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As part of its strategy, the Geological Survey of Denmark
and Greenland (GEUS) is to develop a national, digital 3D
geological model of Denmark that can act as a publicly ac-
cessible database representing the current, overall interpre-
tation of the subsurface geology. A national model should
be under constant development, focusing on meeting the
current demands from society. The constant improvements
in computer capacity and software capabilities have led to
a growing demand for advanced geological models and 3D
maps that meet the current technical standards (Berg ez
al. 2011). As a consequence, the users expect solutions to
still more complicated and sophisticated problems related
to the subsurface. GEUS has a long tradition of making
2D maps of subsurface layer boundaries and near-surface
geology (Fredericia & Gravesen 2014), but in the change
from 2D to 3D and when combining data in new ways,
new geological knowledge is gained and new challenges
of both technical and organisational character will arise.
The purpose of this paper is to present the strategy for the
national 3D geological model of Denmark and the planned
activities for the years ahead. The paper will also reflect on
some of the challenges related to making and maintaining
a nationwide 3D model. Initially, the model will only in-
clude the Danish onshore areas, with the Danish offshore
areas and Greenland to be added later using a similar gen-
eral setup.

The elements of the national 3D geological
model

The national model will be constructed as a 3D geological
framework model consisting of a number of surfaces. These
surfaces can represent top and bottom of defined geologi-
cal formations, stratigraphic complexes or other types of
spatially recognisable units, as well as erosional surfaces,
stratigraphic markers or transgressional surfaces. The sur-
faces will characterise units defined in a legend of the Dan-
ish subsurface compiled in connection with the national
3D geological model project. Interpretation points, lines,
polygons, etc. will define the surfaces together with an in-
terpolated or triangulated grid. This framework model is

planned to grow continually with the addition of new sur-
faces. The layered framework model will be supplemented
by volumetric cells containing detailed geological informa-
tion between mapped surfaces (Fig. 1). Lithology and litho-
facies or related parameters, such as porosity or resistivity,
can be added as attributes to the cells.

The model is intended to contain varying levels of detail
and it will be possible to use the model at different scales.
The users will be able to download the exact elements they
require for a specific modelling purpose within a particu-

Fig. 1. Model example combining layers and volumetric cells. The man-

made layers in the uppermost part of the subsurface are represented as
volumetric pixels (voxels), and the deeper parts of the succession as lay-
ers. Based on the 3D model of the municipality of Odense (Mielby ez
al. 2015).
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lar area, i.e. near-surface layers for further hydrogeological
modelling in connection with groundwater resource man-
agement. This will, of course, require guidance regard-
ing the scale in which the extracted model element can
be used. Standards and procedures will be developed for
the construction of the model elements as well as for per-
forming quality assurance, quality assessment and model
updates. The national model is planned to be platform-
independent and by using standardised import and export
formats, the construction of model elements will therefore
not be restricted to specific modelling software packages.

The model will initially contain a number of key sur-
faces, but details will continuously be added. At present, a
number of surfaces encompassing the deep succession from
top pre-Zechstein to the top of the Chalk Group exist in
preliminary versions (Table 1). Above this part of the suc-
cession, construction of 1-2 major Tertiary surfaces and
the top of the pre-Quaternary surface is planned. Model-
ling of the complex Quaternary geology will be done local-
ly and regionally by using layer boundaries and volumetric
cells. Because the amount of dated Quaternary sediments
in Denmark is limited these model elements will not neces-
sarily be modelled as specific litho- or chronostratigraphic
units, but as units solely defined by lithology.

The model database constitutes an important part of the
national 3D geological model containing all the required
model elements while at the same time being sufficiently
flexible when future elements are added.

Use of existing data and geological models

GEUS hosts a wide range of publicly accessible databas-
es (e.g. Ditlefsen ez al. 2012; Hansen & Pjetursson 2011;
Moller et al. 2009a, b; Tulstrup 2004). The most signifi-
cant databases are the Jupiter well database, the geophysi-
cal database GERDA, the oil and gas database FRISBEE
and the Geological Models Database. These databases
will constitute the main data supply for the national 3D
geological model, and therefore their continuous update
is very important. The incorporation into the national 3D
geological model will ensure that the vast amount of data
collected over more than a century is continually used and
updated.

In Denmark, 2D and 3D geological mapping and mod-
elling have been performed regionally and locally primarily
by GEUS, universities, regional authorities and munici-
palities, oil companies, the mining industry and consult-
ing companies. Models have typically been made in con-
nection with oil and gas exploration, groundwater and
drinking water projects, geothermal projects, raw material
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and mineral exploration as well as soil and groundwater
contamination issues. Especially the intensive groundwater
mapping campaign over the past 15 years has produced a
large number of publicly available models for the upper
parts of the subsurface (Thomsen ez al. 2013). This has
resulted in a patchwork of 2D and 3D models, but because
the models have been built in different ways they are dif-
ficult to merge. Therefore, in the process of making a new
national 3D geological model it is necessary to evaluate and
amend the existing models.

The national 3D geological model will be dynamic and
regularly updated in order to include new data and inter-
pretations. The modelling will therefore follow strict ver-
sioning procedures, with options for displaying the data on
which updated interpretations are based.

Model uncertainties, quality assurance and
quality control

Handling of model uncertainty has been discussed intense-
ly for many years and many different suggestions have been
put forward (e.g. Lark ez a/. 2014; Sandersen 2008; Tacher
et al. 2006; Wellmann ez al. 2014). The change from 2D
to 3D and the ensuing increased model complexity will
create a demand from users for assessment of the inher-
ent uncertainty of the model. This issue is highly com-
plex and the challenges are numerous. The uncertainty of
a geological model will be a mixture of the uncertainties
of each dataset and the uncertainties of the interpretations
of the combined dataset, with the additional challenge of
handling both the quantitative and the qualitative aspects.

