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Abstract

3D geological models are an essential source of information for research as well as for the safe and efficient use of the
underground. They provide not only a visualization of the subsurface structures, but also serve as geometry input for
geophysical and numerical models, e.g., gravimetric, mechanical or thermal models. The set-up of a geological model for a
numerical simulation is often a time-consuming task. During the last two decades several 3D geological models have been
created for specific regions in Germany. However, up to now only one attempt has been made to combine several of them to
a Germany-wide model. We present a new Germany-wide 3D geological model combining information of 27 individual
models. The model has a resolution of 1 x 1 km2 and is vertically and horizontally subdivided into 146 units. Where
possible, the model has been extended to neighbouring states, e.g., Netherlands, Belgium, France, Switzerland or Austria. In
order to combine all models with their different sizes, resolutions and stratigraphic subdivisions, a point-set approach was
chosen which has a number of advantages with regard to the flexibility and usability. To demonstrate the usability, the set-up

of a FE model is shown as a possible application.

1 Introduction

3D subsurface models showing lithostratigraphic horizons are fundamental for both research as well as various applications
and are essential for any safe and efficient use of the underground. Such structural models help not only to visualize the often
complex geology but also provide the input geometry for numerical models, e.g., thermal, hydraulic and geomechanical
models (Ahlers et al., 2021; 2022a; Anikiev et al., 2019; Arfai and Lutz, 2018; Balling et al., 2013; Koltzer et al., 2022).
Such numerical simulations can then be used to provide predictions regarding the undisturbed temperature, pore pressure and
stress state, among others, and how these conditions are potentially be disturbed by subsurface operations. Thus, 3D
subsurface models are indispensable if it comes to the assessment of the geothermal potential of a region, the minimization
of induced seismicity, or the search for a high-level nuclear waste repository and its long-term safety, to name just a few of
the wide range of possible applications.

3D subsurface models can have very different scales ranging from meters to hundreds, or even thousands of kilometres. In

the following, we focus on the scale of Germany and how various, mainly regional models can be combined. Regional 3D
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models already exist for several individual federal states, e.g., North Rhine-Westphalia (Geologischer Dienst NRW, 2022),
Hesse (Weinert et al., 2022), Baden-Wuerttemberg (Rupf and Nitsch, 2008) as well as across several federal states or
including neighbouring countries, e.g., TUNB (BGR et al., 2022), GeoMol (GeoMol Team, 2015a), GeORG (GeORG-
Projektteam, 2013), Erzgebirge (Kirsch et al., 2017). In addition, models for larger regions, e.g., MOLA (Przybycin et al.,
2015), CEBS (Maystrenko and Scheck-Wenderoth, 2013), of the Upper Rhine Graben region (Freymark et al., 2017) exist
and a Germany-wide model that combines these three models by Anikiev et al. (2019). However, a 3D structural model that
combines all models - of a regional scale - currently available for Germany and neighbouring countries as the Netherlands,
Belgium, Switzerland and Austria is missing. The challenge in setting up such a model is to integrate the different models
not only regarding resolution and depths of horizons, but also with respect to the stratigraphic subdivisions.

In the following we first present the existing models which were combined to form a consistent 3D subsurface model of
Germany including some neighbouring countries (Ahlers, 2025). The correlations made and additional raw data used are
outlined but are also documented in detail for each model surface in the supplement. The resulting model can be used to
extract further geological information like depth and thickness maps or to generate individual 3D (sub)models for any region
desired. In addition, a workflow is shown which allows to create arbitrary finite element meshes based on the 3D structural
model. Such discretized models can then be parameterized accordingly and used for thermal, hydraulic, mechanical or

coupled simulations.

2 Model set up
2.1 Data base

27 individual models of different size and stratigraphic resolution were used to set up a unified 3D structural model for
Germany (Fig. 1). As this model has been set up initially for the prediction of the recent crustal stress state of Germany by
geomechanical-numerical modelling, it covers the same area as the models of (Ahlers et al., 2021; Ahlers et al., 2022a).
Therefore, some neighbouring countries have also been included. Almost all surfaces defined in each of the 27 input models
have been used for the unified model, with a few exceptions, e.g., tectonic units from the Erzgebirge model (Kirsch et al.,
2017, 13), whose stratigraphic correlation with other horizons is difficult. The succession between the earth’s surface and the
top of the crystalline basement has been subdivided into 3 to 24 units, depending on the input model. A special case is the
integration of the relatively small (70 x 50 km?) Ingolstadt model (Ringseis et al., 2020; 17) with a highly resolved
stratigraphy with 23 units. This data set was included to prove the possibility of integrating models of different scales and
resolutions in one model and to show benefits and limits of the chosen point set approach (Sect. 2.3). If not already contained
in the input models, the top of the crystalline basement - an import boundary for all kind of numerical simulations - has been
created as a surface with additional data, e.g., well data, seismic sections or other geophysical data. Likewise, the top of the
lower crust and the Mohorovi¢ié¢ discontinuity as base of the crust have been created from geophysical data in addition to the
existing surfaces of the implemented models. The resulting unified model has a lateral resolution of 1 x 1 km?, which is a

2
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compromise between information loss from high resolution models and a suitable resolution for a large-scale model. The
same lateral resolution has been previously used for gravity and thermal modelling by Freymark et al. (2017) and Anikiev et
al. (2019) for their German-wide model.
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Figure 1: Overview of model area and 3D geological models used: Grey area: Model area. A: CEBS (Maystrenko and Scheck-
Wenderoth, 2013), B: 3DD (Anikiev et al., 2019), C: LSCE (Tasarova et al., 2016); 1/2: Netherlands (TNO, 2019a; 2019b), 3:
TUNB (BGR et al., 2022), 4: Vlaandern (Deckers et al., 2019), 5: Landesmodell NRW (Geologischer Dienst NRW, 2022), 6/7:
Hessen (Bar et al., 2021; Weinert et al., 2022), 8: Thueringer Becken (TLUBN, 2014), 9: NW-Sachsen (G6rne, 2011), 10: SN
Zwischengebiet (Gorne, 2012b), 11: Niederlausitz (Gérne and GeiBler, 2015), 12: Elbtalzone (G6rne, 2012a), 13: Erzgebirge
(Kirsch et al., 2017), 14: GeORG (GeORG-Projektteam, 2013), 15: Landesmodell BW (Rupf and Nitsch, 2008), 16:
Geothermieatlas BY (LfU, 2022), 17: Ingolstadt (Ringseis et al., 2020), 18: Niederbayern (Donner, 2020), 19: GeoMol Swiss
(Swisstopo, 2019), 20: GeoMol LCA BW (GeoMol LCA-Projectteam, 2015a), 21: GeoMol LCA BY (GeoMol LCA-Projectteam,
2015b), 22: GeoMol FWM BY (GeoMol Team, 2015b), 23: GeoMol UA-UB BY (GeoMol UA-UB-Projectteam, 2015), 24: GeoMol
Austria (Pfleiderer, S. et al., 2016). The original model names are listed in Table S3, here short names are used. Coastlines and
borders used in this figure are based on the Global Self-consistent Hierarchical High-resolution Geography (GSHHG) of Wessel
and Smith (1996).
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2.2 Model correlation

