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Introduction
The prediction of the recent crustal stress field is important for many applications 
regarding the exploitation or use of the subsurface, particularly for directional drill-
ing, stimulation and exploitation of geothermal or hydrocarbon reservoirs. Another 
currently important application is the search for and long-term safety assessment of a 
high-level nuclear waste deposit. However, up to now the knowledge of the crustal stress 
field for Germany is limited. It is essentially based on two major databases regarding 
stress tensor orientations and stress magnitudes (Heidbach et al. 2016; Morawietz et al. 
2020), several 2D numerical models (Grünthal and Stromeyer 1994; Marotta et al. 2002; 
Kaiser et al. 2005; Jarosiński et al. 2006; Cacace et al. 2008) and some regional scale 3D 
geomechanical–numerical models (Buchmann and Connolly 2007; Heidbach et al. 2014; 
Hergert et al. 2015; Ziegler et al. 2016). The only large scale 3D model that covers entire 
Germany has been presented by Ahlers et al. (2021a). However, this model focuses on 
the large-scale stress pattern in the entire crust with low resolution in sediments that are 
represented with homogeneous mean rock properties.
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To take a further step towards a robust prediction of the recent crustal stress state, 
we developed a geomechanical–numerical model of Germany based on Ahlers et  al. 
(2021a). It provides a continuous prediction of the crustal stress in 3D with focus on 
the sedimentary basins. The work of Ahlers et  al. (2021a) also provided a continuous 
description of the stress state of Germany but focused on basement structures and 
included a homogenous sedimentary layer without mechanical stratification in a coarse 
resolution. The model presented here has been significantly improved with a differenti-
ated sedimentary layer, consisting of 15 units with specific material properties (density, 
Poisson’s ratio and Young’s modulus) and an 18-time higher resolution in the upper part 
of the crust. An improved differentiation of the sedimentary layer is essential, since the 
majority of applications focuses on sedimentary basins particularly for geothermal and 
hydrocarbon exploitation. At the same time, stress conditions within sedimentary units 
can be particularly challenging due to structural, lithological and mechanical variabil-
ity. Mechanical properties varying with depth—mainly stiffness contrasts—can lead to 
differing stress magnitudes, differential stresses and perturbations in the orientation of 
the maximum horizontal stress (SHmax) (Cornet and Röckel 2012; Heidbach et al. 2014; 
Hergert et al. 2015). Extreme cases include very weak layers of salt or clay, leading to a 
nearly lithostatic stress state, which can mechanical decouple the overburden from the 
underburden layers (Roth and Fleckenstein 2001; Röckel and Lempp 2003; Heidbach 
et al. 2007; Ahlers et al. 2019). Furthermore, our new model is calibrated with minimum 
horizontal stress (Shmin) and SHmax magnitudes which significantly improve the reliability 
of the predicted stress state compared to the model Ahlers et al. (2021a), which could 
only be calibrated with Shmin values.

Model setup
Method

We assume linear elasticity and use the finite element method to solve the partial dif-
ferential equations of the equilibrium of forces. First, an appropriate initial stress state is 
defined representing an undisturbed state of stress governed by gravity. In a second step, 
the stress state in the model is calibrated with magnitude data by varying displacement 
boundary conditions defined at the model edges. This modeling approach has been 
used for different tectonic settings and scales and is described in detail in Buchmann 
and Connolly (2007), Hergert and Heidbach (2011), Heidbach et al. (2014), Reiter and 
Heidbach (2014), Hergert et  al. (2015) and Ahlers et  al. (2021a). For the construction 
and discretization of the 3D model geometry and the assignment of rock properties to 
individual finite elements the software packages GOCAD™, HyperMesh™ and ApplePY 
(Ziegler et al. 2019) are used. As solver, we use the commercial finite element software 
package Abaqus™ v2019. For post-processing Tecplot 360™ enhanced with the Geo-
Stress add-on (Stromeyer and Heidbach 2017) is used.

Geology of the study area

The diverse history of the model area lead to the complex geological structure 
observed today (Fig. 1c, d). The upper crust can be subdivided into four parts: the East 
European Craton (EEC) in the northeast amalgamated with Avalonia further south 
during the Caledonian orogeny, the Armorican Terrane Assemblage (ATA) added 



Page 3 of 32Ahlers et al. Geothermal Energy           (2022) 10:10 	

during the Variscan orogeny and finally the Alp–Carpathian–Pannonian (ALCAPA) 
part as a result of the Alpine orogeny (Ziegler and Dèzes 2006; McCann 2008; Linne-
mann and Romer 2010). Since these units are identical to Ahlers et  al. (2021a) we 

Fig. 1  Overview of the geology of the model region and stress data used for comparison and calibration. 
The black frame shows the key area of the model with increased stratigraphic resolution based on Anikiev 
et al. (2019). a Distribution of the stress magnitude data of Morawietz and Reiter (2020). The color-coded 
dots indicate the quality assigned by Morawietz et al. (2020). Displayed are all data from a true vertical 
depth (TVD) > 200 m. b Data of the World Stress Map (WSM) of Heidbach et al. (2016) and Levi et al. (2019). 
Color-coded lines indicate the stress regime and the orientation of SHmax. Grey lines show the mean 
orientation of SHmax on a regular grid (Details see chapter 3.1). c Geological framework of the model area 
based on Asch (2005) and Kley and Voigt (2008). BF—Black Forest, CG—Central Graben, EI—Eifel, HG—
Horn Graben, HZ—Harz Mountains, GG—Glückstadt Graben, LRG—Lower Rhine Graben, OD—Odenwald, 
OG—Ohře Graben, SNB—Saar–Nahe Basin, SP—Spessart, TW—Tauern Window, URG—Upper Rhine Graben, 
VB—Vogelsberg Complex, VG—Vosges. d Overview of the basement structures based on Kroner et al. (2010) 
and Brückl et al. (2010). The red frame shows the entire model area. ALCAPA—Alps–Carpathian–Pannonian, 
ATA—Armorican Terrane Assemblage, EEC—East European Craton
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refer to this publication for further information. The basement of the model area is 
mainly covered by late Paleozoic to Cenozoic sediments, with the exception of the 
Rhenish and Bohemian massifs commonly interpreted as long-lived highs (e.g., Eyn-
atten et al. 2021), the Alpine mountain chain and parts of the Mid German Crystalline 
High (MGCH) and Moldanubian Zone (MDZ). During the final phase of the Variscan 
orogeny from the late Carboniferous to Permian time the model area was affected by 
extension leading to the origin of several basins filled up with debris of the eroding 
Variscan orogeny and contemporaneous volcanic activity mainly located in NE Ger-
many (McCann et al. 2008; Scheck-Wenderoth et al. 2008). Due to the large amount 
of mostly reddish clastic and volcanic rocks deposited, this time period is called Rotli-
egend. The largest basin developed was the Southern Permian Basin with a maximum 
extent of ~ 1700 km covering large areas of the northern model area (Stollhofen et al. 
2008). During the late Permian, this basin was flooded from the north leading to the 
deposition of the so-called ‘Zechstein’ evaporites (McCann et  al. 2008). The follow-
ing Triassic development of the model area was controlled by the breakup of Pangea 
and the westward opening of the Tethys leading to an E–W dominated extensional 
tectonic regime and the development of N–S-oriented graben systems mainly in the 
north, e.g., the Central Graben or the Glückstadt Graben (Fig. 1c) (Scheck-Wenderoth 
and Lamarche 2005; Kley et al. 2008). During this time period the southern ‘Alpine’ 
part of the model area was characterized by open marine conditions of the Tethys 
shelf, whereas continental to shallow marine conditions by repeated incursions of the 
Tethys dominated the northern ‘Germanic’ domain (Feist-Burkhardt et al. 2008). The 
Jurassic was dominated by the progressive breakup of Pangea and mostly marine con-
ditions (Pienkowski et al. 2008). Central Europe was still affected by extensional tec-
tonics but the extension direction changed to NW–SE during the Late Jurassic (Kley 
et al. 2008). During the Early Cretaceous this development continued with depocent-
ers in the northern part of the model area (Voigt et  al. 2008). However, the depo-
sition of sediments was restricted to these depocenters that evolved as en echelon 
subbasins along the southern margin of the Permian Basin in a transtensional regime 
(Scheck-Wenderoth et al. 2008).The largest part of the former Permian Basin area in 
the northern domain of the model area was uplifted during Late Jurassic to Early Cre-
taceous times. In the Late Cretaceous the tectonic setting and depositional conditions 
changed. Due to an eustatic sea-level rise large parts of Central Europe were flooded 
and predominantly carbonates and sandstones were deposited (Scheck-Wenderoth 
et al. 2008). The rotation of Iberia reversed the tectonic regime leading to the inver-
sion of former depocenters, the formation of thrust faults and basement uplifts, e.g., 
the Harz mountains (Kley et al. 2008). Additional processes for the Late Cretaceous to 
Paleogene exhumation are still discussed (Eynatten et al. 2021). The Cenozoic devel-
opment of the model area was mainly influenced by the collision of Africa and Eurasia 
leading to the rise of the Alpine mountain chains and the evolution of the Molasse 
Basin (MB). In addition, the Cenozoic Rift System developed, e.g., the Upper Rhine 
Graben (URG) and the Lower Rhine Graben (LRG) (Ziegler and Dèzes 2006) and 
the uplift of the Rhenish Massif began (Reicherter et al. 2008). Except the sedimen-
tary basins of the MB, the URG, the LRG and the North German Basin (NGB) large 
parts of the model area were affected by erosion (Rasser et  al. 2008). The Cenozoic 
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tectonics north of the Alps were accompanied by various volcanic activities, e.g., the 
Vogelsberg Complex, the Eifel, Ohře Graben or in the vicinity of the URG (Litt et al. 
2008; Reicherter et al. 2008).

