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The Upper Rhine Graben (URG), as a part of the wider European Cenozoic Rift System, is a tectonically active area that has been extensively investigated for its geothermal energy potential. In this study, we carry out a first investigation of the present-day thermo-mechanical stability of the area as based on a detailed 3D geological and thermal model. The overall goal is, therefore, to assess how the lithospheric strength varies within the URG in response to the natural tectonic setting as well as the internal thermal configuration, and how those variations can be related to the recorded seismicity. The results from the modeling indicate that there is a spatial correlation between the predictions for the graben-wide rheological configuration with both the deep thermal field and the configuration of the crystalline crust. We find that the regional characteristics of the long-term strength of the lithosphere match the spatial distribution of seismicity, indicating that the mechanical stability of the area is primarily controlled by resolved strength variations. By cross-plotting the modeled strength distribution with available seismicity catalogs, our results suggest that seismicity in the graben area is shallower and of lower intensity due to a hotter and weaker crust compared to its surrounding areas. In contrast, seismic energy release appears to occur at deeper levels and being of larger magnitudes east of the graben and in the adjacent Lower Rhine Graben to the north. These results demonstrate the relevance of a proper quantification of the lithospheric rheological configuration and its spatial variability in response to its tectonic inheritance as an asset to interpret the pattern and distribution of seismicity observed in the area.
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INTRODUCTION
The Upper Rhine Graben (URG) is a continental rift that extends for roughly 320 km in a NNE-SSW direction (Mayer et al., 1997; Lopes Cardozo and Granet, 2005; Barth et al., 2015) along the French-German border in Central Europe (Figures 1A,B). It formed as a part of European Cenozoic Rift System (Ziegler, 1992) on a heterogeneous crust which was consolidated during the Variscan orogeny in the Latest Paleozoic and subsequently affected by regional subsidence during the Mesozoic (Ziegler, 1990; Franke, 2000). Bounded by the Vosges and Black Forest mountain ranges in the south (Figure 1B), the URG has an average width of 36 km (Mayer et al., 1997). Extensional tectonics in the graben started in Eocene times and has evolved into a transtensional regime at present with predominant sinistral-normal kinematics (Schumacher, 2002; Lopes Cardozo and Granet, 2005; Homuth et al., 2014; Bertrand et al., 2018). This makes the URG one of the seismically most active areas in Germany (Henrion et al., 2020; Figure 1C).
[image: Figure 1]FIGURE 1 |  (A) Geographical location of the area of interest: original 3D URG (Freymark et al., 2017; Freymark et al., 2020) area (inner red rectangle) and extended study area (outer black rectangle); (B) geological map of the URG model [modified from Freymark et al. (2017)], depicting the main tectonic domains: Upper Rhine Graben (URG), Lower Rhine Graben (LRG), Black Forest (BF), Eifel Mountains (EM), Vosges Mountains (VM), Molasse Basin (MB), Middle Rhine Zone (MRZ), Odenwald (O), Rhenish Massif (RM), Saar Nahe Basin (SNB), Swabian Alb (SWA) and Alps (A); (C) topography (ETOPO1, Amante and Eakins, 2009] of the extended study area in grayscale (left color bar) with recorded seismicity shown as dots color-coded according to their magnitudes (right color bar); the original 3D URG model area is limited by the red rectangle; red dashed lines display the four vertical profiles selected for a detailed study (see text for more details). Coordinates are given in UTM Zone 32 N.
In the last decades, the URG has been the focus of a long list of exploration studies aiming at quantifying the distribution and availability of potential geothermal resources in the subsurface (e.g., Meixner et al., 2016; Vidal and Genter, 2018). Given its geological setting, all geothermal operations so far have considered its petrothermal potential (Cuenot et al., 2006; Baujard et al., 2017; Kushnir et al., 2018; Vallier et al., 2019), thereby relying on stimulation techniques to enhance the productivity of the in-situ reservoirs (“hot dry rock system”). These stimulation treatments have been shown to potentially increase the seismic hazard in the URG, thus posing safety concerns among the public (Egert et al., 2020). Different studies have investigated the mechanical response of specific targeted reservoirs during reservoir operations (Charléty et al., 2007; Calò et al., 2014; Maurer et al., 2020), though a regional investigation of the graben stability under the in-situ stress field is still lacking. Therefore, in this study, we investigate the thermo-mechanical configuration of the whole region with respect to the natural, that is, the tectonic and structural framework. We make use of a recently published 3D structural and thermal model of the URG (Freymark et al., 2017; Freymark et al., 2020) to derive spatial variations in lithospheric and crustal strength. The input 3D structural and thermal model integrate detailed information about the geology of the area, comprising a heterogeneous sedimentary sequence, upper and lower crustal domains and a lithospheric mantle. The model area also covers parts of the Alpine Orogen south of the URG as well as the western Molasse Basin and extends northward to the Lower Rhine Graben (LRG) and the Eifel region (Figure 1B). The model has originally been developed to assess the geothermal potential based on the variability in predicted temperatures, to overcome the lack of direct observables for the deeper crust and mantle. This structural and thermal model has been input into a rheological module (Cacace and Scheck-Wenderoth, 2016) to compute the steady strength distribution for the study area describing the long-term background rheological configuration.
The model outcomes are compared to the observed distribution of seismicity (Figure 1C) in the region (e.g., Homuth et al., 2014; Barth et al., 2015) in an attempt to understand if a causative relationship exists between the resolved variations in crustal rheology and the seismic activity in the area and to derive insights into the interaction of deformation controlling factors across the entire rift.
