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Abstract: 12 

Information about the absolute stress state in the upper crust plays a crucial role in the planning and 13 

execution of e.g., directional drilling, stimulation and exploitation of geothermal and hydrocarbon 14 

reservoirs. Since many of these applications are related to sediments, we present a refined 15 

geomechanical-numerical model for Germany with focus on sedimentary basins, able to predict the 16 

complete 3D stress tensor. The lateral resolution of the model is 2.5 km, the vertical resolution about 17 

250 m. Our model contains 22 units with focus on the sedimentary layers parameterized with 18 

individual rock properties. The model results show an overall good fit with magnitude data of the 19 

minimum (Shmin) and maximum horizontal stress (SHmax) that are used for the model calibration. The 20 

mean of the absolute stress differences between these calibration data and the model results is 4.6 21 

MPa for Shmin and 6.4 MPa for SHmax. In addition, our predicted stress field shows good agreement to 22 

several supplementary in situ data from the North German Basin, the Upper Rhine Graben and the 23 

Molasse Basin. 24 
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1 Introduction 28 

The prediction of the recent crustal stress field is important for many applications regarding the 29 

exploitation or use of the subsurface, particularly for directional drilling, stimulation and exploitation 30 

of geothermal or hydrocarbon reservoirs. Another currently important application is the search for 31 

and long-term safety assessment of a high-level nuclear waste deposit. However, up to now the 32 

knowledge of the crustal stress field for Germany is limited. It is essentially based on two major 33 

databases regarding stress tensor orientations and stress magnitudes (Heidbach et al., 2016; 34 

Morawietz et al., 2020), several 2D numerical models (Grünthal and Stromeyer, 1994; Marotta et al., 35 

2002; Kaiser et al., 2005; Jarosiński et al., 2006; Cacace et al., 2008) and some regional scale 3D 36 

geomechanical-numerical models (Buchmann and Connolly, 2007; Heidbach et al., 2014; Hergert et 37 

al., 2015; Ziegler et al., 2016). The only large scale 3D model that covers entire Germany has been 38 

presented by Ahlers et al. (2021a). However, this model focuses on the large-scale stress pattern in 39 

the entire crust with low resolution in sediments that are represented with homogeneous mean rock 40 

properties.  41 

To take a further step towards a robust prediction of the recent crustal stress state, we developed a 42 

geomechanical-numerical model of Germany based on Ahlers et al. (2021a). It provides a continuous 43 

prediction of the crustal stress in 3D with focus on the sedimentary basins. The work of Ahlers et al. 44 

(2021a) also provided a continuous description of the stress state of Germany but focused on 45 

basement structures and included a homogenous sedimentary layer without mechanical 46 

stratification in a coarse resolution. The model presented here has been significantly improved with a 47 

differentiated sedimentary layer, consisting of 15 units with specific material properties (density, 48 

Poisson’s ratio and Young’s modulus) and an eighteen-time higher resolution in the upper part of the 49 

crust. An improved differentiation of the sedimentary layer is essential since the majority of 50 

applications focuses on sedimentary basins particularly for geothermal and hydrocarbon 51 

exploitation. At the same time, stress conditions within sedimentary units can be particularly 52 

challenging due to structural, lithological and mechanical variability. Mechanical properties varying 53 
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with depth - mainly stiffness contrasts – can lead to differing stress magnitudes, differential stresses 54 

and perturbations in the orientation of the maximum horizontal stress (SHmax) (Cornet and Röckel, 55 

2012; Heidbach et al., 2014; Hergert et al., 2015). Extreme cases include very weak layers of salt or 56 

clay, leading to a nearly lithostatic stress state, which can mechanical decouple the overburden from 57 

the underburden layers (Roth and Fleckenstein, 2001; Röckel and Lempp, 2003; Heidbach et al., 58 

2007; Ahlers et al., 2019). Furthermore, our new model is calibrated with minimum horizontal stress 59 

(Shmin) magnitudes which significantly improve the reliability of the predicted stress state compared 60 

to the model Ahlers et al. (2021a), which could only be calibrated with Shmin values. 61 

2 Model setup 62 

2.1 Method 63 

We assume linear elasticity and use the finite element method to solve the partial differential 64 

equations of the equilibrium of forces. First, an appropriate initial stress state is defined representing 65 

an undisturbed state of stress governed by gravity. In a second step, the stress state in the model is 66 

calibrated with magnitude data by varying displacement boundary conditions defined at the model 67 

edges. This modeling approach has been used for different tectonic settings and scales and is 68 

described in detail in Buchmann and Connolly (2007), Hergert and Heidbach (2011), Heidbach et al. 69 

(2014), Reiter and Heidbach (2014), Hergert et al. (2015) and Ahlers et al. (2021a). For the 70 

construction and discretization of the 3D model geometry and the assignment of rock properties to 71 

individual finite elements the software packages GOCAD™, HyperMesh™ and ApplePY (Ziegler et al., 72 

2019) are used. As solver, we use the commercial finite element software package Abaqus™ v2019. 73 

For post-processing Tecplot 360™ enhanced with the GeoStress add-on (Stromeyer and Heidbach, 74 

2017) is used.  75 

2. 2 Geology of the study area 76 

The diverse history of the model area lead to the complex geological structure observed today 77 

(Figure 1c, d). The upper crust can be subdivided into four parts: the East European Craton (EEC) in 78 
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the northeast amalgamated with Avalonia further south during the Caledonian orogeny, the 79 

Armorican Terrane Assemblage (ATA) added during the Variscan orogeny and finally the Alp-80 

Carpathian-Pannonian (ALCAPA) part as a result of the Alpine orogeny (Ziegler and Dèzes, 2006; 81 

McCann, 2008; Linnemann and Romer, 2010). Since these units are identical to Ahlers et al. (2021a) 82 

we refer to this publication for further information. The basement of the model area is mainly 83 

covered by late Paleozoic to Cenozoic sediments, with the exception of the Rhenish and Bohemian 84 

massifs commonly interpreted as long-lived highs (e.g., Eynatten et al., 2021), the Alpine mountain 85 

chain and parts of the Mid German Crystalline High (MGCH) and Moldanubian Zone (MDZ). During 86 

the final phase of the Variscan orogeny from the late Carboniferous to Permian time the model area 87 

was affected by extension leading to the origin of several basins filled up with debris of the eroding 88 

Variscan orogeny and contemporaneous volcanic activity mainly located in NE Germany (McCann et 89 

al., 2008; Scheck-Wenderoth et al., 2008). Due to the large amount of mostly reddish clastic and 90 

volcanic rocks deposited, this time period is called Rotliegend. The largest basin developed was the 91 

Southern Permian Basin with a maximum extent of ~1700 km covering large areas of the northern 92 

model area (Stollhofen et al., 2008). During the late Permian, this basin was flooded from the north 93 

leading to the deposition of the so-called ‘Zechstein’ evaporites (McCann et al., 2008). The following 94 

Triassic development of the model area was controlled by the breakup of Pangea and the westward 95 

opening of the Tethys leading to an E-W dominated extensional tectonic regime and the 96 

development of N-S oriented graben systems mainly in the north e.g., the Central Graben or the 97 

Glückstadt Graben (Figure 1c) (Scheck-Wenderoth and Lamarche, 2005; Kley et al., 2008). During this 98 

time period the southern ‘Alpine’ part of the model area was characterized by open marine 99 

conditions of the Tethys shelf, whereas continental to shallow marine conditions by repeated 100 

incursions of the Tethys dominated the northern ‘Germanic’ domain (Feist-Burkhardt et al., 2008). 101 

The Jurassic was dominated by the progressive breakup of Pangea and mostly marine conditions 102 

(Pienkowski et al., 2008). Central Europe was still affected by extensional tectonics but the extension 103 

direction changed to NW-SE during the Late Jurassic (Kley et al., 2008). During the Early Cretaceous 104 



 

5 
 

this development continued with depocenters in the northern part of the model area (Voigt et al., 105 

2008). However, the deposition of sediments was restricted to these depocenters that evolved as en 106 

echelon subbasins along the southern margin of the Permian Basin in a transtensional regime 107 