Model geometry

All basic information about the model area and geometry is described in Ahlers et al. 
(2021a). However, to refine the resolution w.r.t. to the former model we subdivide the 
sediment layer. The subdivision is based on the 3D-Deutschland (3DD) model of Anikiev 
et al. (2019) and is, therefore, only resolved in the key area of our model (Fig. 2). We did 
not extend the higher stratigraphic resolution to the whole model area, since the data 
availability is poor and our focus area is covered by the 3DD data. Thus, the sedimentary 
units outside of the 3DD area are combined to a single unit. Furthermore, the stress data 
used for calibration are mainly located within the 3DD model area. The geometry data 
include a gap between the base of the Rotliegend—the deepest layer almost completely 
contained in the 3DD model—and the surface of the crystalline basement of Ahlers et al. 
(2021a). All lithological units between are represented by one unit named Pre-Permian 
unit though we aware that this is a very heterogeneous unit comprising early- to mid-
Paleozoic low-grade metamorphic sediments and late-Paleozoic sediments.

Model discretization

The average lateral resolution of the model is 2.5 km and constant over the entire depth 
range of the model, the vertical resolution varies with depth. The mesh is divided into 
three vertical zones with a decreasing resolution with increasing depth. The deepest and 
most coarsely resolved unit is the lithospheric mantle limited by the bottom of the model 
and the Mohorovičić discontinuity with five element layers leading to a vertical resolu-
tion of 10 to 15 km. The mesh of the crust is subdivided at 10 km depth. Below 10 km 
depth the mesh contains ten element layers with a vertical resolution between 2.5 and 
4 km. Above 10 km depth the mesh contains 43 element layers with a vertical resolution 
of about 240 m. Overall, the mesh contains about 11.1 million hexahedral elements.

Due to the complex geometry of the individual layers, especially of the sedimentary 
units, we did not create an individual mesh for each of them. We use ApplePY (Ziegler 
et al. 2019) to assign the individual mechanical properties of each unit to the finite ele-
ments of the mesh. Therefore, apart from the lithospheric mantle, which is the deepest 
meshed zone, the geometry of the individual units are not directly represented by the 
mesh. The final model consists of 22 units (Table 1): the lithospheric mantle, the lower 
crust, four units of the upper crust (EEC, Avalonia, ATA, ALCAPA), the Pre-Permian 
unit, Rotliegend volcanics and sediments, Zechstein carbonates and salt, Mesozoic units 
of the Triassic, Jurassic and Cretaceous, thrusted units of the Alps, folded units of the 
MB, three lateral subdivided units of Cenozoic sediments (NGB, URG and MB), Ceno-
zoic volcanics and the sediments outside the 3DD area. In addition, there are some relict 
elements (Table 1, Layer ID: 2) which arise from the element assignment with ApplePY 
if the surface of the mesh does not fit perfectly to the surface defined by the geome-
try used. This occurs, because the geometry of the 3DD model has a higher resolution 
(1 × 1 km) than the mesh of our model (~ 2.5 × 2.5 km).
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Fig. 2  Overview of the discretized model showing the internal structure including 22 units. ATA—Armorican 
Terrane Assemblage, ALCAPA—Alpine–Carpathian–Pannonian, EEC—East European Craton, NGB—North 
German Basin, URG—Upper Rhine Graben
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Rock properties

Individual material properties are assigned to all 22 units of the model (Table 1). The 
density and the elastic properties (Young’s modulus and Poisson’s ratio) are defined as 
material properties for the numerical calculation, i.e., linear-elastic material behavior is 
assumed. Friction angle, cohesion and tensile strength are only used for post-process-
ing analysis later on. Although our model contains 22 units, the Triassic and Jurassic 
units still contain mechanically very different subunits. For example, the Triassic unit 
comprises the sandstone-dominated Buntsandstein, the carbonate- and evaporate-dom-
inated Muschelkalk and the claystone-dominated Keuper (Feist-Burkhardt et al. 2008). 

Table 1  Overview of all units defined in the model and parameters used

For abbreviations, see Fig. 2. Further detailed information on the individual units can be found in Anikiev et al. (2019) and 
Ahlers et al. (2021a)
a Anikiev et al. (2019), bHergert et al. (2015), cBär et al. (2020), dMaystrenko and Scheck-Wenderoth (2013), eTašárová et al. 
(2016), fPrzybycin et al. (2015), gWenting et al. (2017), hTurcotte and Schubert (2014), iZoback (2007), jReyer (2013), kDubelaar 
and Nijland (2016), lAlber et al. (2015), mStöckhert et al. (2013), nAlber and Solibida (2017)

Layer ID Name Density (kg/
m3)

Young’s 
modulus 
(GPa)

Poisson’s 
ration 
(−)

Friction 
angle (°)

Cohesion 
(MPa)

Tensile 
strength 
(MPa)