The first step in creating a unified model that covers an area with a complex geological history (e.g., Plant et al., 2005;
McCann, 2008; Meschede and Warr, 2019) and combines many different models is the stratigraphic correlation of all model
surfaces. Main challenges are the correlation of models from different countries, e.g., Netherlands and Germany, from
different sedimentary basins, e.g., North German Basin, Upper Rhine Graben or Molasse Basin and from regions with
different local stratigraphic terms. Another challenge is the combination of models which are based on different input data,
e.g., mainly well-based models like Landesmodell BW (Rupf and Nitsch, 2008; 15) and mainly seismic-based models like
GeORG (GeORG-Projektteam, 2013; 14). Finally, the variable stratigraphic resolution used in different input models must
be considered. Some models provide only the major stratigraphic boundaries whereas others also provide subunits. An
example is shown in Fig. 2. Model A contains four surfaces: top of the Jurassic, top of the Middle Jurassic, top of the Lower
Jurassic and base of the Jurassic, whereas model B contains only two of these four surfaces: top and base of the Jurassic. In
this example - for an accurate implementation — 4 units have to be considered, e.g., to define proper material properties for a

numerical simulation: Upper Jurassic, Middle Jurassic, Lower Jurassic and, in addition, an undifferentiated Jurassic unit.

Model A Model B

Upper Jurassic

Figure 2: Sketch illustrating challenge of unit definition of models with different vertical (stratigraphic) resolution. Four units
(blue boxes) are defined by four formation interfaces (red lines) of two models. Detailed description see text. (Reiter et al., 2023)

2.3 Point set approach

In order to combine models of different scales, stratigraphic and numerical resolution and often unknown raw data, we
decided not to create new model surfaces. Instead, we use points sets which are projected onto input data. The basic
modelling concept is shown in Fig. 3. First, a point set with a resolution of 1 x 1 km? is created. This point set is then
projected onto a surface, in this case, the topography (Fig. 3a, green line). Next, the projected point set is duplicated and the
duplicated one is projected onto the next underlying surface (Fig. 3b, yellow line). In contrast to the first projection shown
the projected point set is additionally shifted down by 0.1 m. This step avoids ambiguous information of different surfaces at
a single coordinate, e.g., for a surface pinching-out like the orange one (Fig. 3b). This step would be not necessary if a
surface lies entirely below the overlying surface (yellow and green line). However, this is not the case for almost all surfaces
in our model. The distance of 0.1 m is chosen as a compromise between usability during the model set-up and loss of

information. A similar distance for non-existing units, e.g., due to erosional gaps, is used, e.g., by Anikiev et al. (2019).
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Considering the 147 surfaces this minimum distance leads to a shift of up to ~15 m for the lower most model surface (Moho)
which is tolerable for the model scale and resolution. The major advantages of the point set model approach are visualized
by Fig. 3c-f. If two overlapping surfaces exist (Fig. 3c, purple and pink line) it is not necessary to cut these or to generate a
new surface, which can take several hours per surface depending on size and resolution. In such a case, the projection is
staggered (Fig. 3c-d). First, the duplicated and down shifted point set is projected onto the surface with the lowest reliability,
in this case the purple one, then the projection is done onto the more reliable surface, in this case the pink one (Fig. 3d). The
order of projection is determined according to various criteria, e.g., year of publication, model resolution, etc. An example is
the German part of the Northern Alpine Molasse basin where seven partly overlapping models (Fig. 1, models 15,
17,18,20,21,22,23) have been prioritized as follows: 1 Ingolstadt (Ringseis et al., 2020; 17), Niederbayern ( Donner, 2020;
18), 2 GeoMol LCA BW (GeoMol LCA-Projectteam, 2015a; 20), GeoMol LCA BY (GeoMol LCA-Projectteam, 2015b;
21), GeoMol UA-UB BY (GeoMol UA-UB-Projectteam, 2015; 23), 3 GeoMol FWM BY (GeoMol Team, 2015b; 22), 4
Landesmodell BW (Rupf and Nitsch, 2008; 15). Ingolstadt (Ringseis et al., 2020; 17) is the most recent model (2020) with
the highest resolution in this area. Niederbayern (Donner, 2020; 18) was also published in 2020 and has a coarser resolution,
however, they don’t overlap. The GeoMol models are subdivided into the coarser framework model (GeoMol Team, 2015b;
22) and three pilot region models (GeoMol LCA-Projectteam, 2015a; 20, GeoMol LCA-Projectteam, 2015b; 21, GeoMol
UA-UB-Projectteam, 2015; 23) all published 2015. Landesmodell BW (Rupf and Nitsch, 2008; 15) is the oldest model in
this area. Another advantage of the point set approach is the integration of model surfaces which occur only locally, e.g., in
one model (Fig. 3e, red line) or to take into account the precise definition of stratigraphic unit (Fig. 2). The biggest
advantage of the point set model, however, is the possibility to effectively integrating new or updated data in the existing
model. For example, if an adapted surface (Fig. 3f, dashed orange line) should be integrated, the existing point set can be

updated quickly.
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Figure 3: Sketch of the point set modelling approach used. Details are described in the text. (Reiter et al., 2023)

3 Results

3.1 Stratigraphic correlation

suoIssnoasiq

Based on 27 models (Fig. 1), 89 different surfaces could be defined. The result of the stratigraphic correlation is summarized

in Table S1, a small excerpt is shown in Table 1. Each individual surface is listed in one row and is labelled with its id and

surface name. The id’s are categorized as follow: 00xx stratigraphic independent surfaces, 01xx Quaternary, 02xx Cenozoic,

03xx Cretaceous, 03xx Jurassic, 03xx Triassic, 06xx Permian, 07xx Carboniferous, 08xx Devonian, 09xx Variscan nappes,

10xx top basement. In the columns to the right of the surface name, all models used are listed. If a model contributes data to

a surface it is documented in the corresponding row. Information is given as follow: original file name — surface name

(additional information). The rightmost column ‘Literature’ lists if literature has been used for the stratigraphic correlation,

in addition, to the model descriptions and the stratigraphic table of Germany (DSK, 2016).
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Table 1: Excerpt from the table ,stratigraphic correlation® attached to this paper (Table S1).

id surface Netherlands TUNB GMTED ...| Literature
name
0001 | Topography mn30 _grd | ...| (Danielson and

Gesch, 2011)

0222 | Base 2 NLNM tvd on offshore me |t - Basis Tertidr ...| (Doornenbal
Selandian rge DGMS50 ED50 UTM31- (Top Dan, Basis and Stevenson,
Base North Sea Super Group | Selandian) 2010)

(Top Dan, Basis Selandian)

140 3.2 Model units

Based on these correlation results the final model units could be defined. The results are summarized in a second table
(Table S2), an excerpt is again shown in Table 2. The structure is similar to Table S1 and the excerpt shows the same simple
example as shown in Fig. 2. Within the TUNB model (BGR et al., 2022; 3) the Jurassic is subdivided into three subunits
Lias, Dogger, Malm (Lower, Middle and Upper Jurassic) while in the 3DD (Anikiev et al., 2019; B) only one Jurassic unit
145 exists. Therefore, four individual units have been defined. In addition to Table S1 the geological categorization of the id’s
has been extended by: 11xx top crystalline basement, 12xx base Upper Crust, 13xx base Lower Crust. Furthermore, the
categorization of id’s 00xx to 10xx has been extended to take into account if several units are defined by one surface (Fig. 2).

