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During the last 15 years a huge geophysical groundwater mapping project covering almost 40 % of Denmark has led 
to a radical improvement in the geological understanding of the uppermost 300 m. The objective of this mapping is to 
produce detailed groundwater vulnerability maps and to get an overview of aquifer localization and interconnection. 
Detailed mapping requires spatially dense geophysical data combined with geological information from new 
boreholes. The spatial data coverage is obtained by using the SkyTEM system, while high resolution seismic profiling 
is acquired along selected transects. The result is 3D resistivity volumes geologically interpreted and modeled with 
support from the seismic data and stratigraphic and lithological information from boreholes. A new detailed 
stratigraphic framework for the Miocene, hitherto unknown buried tunnel valley systems and subsurface 
glaciotectonic complexes constitute examples of the new knowledge that has led to revision of old maps, models and 
interpretations. In order to handle this new geological knowledge and to be able to extract useful, targeted and 
updated geological information at any time a nationwide 3D geological model is planned to be constructed over the 
coming years.  
 
1. Geological Survey of Denmark and Greenland (GEUS) 

 
The Geological Survey of Denmark and Greenland (GEUS) is an independent 
research, consultancy and advisory institution in the Ministry of Climate and 
Energy. The Survey has a staff of about 350 people. The Survey has a 
national responsibility within field operations, mapping, data compilation, data 
storage and research. GEUS also monitors and acts in advisory capacity 
within water, petroleum and mineral resources as well as environment and 
coastal zone management. The institution was established in 1888 and has 
since conducted a large number of projects nationally and internationally. 
During the last two decades GEUS has carried out development projects 
worldwide with focus on institutional capacity building, training and technical 
assistance to government agencies. GEUS plays a central role within the 
groundwater mapping project by delivering guidelines for mapping, modeling 
and data handling activities as well as by developing methods and databases 
for use in the project.  
 
2. Geological setting 

 
The size of the Danish land area is 43,000 km2. The topography is flat or 
slightly hilly, with a maximum elevation of only 172 m above sea level. Most of 
the country consists of glacial and interglacial sediments overlying marine and 
fluvial Tertiary sand and clay, Cretaceous chalk and limestone. The cover of glacial and interglacial sediments is in 
average about 50 m thick, but ranges between more than 300 in buried valleys to only few meters. The buried valleys 
are found in many cross-cutting generations and create a very complex structure and composition of the glacial part 
of the subsurface as well as for the incised substratum (Jørgensen and Sandersen 2006).The Miocene succession in 
Denmark include fluvial sand deposits and sand deposited in prograding deltas. In between the sandy units, marine 
mud-dominated deposits occur (Rasmussen et al. 2010). The Miocene succession ranges in thickness from a few 
meters to more than 200 m. A large part of Denmark was heavily deformed during successive ice advances. The 
consequence of this is that widespread deformation and many glaciotectonic complexes were frequently left in the 
subsurface (Jakobsen 1996); often impossible to recognize in the terrain. 
 

Figure 1: Map of the Danish land area 
north of Germany and south of the 
Scandinavian Peninsula 
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3. Groundwater mapping 
The geophysical mapping project was carried out because the drinking water supply is 100 % groundwater based. 
The objective of the project is to obtain a detailed description of the aquifers with respect to localization, extension, 
distribution and interconnection as well as their vulnerability against contaminants. The mapping project covers areas 
administratively selected as particularly valuable water abstraction areas. 

 
The national borehole database (JUPITER) contains information dating back to 1926 and has until recently been the 
principal source of geological information. This database contains more than 240,000 boreholes, corresponding to an 
average of about 6 boreholes per km2. But this data density only allows for a very general description of the complex 
geological composition of the shallow subsurface. Geophysical data are therefore necessary in order to create the 
much more detailed geological maps and models needed to 
reach the goals of the groundwater mapping project. 

 
The mapping involves heavily use of geophysical survey 
methods, but also drillings, well logging, water sampling, 
hydrological mapping and 3D geological and groundwater 
modeling. Due to the complex geology it is found important to 
obtain spatially dense geophysical data covering large 
continuous areas. The exact choice and combination of 
geophysical methods depends on the geological setting and 
different combinations are typically used to cover both the 
shallow and deeper parts of the subsurface.  

