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ABSTRACT 
In the project FRESHEM Zeeland the entire Province of Zeeland – an area of 1800 km2 in 
the south-western part of the Netherlands – was surveyed using airborne electromagnetics 
(AEM). The airborne survey was conducted in 2014-15 by the German Federal Institute for 
Geosciences and Natural Resources (BGR). Together with the Dutch partners Deltares and 
TNO, an approach has been developed to translate the AEM data into a full 3D mapping of 
the chloride concentration of. For the pilot study area Canal Zone Gent-Terneuzen the AEM 
results (bulk conductivity of soil particles and groundwater) as well as chloride results were 
validated with in-situ ground-truth measurements which resulted in a good fit.  

INTRODUCTION 
In a setting of predominantly saline surface waters, the availability of fresh water for 
agricultural purposes is not obvious in Zeeland, at the southwestern part of The Netherlands. 
Canals and ditches are mainly brackish to saline due to saline seepage (upward flowing 
groundwater of saline origin), which originates from old marine deposits and salt water 
transgressions during historical times. The only available fresh groundwater is present in the 
form of freshwater lenses floating on top of the saline groundwater (de Louw et al. 2015). 
These lenses are small (<3 m fresh water) in saline seepage areas, between 5-30 m thick in 
areas with sandy creek ridges and up to 120 m thick in dune areas, whereas the spatial 
variation of the freshwater lenses is large. This fresh groundwater is vital for agricultural, 
industrial, ecological, water conservation and drinking water functions. In addition, sea level 
rise, changes in recharge and evapotranspiration pattern and (indirectly) land subsidence will 
intensify the future pressure on coastal fresh groundwater even more. 
 
Based on the results of a small-scale airborne electromagnetic (AEM) survey in Zeeland in 
2009 (de Louw et al. 2011), a consortium of Deltares, TNO and BGR started the project 
FRESHEM Zeeland (FREsh Salt groundwater distribution by Helicopter ElectroMagnetic 
survey in the Province of Zeeland) to survey the entire Province of Zeeland (van Baaren et 
al. 2016). The main goal of FRESHEM is to produce a 3D chloride distribution of the 
groundwater by the use of the HEM measuring technique in combination with a-priori data, 
advanced modelling techniques and knowledge of the groundwater system and geology. A 
secondary goal is the improvement for geological mapping and modelling.  

AEM SURVEYS 
The AEM device used is a frequency-domain helicopter-borne electromagnetic (HEM) 
measuring system (Resolve) that allows fast investigation of upper hundred metres of the 
Earth’s subsurface (Siemon et al. 2009). It consists of five horizontal-coplanar coil systems 
(operating frequencies f = 0.38, 1.8, 8.3, 41, and 130 kHz) and one vertical-coaxial coil 
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system (f = 5.4 kHz). In addition to the AEM data, magnetic, radiometric, altitude and 
position data are recorded. This airborne system (Figure 1) has also been successfully 
applied to investigate der German North Sea coast in the last decade (Siemon et al. 2014).  
 

 
Figure 1. Sketch of BGR’s airborne electromagnetic system.  

 
The 15 airborne surveys of the FRESHEM project were conducted within 3x2 weeks flown 
in October 2014, March and August/September 2015 (Figure 2). In most of these surveys, a 
line separation of 300 m was used. In addition, in five areas (shaded in Figure 2) the line 
separation was reduced to 100 m in order to achieve increased lateral resolution. Together 
with two surveys conducted in 2009 (200 m line separation) as part of an EU-Interreg-IV 
project (CLIWAT, http://www.cliwat.eu/), about 10,000 line-km were flown. The processing 
of the HEM data and particularly the correction for man-made effects is described in Siemon 
et al. (2011). 

RESULTS OF THE PILOT STUDY 
As one of the first surveys, the high-resolution Terneuzen survey covering the Canal Zone 
Gent-Terneuzen was conducted (160 Terneuzen in Figure 2). The goal of the pilot study 
Canal Zone Gent-Terneuzen was to compare the quality of the AEM results with different 
types of in-situ 0D-1D-2D ground-truth data (such as salinity samples, borehole logs, CVES, 
TEC probe data and EM31), as well as with an existing regional 3D numerical model of 
variable-density and coupled solute transport in order to demonstrate the applicability of 
AEM for delineating large-scale groundwater salinity values.  
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Figure 2. Overview map of all AEM surveys flown in Zeeland. Areas 135 and 136 were 
surveyed in 2009 as part of an EU-Interreg-IV project (http://www.cliwat.eu/). All other 
surveys (160-174) were conducted in 2014 and 2015. 
 
One important topic of the pilot study was the comparison of the HEM inversion models 
which were derived using diverse 1D inversion strategies and starting models. The inversion 
strategies used were single-site Marquardt-Levenberg inversion (SSI) as well as laterally and 
spatially constrained inversion (LCI, SCI). While SSI calculates 1D resistivity-thickness 
models independently for each and every site, LCI and SCI take neighbouring models into 
account, along and across line, respectively. The inversions were tested using diverse 
starting models with and without a-priori data derived from ground-truth and/or 3D model 
data. They were conducted based on both few (≤6) model layers, i.e. inverting for resistivity 
and thickness, and many (20) models layers with fixed thicknesses (Siemon et al. 2009). 
 
The most reasonable results within this pilot study were achieved using SSI and no external 
starting models – an example is shown in Figure 3, because this approach enables 
reproduction of small-scale up-coning effects along ditches and avoids misleading inversion 
results due to weak starting models derived from existing groundwater and geological 
models based on 100 m x 100 m x 0.5 m grids. The latter, however, may improve the 
inversion results in areas where the HEM data are distorted by man-made effects (power 
lines, close to settlements, etc.). 

CONCLUSIONS 
The results of the pilot study demonstrate that HEM inversion models are able to success-
fully outline the depth of sharp freshwater-saltwater interfaces. The fit of these regional 
models to local ground-based and in-situ EC measurements proved to be sufficiently high. 
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Figure 3. Bulk electrical resistivity (in Ωm) along the northern and central part of a  
N-S flight line derived from single-site smooth 1D inversion of five-frequency HEM 
data with local ground-based EC data (top panel) and chloride concentration (in mg/l) 
along the entire flight line derived from converted HEM EC values (cf. van Baaren  
et al. 2016) including validation data.  
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