The final model contains 147 surfaces, i.e, 146 units: 131 sedimentary units, 8 upper crustal units and 7 lower crustal units.

150 Table 2: Excerpt from the table ,units_overview* attached to this paper (Table S2).

id unit name e TUNB 3DD

0404 Malm 05 ST jo

0413 Dogger 06_jm

0416 Lias 07 _ju

0418 Jurassic o . 10_Mesozoic_Triassic
3.3 Presentation of results

In addition to the point data sets Ahlers (2025) provides plots for each model unit, in total 146. In addition, 11 plots of

combined model units are presented: Cenozoic, Cretaceous, Jurassic, Triassic, Zechstein, Rotliegend, PrePerm,

155 Carboniferous, Devonian, Upper Crust, Lower Crust. As an example, the plot combining the Cenozoic model units (0102-
7



160

165

170

https://doi.org/10.5194/essd-2025-320
Preprint. Discussion started: 25 June 2025
(© Author(s) 2025. CC BY 4.0 License.

Earth System
Science

Data

Open Access
suoIssnasIqg

0106, 0201-0244, 0307, 0417) is shown in Fig. 4. It was chosen since 20 of the 27 models used contribute to these Cenozoic
units. In general, all the plots are subdivided into four subfigures: the upper left subfigure shows the depth of the unit base,
the lower left the thickness of the unit, which is also displayed as histogram in the lower right subfigure. In addition, the total
area of the unit extend is given above the histogram. The upper right subfigure shows the input data used color-coded
regarding the input models. The references of models used are displayed to the right of the histogram in the same order as in
the legend of the upper-right subfigure. To account for outliers in the plots, the most extreme 1 % of depth and thickness
values are not considered for the colour bars. The entire model area is indicated by a red rectangle. The hatched area indicate
the parts without high stratigraphic resolution models (Fig. 1).

Cenozoic
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Figure 147: Depth of base, thickness and thickness
distribution of 'Cenozoic' units as well as data used.
Grey hatched area indicates area without high
stratigraphic resolution models.
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Figure 4: Depth of base (upper left), thickness (lower left) and thickness distribution (lower right) of combined Cenozoic units
(id’s: 0102-0106, 0201-0244, 0307, 0417) as well as data used (upper right) as an example of the figures published with the model
(Ahlers, 2025). A detailed description is given in the text. Coastlines and borders used in this figure are based on the Global Self-
consistent Hierarchical High-resolution Geography (GSHHG) of Wessel and Smith (1996).

3.4 Generation of a discretized model

The following example shows how a discretized 3D model - ready for parameterization - can be created from the structural

model outlined above. For this workflow ApplePY v1.3 (Ziegler et al., 2020b) is used, a tool automating the process of

8
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discretization (Fig. 5). In addition to a mesh (Fig. 5a) a structural model provided as point data set (Fig. 5b) is required. The
creation of the mesh is not restricted to any specific software, however, must be provided as an Abaqus *.inp file. However,
the Abaqus *.inp file is common and a structured text-file. The mesh and structural model are combined in ApplePY (Fig.
5c). ApplePY assigns each element to a model unit based on the geological information provided by the point data set (Fig.

5d). A detailed description of this tool is given by Ziegler et al. (2020a).

(a) (b)
] j
::\/\/ [ ”\»\M

"

e @ Y

.I‘

Figure 5: Sketch of the ApplePY approach (Ziegler et al., 2020b) based on Ziegler et al. (2020a) combining a mesh (a) with a
structural model provided as point set data (b-c) to define model units (d). Details are described in the text.

3.4.1 Worked example

As an example, to illustrate the working steps, a region of 200 x 200 km? area covering parts of Belgium, Germany and
Netherlands is chosen. In this area five different 3D models have to be considered (TNO, 2019a, 2019b; Deckers et al., 2019;
BGR et al., 2022; Geologischer Dienst NRW, 2022; Fig. 1). The Coordinates (in ETRS89 UTM32N) of the area are: y (min)
= 5650000, y (max) = 5850000, x (min) = 200000, x (max) = 400000, z (min) = -20000 m, z (max) = 1000 m. The resolution
of the mesh is 100 x 100 x 50 elements, whereby the element thickness increases with depth. To choose reasonable layers, a
look at the stratigraphic correlation outlined in Table S1 is helpful. In our example, base Cenozoic (in this region defined as
base Zealandian), base Cretaceous, base Jurassic and top crystalline Crust are used. Once the desired surfaces have been
selected, the respective data sets containing the lowest relevant data can be selected in Table S2. In case of base Jurassic

'gg j b' from 'Landesmodell NRW' is included in dataset 0416, the same applies to ‘Vlaanderen’. The corresponding data
9
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from 'Netherlands' and 'TUNB' have been included into datasets 0413 and 0414, i.e., dataset 0416 contains the base Jurassic
of all relevant models in the region and is used accordingly as base Jurassic. An overview of all datasets used in the example
is given in Table 3.

Table 3: Overview of surfaces and corresponding datasets used in the example.

Surface Data set

Topography Ahlers 2025 surface id 0001
Base Cenozoic, i.e., base Seelandian Ahlers 2025 surface id 0236
Base Cretaceous Ahlers 2025 surface id 0303
Base Jurassic Ahlers 2025 surface id 0416
Top crystalline Crust Ahlers 2025 surface id 1103

Once the relevant datasets have been selected, ApplePY (Ziegler et al., 2020b) can be used. ApplePY includes two python
files: ‘create_horizon file.py’ and ‘apple.py’ which have to be updated with respect to the specific application. First, add

chosen data sets to the ApplePY folder, open ‘create_horizon_file.py’ and add file names to line 12:

In addition, adjust the separator to “;” by editing line 28 and 57 from:

to:

Then run ‘create_horizon file.py’ and open ‘apple.py’. Add name of the mesh - as Abaqus *.inp file format- in line 12,

define name of the exported file of ‘create horizon file.py’ in line 13 and add unit names in line 14.

‘Relicts’ is a model unit of element which occur due to differences between the topography, i.e., data set 0001 and surface of

the mesh used. If elements - defined in the mesh - lie above the topography defined by 0001 such relictic elements occur.

10
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Therefore, it is also possible to create a mesh without topography and remove the relict unit later on as it was done with the

example here. Finally, run the ‘apple.py* script. The final model is shown in Fig. 6.

Cenozoic
| Cretaceous - Pre Jurassic
- Jurassic - Crystalline Crust

Figure 6: Discretized model created with data set of Ahlers (2025) and ApplePY (Ziegler et al., 2020b). The uppermost unit
‘Relicts’ has been removed. The model area is located at the triangle of countries of Belgium, Germany and Netherlands: y (min) =
5650000, y (max) = 5850000, x (min) = 200000, x (max) = 400000. The base of the model is at a depth of 20000 m.

