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ABSTRACT 

The use of geophysical techniques for the mapping of saltwater intrusions has a long 

tradition. Today, the focus of interest is shifted from mapping to modeling of saltwater 

intrusions to predict the behavior while enhanced groundwater extraction or climate change 

take place. This leads to challenges for geophysics, e.g. 

● discrimination between saline aquifer and clays, both with high electrical conductivity 

● imaging of subsurface structures leading to pathways for salt- or freshwater 

● assessment of hydraulic conductivity from geophysical data 

A variety of geophysical techniques are available to meet these challenges. Saline aquifer 

material and clay, although both being highly conductive, show distinct differences in NMR 

(nuclear magnetic resonance) decay time and can so be differentiated. NMR measurements 

as well as resistivity mapping enable an approach to permeability estimation. Finally, a clear 

picture of the aquifer structure can be obtained with seismic reflection measurements. 

 

INTRODUCTION 

Even small concentrations of salt in water strongly reduce the resistivity of water (Figure 1). 

The salinity of North Sea water (34 – 35 g/l) leads to a electrical resistivity of less than 1 Ωm 

(ohm x meter). If this water fills the pore space of an aquifer and a porosity of 35% is 

assumed, the electrical resistivity will be in the range of 1 – 2 Ωm. The electrical resistivity 

of a freshwater aquifer is in the range of 80 – 200 Ωm. Therefore, saltwater and freshwater 

aquifers are clearly distinguishable using geophysical resistivity techniques, if the aquifer 

material is clay free. 

For the modelling of the saltwater affected groundwater systems not only the course of the 

freshwater-saltwater boundary is of interest. Input from geophysical measurements can be 

the structure of water permeable and impermeable layers including pathways for saltwater 

intrusions. Here it is important to distinguish between saltwater filled aquifers and clay 

layers, both with very low electrical resistivity. Finally an assessment of hydraulic parameter 

like porosity or hydraulic conductivity from geophysical measurements would be welcomed 

by modeller, but here a lot of future research work is required. 

MAPPING THE FRESHWATER SALTWATER BOUNDARY 

The basic resistivity technique is vertical electrical sounding (VES) leading to the 1D 

resistivity distribution beneath the sounding point. Figure 2a shows 3 VES carried out behind 

the dyke of the Island of Föhr where a dipping low resistivity layer identified as saltwater 

bearing aquifer is detected. The dip of this layer is in accordance with the dip of the 

freshwater saltwater boundary after the Ghyben-Herzberg relation. Large scale mapping of 

the freshwater saltwater boundary using airborne techniques like SkyTEM is time and cost 

effective (Fig. 2c). In Figure 3 results of a SkyTEM survey are shown where low resistivities 

in the Northern part of the island indicate saltwater influence, while high resistivities in the 

Southern part show the freshwater lens. 



 
 

Figure 1.  Influence of salt concentration on the electrical resistivity of water and 

aquifer for temperature of 10°C (after Kaye & Laby 2004). 
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Figure 2.  a) Freshwater saltwater boundary from VES at the shoreline of the island of 

Föhr (Ketelsen and Kirsch 2006); b) resistivity map -10 - -20 m msl from SkyTEM 

survey; c) fresh-/saltwater boundary in resistivity cross-section from SkyTEM survey. 

 

Submarine groundwater discharge can be of importance for the aquatic ecosystem and for 

the future water supply. In case of freshwater discharge, high resistivity spots in a low 

resistivity environment must be detected. (e.g. Swarzenski et al. 2006). Marine 

electromagnetic systems enable the detection of submarine groundwater discharge apart 

from the shoreline (Goldman et al. 2005).  

Both saltwater saturated sand and clay show low electrical resistivities and are not 

distinguishable by resistivity methods. Laboratory results of NMR (nuclear magnetic 

resonance) decay time of sand with different clay content and salinity of pore water show 

that the decay time strongly depends on clay content, but only to a minor degree on pore 

water salinity (Elali 2011). So, NMR measurements, normally used for water content 

determination and hydraulic conductivity assessment, might offer a method for a unique 

identification of saline groundwater. 
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Figure 3.  Results of a SkyTEM survey: resistivities in the depth range -10 – -20 m msl, 

saltwater intrusion in the Northern part of the island (Wiederhold et al. 2010). 

 

 

INPUT PARAMETER FOR GROUNDWATER MODELLING  

Aquifer geometry: 

The depth structure of groundwater permeable (sand, gravel) and impermeable (till, clay) 

layer in the model region can be obtained by reflection seismic measurements. In a seismic 

section as shown in Figure 4 layer boundaries can be clearly detected and traced. This is 

important for the imaging of underground structures with influence of the groundwater flow 

conditions like glacial thrust faulting (see Figure 4) or buried glacial valleys. However, for a 

clear identification of groundwater permeable or impermeable layers additional information 

like drilling results or resistivity surveys are required. To obtain a detailed image of the near 

surface layers radar (GPR) techniques can be applied. However, due to the high absorption 

of the radar signal in low resistivity layers saltwater bearing sand or clay cannot be imaged 

by GPR. 

Hydraulic conductivity: 

A direct determination of hydraulic conductivities with geophysical methods is not possible. 

An indirect approach uses the dependence of the NMR decay time of the effective porosity 

(mobile water content) of the aquifer (e.g. Dlugosch et al. 2011). If a relation between 

electrical resistivity and hydraulic conductivity can be found, airborne electromagnetic data 

can be used to identify lateral variations of hydraulic conductivities on a local scale. 

The hydraulic conductivity of the unsaturated zone strongly depends on the water content. 

The propagation speed of the radar signal also depends on the water content of the 



underground and can be used for a rough assessment of the hydraulic conductivity. The use 

of NMR for the unsaturated zone is in development (Costabel and Yaramanci 2011). 

 
Figure 4. Reflection seismic section showing glacial thrust faulting of near surface 

aquifers and impermeable layers (Burschil et al. 2012). 
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