
 

Near Surface 2011 – 17th European Meeting of Environmental and Engineering Geophysics  
Leicester, UK, 12-14 September 2011 

 

P02
Calibration of Density Driven Flow Model for the
Freshwater Lens beneath the North Sea Island
Borkum by Geophysical Data
H. Sulzbacher (LIAG), H. Wiederhold* (LIAG), M. Grinat (LIAG), J. Igel
(LIAG), T. Burschil (LIAG), T. Günther (LIAG), B. Siemon (BGR) & K. Hinsby
(GEUS)

SUMMARY
With the aim to be able to estimate climate change impacts on coastal aquifers and especially the situation
of barrier islands in the Wadden Sea a numerical model is set up for the North Sea island of Borkum. The
work is done in the frame of the EU Interreg project CLIWAT. The database includes information from
drillings, seismic measurements, an airborne electromagnetic survey (HEM) and monitoring data from two
vertical electrode chains as well as measurements of groundwater table, pumping and slug tests, water
samples. The groundwater model has been set up by the finite-element programme FEFLOW. The density
driven flow model can be calibrated successfully on the base of hydraulic, hydrological and geophysical
data. Verification runs with the calibrated model show a good agreement for the measured and computed
hydraulic heads and the measured with computed TDS-data. This is the case as well on a large scale for
the whole freshwater lens as also on a small scale in the area of the well fields.
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Introduction 

Aim of the EU Interreg project CLIWAT, carried out in collaboration with 16 partner institutions of 
the North Sea neighbouring countries Denmark, Germany, Netherlands and Belgium, is to investigate 
the impact of climate change on the freshwater resources in the coastal areas of these countries. In 
particular the drinking water resources of barrier islands like Borkum are endangered by increasing 
salt water intrusion. The future development of the salinity distribution in the subsurface can be simu-
lated by means of a numerical ground water density driven flow model (e.g., Oude Essing et al. 2010). 
 
The ground water model for Borkum has been set up by means of the finite-element programme 
FEFLOW® on the basis of comprehensive hydraulic, hydrological and geophysical field 
measurements. The data were obtained on Borkum mainly during the years 2008 and 2009. 

Data base 

By means of statistically evaluation of the data from 365 drillings and interpretation of seismic 
measurements it was possible to develop a hydrogeological model. The hydraulic calibration was 
carried out on the base of 256 reference date measurements of the ground water table, obtained during 
March 2010, 12 pumping tests and 5 slug tests carried out in September 2009. Of great importance for 
the calibration of the mass concentration are measurements of the electric conductivity from 254 
water samples at the earth surface, data from a helicopter electromagnetic survey (HEM), which was 
flown in March 2008 on 550 profile kilometres and data of the vertical electrode chains CLIWAT I 
and CLIWAT II (Grinat et al 2010) which had been installed in the area of the well fields of the 
waterworks I (WATERDELLE) and waterworks II (OSTLAND), respectively (Fig. 1).  

  
Figure 1 Left: North Sea island Borkum (model set-up), right: CLIWAT investigation area and pilot 
areas (after www.northsearegion.eu, www.cliwat.eu). 

Hydrogeological model 

For the statistical evaluation of the drillings the whole aquifer was divided into depth intervals of 
2.5 m and for each interval the number of drillings containing cohesive material, like clay or silt were 
set in relation to all drillings intersecting this interval. Figure 2 shows the result. The zones illustrated 
with dark colour because of their high content of cohesive material can be regarded as aquitards. The 
evaluation result yields an aquifer divided into four parts. This conception is supported by the results 
of the seismic measurements (Fig. 2). The distinct reflector in 180 m depth can be regarded as 
basement of the model. The Quaternary base, located in a depth of about 60 m, separating the deepest 
aquifer IV from the above aquifer III, can be detected very well in the seismic recordings as lower 
borderline of a bundle of reflectors. The aquitard, lain in a depth of about 20 m, separating aquifer III 
and aquifer II can be detected as Holocene basis and can be observed in the seismic recordings as first 
clear detectable reflector. The aquitard, located in a depth of about 7 – 10 m cannot be resolved by the 
seismic but can be seen very clear in the HEM data.  
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Two dimensional numerical model calculations show that the aquitards consist of not persistent 
cohesive material (predominantly clay, so called patch rock), schematically shown in Figure 2. 
 

 
 

Figure 2 Statistical evaluation of drillings (left), seismic section (bottom right), schematical cross 
section of the aquifer (top right). 