4, Discussion

Due to the diversity and the lack of the raw data originally used to define the surfaces in the various input models as well as
the very heterogeneous distribution of input data, we decided to use a point set modelling approach with a lateral resolution
of 1 x 1 km2. The lateral resolution is a compromise between loss of information, pretending a higher resolution in regions
where only low-resolution data is available and the manageability of the final model. The largest loss of information occurs
in regions with highly variable geology in lateral direction, e.g., areas influenced by volcanic activities or halokinetic
structures. The vertical resolution depends mainly on the input data, however, since for technical reasons (Sect. 2) each
model unit has a thickness of at least 0.1 m, an error of up to 14.6 m can occur on the deepest units. However, in relation to
the overall size of the model, the thicknesses of the units and the uncertainties of the input data, these vertical errors can be
considered as small. Overall, the loss of information and vertical uncertainties are acceptable, especially considering the size
and purpose of the model.

The choice of point sets as publication format has several reasons. In general, point sets are a common publication form of
numerical models, e.g., (Maystrenko and Scheck-Wenderoth, 2013; Anikiev et al., 2019; Deckers et al., 2019; Ahlers et al.,
2022b). A major advantage is, that the point sets can be used directly for the fast creation of discretized models with

ApplePY (Ahlers et al. 2022; Ziegler et al. 2019) as shown in Sect. 3.4 and no specific software is necessary for use.
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Furthermore, the point set modelling approach has several advantages in contrast to common geological ‘surface’ models.
An implementation of new or updated data can be done much faster, overlapping models do not have to be cut and models
with different stratigraphic and lateral resolutions can be combined in one model. However, the integration of rather small
and high-resolution models has some limits, e.g., some surfaces of the Ingolstadt models (Ringseis et al., 2020; 17) have a
smaller extent then the point set resolution of 1 x 1 km?.

Some result figures show minor deviations between the ‘depth’ and ‘thickness’ and the ‘data used’ subfigures, as the original
nodes of the input models are shown in the ‘data used’ subfigure and its resolution sometimes deviates from the model
resolution of 1x1 km?shown in the other subfigures, e.g., unit 0228: the input data of the TUNB model (BGR et al., 2022; 3)
in the North Sea has a very low resolution, therefore, it appears that there are gaps in the model. No adjustment of these
subfigures has been done since this would pretend a higher resolution of the input data. Another example of minor deviations
between the subfigures is indicated for unit 0237, where the area of the ‘data used’ is larger than the depth and thickness of
unit 0237. This, on the one hand, is due to very low thicknesses not resolved in the model (<4.4 m) and on the other hand
results from very small extents not covered by the 1x1 km? grid. Deviations between ‘data used’ subfigure and ‘thickness’
and ‘depth’ subfigures occur for several units in northern Bavaria, e.g., 0416. Since there is no 3D geological model
available for this area, only an atlas with isolines (LfU, 2022; 16) could be used. In addition, there are results of a recent 2D
seismic campaign of Fazlikhani et al. (2022). Based on this seismic survey and some deep boreholes located further to the
south (Reinhold, 2005) surfaces were generated. These surfaces were not created using the data from the atlas (LfU, 2022;
16), as the raw data used are not available. Therefore, for some units, e.g., 0526 show significant deviations between the
seismic data and the atlas (LfU, 2022; 16).

The Zechstein consists of two units (0601, 0602), a salinar and a non-salinar. Since only the 3DD model (Anikiev et al.,
2019, B) distinguishes between these, this subdivision was extended using (Grabert, 1998; Seidel, 2003; LGB-RLP, 2005;
Wong et al., 2007; Bachmann et al., 2008; Reinhold et al., 2014; DSK et al., 2020; Becker et al., 2021). The so called
PrePerm units (1103-1108) are 'gap fillers' between the top crystalline basement and the deepest units resolved in the models.
This unit is therefore sometimes only found in fragments (1107, 1108) and in some cases it is probably only a modelling
relict and can therefore be equated with the crystalline basement, e.g., for the Mid German Crystalline High (1105). The unit
1301 show large areas with small thicknesses, which are also modelling relicts and show the deviation between original data
of 3DD (Anikiev et al., 2019, B) used for surface 1301 and the new surface top Upper Crust (1203-1208) created for the
entire model area. Since, the resolution of the top of the Upper Crust is lower than the original 3DD model, these relicts

occur, similar effects occur for unit 1307.

5. Conclusions

The presented geological model of Germany and adjacent areas combines 27 models of different sizes from Germany and

neighbouring countries, e.g., Switzerland, Austria or the Netherlands. It contains 147 surfaces, i.e., 146 units and is provided
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as a point data set with a resolution of 1x1 km2. A comprehensive supplement documents the assumptions made. 157 figures
of each individual unit and some combined units visualize the results. Creating a geological model as geometry input for
numerical models often takes a significant amount of time, especially if different data sets have to be combined. The model
presented is intended to replace this labour-intensive work step as far as possible, especially for large-scale models, or at
least to simplify this work step by providing the correlation between models and regions. Especially, if ApplePY (Ziegler et
al., 2020b) is used, it is possible to create a discretized 3D finite element model within a very short time, which can then be
parameterized with mechanical, thermal or hydraulic material properties as required. Due to inhomogeneous input models
and the overall size of our model, we used a point set approach, i.e., almost no new surfaces have been created. This
approach provides the opportunity to integrate new or updated data quickly. The final model resolution of 1x1 km? is
reasonable for large scale models, for studies focusing on small-scale structures the original data sets should be used. As far
as we know, this model includes all available models with a reasonable size and is therefore, the most detailed geological

model of Germany currently available.

Data availability:

The model is published as Ahlers (2025) and is available under https://doi.org/10.48328/tudatalib-1791 (The DOI will be
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darmstadt.de/handle/tudatalib/4615)

Supplement:
Table S1
Table S2
Table S3

Author contribution:

SA: Conceptualization, data curation, investigation, methodology, validation, visualization, writing (original draft
preparation, review and editing)

AH: Conceptualization, funding acquisition, project administration, supervision, validation, writing (original draft

preparation, review and editing)

Competing interests:

The authors declare that they have no conflict of interest.

13



310

315

320

https://doi.org/10.5194/essd-2025-320
Preprint. Discussion started: 25 June 2025
(© Author(s) 2025. CC BY 4.0 License.