(Scheck-Wenderoth et al., 2008).The largest part of the former Permian Basin area in the northern 108 

domain of the model area was uplifted during Late Jurassic to Early Cretaceous times. In the Late 109 

Cretaceous the tectonic setting and depositional conditions changed. Due to an eustatic sea-level rise 110 

large parts of Central Europe were flooded and predominantly carbonates and sandstones were 111 

deposited (Scheck-Wenderoth et al., 2008). The rotation of Iberia reversed the tectonic regime 112 

leading to the inversion of former depocenters, the formation of thrust faults and basement uplifts 113 

e.g., the Harz mountains (Kley et al., 2008). Additional processes for the Late Cretaceous to 114 

Paleogene exhumation are still discussed (Eynatten et al., 2021). The Cenozoic development of the 115 

model area was mainly influenced by the collision of Africa and Eurasia leading to the rise of the 116 

Alpine mountain chains and the evolution of the Molasse Basin (MB). In addition, the Cenozoic Rift 117 

System developed e.g., the Upper Rhine Graben (URG) and the Lower Rhine Graben (LRG) (Ziegler 118 

and Dèzes, 2006) and the uplift of the Rhenish Massif began (Reicherter et al., 2008). Except the 119 

sedimentary basins of the MB, the URG, the LRG and the North German Basin (NGB) large parts of 120 

the model area were affected by erosion (Rasser et al., 2008). The Cenozoic tectonics north of the 121 

Alps were accompanied by various volcanic activities e.g., the Vogelsberg Complex, the Eifel, Ohře 122 

Graben or in the vicinity of the URG (Litt et al., 2008; Reicherter et al., 2008). 123 
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 124 

Figure 1: Overview of the geology of the model region and stress data used for comparison and calibration. The black frame 125 
shows the key area of the model with increased stratigraphic resolution based on Anikiev et al. (2019). (a) Distribution of 126 
the stress magnitude data of Morawietz and Reiter (2020). The color-coded dots indicate the quality assigned by Morawietz 127 
et al. (2020). Displayed are all data from a true vertical depth (TVD) >200 m. (b) Data of the World Stress Map (WSM) of 128 
Heidbach et al. (2016) and Levi et al. (2019). Color-coded lines indicate the stress regime and the orientation of SHmax. Grey 129 
lines show the mean orientation of SHmax on a regular grid (Details see chapter 3.1). (c) Geological framework of the model 130 
area based on Asch (2005) and Kley and Voigt (2008). BF – Black Forest, CG – Central Graben, EI – Eifel, HG – Horn Graben, 131 
HZ – Harz Mountains, GG – Glückstadt Graben, LRG – Lower Rhine Graben, OD – Odenwald, OG – Ohře Graben, SNB – 132 
Saar-Nahe Basin, SP – Spessart, TW – Tauern Window, URG – Upper Rhine Graben, VB – Vogelsberg Complex, VG – Vosges. 133 
(d) Overview of the basement structures based on Kroner et al. (2010) and Brückl et al. (2010). The red frame shows the 134 
entire model area. ALCAPA - Alps-Carpathian-Pannonian, ATA - Armorican Terrane Assemblage, EEC - East European Craton. 135 
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2.3 Model geometry 136 

All basic information about the model area and geometry is described in Ahlers et al. (2021a). 137 

However, in order to refine the resolution w.r.t. to the former model we subdivide the sediment 138 

layer. The subdivision is based on the 3D-Deutschland (3DD) model of Anikiev et al. (2019) and is 139 

therefore only resolved in the key area of our model (Figure 2). We did not extend the higher 140 

stratigraphic resolution to the whole model area since the data availability is poor and our focus area 141 

is covered by the 3DD data. Thus, the sedimentary units outside of the 3DD area are combined to a 142 

single unit. Furthermore, the stress data used for calibration are mainly located within the 3DD 143 

model area. The geometry data include a gap between the base of the Rotliegend - the deepest layer 144 

almost completely contained in the 3DD model - and the surface of the crystalline basement of 145 

Ahlers et al. (2021a). All lithological units between are represented by one unit named Pre-Permian 146 

unit though we aware that this is a very heterogeneous unit comprising early- to mid-Paleozoic low-147 

grade metamorphic sediments and late-Paleozoic sediments. 148 

2.4 Model discretization 149 

The average lateral resolution of the model is 2.5 km and constant over the entire depth range of the 150 

model, the vertical resolution varies with depth. The mesh is divided into three vertical zones with a 151 

decreasing resolution with increasing depth. The deepest and most coarsely resolved unit is the 152 

lithospheric mantle limited by the bottom of the model and the Mohorovičić discontinuity with five 153 

element layers leading to a vertical resolution of 10 to 15 km. The mesh of the crust is subdivided at 154 

10 km depth. Below 10 km depth the mesh contains ten element layers with a vertical resolution 155 

between 2.5 and 4 km. Above 10 km depth the mesh contains 43 element layers with a vertical 156 

resolution of about 240 m. Overall, the mesh contains about 11.1 million hexahedral elements.  157 

Due to the complex geometry of the individual layers, especially of the sedimentary units, we did not 158 

create an individual mesh for each of them. We use ApplePY (Ziegler et al., 2019) to assign the 159 

individual mechanical properties of each unit to the finite elements of the mesh. Therefore apart 160 
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from the lithospheric mantle, which is the deepest meshed zone, the geometry of the individual units 161 

are not directly represented by the mesh. The final model consists of 22 units (Table 1): the 162 

lithospheric mantle, the lower crust, four units of the upper crust (EEC, Avalonia, ATA, ALCAPA), the 163 

Pre-Permian unit, Rotliegend volcanics and sediments, Zechstein carbonates and salt, Mesozoic units 164 

of the Triassic, Jurassic and Cretaceous, thrusted units of the Alps, folded units of the MB, three 165 

lateral subdivided units of Cenozoic sediments (NGB, URG and MB), Cenozoic volcanics and the 166 

sediments outside the 3DD area. Additionally, there are some relict elements (Table 1, Layer ID: 2) 167 

which arise from the element assignment with ApplePY if the surface of the mesh does not fit 168 

perfectly to the surface defined by the geometry used. This occurs because the geometry of the 3DD 169 

model has a higher resolution (1 x 1 km) than the mesh of our model (~2.5 x 2.5 km). 170 



 

9 
 

 171 

Figure 2: Overview of the discretized model showing the internal structure including 22 units. ATA - Armorican Terrane 172 
Assemblage, ALCAPA - Alpine-Carpathian-Pannonian, EEC - East European Craton, NGB - North German Basin, URG - Upper 173 
Rhine Graben. 174 
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2.5 Rock properties 175 

Individual material properties are assigned to all 22 units of the model (Table 1). The density and the 176 

elastic properties (Young’s modulus and Poisson’s ratio) are defined as material properties for the 177 

numerical calculation, i.e. linear-elastic material behavior is assumed. Friction angle, cohesion and 178 

tensile strength are only used for post-processing analysis later on. Although our model contains 22 179 

units, the Triassic and Jurassic units still contain mechanically very different subunits. For example, 180 

the Triassic unit comprises the sandstone-dominated Buntsandstein, the carbonate- and evaporate- 181 

dominated Muschelkalk and the claystone-dominated Keuper (Feist-Burkhardt et al., 2008). 182 

Therefore, we calculated the arithmetic mean of the subunits for the mechanical properties of these 183 

two units. Another challenge was the parametrization of the thrusted units of the Alps, the 184 

sediments outside the 3DD area and the relict elements unit. Since the relict elements can only occur 185 

at the top of the model, we used an average value of the three Cenozoic sedimentary units (NGB, 186 

URG and MB). For the sediments outside of the 3DD model area, we have chosen roughly estimated 187 

values. For the thrusted units of the Alps, we decided to use the mean of the Mesozoic units with the 188 

exception of the density. As for almost all other units, we use the density values from the 3DD model 189 

of Anikiev et al. (2019). The elastic properties are mainly based on the P3 database (Bär et al., 2020) 190 

and Hergert et al. (2015). In addition, the friction angle and cohesion are mainly based on the latter. 191 

The tensile strength is assumed to be 5 MPa for almost all units, since available data are limited. In 192 

general, all values in Table 1 without a reference are roughly estimated. The friction angle, cohesion 193 

and tensile strength of the Zechstein salt are not defined due to the visco-elastic properties of salt 194 

