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ABSTRACT
Based on the Ghyben‐Herzberg principle, a fresh groundwater lens has been established
under the Dutch Wadden Islands. This lens is the “beating heart” of the hydro geological
cycle. And the drinking water supply of the islands is in many cases depending on the
existence of this lens. For salinization risks, i.e. as an effect of climate change, the
knowledge of the variation (in time) of the depth of the salt and fresh water interface is
essential. The presence, distribution and time variation of a fresh water lens depends
on the lithology, topography, rainfall and (of course) exploitation. A high resolution
airborne TDEM (time domain electromagnetic sounding) was used to map the
distribution of a fresh water lens on the island of Terschelling. Also the possibility to
detect certain clay layers was of special interest. In order to validate and to improve the
interpretation of the high‐resolution airborne data other field data, like cone
penetration tests (CPT), continuous vertical electrical sounding (CVES), time domain
electromagnetic sounding (TDEM) and historic geological data was incorporated. The
airborne survey was flown with the SkyTEM system and results in a complete 3D
mapping of the central part of the island. As a final stage, the boundary conditions of a
3D, density driven MODFLOW‐SWI model were based on this unique data set. The result
was a high detailed and calibrated 3D model of the salinity distribution.

INTRODUCTION
The island Terschelling is one of the pilot areas of the European CLIWAT project. The aim of this
project is to predict the effects of sea level rise and climate change on the equilibrium between
salt and fresh groundwater. This problem is an essential issue in relative flat and sandy coastal
areas, like The Netherlands, Germany and Denmark. According to the principle of Ghyben‐
Herzberg a fresh water lens has developed locally under the island up to 100 meters thickness in
the dune area and up to 60 meters in the polder area (figure 1). This lens was also detected
below the North Sea locally up to a depth of 60 meter below mean sea level. This was already
confirmed in a field survey in 2007 (Kok et al, 2008). This salt and fresh water interface was also
calculated with a density driven geohydrological model (MODFLOW‐SWI). This model of
Terschelling is used for calculating the hydrological effects and salinization risks of groundwater
withdrawal and will also be used for the effects of climate change on the distribution of the lens
in time. For the CLIWAT project the fresh water lens of the island is mapped in September 2009
with a high‐resolution geophysical airborne system, SkyTEM (Auken and Sørensen, 2004). The
system is depicted in operation in Figure 2. With this powerful electromagnetic system, it is
possible to penetrate into the subsurface from the surface to a depth of 200 ‐ 250 meters. The
method is excellent for mapping saltwater interfaces and clay layers. Interpretation of SkyTEM is
possible with a specially developed software package, see Auken et al. (2009) and Vizzoli et al.
(2008) for more information. For validation and improvement of the interpretation of the
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airborne data, historic and recent field measurements were incorporated. These are: cone
penetration tests (CPT), that are used to distinguish clay layers from sand layers with brackish
water (which is not possible with TDEM resistivity systems); continuous vertical electrical
sounding (CVES), a DC system which give a high resolution 2D image of the resistivity of the
subsurface; onshore time domain electro magnetic sounding (TDEM) for comparison with the
airborne data and historic geological data and drillings.

Figure 1: Overview Terschelling & pilot area

Figure 2: SkyTEM system

METHODOLOGY
The availability of all these data sets (in such a small area) is unique and made it possible to
compare, to validate and to improve the interpretation of the SkyTEM data. From a dense
network of point measurements, a 3 dimensional layered resistivity model can be calculated
based on the SkyTEM data set. The first stage in interpretation was to compare and validate the
SkyTEM dataset. Single SkyTEM data points were used to compare with the other single field
(resistivity) data points. This already gave a very consistent and precise depth of the fresh and
salt water interface (figure 3). As a second stage in the interpretation of the SkyTEM data,
information from boreholes and CPT’s were used as constraints in the inversion model of the
SkyTEM data, in order to optimize the inversion. The final result of the SkyTEM mapping is a 3D
resistivity map in different depth layers (figure 4). The final stage of interpretation is:
a) to calibrate the MODFLOW model with the depth of the fresh and saltwater interface
based on the integrated resistivity model from SkyTEM and
b) to translate the resistivity model towards lithology (permeability) and use this for a more
refined calibration of the MODFLOW model. In the end the calculated fresh‐salt interface
form the model should be more congruent with the boundary found with SkyTEM and field
data (figure 5). The translation of the resistivity towards lithology had been done with
borehole data (logging and description) and CPT’s. As a result the low resistivity layer could
be interpreted as the so called Eem formation.

122

Azores, Portugal

SWIM21 - 21st Salt Water Intrusion Meeting

June 21 - 26, 2010

RESULTS
The conclusion and result of the comparison of the field and airborne data was very clear.
Almost all the different comparisons of data sets fitted very well. For the case Terschelling we
know now in detail the shape and thickness of fresh water lens. It became also clear that the
transition between the fresh and salt groundwater is quite sharp both in the dune and polder
area. With SkyTEM it was a possible to measure the fresh water lens (until a certain depth)
through the salt seawater, above the North Sea and it was possible to make a more detailed
map of the Holocene Eem clay layer. This proved to be very valuable for the hydrological model.
Even without additional field data SkyTEM data and inversion proved to be very consistent.

Figure 3: Results raw SkyTEM data with field data,
translated in the depth of the interface.

Figure 4: Cross section SkyTEM resistivity model

In the end the calibration of the MODFLOW model with the integrated resistivity model and
additional information from boreholes and CPT’s gave consistent results in calculating the depth
of the fresh and salt water interface. This suggests that this model is a good instrument to
predict changes caused by pumping or climate. In the northern part (North Sea) of the island the
fit was quite good. Only in some parts of the polder area the hydrological model is calculating an
interface that is shallower than the measurements suggest. Airborne and field resistivity
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measurements showed a slightly deeper interface. The calibration of the Modflow model with
the Eem clay will optimize this fit.

Figure 5: Salt fresh interface based on SkyTEM and geohydrological model

DISCUSSION AND CONCLUSIONS
Field measurements are essential to calibrate hydrological models. Normally this calibration is
based on point information. Often we have no information between these points. The way the
TDEM technique is developed in the SkyTEM system is unique and proved to be very useful. In a
very short time this system is able to map a large area in a very detailed scale at different
depths. Combined with a few calibration measurements SkyTEM is a very powerful and cost‐
effective tool for hydrological survey. Results of SkyTEM data, like the distribution of the salt
fresh interface or consistent low‐intermediate resistivity layers are very useful to calibrate the
hydrological model.
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