Earth System
Science

iData

en Access
suoIssnasIqg

Acknowledgements

We would like to thank the Geologische Bundesanstalt Wien, Landesamt fiir Geologie, Rohstoffe und Bergbhau Baden-
Wirttemberg, Bayerische Landesamt fiir Umwelt, Hessisches Landesamt fiir Naturschutz, Umwelt und Geologie,
Geologische Dienst NRW, Séchsisches Landesamt fir Umwelt, Landwirtschaft und Geologie and Thiringer Landesamt flr
Umwelt, Bergbau und Naturschutz for providing 3D geological models and additional data. This research is part of the
project SpannEnD 2.0, funded by the Federal Company for Radioactive Waste Disposal (Bundesgesellschaft fiir
Endlagerung, BGE)

14



325

330

335

340

345

350

355

https://doi.org/10.5194/essd-2025-320 Earth System
Preprint. Discussion started: 25 June 2025 Science

© Author(s) 2025. CC BY 4.0 License. g D a t 3

)

Access

e

References

Ahlers, S.: 3D geological model for Germany and adjacent areas, TUdatalib, available at: https://tudatalib.ulb.tu-
darmstadt.de/handle/tudatalib/4615, 2025.

Ahlers, S., Rockel, L., Hergert, T., Reiter, K., Heidbach, O., Henk, A., Miiller, B., Morawietz, S., Scheck-Wenderoth, M.,
and Anikiev, D.: The crustal stress field of Germany: a refined prediction, Geothermal Energy, 10,
https://doi.org/10.1186/s40517-022-00222-6, 2022a.

Ahlers, S., Henk, A., Hergert, T., Reiter, K., Muller, B., Rockel, L., Heidbach, O., Morawietz, S., Scheck-Wenderoth, M.,
and Anikiev, D.: The crustal stress state of Germany - Results of a 3D geomechnical model [data set], TUdatalib,
https://doi.org/10.48328/tudatalib-437.5, 2022b.

Ahlers, S., Henk, A., Hergert, T., Reiter, K., Mller, B., Rockel, L., Heidbach, O., Morawietz, S., Scheck-Wenderoth, M.,
and Anikiev, D.: 3D crustal stress state of Germany according to a data-calibrated geomechanical model, Solid Earth,
12, 1777-1799, https://doi.org/10.5194/se-12-1777-2021, 2021.

Anikiev, D., Lechel, A., Gomez Dacal, M. L., Bott, J., Cacace, M., and Scheck-Wenderoth, M.: A three-dimensional
lithospheric-scale thermal model of Germany, Adv. Geosci., 49, 225-234, https://doi.org/10.5194/adge0-49-225-2019,
2019.

Arfai, J. and Lutz, R.: 3D basin and petroleum system modelling of the NW German North Sea (Entenschnabel), Petroleum
Geology Conference series, 8, 67-86, https://doi.org/10.1144/PGC8.35, 2018.

Bachmann, G. H., Bayer, U., Duerbaum, H. J., Hoffmann, N., Krawczyk, C. M., Lueck, E., McCann, T., Meissner, R.,
Meyer, H., Oncken, O., Polom, U., Prochnow, U., Rabbel, W., Scheck, M., and Stiller, M.: Deep crustal structure of the
Northeast German Basin; new DEKORP-BASIN ’96 deep-profiling results, Geology, 27, 55-58,
https://doi.org/10.1130/0091-7613(1999)027<0055:DCSOTN>2.3.C0O;2, 1999.

Bachmann, G. H., Ehling, B.-C., Eichner, R., and Schwab, M. (Eds.): Geologie von Sachsen-Anhalt, Schweizerbart Science
Publishers, Stuttgart, Germany, 689 pp., 2008.

Balling, P., Maystrenko, Y., and Scheck-Wenderoth, M.: The deep thermal field of the Glueckstadt Graben, Environ. Earth.
Sci., 70, 3505-3522, https://doi.org/10.1007/s12665-013-2750-z, 2013.

Bir, K., Schiffer, R., Weinert, S., and Sass, 1.: Verbundprojekt ,,Hessen 3D 2.0“ 3D-Modell der geothermischen
Tiefenpotenziale von Hessen - Petrothermale Potenziale und Mitteltiefe Potenziale zur Warmenutzung und
Warmespeicherung (Teilvorhaben A): Schlussbericht zum BMWi-geforderten Verbundprojekt ,,Hessen 3D 2.0 (FKZ
0325944A), 194 pp., https://doi.org/10.2314/KXP:1795616571, 2021.

Becker, R., Reischmann, T., and HLNUG (Eds.): Geologie von Hessen, Schweizerbart Science Publishers, Stuttgart,
Germany, 705 pp., 2021.

Behr, H. J., Duerbaum, H. J., Bankwitz, P., Bankwitz, E., Benek, R., Berger, H. J., Brause, H., Conrad, W., Foerste, K.,
Frischbutter, A., Gebrande, H., Giese, P., Goethe, W., Guertler, J., Haenig, D., Haupt, M., Heinrichs, T., Horst, W.,

15

suoIssnoasiq



360

365

370

375

380

385

https://doi.org/10.5194/essd-2025-320 Earth System
Preprint. Discussion started: 25 June 2025 Science

© Author(s) 2025. CC BY 4.0 License. g D a t 3

)

Access

e
suoIssnoasiq

Hurtig, E., and Kaempf, H.: Crustal structure of the Saxothuringian Zone; results of the deep seismic profile MVE-
90(East), Z. Geol. Wissenschaft., 22, 647-770, 1994.

BGR, LAGB, LBEG, LBGR, LLUR, and LUNG: 3D-Modell des geologischen Untergrundes des Norddeutschen Beckens
(Projekt TUNB): Erstverdffentlichung 2021, Version 2022 [data set], available at: https://gst.bgr.de, 2022.

Blundell, D., Freeman, R., and Mueller, S. (Eds.): A continent revealed: The European geotraverse, Cambridge Univ. Pr,
Cambridge [u.a.], 275 pp., 1992.

Cazes, M., Torreilles, G., Bois, C., Damotte, B., Galdeano, A., Hirn, A., Mascle, A., Matte, P., van Ngoc, P., and Raoult, J.
F.: Structure de la croute hercynienne du Nord de la France; premiers resultats du profil ECORS, B. Soc. Geol. Fr., 8,
925-941, https://doi.org/10.2113/gssgfbull.1.6.925, 1985.

Danielson, J. J. and Gesch, D. B.: Global multi-resolution terrain elevation data 2010 (GMTED2010): Mean statistic, 30 arc-
seconds [data set], Open-File Report, 2011-1073, https://doi.org/10.3133/0fr20111073, 2011.

Deckers, J., Koninck, R. de, Bos, S., Broothaers, M., Dirix K., Hambsch L., Lagrou, D., Lanckacker, T., Matthijs, J.,
Rombaut, B., van Baelen, K., and van Haren, T.: Geologisch (G3Dv3) en hydrogeologisch (H3D) 3D-lagenmodel van
Vlaanderen [data set], available at: https://www.dov.vlaanderen.be/page/geologisch-3d-model-g3dv3, 2019.

DEKORP Research Group: Results of deep reflection seismic profiling in the Oberpfalz (Bavaria), Geophys. J. Int., 89, 353—
360, https://doi.org/10.1111/j.1365-246X.1987.th04430.x, 1987.

Donner, E.: Geologisches 3D Modell Niederbayern. Status: Schematisches Volumenmodell [data set], LfU, available at:
https://www.3dportal.lfu.bayern.de/, 2020.