2 Relict elements 2400a 15b 0.29b 38b 10b 5

3 Sediments 
outside 3DD

2700 30 0.25 38b 10b 5

4 Cenozoic 
volcanics

2860a 54c 0.25c 50i 39i 5

5 Cenozoic sedi‑
ments of the 
NGB

2480a 15b 0.29b 38b 10b 5

6 Cenozoic sedi‑
ments of the 
URG​

2300a 15b 0.29b 38b 10b 5

7 Cenozoic sedi‑
ments of the 
Molasse Basin

2350a 15b 0.29b 38b 10b 5

8 Folded Molasse 2400a 15b 0.29b 38b 10b 5

9 Thrusted units 
of the Alps

2700a 23c 0.25c 40 25 5

10 Cretaceous 2590a 20c 0.25c 40j 18j 7k

11 Jurassic 2600a 20c 0.26c 36b,j 15b,j 5

12 Triassic 2650a 28c 0.25c 36b,j 31b,j 5

13 Zechstein salt 2100a 25g 0.27g – – –

14 Zechstein 
carbonates

2400a 30c 0.25c 50i 18i 5

15 Rotliegend 
sediments

2600a 15c 0.19c 43l,m 25l,m 5l,m

16 Rotliegend 
volcanics

2650a 26c 0.25c 40l 57l 15l

17 Pre-Permian 2670a 40c 0.25h 40l,n 15l,n 5l,n

18 Upper crust 
ALCAPA

2750d 70h 0.25h 40b,c 30b,c 5

19 Upper crust ATA​ 2790e 70h 0.25h 40b,c 30b,c 5

20 Upper crust AV 2820d 70h 0.25h 40b,c 30b,c 5

21 Upper crust EEC 2810d 70h 0.25h 40b,c 30b,c 5

22 Lower crust 3000d,e 80h 0.25h 40b,c 30b,c 5

1 Lithospheric 
mantle

3300e,f 130 0.25h 40b,c 30b,c 5
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Therefore, we calculated the arithmetic mean of the subunits for the mechanical proper-
ties of these two units. Another challenge was the parametrization of the thrusted units 
of the Alps, the sediments outside the 3DD area and the relict elements unit. Since the 
relict elements can only occur at the top of the model, we used an average value of the 
three Cenozoic sedimentary units (NGB, URG and MB). For the sediments outside of 
the 3DD model area, we have chosen roughly estimated values. For the thrusted units 
of the Alps, we decided to use the mean of the Mesozoic units with the exception of the 
density. As for almost all other units, we use the density values from the 3DD model of 
Anikiev et  al. (2019). The elastic properties are mainly based on the P3 database (Bär 
et  al. 2020) and Hergert et  al. (2015). In addition, the friction angle and cohesion are 
mainly based on the latter. The tensile strength is assumed to be 5 MPa for almost all 
units, since available data are limited. In general, all values in Table 1 without a reference 
are roughly estimated. The friction angle, cohesion and tensile strength of the Zech-
stein salt are not defined due to the visco-elastic properties of salt (e.g., Urai et al. 2008). 
In addition, we defined a Young’s modulus gradient for all units with the exception of 
the sediments outside 3DD as it led to convergence problems at the model edges. The 
Young’s modulus gradient should mimic the tendency of the rock mass to strengthen 
with increasing depth due to compaction and increasing confining pressure. An effect 
that can be seen, for example, in the decrease of porosity and permeability with increas-
ing depth (Ingebritsen and Manning 1999). Our Young’s modulus gradient reaches from 
1.5 km depth to the surface, describing a reduction of the Young’s modulus from 100% 
(of the values in Table 1) to 10% at the surface. The reduction to 10% is derived from 
Hudson and Harrison (1997) and the depth of the gradient was iterated by preliminary 
tests.

Initial stress state

An initial stress state is established, describing an only gravity-driven undisturbed, non-
tectonic stress field within the upper crust before the displacement boundary conditions 
are applied. To achieve such an initial stress state, we extend our model with a side-
burden (dark blue), an underburden (light blue) and a stiff shell (green) (Fig. 3a, b). The 
shell has a conic shape with a theoretical intersection point at the center of the earth 
emulating the naturally increasing confining pressure with depth (Zang and Stephans-
son, 2010). The elastic properties (Young’s modulus and Poisson’s ratio) of the side-
burden and underburden are the adjusting screws to set a best-fit initial stress state. For 
calibration we use a semi-empirical function of Sheorey (1994) describing the undis-
turbed stress state of the earth as stress ratio (k):

depending on depth (z) and Young’s modulus (E):

we compare the theoretical k values with k values of our model using 29 virtual wells 
up to 25 km true vertical depth (TVD) (blue dots in Fig. 2a). Subsequently, we vary the 

(1)k =
SHmean

SV
=

SHmax + Shmin

2SV

(2)k = 0.25+ 7E

(

0.001+
1

z

)
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gravity-driven settlement of the model by varying the Young’s modulus of the underbur-
den and increase or decrease the influence of SV on the horizontal stresses by varying 
the Poisson’s ratio within the model and the sideburden. This workflow has been used 
and described in detail by several authors before, e.g., Buchmann and Connolly (2007), 
Hergert (2009), Hergert and Heidbach (2011), Reiter and Heidbach (2014) or Ahlers 
et al. (2021a).

Our best-fit regarding the theoretical stress state of Sheorey (1994) is displayed in 
Fig. 3c. There is a change of scale along the depth axis below 7000 m TVD, since a uni-
form stress state and an almost perfect fit to the theoretical curve (red curve) is achieved 
at greater depths when all wells reach the upper crustal units (Layer ID: 18–21) with 
a homogeneous Young’s modulus of 70 GPa. About half of the calibration wells (blue 
curves) show an almost vertical progression within the upper 1500 m, while the other 
half follows the progression of the theoretical curve of Sheorey (1994) to higher k values 
with decreasing depth. This effect occurs due to the Young’s modulus gradient defined 
within the main area of our model up to 1500 m TVD. Figure 3c includes the function of 
Eq. (2) for a Young’s modulus of 30 GPa typical for the sediments and a Young’s modulus 
of 70 GPa representing crystalline basement units.

Displacement boundary conditions and calibration

After the initial stress state is reached, the model is calibrated with measured in-situ 
stress data using variable displacement boundary conditions. The bottom of the model 
is fixed vertically, horizontal displacements are allowed and the model surface is free. 
Displacement boundary conditions are defined at the five vertical model edges (Fig. 4). 
The directions of displacements are predefined by the mean SHmax orientation derived 
from the World Stress Map (WSM, Heidbach et al. 2016) data (Ahlers et al. 2021a). At 

Fig. 3  Top (a) and side view (b) of the extended model box used to achieve an initial stress state. c Best-fit 
of 29 virtual wells (blue curves) and blue dots in a in comparison to calculated curves (red) for a Young’s 
modulus of 30 and 70 GPa based on Sheorey (1994). There is a change of the scale of the depth axis below 
7000 m TVD
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the northern and southern edges, where SHmax is oriented perpendicular to the model 
boundary, compression is applied. Accordingly, extension is applied at the western and 
eastern edges, where SHmax is parallel to the model boundary. The magnitudes of the dis-
placement boundary conditions are derived through a calibration process using in-situ 
stress magnitudes from the database of Morawietz and Reiter (2020). Since SV is based 
almost entirely on density and is not influenced by displacement boundary conditions 
applied, only the SHmax and Shmin magnitudes are used for calibration. We use only data 
qualities from A to C and values from TVDs > 200 m to minimize possible topographical 
effects. Thus, in total 73 Shmin and 56 SHmax magnitudes from 200 to ~ 4700 m TVD are 
available from the database of Morawietz and Reiter (2020). Since the calibration data 
are unevenly distributed with depth (Figs. 6 and 8) a depth-weighted median for depth 
intervals of 500 m is used as decisive calibration value. The best-fit is achieved with a 
total shortening of 442 m in N–S direction and an extension of 560 m in E–W direction 
(Fig. 4).

Results
Orientation of SHmax

The orientations of SHmax in comparison to the mean orientation of SHmax derived from 
the WSM (Heidbach et al. 2016) and additional data by Levi et al. (2019) are displayed 
in Fig. 5. Figure 5a shows the modelled SHmax orientation at 5000 m TVD (red lines) and 
the mean SHmax orientation (black lines) with standard deviation (grey wedges) based on 
the WSM data. The angular deviation between these two are displayed as a color plot 
(Fig.  5b) and a histogram (Fig.  5c). The mean orientation of SHmax and standard devi-
ation based on the WSM data is calculated using the stress2grid script of Ziegler and 
Heidbach (2019b) that uses the statistics for circular data (Mardia, 1972). Input data 
within a 200 km search radius are weighted by data quality and distance to a point of the 
0.5° × 0.5° grid (Ziegler and Heidbach, 2019a). Furthermore, at least 10 data records—
with a quality of A to C—within the search radius must be available to return a mean 
SHmax orientation. In addition, data from the NGB within or above the Zechstein salt 
are sorted out to avoid effects due to salt decoupling (e.g., Roth and Fleckenstein 2001; 
Röckel and Lempp 2003 and Heidbach et al. 2007, since visco-elastic properties are not 
included in our model.