 
Electrical and electromagnetic methods are the most important 
geophysical methods used. These are often combined with 
reflection seismic profiling and borehole logging at selected 
localities. Contrasting electrical properties between sandy and 
clayey sediments are essential for the use of electrical and 
electromagnetic methods, but the capability of seismic methods 
to provide detailed structural information is also important. The 
airborne transient electromagnetic method, SkyTEM (Sørensen 
and Auken 2004), is possibly the most prominent method 
developed as a part of the groundwater mapping project. The first 
SkyTEM survey was carried out in 2003, and since then the 
SkyTEM method has been further developed and has proved to 
be much faster, efficient and reliable than the previously used 
ground-based, TEM method. The SkyTEM method is used for 
mapping to a maximum depth of 250–300 m. 

 
For reflection seismic data, the development of seismic landstreamers used in combination with high frequency mini-
vibrators has provided considerable savings of manpower and increased productivity compared to using traditionally 
planted geophones and cable lay-outs. The landstreamer technique together with carefull processing provides high-
resolution seismic data to depths of 500-1500 m. 
 
4. Data processing, data interpretation and data bases 
Special, integrated management systems are required to manage the large mapping project. It is important that data 
can be easily stored, extracted, interpreted, recombined and reused one time after the other. During the last decade, 
a system for handling and optimized use of the large amounts of data covering large areas has been developed in 
Denmark (Møller et al. 2009) (Fig. 2). This system includes a comprehensive national database for geophysical data, 
the GERDA database, the national borehole database, the JUPITER database, a software tool, The Aarhus 
Workbench, for processing, interpretation and visualization of electrical and electromagnetic data as well as 
preparation of these data for upload to the GERDA database, and finally a 3D visualization and modeling tool for 3D 
geological modeling and data quality control. A new database for the national geological model will in the future also 
be a part of the system. 

Figure 2: Integrated system of databases and 
software modules used to handle data and 
workflow. Modified from Møller et al. (2009). 
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All electric, electromagnetic and seismic data are collected with respect to specified guidelines and standards and 
reported to the GERDA database, hosted by GEUS. GERDA contains measured data as well as a geophysical 
interpretation of the data. The geophysical data are from data processing until geological interpretation handled in the 
Aarhus Workbench (http://hgg.au.dk/software/aarhus-workbench/). This software package has modules for handling, 
processing, inverting, interpreting and visualizing electrical and electromagnetic data, all combined on a common GIS 
platform and a common database. The prepared data are entered into GeoScene3D for further exploitation 
(Geoscene3D, http://www.geoscene3d.com). 
 
5. Modeling techniques in use 

 
3D geological models for hydrogeological purposes have traditionally been constructed as ‘layer-cake’ models, where 
the layers have been defined as the volume between two surfaces. Elements in such models are thus defined by 
bounding surfaces. The surfaces are defined by digitized points on cross sections and boreholes and/or on 
interpolated grids from the digitized points. Such models do not require advanced modeling software, but critical 
restrictions arise in areas of more complex geology difficult or impossible to model (Turner 2006). As the geology in 

Denmark is rarely organized as well-defined layers and therefore 
cannot be properly described in a full layer based model, a different 
approach is needed. One approach to increase the level of detail in 
3D geological models is voxel modeling. This approach is at the 
moment elaborated at GEUS. For this, we have developed a 
dedicated voxel modeling concept, where the modeler is able to 
incorporate his or her cognitive interpretations during model 
construction (Jørgensen et al. in press). The concept intends to fully 
utilize all geophysical information contained in 3D resistivity grids from 
SkyTEM data. The conversion into lithology, lithofacies or 
lithostratigraphy is iteratively executed by dedicated manual tools. 
These tools, developed as a part of the GeoScene3D software, are 
designed to handle voxels in a flexible way by using various spatial 
voxel sorting and selection strategies (Fig. 3). The voxel modeling is 
typically supplemented with surfaces representing layer boundaries, 
erosional unconformities, etc. 
 

