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SUMMARY
In the EU project CLIWAT sixteen institutions investigate the groundwater situation in the North Sea
coastal areas from Belgium to northern Denmark to simulate consequences of climate change for the
groundwater systems and water supply. The North Sea island of Föhr is part of a pilot area. For a better
understanding of the current groundwater situation several geophysical surveys were carried out including
an airborne survey with the transient electromagnetic system SkyTEM and high resolution reflection
seismic surveys from surface and in boreholes with P- and S-waves. The results reveal glacial structures as
Quaternary buried valleys as well as a glaciotectonic thrust fault complex. They were located with a
combined interpretation of geophysical results and geological information of boreholes. Both of these
structures influence the groundwater systems. An integrated geological-geophysical 3D model supports
groundwater modelling.
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Introduction 

Climate model simulations forecast a global warming that affects the hydrological cycle via 
temperature, evaporation, precipitation and mean sea level rising. This implies a change for the 
groundwater systems and water supply. The EU Interreg IVB project CLIWAT (www.cliwat.eu) 
evaluates these implications in coastal regions. The investigation area stretches from Belgium, the 
Netherlands and Germany to Denmark. Sixteen institutions from these countries investigate the 
groundwater situation in seven representative pilot areas with geophysical, geological and 
hydrological methods. The improved groundwater models are the basis for climate change simulations 
which should lead to reliable estimates for groundwater development. Recommendations for future 
management procedure are passed to stakeholders, for example local water supply companies or 
administration.  
 
LIAG’s focus areas are pilot area D (Borkum) and pilot area E (German-Danish border region 
Schleswig/Sønderjylland) (Fig. 1). For area D we compiled a numerical groundwater model 
(Sulzbacher et al. 2011). In pilot area E we accomplished several geophysical surveys on the mainland 
and on the island of Föhr. Results from latter are shown in this paper.  

The island of Föhr 

Föhr is a glacial affected island whose shallow surface divides in salty marshlands and geest or 
moorlands with freshwater occurrences (GeoC 2008). Buried valleys and glaciotectonic thrust faults 
are characteristic subsurface features and influence the freshwater lens behavior in the geest. The 
Quaternary sediments in the geest area are well known down to at least -120 m MSL by a dense 
borehole grid of the water supply. Quaternary sand and till layers have an overall thickness about 
60 m but can reach more than 120 m in buried valleys. Below, a glaciotectonic thrust fault complex is 
expected with Pliocene kaoline sand and Miocene fine sand as well as mica clay down to about  
-150 m MSL. 
 
 
 

  
 
 
Figure 1 Left: The North Sea island Föhr with the position of boreholes (purple) and geophysical 
investigations: SkyTEM flight lines (yellow), seismic profiles (P-wave: blue, S-wave: red, VSP: green) 
and gravity (dark blue) profiles. 
Right: CLIWAT investigation area (white) and pilot areas (red) (www.NorthSeaRegion.eu).  
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Surveys 

Several geophysical measurements were carried of on Föhr (Fig. 1) for mapping and better 
understanding the freshwater lens in the saltwater surrounded island.  
 
SkyTEM survey 
SkyTEM ApS (Beder/DK) surveyed the whole island with the time-domain helicopter 
electromagnetic system (Sørensen & Auken 2004) by 32 flight lines with in total 306 profile 
kilometer within two days. Line distance was about 250 m and the point spacing around 60 m. Aarhus 
Geophysics processed and inverted the data with a 1D lateral constrained inversion (LCI) for 5 and 
smoothed 19 layers.  
 
Seismic surveys 
Since August 2009 we accomplished three high resolution seismic campaigns including seven seismic 
P-wave profiles, three seismic shear wave profiles and two vertical seismic profiles (VSP). P-wave 
sources were the vibrator trucks MHV2,7 and HVP-30, shear wave source was the vibrator truck 
MHV4S, and VSP sources were the vibrator truck MHV2,7 (P-wave) and the electromagnetic vibrator 
system ELVIS-5 (S-wave) (all sources developed by LIAG). This generates a dense profile pattern of 
nearly 8 km high resolution P-wave seismic in the geest linked to the depth via two borehole 
measurements. Our shear wave seismic survey contained three profiles on already measured P-wave 
seismic profiles (Fig. 1). 
 