Fig. 4  Displacement boundary conditions applied at the discretized model. Arrows indicate direction of the 
displacements applied, numbers the magnitudes of displacements defined for the best-fit
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As shown in Fig. 5a, our model predicts an almost homogeneous NNE–SSW orien-
tated stress pattern. The median deviation of 0.3° indicates an overall good fit to the 
mean WSM data. Furthermore, almost all results are within the standard deviation of 
the mean WSM data. However, Fig. 5a, b indicates several model regions with significant 
deviations. For example, the local perturbations in the southern part of the model area 
where NW–SE orientations of SHmax dominate in the west and N–S orientations in the 
east or the NW–SE orientations in central Germany. In addition, the histogram (Fig. 5c) 
shows an uneven distribution of the deviation.

Stress magnitudes and absolute stress state

Magnitudes of Shmin

The magnitudes of Shmin predicted by the model are displayed in comparison to calibra-
tion data by Morawietz and Reiter (2020). The differences are calculated as model results 
minus calibration data. Thus, positive differences indicate too high values predicted by 
the model and negative differences too low values. The differences in Fig. 6a, c are color-
coded regarding their qualities. We use 73 values, from TVDs > 200 m, with a quality of 
A to C from twelve localities mainly located in south Germany with the exception of a 
data record from Peckensen (Röckel and Lempp 2003). The localities are displayed in 
Fig. 6b with numbers indicating multiple magnitudes from different depths at one loca-
tion. In general, the fit regarding the Shmin magnitudes of Morawietz and Reiter (2020) is 

Fig. 5  Orientation of SHmax predicted by the model in comparison to the mean orientation of the WSM 
(Heidbach et al., 2016) and Levi et al. (2019). Details are described in the text. a Model results at 5 km TVD 
(red lines), the mean orientation derived from the WSM (black lines) with standard deviation (grey wedges). 
b Color-coded deviation between the results and the mean orientation of the WSM. Blue indicates an 
anti-clockwise rotation of the model results and orange a clockwise rotation of the model results w.r.t the 
mean orientation of the WSM. c Histogram showing the deviation displayed in a and b 
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good with differences in the range of − 20 to 7.5 MPa and a mean of the absolute differ-
ences of 4.6 MPa. Figure 6a shows a depth trend from negative differences in the upper 
1500  m indicating too low magnitudes predicted by the model to positive differences 
in greater depths indicating slightly too high magnitudes predicted. Due to the large 
amount of data in the upper 1000 m this leads to the unweighted median of − 3.7 MPa 
and skewed histogram with a peak at − 2.5 to − 5 MPa. Therefore, we decided to use a 
depth-weighted median during the model calibration (chapter  2.7). A dependency on 
data qualities is not recognizable.

The depth sections displayed in Fig. 7 show the Shmin magnitudes at 500, 1500, 2500 
and 5000  m TVD. The Shmin at 500  m TVD shows a homogeneous stress distribution 
with values mainly between 0 and 10 MPa. Only the northern and southern model edges 
show some larger magnitudes with the exception of the Tauern Window showing lower 
stresses equal to the main part of the model section. The section at 1500 m shows a less 
homogeneous stress distribution with dominant values between 10 and 30  MPa. The 
highest values, up to 70 MPa in the southeast, are again, related to the model boundaries. 
The lowest values (0 to 10 MPa) occur along the border between the Rhenoherzynian 

Fig. 6  Shmin magnitudes of the model in comparison to data of Morawietz and Reiter (2020) used for 
calibration. a Color-coded differences versus depth. Differences are calculated as model results minus 
calibration data. b Spatial distribution of stress magnitude data, used for calibration. Numbers indicate 
localities with multiple data records. c Color-coded histogram of the differences displayed in a 
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zone (RHZ) and the MGCH (Fig. 1d) and in the western part of the Tauern Window. 
Striking are the lower values (10 to 20 MPa) within the area of the MDZ and the MGCH. 
Sine, at 2500 m TVD these regions show the same magnitudes as the adjacent regions, 
in general, a homogeneous distribution with values between 30 and 40 MPa. The low-
est values with 20 to 30  MPa again occur in the western part of the Tauern Window 

Fig. 7  Depth sections showing the lateral distribution of the Shmin magnitudes predicted by the model 
at four depth sections. TVD—true vertical depth. Black titles (details in Fig. 1d): MDZ—Moldanubian Zone, 
MGCH—Mid German Crystalline High, RHZ—Rhenoherzynian Zone, SXZ—Saxothuringian Zone. White title 
(details in Fig. 1c): TW—Tauern Window
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and at the border between RHZ and MGCH. The highest values are associated with the 
model edges. At 5000 m TVD, the stress distribution within the area of the MDZ and the 
MGCH seems to be inverted in comparison to the distribution at 1500 m TVD, since 
the stress magnitudes are larger than in the adjacent areas, e.g., the Saxothuringian zone 
(SXZ). In general, the four depth sections of the model show a quite homogeneous dis-
tribution of Shmin indicated by a maximum range of 20 to 30 MPa for each depth section, 
except for the model edges.

.

Magnitudes of SHmax

Figure 8 shows the SHmax magnitudes of the model in comparison to the calibration data 
of Morawietz and Reiter (2020). Differences displayed in Fig. 8a and c are calculated as 
model results minus calibration data. Thus, positive differences indicate too high values 
of SHmax predicted by the model and negative differences too low SHmax magnitudes pre-
dicted. The differences are color-coded depending on their qualities defined in the mag-
nitude database by Morawietz et al. (2020). The localities of the data used are displayed 

Fig. 8  SHmax magnitudes of the model in comparison to data of Morawietz and Reiter (2020) used for 
calibration. a Color-coded differences versus depth. Differences are calculated as model results minus 
calibration data. b Spatial distribution of stress magnitude data, used for calibration. Numbers indicate 
localities with multiple data records. c Color-coded histogram of the differences displayed in a 
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in Fig. 8b. All data used, with a quality of A to C and from a TVD > 200 m are located at 
eight localities in southern Germany. The differences versus depth (Fig. 8a) and the his-
togram (Fig. 8c) show a uniform distribution with a scattering of ± 20 MPa. A depend-
ency of depth or quality is not visible. The homogeneous fit between the model results 
and the calibration data is also indicated by the (unweighted) median of − 0.9  MPa, 
which is almost equal to the depth-weighted median of 0.0 MPa. However, we also use 
the weighted median for the calibration with the SHmax magnitudes as for the Shmin mag-
nitudes to use a constant calibration value.

To show the lateral distribution of the SHmax magnitudes four horizontal sections at 
500, 1500, 2500 and 5000 m TVD are displayed in Fig. 9. At 500 m TVD, the magnitudes 
range from 0 to 30 MPa. The lowest magnitudes with 0 to 10 MPa are located within 
the MGCH in the vicinity to the RHZ and in the Tauern Window. The highest values 
of > 20 MPa are associated with the model edges in the north and south and the base-
ment outcrops of the southwestern Rhenish Massif, the Bohemian Massif, the Vosges, 
the Black Forest, the Odenwald and the Spessart. The section at 1500 m TVD shows a 
more differentiated distribution of SHmax with values ranging from 20 to 60 MPa, with 
some exception along the model edges. The higher values are again associated with out-
cropping basement structures, such as the Bohemian Massif. Regions with lower SHmax 
magnitudes between 20 and 40  MPa are located in the MB, the URG, the Saar–Nahe 
Basin (SNB), the NGB and the northern part of the MGCH in the vicinity of the RHZ. 
The results at 2500 and 5000  m TVD confirm the trend of higher magnitudes within 
the areas belonging to basement structures and lower magnitudes belonging to sedi-
mentary units. An exception is the southwestern part of the Rhenish Massif, where the 
magnitudes do not increase as much as within the areas of crystalline basements. Finally, 
at 5000 m TVD the higher SHmax magnitudes correspond to areas with outcropping or 
shallow lying crystalline basement structures and lower SHmax magnitudes to sedimen-
tary or low-grade metamorphic units.