(e.g., Urai et al., 2008). In addition, we defined a Young’s modulus gradient for all units with the 195 

exception of the sediments outside 3DD as it led to convergence problems at the model edges. The 196 

Young’s modulus gradient should mimic the tendency of the rock mass to strengthen with increasing 197 

depth due to compaction and increasing confining pressure. An effect that can be seen, for example, 198 

in the decrease of porosity and permeability with increasing depth (Ingebritsen and Manning, 1999). 199 

Our Young’s modulus gradient reaches from 1.5 km depth to the surface, describing a reduction of 200 
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the Young’s modulus from 100 % (of the values in Table 1) to 10 % at the surface. The reduction to 201 

10% is derived from Hudson and Harrison (1997) and the depth of the gradient was iterated by 202 

preliminary tests. 203 

Table 1: Overview of all units defined in the model and parameters used. For abbreviations, see 204 
Figure 2.  205 

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 
sediments of 
the NGB 

2480a 15b 0.29b 38b 10b 5 

6 Cenozoic 
sediments of 
the URG 

2300a 15b 0.29b 38b 10b 5 

7 Cenozoic 
sediments 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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a
Anikiev et al. (2019), 

b
Hergert et al. (2015), 

c
Bär et al. (2020), 

d
Maystrenko and Scheck-Wenderoth (2013), 

eTašárová et al. 206 
(2016), 

f
Przybycin et al. (2015), 

g
Wenting et al. (2017), 

h
Turcotte and Schubert (2014), 

i
Zoback (2007), 

j
Reyer (2013), 207 

k
Dubelaar and Nijland (2016), 

l
Alber et al. (2015), 

m
Stöckhert et al. (2013), 

n
Alber and Solibida (2017). 208 

2.6 Initial stress state 209 

An initial stress state is established, describing an only gravity-driven undisturbed, non-tectonic 210 

stress field within the upper crust before the displacement boundary conditions are applied. To 211 

achieve such an initial stress state, we extend our model with a sideburden (dark blue), an 212 

underburden (light blue) and a stiff shell (green) (Figure 3a, b). The shell has a conic shape with a 213 

theoretical intersection point at the center of the earth emulating the naturally increasing confining 214 

pressure with depth (Zang and Stephansson, 2010). The elastic properties (Young’s modulus and 215 

Poisson’s ratio) of the sideburden and underburden are the adjusting screws to set a best-fit initial 216 

stress state. For calibration we use a semi-empirical function of Sheorey (1994) describing the 217 

undisturbed stress state of the earth as stress ratio (k): 218 

𝑘 = 𝑆𝐻𝑚𝑒𝑎𝑛𝑆𝑉 = 𝑆𝐻𝑚𝑎𝑥+𝑆ℎ𝑚𝑖𝑛2𝑆𝑉          (1) 219 

depending on depth (z) and Young’s modulus (E): 220 

𝑘 = 0.25 + 7𝐸 (0.001 + 1𝑧)         (2) 221 

we compare the theoretical k values with k values of our model using 29 virtual wells up to 25 km 222 

true vertical depth (TVD) (blue dots in Figure 2a). Subsequently, we vary the gravity-driven 223 

settlement of the model by varying the Young’s modulus of the underburden and increase or 224 

decrease the influence of SV on the horizontal stresses by varying the Poisson’s ratio within the model 225 

and the sideburden. This workflow has been used and described in detail by several authors before 226 

e.g., Buchmann and Connolly (2007), Hergert (2009), Hergert and Heidbach (2011), Reiter and 227 

Heidbach (2014) or Ahlers et al. (2021a). 228 

Our best-fit regarding the theoretical stress state of Sheorey (1994) is displayed in Figure 3c. There is 229 

a change of scale along the depth axis below 7000 m TVD since a uniform stress state and an almost 230 

perfect fit to the theoretical curve (red curve) is achieved at greater depths when all wells reach the 231 
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upper crustal units (Layer ID: 18 - 21) with a homogeneous Young’s modulus of 70 GPa. About half of 232 

the calibration wells (blue curves) show an almost vertical progression within the upper 1500 m, 233 

while the other half follows the progression of the theoretical curve of Sheorey (1994) to higher k 234 

values with decreasing depth. This effect occurs due to the Young’s modulus gradient defined within 235 

the main area of our model up to 1500 m TVD. Figure 3c includes the function of Eq. (2) for a Young’s 236 

modulus of 30 GPa typical for the sediments and a Young’s modulus of 70 GPa representing 237 

crystalline basement units. 238 

 239 

Figure 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 240 
wells (blue curves and blue dots in (a)) in comparison to calculated curves (red) for a Young’s modulus of 30 and 70 GPa 241 
based on Sheorey (1994). There is a change of the scale of the depth axis below 7000 m TVD. 242 

2.7 Displacement boundary conditions and calibration 243 

After the initial stress state is reached, the model is calibrated with measured in situ stress data using 244 

variable displacement boundary conditions. The bottom of the model is fixed vertically, horizontal 245 

displacements are allowed and the model surface is free. Displacement boundary conditions are 246 

defined at the five vertical model edges (Figure 4). The directions of displacements are predefined by 247 
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the mean SHmax orientation derived from the World Stress Map (WSM, Heidbach et al., 2016) data 248 

(Figure 1b). At the northern and southern edges, where SHmax is oriented perpendicular to the model 249 

boundary, compression is applied. Accordingly, extension is applied at the western and eastern 250 

edges, where SHmax is parallel to the model boundary. The magnitudes of the displacement boundary 251 

conditions are derived through a calibration process using in-situ stress magnitudes from the 252 

database of Morawietz and Reiter (2020). Since SV is based almost entirely on density and is not 253 

influenced by displacement boundary conditions applied, only the SHmax and Shmin magnitudes are 254 

used for calibration. We use only data qualities from A to C and values from TVDs >200 m to 255 

minimize possible topographical effects. Thus, in total 73 Shmin and 56 SHmax magnitudes from 200 to 256 

~4700 m TVD are available from the database of Morawietz and Reiter (2020). Since the calibration 257 

data are unevenly distributed with depth (Figure 6 & Figure 8) a depth-weighted median for depth 258 

intervals of 500 m is used as decisive calibration value. The best-fit is achieved with a total shortening 259 

of 442 m in N-S direction and an extension of 560 m in E-W direction (Figure 4).  260 

 261 

Figure 4: Displacement boundary conditions applied at the discretized model. Arrows indicate direction of the 262 
displacements applied, numbers the magnitudes of displacements defined for the best-fit. 263 
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3 Results 264 

3.1 Orientation of SHmax 265 

 266 

Figure 5: Orientation of SHmax predicted by the model in comparison to the mean orientation of the WSM (Heidbach et al., 267 
2016) and Levi et al. (2019). Details are described in the text.  (a) Model results at 5 km TVD (red lines), the mean 268 
orientation derived from the WSM (black lines) with standard deviation (grey wedges). (b) Color-coded deviation between 269 
the results and the mean orientation of the WSM. Blue indicates an anti-clockwise rotation of the model results and orange 270 
a clockwise rotation of the model results w.r.t the mean orientation of the WSM. (c) Histogram showing the deviation 271 
displayed in (a) and (b). 272 

The orientations of SHmax in comparison to the mean orientation of SHmax derived from the WSM 273 

(Heidbach et al., 2016) and additional data by Levi et al. (2019) are displayed in Figure 5. Figure 5a 274 

shows the modelled SHmax orientation at 5000 m TVD (red lines) and the mean SHmax orientation (black 275 

lines) with standard deviation (grey wedges) based on the WSM data. The angular deviation between 276 

these two are displayed as a color plot (Figure 5b) and a histogram (Figure 5c). The mean orientation 277 

of SHmax and standard deviation based on the WSM data is calculated using the stress2grid script of 278 

Ziegler and Heidbach (2019b) that uses the statistics for circular data (Mardia, 1972). Input data 279 
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within a 200 km search radius are weighted by data quality and distance to a point of the 0.5° x 0.5° 280 

grid (Ziegler and Heidbach, 2019a). Furthermore, at least 10 data records - with a quality of A to C - 281 

within the search radius must be available to return a mean SHmax orientation. In addition, data from 282 

the NGB within or above the Zechstein salt are sorted out to avoid effects due to salt decoupling 283 