Doornenbal, H. and Stevenson, A.: Petroleum Geological Atlas of the Southern Permian Basin Area, EAGE Publications
b.v., Houten, 342 pp., ISBN 978-90-73781-61-0, 2010.

DSK: Stratigraphische Tabelle von Deutschland 2016, Deutsche Stratigraphische Kommission, Potsdam, 1 pp., 2016.

DSK, Paul, J., and Heggemann, H. (Eds.): Stratigraphie von Deutschland XII - Zechstein, Schriftenreihe der Deutschen
Gesellschaft fur Geowissenschaften, 89, Schweizerbart Science Publishers, Hannover, 647 pp., 2020.

Dusar, M.: The Helchteren Formation, National Commission for Stratigraphy Belgium,
http://ncs.naturalsciences.be/lithostratigraphy/Helchteren-Formation, last access: 20 May 2025, 2011.

Enderle, U., Schuster, K., Prodehl, C., Schulze, A., and Bribach, J.: The refraction seismic experiment GRANU95 in the
Saxothuringian belt, southeastern Germany, Geophys. J. Int., 133, 245-259, https://doi.org/10.1046/j.1365-
246X.1998.00462.x, 1998.

Fazlikhani, H., Bauer, W., and Stollhofen, H.: Variscan structures and their control on latest to post-Variscan basin
architecture: insights from the westernmost Bohemian Massif and southeastern Germany, Solid Earth, 13, 393-416,
https://doi.org/10.5194/se-13-393-2022, 2022.

Franke, D.: Regionale Geologie von Ostdeutschland - Ein Kompendium, http://www.regionalgeologie-
ost.de/Einfuehrung.htm, last access: 14 May 2025, 2020.

16



https://doi.org/10.5194/essd-2025-320 Earth System
Preprint. Discussion started: 25 June 2025 Science

© Author(s) 2025. CC BY 4.0 License. g D a t 3

)

Access

e
suoIssnoasiq

Freymark, J., Sippel, J., Scheck-Wenderoth, M., Bér, K., Stiller, M., Fritsche, J.-G., and Kracht, M.: The deep thermal field
390 of the Upper Rhine Graben, Tectonophysics, 694, 114-129, https://doi.org/10.1016/j.tect0.2016.11.013, 2017.
GEBCO Bathymetric Compilation Group 2022: The GEBCOGrid - a continuous terrain model of the global oceans and land
[data set], NERC EDS British Oceanographic Data Centre NOC, https://doi.org/10.5285/e0f0bb80-ab44-2739-e053-
6c86abc0289c, 2022.
GeiBler, V., Gauer, A., and Gorne, S.: Innovative digitale Geomodelle 2020 - Teil 1, Sachsisches Landesamt fur Umwelt,
395 Landwirtschaft und Geologie, Dresden, Schriftenreihe des LfULG, 22, 108 pp., https://doi.org/10.4126/98-005769493,
2014.
Geologischer Dienst NRW: Geowissenschaftliche Daten: Landesmodell NRW (2022) [data set], © Geologischer Dienst
NRW, available at: https://www.gd.nrw.de/ge_eb_3d_modelle.htm, 2022.
GeoMol LCA-Projectteam: GeoMol pilot area Lake Constance - Allgdu (Baden-Wuerttemberg) [data set], available at:
400 http://maps.geomol.eu/, 2015a.
GeoMol LCA-Projectteam: GeoMol pilot area Lake Constance - Allgéu (Bavaria) [data set], available at:
https://www.3dportal.lfu.bayern.de/, 2015b.
GeoMol Team: GeoMol — Assessing subsurface potentials of the Alpine Foreland Basins for sustainable planning and use of
natural resources — Project Report, Augsburg, 192 pp., available at: https://www.geomol.eu/report/index_html?lang=2,
405 2015a.
GeoMol Team: GeoMol framework model (Bavaria) [data set], available at: https://www.3dportal.Ifu.bayern.de/, 2015b.
GeoMol UA-UB-Projectteam: GeoMol pilot area Upper Austria — Upper Bavaria (Bavaria) [data set], available at:
https://www.3dportal.Ifu.bayern.de/, 2015.
GeORG-Projektteam: Geopotentiale des tieferen Untergrundes im Oberrheingraben: Fachlich-Technischer Abschlussbericht
410 des INTERREG-Projekts GeORG, Teil 4 [data set], Freiburg i. Br., 104 pp., available at:
http://www.geopotenziale.eu/products/atlas/pdf/atlas_web.pdf, 2013.
Gorne, S.: Geologisches 3D Modell der Elbtalzone [data set], LFULG, available at: http://Isng.de/3delbezone, 2012a.
Gorne, S.: Geologisches 3D Modell des "Zwischengebietes" [data set], LFULG, available at: http://Isng.de/3dzwischen,
2012b.
415 Gdorne, S.: Geologisches 3D Modell NW-Sachsen [data set], LFULG, available at: http://Isng.de/3dnwsachsen, 2011.
Gorne, S. and Geililer, V.: Geologisches 3D Modell der Niederlausitz [data set], LFULG, available at:
http://Isng.de/3dniedlau, 2015.
Grabert, H.: Abril der Geologie von Nordrhein-Westfalen, Schweizerbart Science Publishers, Stuttgart, Germany, 351 pp.,
ISBN 978-3-510-65187-0, 1998.
420 Grad, M., Tiira, T., and ESC Working Group: The Moho depth map of the European Plate, Geophys. J. Int., 176, 279-292,
https://doi.org/10.1111/j.1365-246X.2008.03919.x, 2009.

17



425

430

435

440

445

450

https://doi.org/10.5194/essd-2025-320 Earth System
Preprint. Discussion started: 25 June 2025 Science

© Author(s) 2025. CC BY 4.0 License. g D a t 3

)

Access

e
suoIssnoasiq

Guy, A., Edel, J.-B., Schulmann, K., Tomek, C., and Lexa, O.: A geophysical model of the Variscan orogenic root
(Bohemian Massif): Implications for modern collisional orogens, Lithos, 124, 144-157,
https://doi.org/10.1016/j.1ithos.2010.08.008, 2011.

Heckeberg, N., Pipperr, M., L&uchli, B., Heimann, F. U., and Reichenbacher, B.: The Upper Marine Molasse (Burdigalian,
Ottnangian) in Southwest Germany facies interpretation and a new lithostratigraphic terminology, Zeitschrift der
Deutschen Gesellschaft fur Geowissenschaften, 161, 285-302, https://doi.org/10.1127/1860-1804/2010/0161-0285,
2010.

Heinrichs, T., Giese, P., Bankwitz, P., Bankwitz, P., Bankwitz, E., and DEKORP Research Group: Dekorp 3/MVE-90(West)
- preliminary geological interpretation of a deep near-vertical reflection profile between the Rhenish and the Bohemian
Massifs, Germany, Z. Geol. Wissenschaft., 22, 771-801, available at: https://gfzpublic.gfz-
potsdam.de/pubman/item/item_5007782, 1994,

Hrubcova, P., Sroda, P., Spic¢ak, A., Guterch, A., Grad, M., Keller, G. R., Brueckl, E., and Thybo, H.: Crustal and uppermost
mantle structure of the Bohemian Massif based on CELEBRATION 2000 data, J. Geophys. Res.-Sol. Ea., 110,
https://doi.org/10.1029/2004JB003080, 2005.