Magnitudes of SV

The differences between SV magnitudes and the data by Morawietz and Reiter (2020) are 
displayed in Fig. 10. They are calculated as model results minus data of the magnitude 
database. Thus, too high model results lead to positive differences, too low model results 
to negative differences. Since the SV magnitudes depend almost entirely on the density 
and are not influenced by displacement boundary conditions applied, we did not use 
these data for calibration but for validation to check if the densities chosen are reason-
able. We use 71 values of Morawietz and Reiter (2020) from twelve localities (Fig. 10b). 
As the results show, the data used from the 3DD model (Anikiev et al. 2019) are very 
appropriate. With the exception of two values at 750 and 3700 m TVD all differences 
are in the range of − 2.5 to 2.5 MPa, resulting in a mean of the absolute differences of 
1.1 MPa and a median of 0.0 MPa.

Regime Stress Ratio

To indicate the stress regime predicted by the model, the Regime Stress Ratio (RSR) 
for four model sections at 500, 1500, 2500 and 5000 m TVD is shown in Fig. 11. The 
RSR is a unitless value between 0 and 3 describing seven stress states defined by 
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Simpson (1997): radial extension (0), pure normal faulting (0.5), transtension (1), pure 
strike-slip (1.5), transpression (2), pure reverse faulting (2.5) and constriction (3). The 
RSR (Eq. 3) is derived from the regime index n (Eq. 4, Anderson 1905) and the ratio of 
stress differences φ (Eq. 5, Angelier 1979):

Fig. 9  Depth sections showing the lateral distribution of the SHmax magnitudes predicted by the model 
at four depth sections. TVD—true vertical depth. Black titles (details in Fig. 1d): MDZ—Moldanubian Zone, 
MGCH—Mid German Crystalline High, RHZ—Rhenoherzynian Zone, SXZ—Saxothuringian Zone. White titles 
(details in Fig. 1c): BF—Black Forest, M—Massif, OD—Odenwald, SNB—Saar–Nahe Basin, SP—Spessart, TW—
Tauern Window, URG—Upper Rhine Graben, VG—Vosges
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The calculated RSR values at 500  m TVD show a very inhomogeneous distribution, 
displaying the whole range from thrust to normal faulting. Very high values—indicating 
a thrust faulting regime—can be found, e.g., at the model edges. Low values, indicating 
a normal faulting regime, occur, e.g., in the SNB, the URG, the NGB and in the MB. The 
model section at 1500 m TVD shows a more homogeneous pattern than at 500 m TVD. 
RSR values larger than 2 occur still at the model edges and within the area of the Glück-
stadt Graben. The lowest values still occur in the SNB, the URG, the NGB and some 

(3)RSR = (n+ 0.5)+ (−1)n(φ − 0.5)

(4)n =







0Shmin < SHmax < SV
1Shmin < SV < SHmax

2SV < Shmin < SHmax

(5)φ =
(σ2 − σ3)

(σ1 − σ3)

Fig. 10  SV magnitudes of the model in comparison to data of Morawietz and Reiter (2020). a Color-coded 
differences versus depth. Differences are calculated as model results minus data of Morawietz and Reiter 
(2020). b Spatial distribution of stress magnitude data, used for comparison. Numbers indicate localities with 
multiple data. c Color-coded histogram of the differences displayed in a 



Page 18 of 32Ahlers et al. Geothermal Energy           (2022) 10:10 

areas within the MB. This trend continues at 2500 m TVD. Here, almost the entire SNB 
show values < 0.5 indicating a pure normal faulting regime. As at 1500 m TVD, also the 
NGB and the southern part of the MB show a normal faulting regime and additionally 
also the SXZ. In contrast to the 1500 m TVD section, several regions show lower values 
at 2500 m TVD. The deepest model section shown at 5000 m TVD shows a much more 

Fig. 11  Four depth sections showing the lateral distribution of the Regime Stress Ratio (RSR) predicted by 
the model. TVD—true vertical depth. Black titles (details in Fig. 1d): MDZ—Moldanubian Zone, MGCH—Mid 
German Crystalline High, RHZ—Rhenoherzynian Zone, SXZ—Saxothuringian Zone. White titles (details in 
Fig. 1c): GG—Glückstadt Graben, M—Massif, SNB—Saar–Nahe Basin, URG—Upper Rhine Graben
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homogeneous distribution than at 500 m with large areas indicating a normal faulting 
regime. The trends described for 2500 m TVD continues, except within the URG. Up to 
a TVD of 2500 m the RSR in this area is lower in comparison to the surrounding areas, 
but at 5000 m TVD the RSR is higher.

Stress gradients

Figure 12 shows modeling results from three major sedimentary basins in Germany, the 
NGB, the URG and the MB, in comparison to available data partially also used for cali-
bration. Results and data of the upper 200 m TVD are not displayed to avoid showing 
data influenced by topography or free surface effects. The model results are displayed as 
magnitude sets (SV, Shmin and SHmax) from virtual wells up to 8 km TVD located at the 
locations from which measurement data are shown. This results in a compilation of 12 
magnitude sets for the MB, five magnitude sets for the URG and 45 magnitude sets for 
the NGB.

The results for the NGB show quite uniform magnitudes for all 45 magnitude sets dis-
played. The modeled Shmin magnitudes show the smallest range of values with a maxi-
mum range of ~ 10 MPa except for two outliers below ~ 5000 m TVD. The range of the 
SHmax magnitudes are larger with an average range of ~ 15 MPa, a maximum of ~ 25 MPa 
at ~ 5000 m TVD and again two outliers. The SV magnitudes show a trend of increas-
ing scattering with depth, starting with a range of < 5  MPa at 200  m TVD to a range 
of ~ 20 MPa at 8 km TVD.

The five data sets from the URG show similar gradients for Shmin and SV but signifi-
cant differences for the SHmax magnitudes. The SHmax magnitudes are also the only ones 

Fig. 12  Results from multiple virtual wells in the corresponding sedimentary basin of the model in 
comparison to measured and calculated magnitudes of SV, Shmin, and SHmax. The uncertainties of the 
magnitudes if specified are displayed as error bars. North German Basin (NGB): Röckel and Lempp (2003), 
Fleckenstein et al. (2004), Stöckhert et al. (2013). Upper Rhine Graben (URG): Cornet and Burlet (1992), Klee 
and Rummel (1993), Valley and Evans (2007), Häring et al. (2008), Meixner et al. (2014), Azzola et al. (2019). 
Molasse Basin (MB): nagra (2001), Seithel et al. (2015), Backers et al. (2017), Budach et al. (2017), Drews et al. 
(2019), Garrard et al. (2021)
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that show significant changes of the gradients with depth. While the Shmin and SV mag-
nitudes show an almost linear increase with depth, some SHmax magnitudes between 
2000 and 3500 m increase sharply and some even show decreasing or constant values. 
The compilation of the MB shows the most inhomogeneous results. At about 1000 m 
TVD, the magnitudes of SHmax split in two groups. The magnitudes of three virtual wells 
show an increase to ~ 40 MPa at 2500 m TVD in contrast to nine virtual wells, which 
show continuous SHmax magnitudes. The SV and Shmin values of these three virtual wells 
also increase but less obviously to 5 to 10 MPa higher values. With increasing depth at 
about 2500, 3200, 3700, 4200, 5000 and 6000 m TVD, other virtual wells also show such 
increasing magnitudes and converge to the higher magnitude trend. In general, there 
seems to be a lower and a higher magnitude gradient with a transition zone between 
1000 and 6500  m TVD changing from one dominating gradient (0–1000  m TVD) to 
another (> 6500 m TVD). At 8 km TVD, all magnitudes are roughly homogenous with 
Shmin magnitudes of 130 to 140 MPa, SHmax magnitudes of 180 to 200 MPa and SV magni-
tudes of 200 to 215 MPa.