(e.g., Roth and Fleckenstein, 2001; Röckel and Lempp, 2003 and Heidbach et al., 2007, since visco-284 

elastic properties are not included in our model. For comparison, we use model results interpolated 285 

to 5000 m TVD.  286 

As shown by Figure 5a, our model predicts an almost homogeneous N-S orientated stress pattern. 287 

The median deviation of 0.3° indicates an overall good fit to the mean WSM data. Furthermore, 288 

almost all results are within the standard deviation of the mean WSM data. However, Figure 5a and b 289 

indicate several model regions with significant deviations. For example, the local perturbations in the 290 

southern part of the model area where NNW-SSE orientations of SHmax dominate in the west and N-S 291 

orientations in the east or the NW-SE orientations in central Germany. In addition, the histogram 292 

(Figure 5c) shows an uneven distribution of the deviation. 293 
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3.2 Stress magnitudes and absolute stress state 294 

3.2.1 Magnitudes of Shmin 295 

 296 

Figure 6: Shmin magnitudes of the model in comparison to data of Morawietz and Reiter (2020) used for calibration. (a) 297 
Color-coded differences versus depth. Differences are calculated as model results minus calibration data. (b) Spatial 298 
distribution of stress magnitude data, used for calibration. Numbers indicate localities with multiple data records. (c) Color-299 
coded histogram of the differences displayed in (a). 300 

The magnitudes of Shmin predicted by the model are displayed in comparison to calibration data by 301 

Morawietz and Reiter, 2020. The differences are calculated as model results minus calibration data. 302 

Thus, positive differences indicate too high values predicted by the model and negative differences 303 

too low values. The differences in Figure 6a and Figure 6c are color-coded regarding their qualities. 304 

We use 73 values, from TVDs >200 m, with a quality of A to C from twelve localities mainly located in 305 
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south Germany with the exception of a data record from Peckensen (Röckel and Lempp, 2003). The 306 

localities are displayed in Figure 6b with numbers indicating multiple magnitudes from different 307 

depths at one location. In general, the fit regarding the Shmin magnitudes of Morawietz and Reiter 308 

(2020) is good with differences in the range of -20 to 7.5 MPa and a mean of the absolute differences 309 

of 4.6 MPa. Figure 6a shows a depth trend from negative differences in the upper 1500 m indicating 310 

too low magnitudes predicted by the model to positive differences in greater depths indicating 311 

slightly too high magnitudes predicted. Due to the large amount of data in the upper 1000 m this 312 

leads to the unweighted median of -3.7 MPa and skewed histogram with a peak at -2.5 to -5 MPa. 313 

Therefore, we decided to use a depth-weighted median during the model calibration (chapter 2.7). A 314 

dependency on data qualities is not recognizable. 315 

The depth sections displayed in Figure 7 show the Shmin magnitudes at 500, 1500, 2500 and 5000 m 316 

TVD. The Shmin at 500 m TVD shows a homogeneous stress distribution with values mainly between 0 317 

and 10 MPa. Only the northern and southern model edges show some larger magnitudes with the 318 

exception of the Tauern Window showing lower stresses equal to the main part of the model section. 319 

The section at 1500 m shows a less homogeneous stress distribution with dominant values between 320 

10 and 30 MPa. The highest values, up to 70 MPa in the southeast, are again, related to the model 321 

boundaries. The lowest values (0 to 10 MPa) occur along the border between the Rhenoherzynian 322 

zone (RHZ) and the MGCH (Figure 1d) and in the western part of the Tauern Window. Striking are the 323 

lower values (10 to 20 MPa) within the area of the MDZ and the MGCH. Sine, at 2500 m TVD these 324 

regions show the same magnitudes as the adjacent regions, in general, a homogeneous distribution 325 

with values between 30 and 40 MPa. The lowest values with 20 to 30 MPa again occur in the western 326 

part of the Tauern Window and at the border between RHZ and MGCH. The highest values are 327 

associated with the model edges. At 5000 m TVD, the stress distribution within the area of the MDZ 328 

and the MGCH seems to be inverted in comparison to the distribution at 1500 m TVD since the stress 329 

magnitudes are larger than in the adjacent areas e.g., the Saxothuringian zone (SXZ). In general, the 330 
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four depth sections of the model show a quite homogeneous distribution of Shmin indicated by a 331 

maximum range of 20 to 30 MPa for each depth section, except for the model edges. 332 

 333 
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 334 

Figure 7: Depth sections showing the lateral distribution of the Shmin magnitudes predicted by the model at four depth 335 
sections by the model. TVD – true vertical depth. Black titles (details in Figure 1d): MDZ – Moldanubian Zone, MGCH – Mid 336 
German Crystalline High, RHZ – Rhenoherzynian Zone, SXZ – Saxothuringian Zone. White title (details in Figure 1c): TW – 337 
Tauern Window.  338 
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3.2.2 Magnitudes of SHmax  339 

 340 

Figure 8: SHmax magnitudes of the model in comparison to data of Morawietz and Reiter (2020) used for calibration. (a) 341 
Color-coded differences versus depth. Differences are calculated as model results minus calibration data. (b) Spatial 342 
distribution of stress magnitude data, used for calibration. Numbers indicate localities with multiple data records. (c) Color-343 
coded histogram of the differences displayed in (a). 344 

Figure 8 shows the SHmax magnitudes of the model in comparison to the calibration data of Morawietz 345 

and Reiter (2020). Differences displayed in Figure 8a and Figure 8c are calculated as model results 346 

minus calibration data. Thus, positive differences indicate too high values of SHmax predicted by the 347 

model and negative differences too low SHmax magnitudes predicted. The differences are color-coded 348 

depending on their qualities defined in the magnitude database by Morawietz et al. (2020). The 349 

localities of the data used are displayed in Figure 8b. All data used, with a quality of A to C and from a 350 
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TVD >200 m are located at eight localities in southern Germany. The differences versus depth (Figure 351 

8a) and the histogram (Figure 8c) show a uniform distribution with a scattering of +/- 20 MPa. A 352 

dependency of depth or quality is not visible. The homogeneous fit between the model results and 353 

the calibration data is also indicated by the (unweighted) median of -0.9 MPa, which is almost equal 354 

to the depth-weighted median of 0.0 MPa. However, we also use the weighted median for the 355 

calibration with the SHmax magnitudes as for the Shmin magnitudes to use a constant calibration value. 356 
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 357 



 

24 
 

Figure 9: Depth sections showing the lateral distribution of the SHmax magnitudes predicted by the model at four depth 358 
sections. TVD – true vertical depth. Black titles (details in Figure 1d): MDZ – Moldanubian Zone, MGCH – Mid German 359 
Crystalline High, RHZ – Rhenoherzynian Zone, SXZ – Saxothuringian Zone. White titles (details in Figure 1c): BF – Black 360 
Forest, M – Massif, OD – Odenwald, SNB – Saar-Nahe Basin, SP – Spessart, TW – Tauern Window, URG – Upper Rhine 361 
Graben, VG – Vosges. 362 

To show the lateral distribution of the SHmax magnitudes four horizontal sections at 500, 1500, 2500 363 

and 5000 m TVD are displayed in Figure 9. At 500 m TVD, the magnitudes range from 0 to 30 MPa. 364 

The lowest magnitudes with 0 to 10 MPa are located within the MGCH in the vicinity to the RHZ and 365 

in the Tauern Window. The highest values of >20 MPa are associated with the model edges in the 366 

north and south and the basement outcrops of the southwestern Rhenish Massif, the Bohemian 367 

Massif, the Vosges, the Black Forest, the Odenwald and the Spessart. The section at 1500 m TVD 368 

shows a more differentiated distribution of SHmax with values ranging from 20 to 60 MPa, with some 369 

exception along the model edges. The higher values are again associated with outcropping basement 370 

structures like the Bohemian Massif. Regions with lower SHmax magnitudes between 20 and 40 MPa 371 

are located in the MB, the URG, the Saar-Nahe Basin (SNB), the NGB and the northern part of the 372 