Other measurements 
The processing of a gravity survey in the northern part of the island is under progress. Additional 
measurements were accomplished by the University of Münster (GPR survey) and the Technische 
Universität Berlin (NMR, TEM, electrical resistivity tomography, and refraction seismic, e.g., Kirsch 
et al. 2011).  

Results and Interpretation 

The SkyTEM survey reveals the resistivity distribution of Föhr down to a depth of 200 m. The depth 
slices show two regions (Fig. 2): the low resistivity in the northern part of the island corresponds with 
salty marshlands and the region with higher resistivity in the southern geest we interpret as freshwater 
saturated sediments. An alternating resistivity pattern in the western part we interpret as glaciotectonic 
blocks of different material or salinization of pore fluid. Cross sections in the southern geest area 
(e.g., Fig. 3) show resistivity values higher than 20 Ωm down to 150 m MSL and resolve internal 
structures in the freshwater lens.  
 
Seismic processing including accurate velocity analysis and DMO-migration results in high resolution 
depth sections for the P-wave survey (e.g., Fig. 4). In common to all profiles is a complex part down 
to -150 m MSL and horizontal and undisturbed reflection beneath, which can be observed to a depth 
of 1000 m. Above -150 m MSL we resolve the buried valleys and a part of the thrust fault system. 
The shear wave seismic survey had unfortunately a bad signal/noise ratio and no good data quality. 
Just a few reflectors can be identified in the processed sections, but these coincide with reflections of 
the P-wave survey. It is also very difficult to extract accurate shear wave interval velocities from the 
data. Both VSPs show good data quality and we can determine interval velocities for compressional 
and shear waves from first breaks and observe reflections in the returning wave field. By this we can 
connect lithology and seismic velocities. 
 
Altogether we get a detailed structural image via seismic surveys, interval velocities, resistivity 
distribution and geological information of boreholes (Figs. 3-5). The buried valleys are partly filled 
with freshwater saturated sand with resistivity above 90 Ωm and seismic P-wave velocity around 
1600 m/s as already seen in the VSP data. Below that seismic delivers a Quaternary till layer 
characterized by higher p-wave velocity (~1900 m/s) and increased resistivity (<90 Ωm). We also can 
resolve a glaciotectonic thrust fault complex with mica clay as well as Pliocene Kaoline sand and 
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Miocene fine sand in the seismic reflections and seismic velocities (Fig. 4). In the resistivity section 
can also be resolved Tertiary freshwater saturated sand below till layer, but it is not possible to verify 
the mica clay (Fig. 3). The first horizontal reflector can be interpreted as the detachment of this thrust 
fault complex at -150 m MSL (Fig. 4). Glaciotectonic thrust faults complexes are well known (Aber 
& Ber 2007) and outcrop at the Morsum Kliff on Sylt/D, an island some kilometers north of Föhr. 
Several of such complexes are known from marine seismic surveys in the North Sea (Andersen 2004, 
Koopmann 2010), but no onshore seismic examples are known to us in Germany.  
 
There is no evidence for saltwater intrusions above 150 m depth in the geest because resistivity is 
above 40 Ωm. Resistivity drops below 10 Ωm when the detachment is reached in -150 m MSL. We 
cannot distinguish whether it is saltwater saturated or Miocene clay or both.  

Conclusions and Outlook 

In conclusion, we can resolve two types of glacial structures with SkyTEM resistivity distribution, 
seismic reflections and seismic velocities. In combination with borehole information we characterize 
different sediment layers and blocks. A system of buried valleys is detected as well as a glaciotectonic 
thrust fault complex beneath Föhr. Both structures are important for the groundwater model and can 
be integrated via 3D modelling in groundwater climate simulations. 
 
For the future a new inversion of the SkyTEM data is planned with spatial constraint as well as a 
seismic layer constrained inversion. Furthermore LIAG will achieve three more VSPs for a better 
classification of surface seismic velocities and a statistic analysis.  
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Figure 2 Resistivity distribution from SkyTEM survey for the depth of 0--10m MSL (left) and -40--
50m MSL (right).  
 

Figure 3 SkyTEM resistivity distribution for seismic profile P5.  
 

 

 
Figure 4 Reflection seismic profile P5 with overlaying velocity distribution. 
 

 
Figure 5 Interpretation from SkyTEM resistivity distribution, reflection seismic data, and geological 
borehole information for profile P5.  

 

 

 