Fracture Potential

As an additional result the Fracture Potential (FP) of four depth sections is displayed in 
Fig. 13. The FP based on Connolly and Cosgrove (1999) and Eckert and Connolly (2004) 
is a dimensionless value indicating how close to failure the stress state is. The calculation 
is described in detail by Heidbach et al. (2020). The FP is defined as actual maximum 
shear stress divided by the acceptable shear stress (Eq. 6):

Therefore, an FP of > 1 indicates failure and lower FPs represent a stable state of stress. 
The actual maximum shear stress is calculated as mean of the maximum (σ1) and mini-
mum (σ3) principal stress (Eq. 7):

The acceptable maximum shear stress is calculated as (Eq. 8):

The FP is calculated with individual cohesion (C) and friction angle (φ) for each 
model unit (Table 1), except for the Zechstein salt unit, since salt behaves visco-elas-
tic. Therefore, the regions where Zechstein salt occur are left white in Fig.  13. The 
results in Fig. 13 show a stable stress state with an FP between 0 and 0.6. The high-
est values of 0.5 to 0.6 occur at 1500 m depth. In general, there is an increase of the 
FP up to 1500  m TVD. With further increasing depth the FP decreases. At 500  m 
TVD relative low values are associated with sedimentary units as within the NGB, the 
SNB or the Mesozoic units in southern Germany. Higher values are mainly associ-
ated with outcropping basement units, for example within the Bohemian and Rhenish 
Massif, the Vosges and the Black Forest. This trend is also visible at 1500 m TVD with 

(6)FP =
actual maximum shear stress

acceptable shear stress

(7)actual maximum shear stress =
1

2
(σ1 − σ3)

(8)acceptable shear stress = Ccosφ +
1

2
(σ1 + σ3)sinφ



Page 21 of 32Ahlers et al. Geothermal Energy           (2022) 10:10 	

a generally higher FP. High values are associated with crystalline basement units, e.g., 
the MDZ, the MGCH or the Tauern Window, low values are predicted for the NGB, 
the SNB or the MB. At 2500  m TVD such a clear trend is not visible anymore, but 
a low FP is still located within in the SNB. An interpretation of the results from the 

Fig. 13  Depth sections showing the lateral distribution of the Fracture Potential calculated for the model 
results. TVD—true vertical depth. Regions, where Zechstein salt occurs are left white. Black titles (details in 
Fig. 1d): MDZ—Moldanubian Zone, MGCH—Mid German Crystalline High, RHZ—Rhenoherzynian Zone, 
SXZ—Saxothuringian Zone. White titles (details in Fig. 1c): BF—Black Forest, M—Massif, SNB—Saar–Nahe 
Basin, TW—Tauern Window, VG—Vosges
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NGB is difficult for this depth section, since the Zechstein salt unit is dominant here. 
At 5000 m TVD the NGB is still a region with a relative low FP. However, in contrast 
to the depth sections at 500 or 1500 m TVD some regions show opposite trends. For 
example, the Bohemian Massif with former relatively high values or the SNB with for-
mer relatively low values.

Discussion
Orientation of SHmax

Although our results lie almost entirely within the standard deviation of the SHmax ori-
entation derived from the WSM and some additional data of Levi et  al. (2019) and a 
median of deviation of 0.3° suggest a very good fit, a closer look indicates some dis-
crepancies (Fig. 5). The orientations of SHmax predicted by our model (Fig. 5a) show a 
homogenous NNW–SSE pattern with some small deviation to N–S but the mean SHmax 
orientation of the WSM show several regions with divergent patterns, e.g., within the 
eastern part of the NGB showing N–S to NNE–SSW orientations or the central part of 
Germany with dominant NW–SE orientations. These results indicate that our model 
does probably not include some relevant factors or our displacement boundary condi-
tions applied are too simple to reproduce the pattern of the orientation of SHmax. The 
median deviation of 0.3° and the distribution of the histogram support the former since 
differing displacements, e.g., at the eastern and western edges would probably only shift 
the distribution as a whole. Implemented lateral stiffness contrasts do not seem to have a 
significant impact on the regional stress field, e.g., predicted by Grünthal and Stromeyer 
(1994), Marotta et al. (2002) or Reiter (2021), despite Young’s modulus contrasts of > 50 
GPa, e.g., at the southern edge of the SNB between weak Rotliegend sediments (15 
GPa) and the stiff upper crust (70 GPa). However, laterally there are no contrasts of the 
Young’s modulus in the upper crystalline crust. Thus, the softer units lie on a homogene-
ous and stiff block. This could be an explanation of the quite homogeneous orientations 
of SHmax of our model within in the sedimentary units but also for parts of the crust, 
since our model assumption of linear elasticity does not represents the ductile behavior 
of lower parts of the crust and the mantle (e.g., Stüwe 2007).

Processes not included in our model, which may also affect the stress field within the 
model region, are isostatic buoyancy effects in Scandinavia (Kaiser et al. 2005) or in the 
south due to erosion, deglaciation and potential slab break off below the Alpine chain 
(Przybycin et al. 2015; Sternai et al. 2019). In addition, the lithosphere–asthenosphere-
boundary (Cacace 2008) or density contrasts in the lower crust, e.g., the Pritzwalk 
anomaly (Krawczyk et al. 2008) could explain the misfit in the northeast. Effects due to 
salt decoupling leading to a regional stress field below and a more local stress field above 
the Zechstein unit (Roth and Fleckenstein 2001; Röckel and Lempp 2003; Heidbach et al. 
2007) should have no influence, since we did not use the data from the units above.

Absolute stress and stress regime

In general, the predicted Shmin magnitudes fit the values of Morawietz and Reiter 
(2020) quite well with differences between − 20 and + 7.5  MPa and a mean of the 
absolute differences of 4.6  MPa (Fig.  6) and an overall good fit to additional data 
in Fig.  12. However, the depth dependent differences (Fig.  6a) and the compilation 
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of the URG and the MB (Fig.  12) indicate too low magnitudes of Shmin within the 
upper ~ 1500  m of the model. Since the shallow calibration data (Fig.  6b) and addi-
tional data of the MB (Fig.  12) are partly located in young sedimentary units, the 
Young’s modulus in the model could possibly be too high for these units, despite the 
implemented Young’s modulus gradient. Furthermore, unconsolidated sediments can 
behave in a visco-elastic manner (e.g., Chang and Zoback 1998; Zoback 2007), which 
the linear elastic properties of our model cannot represent. Both, a lower Young’s 
modulus and visco-elastic properties would lead to higher Shmin magnitudes, since the 
Shmin magnitudes would approach the SV magnitudes. Missing visco-elastic proper-
ties can also explain the too low values at ~ 800  m TVD, data from Wittelsheim, in 
the southwestern URG (Fig. 12) measured in an evaporitic layer (Cornet and Burlet 
1992). Another clue to explain the low values could be the geographic distribution 
of the data. Almost all calibration data used and the data of the MB indicating this 
trend are located in the southern part of Germany. Available high quality data from 
the northern part of Germany are sparse, but the data used for comparison do not 
confirm this trend (Fig. 12). A possible trend to slightly too high values in the lower 
part of the model indicated by the three deepest values in the general comparison 
(Fig. 6) cannot be confirmed by the results in Fig. 12.

The predicted SHmax magnitudes also show a good fit to the values of the magnitude 
database by Morawietz and Reiter (2020) (Fig. 8) despite a wider range of differences 
between -20 and + 20 MPa and a higher mean of the absolute differences of 6.4 MPa 
in comparison to the Shmin magnitudes. However, available SHmax magnitudes are usu-
ally calculated and not measured and, therefore, have larger uncertainties (Morawi-
etz et  al. 2020). Furthermore, calibration data from units which are parametrized 
with mean mechanical properties, e.g., the Triassic unit or from thin units which 
are numerically not sufficiently represented by our model resolution can explain the 
wider range. Since, differing stiffnesses have a significantly higher influence on SHmax 
magnitudes than on Shmin magnitudes (Fig.  12). A quantification of the influence of 
mean properties on the results is possible, e.g., using the HIPSTER tool of Ziegler 
(2021) but not feasible for such a large-scale model, since thousands of calculations 
would be necessary for such an estimation.