MGCH in the vicinity of the RHZ. The results at 2500 and 5000 m TVD confirm the trend of higher 373 

magnitudes within the areas belonging to basement structures and lower magnitudes belonging to 374 

sedimentary units. An exception is the southwestern part of the Rhenish Massif, where the 375 

magnitudes do not increase as much as within the areas of crystalline basements. Finally, at 5000 m 376 

TVD the higher SHmax magnitudes correspond to areas with outcropping or shallow lying crystalline 377 

basement structures and lower SHmax magnitudes to sedimentary or low-grade metamorphic units.  378 
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3.2.3 Magnitudes of SV 379 

 380 

Figure 10: SV magnitudes of the model in comparison to data of Morawietz and Reiter (2020). (a) Color-coded differences 381 
versus depth. Differences are calculated as model results minus data of Morawietz and Reiter (2020). (b) Spatial distribution 382 
of stress magnitude data, used for calibration. Numbers indicate localities with multiple data. (c) Color-coded histogram of 383 
the differences displayed in (a). 384 

The differences between SV magnitudes and the data by Morawietz and Reiter (2020) are displayed 385 

in Figure 10. They are calculated as model results minus data of the magnitude database. Thus, too 386 

high model results lead to positive differences, too low model results to negative differences. Since 387 

the SV magnitudes depend almost entirely on the density and are not influenced by displacement 388 

boundary conditions applied, we did not use these data for calibration but for validation to check if 389 

the densities chosen are reasonable. We use 71 values of Morawietz and Reiter (2020) from twelve 390 

localities (Figure 10b). As the results show, the data used from the 3DD model (Anikiev et al., 2019) 391 
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are very appropriate. With the exception of two values at 750 and 3700 m TVD all differences are in 392 

the range of -2.5 to 2.5 MPa, resulting in a mean of the absolute differences of 1.1 MPa and a median 393 

of 0.0 MPa.  394 

3.2.4 Regime Stress Ratio 395 

To indicate the stress regime predicted by the model, the Regime Stress Ratio (RSR) for four model 396 

sections at 500, 1500, 2500 and 5000 m TVD is shown in Figure 11. The RSR is a unitless value 397 

between 0 and 3 describing seven stress states defined by Simpson (1997): radial extension (0), pure 398 

normal faulting (0.5), transtension (1), pure strike-slip (1.5), transpression (2), pure reverse faulting 399 

(2.5) and constriction (3). The RSR is derived from the regime index n (Anderson, 1905) and the ratio 400 

of stress differences ϕ (Angelier, 1979): 401 

𝑅𝑆𝑅 = (𝑛 + 0.5) + (−1)𝑛(𝜙 − 0.5) (Simpson, 1997)      (3) 402 

𝑛 = {0 𝑆ℎ𝑚𝑖𝑛 < 𝑆𝐻𝑚𝑎𝑥 < 𝑆𝑉1 𝑆ℎ𝑚𝑖𝑛 < 𝑆𝑉 < 𝑆𝐻𝑚𝑎𝑥2 𝑆𝑉 < 𝑆ℎ𝑚𝑖𝑛 < 𝑆𝐻𝑚𝑎𝑥 (Anderson, 1905)       (4) 403 

𝜙 = (𝜎2−𝜎3)(𝜎1−𝜎3) (Angelier, 1979)         (5) 404 

The calculated RSR values at 500 m TVD show a very inhomogeneous distribution, displaying the 405 

whole range from thrust to normal faulting. Very high values - indicating a thrust faulting regime - 406 

can be found e.g., at the model edges. Low values, indicating a normal faulting regime, occur e.g., in 407 

the SNB, the URG, the NGB and in the MB. The model section at 1500 m TVD shows a more 408 

homogeneous pattern than at 500 m TVD. RSR values larger than 2 occur still at the model edges and 409 

within the area of the Glückstadt Graben. The lowest values still occur in the SNB, the URG, the NGB 410 

and some areas within the MB. This trend continues at 2500 m TVD. Here, almost the entire SNB 411 

show values <0.5 indicating a pure normal faulting regime. As at 1500 m TVD, also the NGB and the 412 

southern part of the MB show a normal faulting regime and additionally also the SXZ. In contrast to 413 

the 1500 m TVD section, several regions show lower values at 2500 m TVD. The deepest model 414 

section shown at 5000 m TVD shows a much more homogeneous distribution than at 500 m with 415 
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large areas indicating a normal faulting regime. The trends described for 2500 m TVD continues, 416 

except within the URG. Up to a TVD of 2500 m the RSR in this area is lower in comparison to the 417 

surrounding areas, but at 5000 m TVD the RSR is higher. 418 

 419 
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 420 

Figure 11: Four depth sections showing the lateral distribution of the Regime Stress Ratio (RSR) predicted by the model. 421 
TVD – true vertical depth. Black titles (details in Figure 1d): MDZ – Moldanubian Zone, MGCH – Mid German Crystalline 422 
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High, RHZ – Rhenoherzynian Zone, SXZ – Saxothuringian Zone. White titles (details in Figure 1c): GG – Glückstadt Graben, M 423 
– Massif, SNB – Saar-Nahe Basin, TW – Tauern Window, URG – Upper Rhine Graben.  424 

3.2.5. Stress gradients 425 

 426 

Figure 12: Results from multiple virtual wells in the corresponding sedimentary basin of the model in comparison to 427 
measured and calculated magnitudes of SV, Shmin, and SHmax. The uncertainties of the magnitudes if specified are displayed 428 
as error bars. North German Basin (NGB): Röckel and Lempp (2003), Fleckenstein et al. (2004), Stöckhert et al. (2013). 429 
Upper Rhine Graben (URG): Cornet and Burlet (1992), Klee and Rummel (1993), Valley and Evans (2007), Häring et al. 430 
(2008), Meixner et al. (2014), Azzola et al. (2019). Molasse Basin (MB): nagra (2001), Seithel et al. (2015), Backers et al. 431 
(2017), Budach et al. (2017), Drews et al. (2019), Garrard et al. (2021). 432 

Figure 12 shows modeling results from three major sedimentary basins in Germany, the NGB, the 433 

URG and the MB, in comparison to available data partially also used for calibration. Results and data 434 

of the upper 200 m TVD are not displayed to avoid showing data influenced by topography or free 435 

surface effects. The model results are displayed as magnitude sets (SV, Shmin and SHmax) from virtual 436 

wells up to 8 km TVD located at the locations from which measurement data are shown. This results 437 

in a compilation of 12 magnitude sets for the MB, five magnitude sets for the URG and 45 magnitude 438 

sets for the NGB.  439 

The results for the NGB show quite uniform magnitudes for all 45 magnitude sets displayed. The 440 

modeled Shmin magnitudes show the smallest range of values with a maximum range of ~10 MPa 441 



 

30 
 

except for two outliers below ~5000 m TVD. The range of the SHmax magnitudes are larger with an 442 

average range of ~15 MPa, a maximum of ~25 MPa at ~5000 m TVD and again two outliers. The SV 443 

magnitudes show a trend of increasing scattering with depth, starting with a range of <5 MPa at 200 444 

m TVD to a range of ~20 MPa at 8 km TVD.  445 

The five data sets from the URG show similar gradients for Shmin and SV but significant differences for 446 

the SHmax magnitudes. The SHmax magnitudes are also the only ones that show significant changes of 447 

the gradients with depth. While the Shmin and SV magnitudes show an almost linear increase with 448 

depth, some SHmax magnitudes between 2000 and 3500 m increase sharply and some even show 449 

decreasing or constant values. The compilation of the MB shows the most inhomogeneous results. At 450 

about 1000 m TVD, the magnitudes of SHmax split in two groups. The magnitudes of three virtual wells 451 

show an increase to ~40 MPa at 2500 m TVD in contrast to nine virtual wells, which show continuous 452 

SHmax magnitudes. The SV and Shmin values of these three virtual wells also increase but less obviously 453 

to 5 to 10 MPa higher values. With increasing depth at about 2500, 3200, 3700, 4200, 5000 and 6000 454 

m TVD, other virtual wells also show such increasing magnitudes and converge to the higher 455 

magnitude trend. In general, there seems to be a lower and a higher magnitude gradient with a 456 

transition zone between 1000 and 6500 m TVD changing from one dominating gradient (0-1000 m 457 

