC] 3810 … 4550 3060 98.6 79.9 75.2 
Apparent Resistivity ρa [Ohm] 0.48 … 0.54 0.8 28 34.7 69 
Specific Conductivity inferred from GEM cable [Mho/m] 953 … 1072 643 18.4 14.8 7.46 
Formation factor [-] 3.6 … 4.8 4.8 5.4 5.4 10.1 

DISCUSSION AND CONCLUSIONS 
Recommendations for the design of monitoring wells for mapping groundwater salinity and 
quality in coastal dune areas by Nienhuis et al (2010) have worked out well and have been 
improved to allow broader use especially in case of groundwater heads lower than 8 m 
below surface level. Electrode cables and minifilters are a very cost-effective solution for 
accurately monitoring the FSI in coastal dune areas underlain by sandy aquifers and allow 
more than sufficient vertical resolution. To obtain reliable results, cased drilling methods are 
indispensable. The expected life time of the new well is unknown. In the AWD, electrode 
cables have been functioning for at least 40 years and minifilters for over 30 years. 
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