Hurtig, E., Cermak, V., Haenel, R., and Zui, V.: Geothermal atlas of Europe, Haack, Gotha (Germany), 156 pp., ISBN 3-
7301-0034-3, 1992.

Kirsch, M., Kroner, U., Hallas, P., and Stephan, T.: 3D Model of the Erzgebirge - Crustal-Scale 3D Modelling of the
Allochthonous Domain of the Saxo-Thuringian Zone [data set], 2017.

Koltzer, N., Kommana, G., Cacace, M., Frick, M., Bott, J., and Scheck-Wenderoth, M.: Influences of hydraulic boundary
conditions on the deep fluid flow in a 3D regional model (central Upper Rhine Graben), Environ. Earth. Sci., 81, 32,
https://doi.org/10.1007/s12665-021-10111-z, 2022.

Korsch, R. J. and Schéfer, A.: The Permo-Carboniferous Saar-Nahe Basin, south-west Germany and north-east France: basin
formation and deformation in a strike-slip regime, Geol. Rundschau, 84, 293-318, https://doi.org/10.1007/BF00260442,
1995.

Kuhlmann, G. and Knopf, S.: Potenziale des unterirdischen Speicher- und Wirtschaftsraumes im Norddeutschen Becken
(TUNB): Abschlussbericht der AG 1 - Stratigraphie, BGR, 24 pp., 2015.

LfU: Bayerischer Geothermieatlas [data set], Bayerisches Staatsministerium fir Wirtschaft, Landesentwicklung und Energie,
135 pp., available at: https://www.stmwi.bayern.de/energie/erneuerbare-energien/tiefengeothermie/, 2022.

LGB-RLP (Ed.): Geologie von Rheinland-Pfalz, Schweizerbart Science Publishers, Stuttgart, Germany, 400 pp., 2005.

Lindner, H., Scheibe, K., Seidel, K., and Hoffmann, N.: Berechnung von Relief, Tiefenlage und Magnetisierung des
magnetisch wirksamen Kristallins fiir das Norddeutsche Becken, Z. Angew. Geol., 50, 65-74, 2004.

Maystrenko, Y. P. and Scheck-Wenderoth, M.: 3D lithosphere-scale density model of the Central European Basin System
and adjacent areas, Tectonophysics, 601, 53—77, https://doi.org/10.1016/j.tect0.2013.04.023, 2013.

18



455

460

465

470

475

480

485

https://doi.org/10.5194/essd-2025-320 Earth System
Preprint. Discussion started: 25 June 2025 Science
© Author(s) 2025. CC BY 4.0 License. g D a ta

)

Access

e
suoIssnoasiq

McCann, T. (Ed.): The Geology of Central Europe - Volume 1: Precambrian and Palaeozoic, Volume 2: Mesozoic and
Cenozoic, The Geological Society of London, 1449 pp., https://doi.org/10.1144/CEV2P, 2008.

Meschede, M. and Warr, L. N.: The Geology of Germany, Springer, 304 pp., https://doi.org/10.1007/978-3-319-76102-2,
20109.

Oncken, O., Plesch, A., Weber, J., Ricken, W., and Schrader, S.: Passive margin detachment during arc-continent collision
(Central European Variscides), in: Orogenic Processes: Quantification and Modelling in the Variscan Belt, edited by:
Franke, W., Haak, V., Oncken, O., and Tanner, D., London, 199-216, https://doi.org/10.1144/GSL.SP.2000.179.01.13,
2000.

Pfleiderer, S., Gotzl, G., Bottig, M., Bristle, A. K., Porpaczy, C., Schreilechner, M., Eichkitz, C., Jud, M., Sachsenhofer, R.,
Zosseder, K., Casper, S., Goldbrunner, J., Kriegl, C., Kolmer, C., and Diepolder, G. W.: GeoMol — Geologische 3D-
Modellierung des Osterreichischen Molassebeckens und Anwendungen in der Hydrogeologie und Geothermie im
Grenzgebiet von Oberdsterreich und Bayern, Wien, Abhandlungen der Geologischen Bundesanstalt, 70, 88 pp., 2016.

Piller, W. E., Egger, H., Erhart, C. W., Gross, M., Harzhauser, M., Hubmann, B., van Husen, D., Krenmayr, H.-G., Krystyn,
L., Lein, R., Lukeneder, A., and Mandl, G.: Die stratigraphische Tabelle von Osterreich 2004 (sedimentare
Schichtfolgen), available at: https://opac.geologie.ac.at/ais312/dokumente/Stratigraph_Tabelle_Oesterreich_2004.pdf,
2004.

Plant, J. A., Whittaker, A., Demetriades, A., De Vivo, B. de, and Lexa, J.: The geological and tectonic framework of Europe,
in: Geochemical Atlas of Europe, edited by: Geological Survey of Finland, 2342, 2005.

Przybycin, A. M., Scheck-Wenderoth, M., and Schneider, M.: Assessment of the isostatic state and the load distribution of
the European Molasse Basin by means of lithospheric scale 3D structural and 3D gravity modelling, Int. J. Earth Sci.,
104, 1405-1424, https://doi.org/10.1007/s00531-014-1132-4, 2015.

Regierungsprésidium Freiburg, Landesamt fiir Geologie, Rohstoffe und Bergbau: Geowissenschaftliches Informationsportal
LGRBwissen - Mittlerer Muschelkalk, https://Igrbwissen.lgrb-
bw.de/geologie/schichtenfolge/trias/muschelkalk/mittlerer-muschelkalk, last access: 26 May 2025, 2019.

Reichert, C.: DEKORP — Deutsches kontinentales reflexionsseismisches Programm — Vorgeschichte, Verlauf und
Ergebnisse der bisherigen Arbeiten, in: Festschrift zum 60. Geburtstag von Hans-Jurgen Dlrbaum, edited by: Beisser,
M., Bosum, W., and Brining, H., Schweizerbart Science Publishers, Stuttgart, Germany, 143-165, 1988.

Reinhold, K.: Tiefenlage der "Kristallin-Oberflache" in Deutschland - Abschlussbericht, Hannover, 91 pp., 2005.

Reinhold, K., Hammer, J., and Pusch, M.: Verbreitung und Eigenschaften flach lagernder Salzschichten in Deutschland
(BASAL): Verbreitung, Zusammensetzung und geologische Lagerungsverhéltnisse flach lagernder Steinsalzfolgen in
Deutschland, Zwischenbericht, Hannover, 98 pp., available at:
https://www.bgr.bund.de/DE/Themen/Endlagerung/Downloads/Charakterisierung_Wirtsgesteine_geotech_Barrieren/2_
Steinsalz/2014-12-10_ BGR_Basal_ZB_Verbreitung_Eigenschaften.pdf?__blob=publicationFile&v=6, 2014.