TVD) to another (>6500 m TVD). At 8 km TVD, all magnitudes are roughly homogenous with Shmin 458 

magnitudes of 130 to 140 MPa, SHmax magnitudes of 180 to 200 MPa and SV magnitudes of 200 to 215 459 

MPa. 460 
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3.2.6 Fracture Potential 461 

 462 
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Figure 13: Depth sections showing the lateral distribution of the Fracture Potential calculated for the model results. TVD – 463 
true vertical depth. Regions where Zechstein salt occurs are left white.  Black titles (details in Figure 1d): MDZ – 464 
Moldanubian Zone, MGCH – Mid German Crystalline High, RHZ – Rhenoherzynian Zone, SXZ – Saxothuringian Zone. White 465 
titles (details in Figure 1c): BF – Black Forest, M – Massif, SNB – Saar-Nahe Basin, TW – Tauern Window, VG – Vosges. 466 

As an additional result the Fracture Potential (FP) of four depth sections is displayed in Figure 13. The 467 

FP based on Connolly and Cosgrove (1999) and Eckert and Connolly (2004) is a dimensionless value 468 

indicating how close to failure the stress state is. The calculation is described in detail by Heidbach et 469 

al. (2020). The FP is defined as actual maximum shear stress divided by the acceptable shear stress 470 

(Eq. 6):  471 

𝐹𝑃 = 𝑎𝑐𝑡𝑢𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠         (6) 472 

Therefore, a FP of >1 indicates failure and lower FPs represent a stable state of stress. The actual 473 

maximum shear stress is calculated as mean of the maximum (σ1) and minimum (σ3) principal stress 474 

(Eq. 7): 475 

𝑎𝑐𝑡𝑢𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 = 12 (𝜎1 − 𝜎3)       (7) 476 

The acceptable maximum shear stress is calculated as (Eq. 8): 477 

𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 = 𝐶 𝑐𝑜𝑠𝜙 + 12 (𝜎1 + 𝜎3) 𝑠𝑖𝑛 𝜙     (8) 478 

The FP is calculated with individual cohesion (C) and friction angle (φ) for each model unit (Table 1), 479 

except for the Zechstein salt unit since salt behaves visco-elastic. Therefore, the regions where 480 

Zechstein salt occur are left white in Figure 13. The results in Figure 13 show a stable stress state 481 

with a FP between 0 and 0.6. The highest values of 0.5 to 0.6 occur at 1500 m depth. In general, 482 

there is an increase of the FP up to 1500 m TVD. With further increasing depth the FP decreases. At 483 

500 m TVD relative low values are associated with sedimentary units as within the NGB, the SNB or 484 

the Mesozoic units in southern Germany. Higher values are mainly associated with outcropping 485 

basement units, for example within the Bohemian and Rhenish Massif, the Vosges and the Black 486 

Forest. This trend is also visible at 1500 m TVD with a generally higher FP. High values are associated 487 

with crystalline basement units e.g., the MDZ, the MGCH or the Tauern Window, low values are 488 
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predicted for the NGB, the SNB or the MB. At 2500 m TVD such a clear trend is not visible anymore, 489 

but a low FP is still located within in the SNB. An interpretation of the results from the NGB is difficult 490 

for this depth section, since the Zechstein salt unit is dominant here. At 5000 m TVD the NGB is still a 491 

region with a relative low FP. However, in contrast to the depth sections at 500 or 1500 m TVD some 492 

regions show opposite trends. For example the Bohemian Massif with former relatively high values 493 

or the SNB with former relatively low values.  494 

4 Discussion 495 

4.1 Orientation of SHmax 496 

Although our results lie almost entirely within the standard deviation of the SHmax orientation derived 497 

from the WSM and some additional data of Levi et al. (2019) and a median of deviation of 0.3° 498 

suggest a very good fit, a closer look indicates some discrepancies (Figure 5). The orientations of SHmax 499 

predicted by our model (Figure 5a) show a homogenous NNW-SSE pattern with some small deviation 500 

to N-S but the mean SHmax orientation of the WSM show several regions with divergent patterns e.g., 501 

within the eastern part of the NGB showing NNE-SSW orientations or the central part of Germany 502 

with dominant NW-SE orientations. These results indicate that our model does probably not include 503 

some relevant factors or our displacement boundary conditions applied are too simple to reproduce 504 

the pattern of the orientation of SHmax. The median deviation of 0.3° and the distribution of the 505 

histogram support the former since differing displacements e.g., at the eastern and western edges 506 

would probably only shift the distribution as a whole. Implemented lateral stiffness contrasts do not 507 

seem to have a significant impact on the regional stress field e.g., predicted by Grünthal and 508 

Stromeyer (1994), Marotta et al. (2002) or Reiter (2021), despite Young’s modulus contrasts of >50 509 

GPa e.g., at the southern edge of the SNB between weak Rotliegend sediments (15 GPa) and the stiff 510 

upper crust (70 GPa). However, laterally there are no contrasts of the Young's modulus in the upper 511 

crystalline crust. Thus, the softer units lie on a homogeneous and stiff block. This could be an 512 

explanation of the quite homogeneous orientations of SHmax. Processes not included in our model, 513 
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which may also affect the stress field within the model region, are isostatic buoyancy effects in 514 

Scandinavia (Kaiser et al., 2005)  or in the south due to erosion, deglaciation and potential slab break 515 

off below the Alpine chain (Przybycin et al., 2015; Sternai et al., 2019). In addition, the lithosphere-516 

asthenosphere-boundary (Cacace, 2008) or density contrasts in the lower crust e.g., the Pritzwalk 517 

anomaly (Krawczyk et al., 2008) could explain the misfit in the northeast. Effects due to salt 518 

decoupling leading to a regional stress field below and a more local stress field above the Zechstein 519 

unit (Roth and Fleckenstein, 2001; Röckel and Lempp, 2003; Heidbach et al., 2007) should have no 520 

influence since we did not use the data from the units above.  521 

4.2 Absolute stress and stress regime 522 

In general, the predicted Shmin magnitudes fit the values of Morawietz and Reiter (2020) quite well 523 

with differences between -20 and +7.5 MPa and a mean of the absolute differences of 4.6 MPa 524 

(Figure 6) and an overall good fit to additional data in Figure 12. However, the depth dependent 525 

differences (Figure 6a) and the compilation of the URG and the MB (Figure 12) indicate too low 526 

magnitudes of Shmin within the upper ~1500 m of the model. Since the shallow calibration data 527 

(Figure 6b) and additional data of the MB (Figure 12) are partly located in young sedimentary units, 528 

the Young’s modulus in the model could possibly be too high for these units, despite the 529 

implemented Young’s modulus gradient. Furthermore, unconsolidated sediments can behave in a 530 

visco-elastic manner (e.g., Chang and Zoback, 1998, Zoback, 2007), which the linear elastic properties 531 

of our model cannot represent. Both, a lower Young’s modulus and visco-elastic properties would 532 

lead to higher Shmin magnitudes since the Shmin magnitudes would approach the SV magnitudes. 533 

Missing visco-elastic properties can also explain the too low values at ~800 m TVD, data from 534 

Wittelsheim, in the southwestern URG (Figure 12) measured in an evaporitic layer (Cornet and 535 

Burlet, 1992). Another clue to explain the low values could be the geographic distribution of the data. 536 

Almost all calibration data used and the data of the MB indicating this trend are located in the 537 

southern part of Germany. Available data from the northern part of Germany are sparse, but do not 538 

confirm this trend (Figure 12). A possible trend to slightly too high values in the lower part of the 539 
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model indicated by the three deepest values in the general comparison (Figure 6) cannot be 540 

confirmed by the results in Figure 12. 541 

The predicted SHmax magnitudes also show a good fit to the values of the magnitude database by 542 

Morawietz and Reiter (2020) (Figure 8) despite a wider range of differences between -20 and +20 543 