Table 1. Planned main surfaces
in the national 3D geological model

Model element Surface Period
Pre-Quaternary succession Top Neogene and older
Palaeogene succession Top Palaeogene
To|
Chalk Group P Cretaceous
Bottom
: ; Top .
Frederikshavn Formation Cretaceous/Jurassic
Bottom
) To| .
Haldager Sand Formation P Jurassic
Bottom
—_— . To| .
Fjerritslev Formation P Jurassic
Bottom
. T o
Gassum Formation op Triassic
Bottom
) To| _—
Bunter Sandstone Formation P Triassic
Bottom
. To| .
Zechstein Group P Zechstein
Bottom




Fig. 2. Cross-section sketch illustrating the
challenges of modelling in areas with low

data density. Vertical rods represent boreholes
with clay (orange) and sand (red). Coloured
background in the area with high data density
shows measured and gridded sediment resistiv-
ity values (TEM data; Transient ElectroMag-
netic method). Red and purple: high resistivi-

ties. Green and blue: low resistivities.

A concept for assessing the uncertainties of the individual
model elements will be made specifically for the national
3D geological model to ensure that all model elements are
evaluated in the same way. The uncertainty concept will
not necessarily be adaptable for use in models other than
the national 3D geological model, because it will be tai-
lored specifically to the chosen model setup.

The national 3D geological model will be disseminated
to a variety of users and therefore a transparent construc-
tion process and a thorough documentation are required.
Descriptions of workflows, procedures and guidelines for
quality assurance and quality control will be handled by
an editorial function in order to keep up a high degree of
consistency.

Discussion

In general, varying data coverage and data resolution pose
a major challenge for the construction of the national 3D
geological model. In the deep parts of the subsurface (be-
low 300-400 m) the data are primarily from boreholes and
seismic surveys carried out by the oil and gas industry and
with a coverage dictated by the focus of the exploration
surveys. In the shallow parts of the subsurface, the data
are primarily collected in connection with groundwater
investigations, raw material or mineral exploration, soil
contamination investigations and geotechnical projects.
Data originate from boreholes, seismic surveys, electric
and electromagnetic surveys and outcrops. Generally the
data density is much higher than in the deeper parts of
the subsurface. The shallow part of the Danish subsurface
is greatly affected by Pleistocene glaciations. This part is
therefore particularly lithologically and structurally com-
plex and requires a large amount of detailed input data.
Even though the data density is rather high in the up-
permost parts of the subsurface, the data are in fact often
geographically clustered. Therefore, in many areas detailed
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modelling can only be made within such data clusters. In
reality, the result is a patchwork of areas with a high data
density in the survey focus areas and a low density in the
surrounding areas. This means that the varying data den-
sity will be reflected in the geological model interpretations
resulting in certain geological elements not being resolved
outside the data clusters (Fig. 2). This challenge can be met
by constructing a model that can handle different scales
with different degrees of detail, but not necessarily with a
full geographical coverage of the most detailed interpreta-
tions. A model like this will display the actual status of the
mapping and show where the geological knowledge is good
and where not. In modern 3D modelling software there are
no zoom limitations, and if not otherwise stated, the data
and the interpreted model can be viewed and evaluated
at any scale. It is therefore important to convey the scale-
related limitations of the model to the users.

The potential users of the national 3D geological model
are numerous (i.e. waterworks, municipalities, governmen-
tal agencies, raw-materials and minerals industry, private
consultants and educational institutions), and they will
have a variety of purposes for their use of the downloaded
model elements. To cater for as many of these as possible,
the model will be constructed as a multi-purpose tool. This
means that the output from the model will require stand-
ardised, off-the-shelf products as well as individually tai-
lored elements based on the same framework. An example
of a standardised product from the 3D model department
store’ could be a suite of nation-wide, fixed-scale surfaces
to be used in projects dealing with regional or national as-
sessments. A tailored product from the 3D custom shop’,
on the other hand, could be the delivery of a number of spe-
cific surfaces in a selected area supplied with lithological in-
formation in volumetric cells to be used in a geographically
small-scale project. In this way the 3D model construction
procedures can be kept stringent, while the model output
can be more flexible in order to meet specific user needs.
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Summary and perspectives

The national 3D geological model of Denmark will be
constructed from the geological and geophysical data col-
lected during decades of surveying. It will also be based on
existing 2D maps and geological models, from which spe-
cific elements will be extracted and incorporated. All basic
data used in the national 3D geological model are stored in
an array of GEUS databases. The model will be dynamic
and continuously updated in order to maintain relevance
and appeal to the end users. The model will provide a wide
range of end users with standardised model downloads as
well as with tailor-made products.

Building a national 3D geological model for the country
will require a considerable effort over a long period and
therefore the model is planned to start with only a limited
number of key elements. It will then continue to grow and
in the process seck to adapt to the varying demands from
society. The short-term strategy is to establish at least 15
key surfaces within the next four years and initiate con-
struction of regional and local geological elements in the
shallow parts of the model. The model databases and a
beta-version of the web interface will be established and
launched. In addition, standards and procedures related to
the construction of the 3D model will be described in a
series of guidelines. The long-term strategy is to include
local and regional surfaces of the main surveyed areas in
the national model within the next 10 years, including the
Danish offshore areas.

An established dialogue with potential users throughout
the process will help target the model contents towards a
versatile national model that meets the requirements of the
public and at the same time secures the use of the huge
amount of valuable data collected over several decades.
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