Although the SHmax magnitudes of our model do not show a general depth trend as 
described for the Shmin magnitudes, the differences in the upper 1000 m TVD show a 
distribution that is very similar to the one of the Shmin magnitudes within this depth 
range (Figs.  6 and 8). This does not fit to the assumption that the Young’s modulus 
might be too high, because too low SHmax values rather indicate too low Young’s mod-
ulus values. Incorporation of visco-elastic properties could increase both magnitudes 
if the SHmax magnitudes are lower than SV, which is partly the case indicated by a 
normal faulting regime in Figs. 11 and 12. Another possibility to increase both hori-
zontal magnitudes at the same time is an increase of the vertical stress, a higher Pois-
son’s ratio, a higher stress input due to the boundary conditions or a higher k ratio 
of the initial stress. Increasing stresses by increasing the density does not seem to 
make sense, since the fit with the SV magnitudes (Fig. 10) is almost perfect. A higher 
Poisson’s ratio for different units within this specific depth interval only is difficult 
to explain. The third and fourth possibility, an increased shortening and reduced 
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extension by the displacement boundary conditions or an increased k-ratio within the 
upper part of the model only, are difficult to implement and are difficult to explain 
from a tectonic point of view.

Another view inside the model is given by the compilation of virtual wells in Fig. 12. 
The magnitudes used for comparison from the NGB are mainly based on two data sets. 
A compilation of Röckel and Lempp (2003) from the eastern and central part of the NGB 
and a data set by Fleckenstein et al. (2004) from the western part of the NGB. The com-
pilation of Röckel and Lempp (2003) only contains SV and Shmin magnitudes, the com-
pilation of Fleckenstein et al. (2004) all three principal stresses. However, the data sets 
show some general differences. The data from Fleckenstein et al. (2004) show a near iso-
tropic stress state, particularly well visible between 4750 and 5250 m where the stress 
magnitudes of Shmin, SHmax and SV are very close to each other. The smaller magnitudes 
of Shmin and also the larger SV magnitudes visible within this depth range are from Röckel 
and Lempp (2003). In general, the model results of all virtual wells displayed show a bet-
ter fit to the data of Röckel and Lempp (2003). However, it is remarkable that the SHmax 
magnitudes contrary to the Shmin and SV magnitudes fit the data by Fleckenstein et al. 
(2004) quite well. The misfit between these data sets could be explained due to the differ-
ent location within the NGB. Another possible reason for this discrepancy could be the 
different measurement methods, since the data by Fleckenstein et al. (2004) are based 
on core samples, while the data of Röckel and Lempp (2003) are in-situ measurements. 
However, despite these inconsistencies the overall fit of the model results to the dis-
played data within the NGB is good.

The fit of the second virtual well compilation for the URG in comparison to the pre-
dicted magnitudes is also good. Regarding the Shmin magnitudes, the results show only 
significant differences to the measured magnitudes at 800 m TVD and between 3500 and 
4500 m TVD. The differences at ~ 800 m TVD, indicating ~ 10 MPa too low magnitudes, 
are probably a result of inappropriate material properties in the model for this area. 
As mentioned before, these data set is measured in an evaporitic layer at Wittelsheim 
(Cornet and Burlet 1992). However, our model does not include visco-elastic proper-
ties. Between 3500 and 4500 m TVD the model results indicate a trend to too high Shmin. 
However, the deepest data record at 5000 m TVD fits to the model results. The SHmax 
data in general show a wider range of values as the Shmin data. At ~ 800 and ~ 5000  m 
TVD our results indicate too low values. However, the value at 5000 m TVD from Basel 
(Häring et al. 2008) must be interpreted with care due to the very high uncertainty indi-
cated by the error bar. The differences between 2000 and 3500 m TVD show significant 
deviations up to ~ 30 MPa but all data records are within the range of our predicted val-
ues. At ~ 2200 m TVD the lowest differences occur for all locations, except the results 
from Soultz-sous-Forets. Although both measured SHmax magnitudes shown at 2200 m 
TVD are from Soultz-sous-Forets (Klee and Rummel 1993) the model results from this 
region indicate too high values.. A possible explanation are altered granites in the upper 
part of the crystalline basement as described by Aichholzer et al. (2016) which are not 
well represented by our high Young’s modulus of 70 GPa. A lower Young’s modulus 
would possibly lead to lower SHmax and a better fit. However, the altered granites are 
only about 150 m thick and, therefore, not able to explain the full discrepancy. Remark-
able are the SHmax magnitudes between 2500 and 3500 m TVD predicted for Bruchsal, 
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showing a very low gradient leading to ~ 30 to 40  MPa lower values as predicted for 
the other locations. This trend can be explained by a thick Rotliegend layer within this 
region (GeORG-Projektteam 2013; Meixner et  al., 2014), with a low Young’s modulus 
of 15 GPa. In addition, four of the five virtual wells show a significant change of the 
SHmax gradients with depth. For example, Rittershoffen and Soultz-sous-Forets—located 
only ~ 10  km apart from each other—show almost similar SHmax values below 3000  m 
TVD, but the gradient change occur below 1500  m TVD at Soultz-sous-Forets and 
below 2250 m TVD at Rittershoffen. The depth at which the ‘jump’ of the SHmax magni-
tudes occurs fits quite perfectly to the boundary between the crystalline basement and 
the sedimentary units of the URG. Rittershoffen is a little east to Soultz-sous-Forets and 
further away from the western graben shoulder of the URG, and therefore, the top of the 
crystalline basement in Rittershoffen is located at ~ 2250 m TVD and at ~ 1550 m TVD 
in Soultz-sous-Forets (Aichholzer et al. 2016).

The Shmin magnitudes of our model within the MB show a good fit to the comparison 
data displayed below 2000 m TVD. However, as already mentioned, our model results 
indicate partially too low values in the upper 1500 m. The SHmax magnitudes again show 
larger variations. Similar to the results of the URG, in all virtual wells the SHmax magni-
tudes increase if the crystalline basement is reached. Thus, since the depth of the crystal-
line basement differs in almost every virtual well due to the southward increase of the 
sediment thickness in the MB, the resulting stresses are inhomogeneous. A remarkable 
outlier is the data record at ~ 3600 m from Mauerstetten (Backers et al. 2017).

In general, the predicted SHmax magnitudes of the MB and URG show the impact of the 
vertical model resolution. The transition zone between sediments and crystalline base-
ment is ~ 750 m, which corresponds to about three element rows. A higher model reso-
lution could decrease this transition zone significantly.