MPa and a higher mean of the absolute differences of 6.4 MPa in comparison to the Shmin 544 

magnitudes. However, available SHmax magnitudes are usually calculated and not measured and 545 

therefore have larger uncertainties (Morawietz et al., 2020). Although the SHmax magnitudes of our 546 

model do not show a general depth trend as described for the Shmin magnitudes, the differences in 547 

the upper 1000 m TVD show a distribution that is very similar to the one of the Shmin magnitudes 548 

within this depth range (Figure 6 and Figure 8). This does not fit to the assumption that the Young’s 549 

modulus might be too high because too low SHmax values rather indicate too low Young’s modulus 550 

values. Incorporation of visco-elastic properties could increase both magnitudes if the SHmax 551 

magnitudes are lower than SV, which is partly the case indicated by a normal faulting regime in Figure 552 

11 and Figure 12. Another possibility to increase both horizontal magnitudes at the same time is an 553 

increase of the vertical stress, a higher Poisson’s ratio, a higher stress input due to the boundary 554 

conditions or a higher k ratio of the initial stress. Increasing stresses by increasing the density does 555 

not seem to make sense since the fit with the SV magnitudes (Figure 10) is almost perfect. A higher 556 

Poisson’s ratio for different units within this specific depth interval only is difficult to explain. The 557 

third and fourth possibility, an increased shortening and reduced extension by the displacement 558 

boundary conditions or an increased k-ratio within the upper part of the model only, are difficult to 559 

implement and are difficult to explain from a tectonic point of view. 560 

Another view inside the model is given by the compilation of virtual wells in Figure 12. The 561 

magnitudes used for comparison from the NGB are mainly based on two datasets. A compilation of 562 

Röckel and Lempp (2003) from the eastern and central part of the NGB and a dataset by Fleckenstein 563 

et al. (2004) from the western part of the NGB. The compilation of Röckel and Lempp (2003) only 564 

contains SV and Shmin magnitudes, the compilation of Fleckenstein et al. (2004) all three principal 565 
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stresses. However, the data sets show some general differences. The data from Fleckenstein et al. 566 

(2004) show a near isotropic stress state, particularly well visible between 4750 and 5250 m where 567 

the stress magnitudes of Shmin, SHmax and SV are very close to each other. The smaller magnitudes of 568 

Shmin and also the larger SV magnitudes visible within this depth range are from Röckel and Lempp 569 

(2003). In general, the model results of all virtual wells displayed show a better fit to the data of 570 

Röckel and Lempp (2003). However, it is remarkable that the SHmax magnitudes contrary to the Shmin 571 

and SV magnitudes fit the data by Fleckenstein et al. (2004) quite well. The misfit between these 572 

datasets could be explained due to the different location within the NGB. Another possible reason for 573 

this discrepancy could be the different measurement methods, since the data by Fleckenstein et al. 574 

(2004) are based on core samples while the data of Röckel and Lempp (2003) are in-situ 575 

measurements. However, despite these inconsistencies the overall fit of the model results to the 576 

displayed data within the NGB is good.  577 

The fit of the second virtual well compilation for the URG in comparison to the predicted magnitudes 578 

is also good. Regarding the Shmin magnitudes, the results show only significant differences to the 579 

measured magnitudes at 800 m TVD and between 3500 and 4500 m TVD. The differences at ~800 m 580 

TVD, indicating ~10 MPa too low magnitudes, are probably a result of inappropriate material 581 

properties in the model for this area. As mentioned before, these dataset is measured in an 582 

evaporitic layer at Wittelsheim (Cornet and Burlet, 1992). However, our model does not include 583 

visco-elastic properties. Between 3500 and 4500 m TVD the model results indicate a trend to too 584 

high Shmin. However, the deepest data record at 5000 m TVD fits to the model results. The SHmax data 585 

in general show a wider range of values as the Shmin data. At ~800 and ~5000 m TVD our results 586 

indicate too low values. However, the value at 5000 m TVD from Basel (Häring et al., 2008) must be 587 

interpreted with care due to the very high uncertainty indicated by the error bar. The differences 588 

between 2000 and 3500 m TVD show significant deviations up to ~30 MPa but all data records are 589 

within the range of our predicted values. At ~2200 m TVD the lowest differences occur for all 590 

locations, except the results from Soultz-sous-Forets. Although both measured SHmax magnitudes 591 
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shown at 2200 m TVD are from Soultz-sous-Forets (Klee and Rummel, 1993) the model results from 592 

this region indicate too high values.. A possible explanation are altered granites in the upper part of 593 

the crystalline basement as described by Aichholzer et al. (2016) which are not well represented by 594 

our high Young’s modulus of 70 GPa. A lower Young’s modulus would possibly lead to lower SHmax and 595 

a better fit. However, the altered granites are only about 150 m thick and therefore not able to 596 

explain the full discrepancy. Remarkable are the SHmax magnitudes between 2500 and 3500 m TVD 597 

predicted for Bruchsal, showing a very low gradient leading to ~30 to 40 MPa lower values as 598 

predicted for the other locations. This trend can be explained by a thick Rotliegend layer within this 599 

region (GeORG-Projektteam, 2013; Meixner et al., 2014), with a low Young's modulus of 15 GPa. In 600 

addition, four of the five virtual wells show a significant change of the SHmax gradients with depth. For 601 

example, Rittershoffen and Soultz-sous-Forets - located only ~10 km apart from each other – show 602 

almost similar SHmax values below 3000 m TVD, but the gradient change occur below 1500 m TVD at 603 

Soultz-sous-Forets and below 2250 m TVD at Rittershoffen. The depth at which the ‘jump’ of the 604 

SHmax magnitudes occurs fits quite perfectly to the boundary between the crystalline basement and 605 

the sedimentary units of the URG. Rittershoffen is a little east to Soultz-sous-Forets and further away 606 

from the western graben shoulder of the URG and therefore the top of the crystalline basement in 607 

Rittershoffen is located at ~2250 m TVD and at ~1550 m TVD in Soultz-sous-Forets (Aichholzer et al., 608 

2016). 609 

The Shmin magnitudes of our model within the MB show a good fit to the comparison data displayed 610 

below 2000 m TVD. However, as already mentioned, our model results indicate partially too low 611 

values in the upper 1500 m. The SHmax magnitudes again show larger variations. Similar to the results 612 

of the URG, in all virtual wells the SHmax magnitudes increase if the crystalline basement is reached. 613 

Thus, since the depth of the crystalline basement differs in almost every virtual well due to the 614 

southward increase of the sediment thickness in the MB, the resulting stresses are inhomogeneous. 615 

A remarkable outlier is the data record at ~3600 m from Mauerstetten (Backers et al., 2017). 616 
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In general, the predicted SHmax magnitudes of the MB and URG show the impact of the vertical model 617 

resolution. The transition zone between sediments and crystalline basement is ~750 m, which 618 

corresponds to about three element rows. A higher model resolution could decrease this transition 619 

zone significantly.  620 

Since the calibration data (Figure 6 and Figure 8) and the compilations of Figure 12 only show 621 

pointwise data the Shmin and SHmax magnitudes are additionally displayed by several depth sections to 622 

focus on the lateral distribution. In general, the depth sections of Figure 7 displaying the lateral 623 

distribution of the Shmin magnitudes show a more homogeneous pattern than the SHmax magnitudes in 624 

Figure 9. However, in both figures high magnitudes of Shmin or SHmax are associated with crystalline 625 

basement units e.g., the Bohemian Massif in the southeast or the EEC in the northeast and low 626 

magnitudes are often related to sedimentary basins e.g., the NGB or the MB or regions with 627 

outcropping low-grade metamorphic sediments e.g., the RHZ or SXZ. This correlation can be 628 

explained by the combination of stiff units with relatively high densities and softer units, which often 629 

have lower densities. However, a high stiffness alone is not sufficient for high horizontal stress 630 

magnitudes. This is because high stiffness leads to an increase in SHmax magnitudes as a result of 631 

applied shortening but at the same time to a decrease in the Shmin magnitude as a result of applied 632 

extension. Accordingly, a higher Young's modulus leads to higher SHmax magnitudes and lower Shmin 633 

magnitudes. This effect can be reduced or increased by the influence of SV. SV reduces or increases 634 

the Shmin and SHmax magnitudes equally and, since it is defined by density, a high density leads to 635 

higher horizontal stresses and a lower density to lower horizontal stresses. An example for this 636 

combined effect can be seen within the MDZ and MGCH where an inversion of the Shmin magnitudes 637 

relative to the adjacent regions occurs between 1500 and 5000 m TVD (Figure 7). The MDZ and 638 