Set-up of the numerical model 

The set-up of the numerical model is designed analogue to the geological model. The model area 
incorporates wide parts of the Wadden Sea and is approximately three times as large as the island of 
Borkum itself (Fig. 1). Because of reasons of numerical stability and the need to be able to resolve 
vertically the screens of the water supply wells of the waterworks the model was set up with 39 
horizontal layers. In order to maintain numerical stability and to be able to resolve the network of 
recipients and the complex devolution of the coast line also in horizontal direction a high degree of 
discretization had to be chosen. In particular this had to be done in areas where high gradients of the 
fresh-/saltwater distribution could be detected. In all model layers the seawater as well as the aquifer 
body of Borkum were designed with head = constant and mass = constant boundary conditions.  

Hydraulic calibration 

For the hydraulic calibration 256 reference date measurements of the hydraulic heads, results from 12 
pumping tests carried out in the upper two aquifers, hydraulic conductivities derived from 5 vertical 
profiles of slug tests and runoff measurements from the open water system were available. The quality 
of the calibration can be deduced from a so called scatter plot, where computed hydraulic heads are 
shown against measured (see Fig. 3). The lower the scattering the higher is the quality of the 
calibration. The achieved average calibration error (measured minus computed) amounts to about 
0.2 m and is lower than the average error resulting from interpolation between measured hydraulic 
heads for example by using a KRIGING algorithm.  

Calibration of the mass concentration 

The calibration of the total dissolved solids (TDS) of the model was carried out mainly by means of 
the HEM data and 254 at the earth’s surface directly measured electric conductivities. From these data 
apparent formation factors (ratio resistivity of water saturated sediment to that of pore water) for the 
computation of the TDS-concentration at the model surface could be derived. From TDS-values mass 
boundary conditions at the top of the upper model layer could be constructed.  
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Figure 3 Hydraulic calibration, scatter plot (x-axis: measured hydraulic head [m], y-axis: computed 
hydraulic head [m]. 

 
For the calibration of the TDS-concentration in the environment of waterworks I and II furthermore 
water analysis data and data of the electric conductivity from the two vertical electrode chains, buried 
in the borings CLIWAT I and CLIWAT II could be used. These data offer a high resolution in space 
and time and are available at the deeper regions of the freshwater lens in a depth between 42 and 64 
m, at the salt/freshwater interface. The TDS concentration, which is computed by the numerical 
model, can be transferred by means of a temperature dependent factor into electric conductivities and 
then compared with the HEM or electrode chain data.  
 
Since the beginning of the 20th century on Borkum several essential influence factors have been 
occurred affecting the shape of the freshwater lens. These events were the drinking water delivery 
initiation at waterworks I (Waterdelle) at the beginning of the 20th century, the construction of the 
great south dike in the year 1934, which has influenced essentially the over flooding areas and shape 
of the island after 1934 and the beginning of the drinking water delivery at waterworks II (Ostland) 
after 1964. A time period for more than 100 years of the hydrological history of the freshwater lens of 
Borkum had to be incorporated into the TDS-calibration of the model.  
 
Figure 4 shows the result of the TDS-calibration. The essential structures of the computed freshwater 
lens agree with the measured ones. Differences are caused mainly because with the electromagnetic 
methods like HEM it is very difficult to distinguish between clay and salt / brackish water.  
 
Electric conductivities, derived from waterworks probes and direct push water probes, agree fairly 
well with the computed ones. This is the case as well for the well field of Waterdelle as also for all 
well groups of waterworks II Ostland.  
 
The comparison in detail of the computed electric conductivity with measurements of the vertical 
electrode chains CLIWAT I and II and HEM data offers the limited vertical resolution of HEM in the 
salt/freshwater transition zone (see Fig. 5). Differences between electric conductivities obtained from 
vertical electrode chains CLIWAT I and II and computed conductivities for greater depths are mainly 
caused by formation factors > 1 which are typical for saltwater saturated sediment. 

Conclusions 

The density driven flow model of Borkum can be calibrated successfully on the base of hydraulic, 
hydrological and geophysical data. Historical data have to be taken into account. Computations with 
the calibrated model show, that the freshwater lens is not yet in a steady state. Verification runs with 
the calibrated model show a good agreement for the measured and computed hydraulic heads and the 
measured with computed TDS-data. This is the case as well on a large scale for the whole freshwater 
lens (HEM-data) as also on a small scale in the area of the well fields of the waterworks (CLIWAT I 
and CLIWAT II vertical electrode chain data). 
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Figure 4 Comparison of measured HEM electric resistivities (or conductivities or TDS) (top) with 
resistivities (or conductivities or TDS) (bottom) computed by the model for different depths. 
Calibration time is March 2008. 

 

 
Figure 5 Comparison of HEM electric conductivities (red) and CLIWAT I and II vertical electrode 
chain electric conductivities (black) with conductivities computed by the model (blue). 
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