Since the calibration data (Figs. 6 and 8) and the compilations of Fig. 12 only show 
pointwise data the Shmin and SHmax magnitudes are additionally displayed by several 
depth sections to focus on the lateral distribution. In general, the depth sections of 
Fig. 7 displaying the lateral distribution of the Shmin magnitudes show a more homo-
geneous pattern than the SHmax magnitudes in Fig. 9. However, in both figures high 
magnitudes of Shmin or SHmax are associated with crystalline basement units, e.g., the 
Bohemian Massif in the southeast or the EEC in the northeast and low magnitudes 
are often related to sedimentary basins, e.g., the NGB or the MB or regions with out-
cropping low-grade metamorphic sediments, e.g., the RHZ or SXZ. This correlation 
can be explained by the combination of stiff units with relatively high densities and 
softer units, which often have lower densities. However, a high stiffness alone is not 
sufficient for high horizontal stress magnitudes. This is because high stiffness leads to 
an increase in SHmax magnitudes as a result of applied shortening but at the same time 
to a decrease in the Shmin magnitude as a result of applied extension. Accordingly, 
a higher Young’s modulus leads to higher SHmax magnitudes and lower Shmin magni-
tudes. This effect can be reduced or increased by the influence of SV. SV reduces or 
increases the Shmin and SHmax magnitudes equally, and since it is defined by density, 
a high density leads to higher horizontal stresses and a lower density to lower hori-
zontal stresses. An example for this combined effect can be seen within the MDZ and 
MGCH, where an inversion of the Shmin magnitudes relative to the adjacent regions 
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occurs between 1500 and 5000  m TVD (Fig.  7). The MDZ and MGCH are regions 
with a thin sedimentary cover. Therefore, the low Shmin magnitudes at 1500 m occur 
due to the high Young’s modulus of 70 GPa and a lower magnitude of SV due to the 
thin sedimentary cover. The adjacent regions show higher Shmin magnitudes, e.g., the 
Bohemian Massif with a similar Young’s modulus but a higher SV due to the missing 
sedimentary cover or the SXZ due to a lower Young’s modulus and a higher SV. At 
5000 m TVD the MDZ and MGCH show higher Shmin values than the SXZ but more 
similar to the ones in the Bohemian Massif. This shows that the effect of the thin sedi-
mentary cover vanishes with depth. Furthermore, the relation between the Shmin mag-
nitudes in the Bohemian Massif and the RHZ and NGB shows that the influence of a 
higher density (Bohemian Massif > RHZ & NGB) exceeds the effect of a lower Young’s 
modulus (RHZ & NGB < Bohemian Massif ). The lateral distribution of the SHmax mag-
nitudes is easier to explain, since a higher density and a higher Young’s modulus result 
in high stresses and a lower density and a lower Young’s modulus in low stresses. 
Some boundary effects are visible at the northern and southern model edge, where 
the compressional boundary conditions are defined, showing the highest values for 
Shmin and SHmax. An exception is the stiff Tauern window (Young’s modulus: 70 GPa), 
showing lower magnitudes of Shmin and SHmax up to 1500  m TVD than the weaker 
surrounding thrusted units of the Alps (Young’s modulus: 23 GPa) do. This is prob-
ably due to the fact, that the Tauern window is pushed into the softer units and the 
soft units absorb the stress. This is also indicated by the high RSR values within the 
surrounding units (Fig. 11, 500 to 2500 m TVD), indicating high horizontal stresses. 
Furthermore, remarkable low magnitudes of Shmin and SHmax occur at the boundary 
between the RHZ and the MGCH up to 2500 m TVD. This might be an effect due to 
the vertical boundary between these units (Ahlers et al. 2021a).

The prediction of the stress regime and possible stress regime changes are impor-
tant for the stimulation of geothermal reservoirs (Azzola et al. 2019), borehole stabil-
ity and for directional drilling (Rajabi et  al. 2016). In particular, if the stress regime 
change leads to an increase of the differential stress, e.g., due to a change from a nor-
mal faulting to a strike-slip faulting regime. For this, the RSR indicating lateral and 
vertical stress regime changes is a useful parameter. For example, the RSR values in 
the Glückstadt Graben up to 2500 m TVD, which are higher as in the adjacent areas 
of the NGB. Probably, the predicted strike-slip regime is related to major salt walls 
within this region (Maystrenko et al., 2005). The low density of salt (2100 kg/m3) leads 
to a relative low SV magnitude and, as a result, the horizontal stresses exceed SV and 
even a thrust faulting regime at 1500 m TVD is partially established. Very low RSR 
values at 2500 m TVD in the SNB show an opposite effect. The weak Rotliegend sedi-
ments with a Young’s modulus of 15 GPa lead to low horizontal stresses, and there-
fore, the RSR value decreases, leading to a normal faulting regime. This is also well 
visible in the depth section at 5000 m TVD in the NGB. The trend towards relatively 
higher values in the URG than in the surrounding areas at 5 km TVD is related to a 
lower SV in comparison to the graben shoulders because of the sedimentary fill of the 
URG but similar horizontal stresses. Above 5  km TVD, the horizontal stresses are 
lower in the URG due to the lower Young’s modulus of the sediments. However, at 
5 km TVD the basement of the URG is reached with a similar Young’s modulus as for 
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the graben shoulders. In general, a trend towards a normal faulting stress regime due 
to increasing dominance of SV with depth is visible. Thus, the depth section at 5000 m 
TVD shows mainly RSR values smaller than 1.0.

This trend is also clearly visible in Fig. 12. All results displayed show a stress regime 
change from a dominant strike-slip regime in the uppermost part of the model to a nor-
mal faulting regime at 8000 m TVD. However, within the depth range of 200 to 8000 m 
TVD the results of the individual virtual wells differ sometimes significantly. The results 
from the NGB show an almost continuous change from a strike-slip regime in the upper 
500 m to a normal faulting regime at TVDs > 3000 m with a transition zone between 500 
and 3000 m TVD, where the stress regime is not the same for all virtual wells. The virtual 
wells located in the URG show a more complex stress regime change with depth, with 
differences up to 7500 m TVD. In the upper 1500 m, the magnitudes of SV and SHmax 
are almost equal resulting in a strike-slip to reverse faulting regime or transpressional 
regime, respectively. Between 1500 and 2500 m TVD almost all SHmax magnitudes get 
higher than SV resulting in a strike-slip regime. Between ~ 5500 and 7500 m TVD, the 
stress regime changes to a normal faulting regime. An exception are the results at Bruch-
sal, showing several changes of the stress regime up to 5500 m TVD between strike-slip 
and normal faulting regimes. The results of the MB show almost similar results as the 
results from the URG. Starting with a strike-slip to reverse faulting regime within the 
upper parts of the model, followed by a strike-slip regime and finally a normal faulting 
regime.

Conclusions
The model presented is a further step towards a robust prediction of the crustal stress 
state of Germany with focus on sedimentary basins. It is based on Ahlers et al. (2021a), 
but significantly improved. An 18-time higher mesh resolution resulting in a lateral reso-
lution of 2.5 km and a vertical resolution of up to 240 m, 15 additional units within the 
sedimentary layer and an additional model calibration with SHmax magnitudes, provide a 
refined prediction of the crustal stress field of Germany. The 3D geomechanical–numer-
ical model provides the complete 3D stress tensor for the entire model volume. Overall, 
the results show a good fit to all three principal stress magnitudes SV, Shmin and SHmax 
indicated by absolute differences of 0.0 MPa for SV, 4.6 MPa for Shmin and 6.4 MPa for 
SHmax. The differences to the calibration data are mainly within in a range of ± 10 MPa 
for the Shmin magnitudes and within a range of ± 20  MPa for the SHmax magnitudes. 
Despite the overall good fit, some data indicate too low Shmin values in the upper 1500 m 
TVD of our model. However, additional data from the NGB does not confirm a general 
trend. Apart from the magnitudes we compare our results also with a mean orientation 
of SHmax derived from the WSM (Heidbach et al. 2016) and additional data of Levi et al. 
(2019). Our predicted orientations of SHmax show an overall good fit with a median of 
0.3° and our results lie almost entirely within the standard deviation of the derived WSM 
data. However, our model does not resolve perturbations of SHmax on smaller local scales 
as indicated by the data of the WSM.

Some limitations result from the size of our model. Due to the size, it is not pos-
sible to define visco-elastic properties, e.g., for the Zechstein salt unit. Furthermore, 
the vertical resolution is still too low to numerically represent all units sufficiently 
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and at the same time some inhomogeneous units such as the Triassic are still com-
bined. Accordingly, sub modeling is a useful method to enable a higher resolution 
and stratigraphic refinement (e.g., Ziegler et al. 2016). Such smaller models on local 
or reservoir scale also enable consideration of varying rock properties (e.g., Ziegler 
2021), a quantification of model uncertainties and the implementation of structures 
that influence the stress field on a local scale, e.g., faults. In addition, more high qual-
ity data records, especially magnitude data from north Germany are necessary for a 
more reliable calibration.
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