MGCH are regions with a thin sedimentary cover. Therefore, the low Shmin magnitudes at 1500 m 639 

occur due to the high Young’s modulus of 70 GPa and a lower magnitude of SV due to the thin 640 

sedimentary cover. The adjacent regions show higher Shmin magnitudes e.g., the Bohemian Massif 641 

with a similar Young’s modulus but a higher SV due to the missing sedimentary cover or the SXZ due 642 
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to a lower Young’s modulus and a higher SV. At 5000 m TVD the MDZ and MGCH show higher Shmin 643 

values than the SXZ but more similar to the ones in the Bohemian Massif. This shows that the effect 644 

of the thin sedimentary cover vanishes with depth. Furthermore, the relation between the Shmin 645 

magnitudes in the Bohemian Massif and the RHZ and NGB shows that the influence of a higher 646 

density (Bohemian Massif > RHZ & NGB) exceeds the effect of a lower Young’s modulus (RHZ & NGB 647 

< Bohemian Massif). The lateral distribution of the SHmax magnitudes is easier to explain, since a 648 

higher density and a higher Young’s modulus result in high stresses and a lower density and a lower 649 

Young’s modulus in low stresses. Some boundary effects are visible at the northern and southern 650 

model edge where the compressional boundary conditions are defined, showing the highest values 651 

for Shmin and SHmax. An exception is the stiff Tauern window (Young’s modulus: 70 GPa), showing lower 652 

magnitudes of Shmin and SHmax up to 1500 m TVD than the weaker surrounding thrusted units of the 653 

Alps (Young’s modulus: 23 GPa) do. This is probably due to the fact, that the Tauern window is 654 

pushed into the softer units and the soft units absorb the stress. This is also indicated by the high RSR 655 

values within the surrounding units (Figure 11, 500 to 2500 m TVD), indicating high horizontal 656 

stresses. Furthermore, remarkable low magnitudes of Shmin and SHmax occur at the boundary between 657 

the RHZ and the MGCH up to 2500 m TVD. This might be an effect due to the vertical boundary 658 

between these units (Ahlers et al., 2021a). 659 

The prediction of the stress regime and possible stress regime changes are important for the 660 

stimulation of geothermal reservoirs (Azzola et al., 2019), borehole stability and for directional 661 

drilling (Rajabi et al., 2016). In particular, if the stress regime change leads to an increase of the 662 

differential stress e.g., due to a change from a normal faulting to a strike-slip faulting regime. For 663 

this, the RSR indicating lateral and vertical stress regime changes is a useful parameter. For example 664 

the RSR values in the Glückstadt Graben up to 2500 m TVD, which are higher as in the adjacent areas 665 

of the NGB. Probably, the predicted strike-slip regime is related to major salt walls within this region 666 

(Maystrenko et al., 2005). The low density of salt (2100 kg/m3) leads to a relative low SV magnitude 667 

and, as a result, the horizontal stresses exceed SV and even a thrust faulting regime at 1500 m TVD is 668 
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partially established. Very low RSR values at 2500 m TVD in the SNB show an opposite effect. The 669 

weak Rotliegend sediments with a Young’s modulus of 15 GPa lead to low horizontal stresses and 670 

therefore the RSR value decreases, leading to a normal faulting regime. This is also well visible in the 671 

depth section at 5000 m TVD in the NGB. The trend towards relatively higher values in the URG than 672 

in the surrounding areas at 5 km TVD is related to a lower SV in comparison to the graben shoulders 673 

because of the sedimentary fill of the URG but similar horizontal stresses. Above 5 km TVD, the 674 

horizontal stresses are lower in the URG due to the lower Young’s modulus of the sediments. 675 

However, at 5 km TVD the basement of the URG is reached with a similar Young’s modulus as for the 676 

graben shoulders. In general, a trend towards a normal faulting stress regime due to increasing 677 

dominance of SV with depth is visible. Thus, the depth section at 5000 m TVD shows mainly RSR 678 

values smaller than 1.0. 679 

This trend is also clearly visible in Figure 12. All results displayed show a stress regime change from a 680 

dominant strike-slip regime in the uppermost part of the model to a normal faulting regime at 8000 681 

m TVD. However, within the depth range of 200 to 8000 m TVD the results of the individual virtual 682 

wells differ sometimes significantly. The results from the NGB show an almost continuous change 683 

from a strike-slip regime in the upper 500 m to a normal faulting regime at TVDs >3000 m with a 684 

transition zone between 500 and 3000 m TVD where the stress regime is not the same for all virtual 685 

wells. The virtual wells located in the URG show a more complex stress regime change with depth, 686 

with differences up to 7500 m TVD. In the upper 1500 m, the magnitudes of SV and SHmax are almost 687 

equal resulting in a strike-slip to reverse faulting regime or transpressional regime, respectively. 688 

Between 1500 and 2500 m TVD almost all SHmax magnitudes get higher than SV resulting in a strike-689 

slip regime. Between ~5500 and 7500 m TVD, the stress regime changes to a normal faulting regime. 690 

An exception are the results at Bruchsal, showing several changes of the stress regime up to 5500 m 691 

TVD between strike-slip and normal faulting regimes. The results of the MB show almost similar 692 

results as the results from the URG. Starting with a strike-slip to reverse faulting regime within the 693 

upper parts of the model, followed by a strike-slip regime and finally a normal faulting regime.  694 
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 695 

5 Conclusion 696 

The model presented is a further step towards a robust prediction of the crustal stress state of 697 

Germany with focus on sedimentary basins. It is based on Ahlers et al. (2021a), but significantly 698 

improved. An eighteen-time higher mesh resolution resulting in a lateral resolution of 2.5 km and a 699 

vertical resolution of up to 250 m, 15 additional units within the sedimentary layer and an additional 700 

model calibration with SHmax magnitudes, provide a refined prediction of the crustal stress field of 701 

Germany The 3D geomechanical-numerical model provides the complete 3D stress tensor for the 702 

entire model volume. Overall, the results show a good fit to all three principal stress magnitudes SV, 703 

Shmin and SHmax indicated by absolute differences of 0.0 MPa for SV, 4.6 MPa for Shmin and 6.4 MPa for 704 

SHmax. The differences to the calibration data are mainly within in a range of +/- 10 MPa for the Shmin 705 

magnitudes and within a range of +/- 20 MPa for the SHmax magnitudes. Despite the overall good fit, 706 

some data indicate too low Shmin values in the upper 1500 m TVD of our model. However, additional 707 

data from the NGB does not confirm a general trend. Apart from the magnitudes we compare our 708 

results also with a mean orientation of SHmax derived from the WSM (Heidbach et al., 2016) and 709 

additional data of Levi et al. (2019). Our predicted orientations of SHmax show an overall good fit with 710 

a median of 0.3° and our results lie almost entirely within the standard deviation of the derived WSM 711 

data. However, our model does not resolve perturbations of SHmax on smaller local scales as indicated 712 

by the data of the WSM. 713 

Some limitations result from the size of our model. Due to the size, it is not possible to define 714 

visco-elastic properties e.g., for the Zechstein salt unit. Furthermore, the vertical resolution is still too 715 

low to numerically represent all units sufficiently and at the same time, some inhomogeneous units 716 

like the Triassic are still combined. Accordingly, sub modeling is a useful method to enable a higher 717 

resolution and stratigraphic refinement. Such smaller models enable also consideration of varying 718 

rock properties, a quantification of model uncertainties and the implementation of structures that 719 
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influence the stress field on a local scale e.g., faults. In addition, more high quality data records, 720 

especially magnitude data from north Germany are necessary for a more reliable calibration. 721 

List of abbreviations: 722 

3DD - 3D Deutschland 723 

ALCAPA - Alps-Carpathian-Pannonian 724 
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BF – Black Forest 726 
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EEC - East European Craton 728 
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RSR – Regime Stress Ratio 741 

SHmax – Maximum horizontal stress 742 
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SNB – Saar-Nahe Basin 744 

SP – Spessart 745 

SV – Vertical stress 746 
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TVD – True vertical depth 748 
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WSM – World Stress Map 753 
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