Figure 4: Map with model area (black), SkyTEM data (blue) and 
high-resolution seismics (red). The size of the model area is app 30 
x 20 km. 

Figure 3: Example of a modeling tool 
developed for manual editing of voxel 
models. By selecting a seed voxel in the 
resistivity grid (upper image) all 
neighbouring voxels within a given 
resistivity interval is pre-selected (middle 
image) and finally attributed with at certain 
lithology (lower image). From Jørgensen et 
al. (in press). 
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6. Case study: The Tønder 3D 
geological model 
 
The following case is a 3D geological model 
constructed in an area representative for the 
geology in Denmark and the type and amount 
of geophysical data available for the modeling 
are what is typically collected within a 
particularly valuable water abstraction area. 
The collected geophysical data is mainly a 
large-scale airborne transient electromagnetic 
survey (SkyTEM) accompanied with 38 km 
high-resolution seismic data (Fig. 4). New 
borehole data and old hydrocarbon 
exploration data have also been available for 
the model construction. The data are unevenly 
distributed across the area; the SkyTEM 
survey does no not cover the entire model 
area. Cross-cutting tunnel valleys, faults, 
erosional unconformities, delta lobes and 
glaciotectonic complexes are among the 
geological features identified in the area 
(Jørgensen et al. 2012). The complexity 
varies as a result of shifting geological 
environments across the model area.  
 
A broad geological overview and 
understanding of the area is gained by 
cognitive co-interpretation of the geophysical 
and geological data (Fig. 5). To address the 
high level of detail in the SkyTEM data, the 
model is constructed as a voxel model with 
lithofacies attributes supplemented with 
surfaces (Fig. 6). The model is mainly 
constructed manually by cognitive 
interpretation, but a newly developed semi-
automated inversion technique (Foged and 
Christiansen 2013) has also been used to 
distribute lithology to voxels within the very 
heterogeneous glaciotectonic complexes. 

 
The resulting model consists of 24 layer 
units, 32 surfaces representing layer 
boundaries and erosional unconformities, 7.5 
mill voxels in125 voxel layers occupied by 48 
lithofacies and lithostratigraphic units (Fig. 6). 
The model reaches down to a depth of 600 
m.  

 
The pre-Quaternary section is in the deepest 
part composed of limestone followed by 
marine clay. This deeper part is covered by 
Miocene marine and fluvial sand, silt and clay 
layers. The Miocene is frequently disturbed 

Figure 5: Generalized sketch of the geology in the model area. The 
Quaternary deposits are generally heavily deformed (not shown on 
the sketch). 

Figure 5: Views into the resulting voxel model. Upper view: All voxels 
shown down to app. 600 m below sea level. Lower view: Fence diagram 
including one surface showing of the buried tunnel valleys. 
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by the incised buried tunnel valleys (down to 450 m). The Quaternary section above the valleys is deformed by 
glacio-tectonism with the result of a very heterogeneous structure. This is seen in the central upper part of the model 
(Fig. 6), where colors varying from red to brown indicate sediments from 100 % sand to 100 % clay. Most of the area 
is covered by Late Weichselian outwash sediments (yellow) and Post Glacial sediments (pink). 
 
7. Plans for a detailed national 3D geological model 

 
The Tønder model area comprises roughly all major facets of the Danish geology and the area is therefore 

ideal for testing the setup of the national 3D geological model. The general geological elements that we expect to 
include in the national model have been modeled here, and more technical issues have therefore been put to test. 
The Tønder model experience has also illustrated the need for detailed procedures in data handling as well as 
interpretations. 

 
At this point we have a sketch for the future national model because the experiences from the Tønder area 

have enabled us to describe the content and the workflow of a future national 3D model. Selected geological 
elements of the future national model have been described and potential problems have been outlined. However, as 
the Tønder model itself is only a fraction of a nationwide model, there is a broad range of issues that has to be 
addressed in the coming years. This work is currently being initiated as a series of projects that focuses on creating 
the best possible starting point for setting up the national 3d geological model. 
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