19



490

495

500

505

510

515

520

https://doi.org/10.5194/essd-2025-320 Earth System
Preprint. Discussion started: 25 June 2025 Science

© Author(s) 2025. CC BY 4.0 License. g D a t 3

)

Access

e
suoIssnoasiq

Reiter, K., Rockel, L., Morawietz, S., Ahlers, S., Kuznetsova, V., Ziegler, M., Hergert, T., Henk, A., Heidbach, O., Miiller,
B., and Schilling, F.: SpannEnD 2.0 - Interimreport 09/2023. Stress model Germany. Further development of
geomechanical-numerical modelling to characterize the tectonic stress state for the final disposal of radioactive waste in
Germany, Interim Report 09/2023, Darmstadt, 83 pp., available at: http://www.spannend-projekt.de/wp-
content/uploads/2024/01/2023-11-20-SpannEnD2-Statusbericht_nonAl.pdf, 2023.

Ringseis, H., Doppler, G., and Meyer, R. K.: Geologisches 3D-Modell Region Ingolstadt [data set], LfU, available at:
https://www.3dportal.lfu.bayern.de/, 2020.

Rupf, I. and Nitsch, E.: Das Geologische Landesmodell von Baden-Wirtttemberg: Datengrundlagen, technische Umsetzung
und erste geologische Ergebnisse [data set], Freiburg i. Br., LGRB-Informationen, 21, 81 pp., 2008.

Schintgen, T.: The Geothermal Potential of Luxembourg - Geological and thermal exploration for deep geothermal
reservoirs in Luxembourg and the surroundings, Potsdam, 313 pp., available at: http://nbn-
resolving.de/urn:nbn:de:kobv:517-opus4-87110, 2015.

Schneider, M. and Thomas, L.: Wissenschaftliche und technische Grundlagen zur strukturgeologischen und
hydrogeologischen Charakterisierung tiefer geothermisch genutzter Grundwasserleiter am Beispiel des stiddeutschen
Molassebeckens, Endbericht, 237 pp., 2012.

Seidel, G.: Geologie von Thiringen, 2. Auflage, Schweizerbart Science Publishers, Stuttgart, Germany, 601 pp., ISBN 978-
3-510-65205-1, 2003.

SGD: Geologische Kartieranleitung: Stratigraphische Tabellen, Bayern, Jura, Germanische Schichtenfolge: Dogger,
Staatliche Geologische Dienste, https://www.geokartieranleitung.de/Portals/10/Stratigraphie/bay/jura/raet-dogger.PDF,
last access: 26 May 2025, 2013a.

SGD: Geologische Kartieranleitung: Stratigraphische Tabellen, Bayern, Tertidr, Obere Meeresmolasse, Staatliche
Geologische Dienste, https://www.geokartieranleitung.de/Portals/10/Stratigraphie/bay/tert/6---Obere-
Meeresmolasse.PDF, last access: 26 May 2025, 2013b.

SGD: Geologische Kartieranleitung: Stratigraphische Tabellen, Thiringen, Trias, Muschelkalk, Oberer Muschelkalk,
Staatliche Geologische Dienste, https://www.geokartieranleitung.de/Portals/10/Stratigraphie/th/tri/musch/mo.jpg, last
access: 26 May 2025, 2013c.

Sommaruga, A.: Décollement tectonics in the Jura forelandfold-and-thrust belt, Mar. Petrol. Geol., 16, 111-134,
https://doi.org/10.1016/S0264-8172(98)00068-3, 1999.

Swisstopo: GeoMol - Geological Model (2019), available at: https://viewer.swissgeol.ch, 2019.

Tagarova, Z. A., Fullea, J., Bielik, M., and Sroda, P.: Lithospheric structure of Central Europe: Puzzle pieces from Pannonian
Basin to Trans-European Suture Zone resolved by geophysical-petrological modeling, Tectonics, 35, 722-753,
https://doi.org/10.1002/2015TC003935, 2016.

TLUBN: Geologisches 3D-Modell ,, Thiiringer Becken* [data set], Thiiringer Landesamt fiir Umwelt Bergbau und
Naturschutz, available at: http://nibis.Ibeg.de/cardoMap3/?th=1411, 2014.

20



525

530

535

540

545

https://doi.org/10.5194/essd-2025-320 Earth System
Preprint. Discussion started: 25 June 2025 Science

© Author(s) 2025. CC BY 4.0 License. § D a t 3

Access

e
suoIssnoasiq

TNO: Digital Geological Model (DGM) deep V5 on- and offshore [data set], available at: https://www.nlog.nl/en/dgm-deep-
v5-and-offshore, 2019a.

TNO: SCAN - 2D Seismic Interpretation and Depth Conversion for Dinantian [data set], available at:
https://www.nlog.nl/en/scan-2d-seismic-interpretation-and-depth-conversion-dinantian, 2019b.

TNO-GSN: Tectonostratigraphic table of the Netherlands,
https://www.dinoloket.nl/sites/default/files/nomenclator/stratigrafische_tabellen/25_Tectonostratigraphic_table_EN.pdf,
last access: 14 May 2025, 2019.

Valasek, P. and Mueller, S.: A 3D tectonic model of the Central Alps based on an integrated interpretation of seismic
refraction and NRP 20 reflection data, in: Deep structure of the Swiss alps: results of NRP 20, edited by: Pfiffner, O. A,
Lehner, P., Heitzmann, P., Mueller, S., and Steck, A., Birkhauser Verlag, Basel, 302-325, 1997.

Wagner, M., Kissling, E., and Husen, S.: Combining controlled-source seismology and local earthquake tomography to
derive a 3-D crustal model of the western Alpine region, Geophys. J. Int., 191, 789-802, https://doi.org/10.1111/j.1365-
246X.2012.05655.x, 2012.

Weinert, S., Bér, K., and Sass, I.: A geological 3D structural model of the Hessian Rhenohercynian basement [data set],
Technical University of Darmstadt, https://doi.org/10.48328/tudatalib-871, 2022.

Wenzel, F. and Brun, J. P.: A deep reflection seismic line across the Northern Rhine Graben, Earth Planet. Sc. Lett., 104,
140-150, https://doi.org/10.1016/0012-821X(91)90200-2, 1991.

Wessel, P. and Smith, W. H. F.: A global, self-consistent, hierarchical, high-resolution shoreline database, J. Geophys. Res.-
Sol. Ea., 101, 8741-8743, https://doi.org/10.1029/96JB00104, 1996.

Wong, T. E., Batjes, D. A. J., and de Jager, J. (Eds.): Geology of the Netherlands, Royal Netherlands Acad. of Arts and
Sciences, Amsterdam, 354 pp., 2007.

Ziegler, M., Ziebarth, M., and Reiter, K.: Manual of the Python Script Apple PY v1.3, GFZ German Research Centre For
Geosciences, WSM Technical Report, 20-02, 28 pp., https://doi.org/10.48440/WSM.2020.002, 2020a.

Ziegler, M. O., Ziebarth, M., and Reiter, K.: Python Script Apple PY v1.3 [code], GFZ German Research Center for
Geosciences, https://doi.org/10.5880/WSM.2020.002, 2020b.

21