MATERIALS AND METHODS
Seismic Catalog
For the purpose of our study, we first derive a consistent seismic catalog as based on available sources. In total, we rely on eight different seismic catalogs: four catalogs are available from global earthquake web services: the GEOFON program of the GFZ German Research Centre for Geosciences using data from the GEVN partner networks (GEOFON Data Centre, 2020), USGS (U.S. Geological Survey, 2020), International Seismological Centre: ISC Bulletin (Storchak et al., 2017; International Seismological Centre, 2020b) and ISC-EHB Bulletin (Weston et al., 2018; International Seismological Centre, 2020a). These have been integrated both with earthquake catalogs of specific regions in the study area—the federal states of Baden-Württemberg (Seismisches Bulletins Baden-Württemberg, 1996–2019; LGRB, 2020) and Hessen (Seismischer Katalog des Landes Hessen, Version 2019, SKHe 2019; HLNUG, 2020) and with two combined earthquake catalogs published by Homuth et al. (2014) and Barth et al. (2015).
Based on these instrumental seismic records and harmonized data from modern and ancient sources dating back to the XI century (Grünthal et al., 2009; Barth et al., 2015), seismic activity in the URG has been constrained to occur preferentially within the graben area proper and, though minor, along its shoulders (Figure 1C). The largest known event in the area occurred near Basel in 1356 with an estimated MW of 6.9 ± 0.2 (Fäh et al., 2009; Barth et al., 2015).
The seismic catalogs were analyzed for their consistency and spatial reliability and finally merged into a unified catalog for our area of interest. In the following, we describe in some details the processing sequence followed [as also suggested by Barth et al. (2015)], which comprises the following steps:
• merging all available information to a single joint catalog of seismicity;
• limiting the data with respect to the spatial extent of the study area;
• evaluating the type of seismic events and restricting them to natural seismicity;
• limiting the data to a relevant time frame for the study;
• identifying and removing all double-listed events;
• evaluating the depth reliability/validity of events.
After merging the available information, we selected the spatial coverage of the seismicity data by extending by 100 km across each side the original 3D model of the URG (Freymark et al., 2017; Freymark et al., 2020; Figure 1A). This was done to include events that may affect the model boundaries. The final box for which seismic events are considered (Figure 1A) therefore covers an area of 493 km in W-E direction times 726 km in N-S direction (Figure 1C).
The catalog provided by Barth et al. (2015) contains information about the type of event (main shock, aftershock, foreshock, induced, single event) as described in the supplementary materials of Barth et al. (2015). For the sake of consistency, we have limited our catalog to single and main shock events only, thus dismissing all fore-/aftershocks and induced seismicity. Our choice stems from the fact that we are interested in correlating the first-order variations in the long-term crustal strength to the recorded seismic activity as occurring naturally from the background thermo-mechanical configuration of the area and therefore not being overprinted by anthropogenic sources and or transients.
The Baden-Württemberg (LGRB, 2020) and the Hessen (HLNUG, 2020) earthquake catalogs are complete till the end of 2019. Therefore, we have limited the time frame of the joint catalog to the end of December 2019. The time frame starts from December 1080, when the first event described in the literature (CENEC; Grünthal and Wahlström; 2003; Grünthal et al., 2009; Supplementary Material) took place.
Double-listed events were sampled out from the joint catalog by following the procedure suggested by Barth et al. (2015): we assumed two events to represent the same earthquake, if their origin times differ by less than 5 s and their epicenters are closer than 15 km. This left us with 17,886 seismic events in the final catalog (Figure 1C; Supplementary Material).
The majority of magnitude values gathered in the joint catalog are local magnitudes [image: image]. However, some original catalogs included also body-wave magnitudes [image: image] and moment magnitudes [image: image]. In line with our research goals, we prioritized the reliability of the determined earthquake hypocenter depths over the magnitude of completeness, assuming all magnitude values to be consistent with local magnitudes [image: image] in the range from [image: image] to [image: image] (Figure 1C) and leaving any further magnitude distribution analysis out of the scope of this paper.
The source depth of an earthquake is the most difficult parameter to be determined. Its accuracy depends on the density and proximity of the seismic stations to the earthquake epicenter. It is quite often that the reported depth of an event hypocenter is not explicitly determined but is rather fixed (see, e.g., GEOFON Data Center, 2020; U.S. Geological Survey, 2020). Therefore, in the final processing step, we removed events with unreliable depths. At first, all events reported to have fixed and zero depths were excluded. Then, we removed all events with depth errors larger than 5 km from the USGS (U.S. Geological Survey, 2020) and the ISC-EHB Bulletin (Weston et al., 2018; International Seismological Centre, 2020a) catalogs. Finally, we excluded events with assigned constant depths of 5 and 10 km from the GEOFON catalog (GEOFON Data Centre, 2020), the ISC Bulletin (International Seismological Centre, 2020b) and the catalog from Barth et al. (2015). This was done because these data entered a significant and unrealistic bias to the trend, as seen from comparison of depth distributions between the full catalog and the resulting catalog of events with reliable depths (Figure 2).
[image: Figure 2]FIGURE 2 | Depths of hypocenters of seismic events bounded by the extended model rectangle: (A)–(B) all events; (C)–(D) events with reliable depths; (A) and (C) correspond to the view from the South; (B) and (D) shows the view from the East. Hypocenters are shown by red dots. The two red vertical lines depict the boundaries of the 3D URG model.
Figures 2A,B portray the depths of all 17,886 events in the extended model area (Figures 1A,C; Supplementary Material) along a south and east perspective, whereas Figures 2C,D show a similar view though limited to events with reliable hypocenter depths (9,522 events; Supplementary Material). Although Figure 2 represents only a cumulative view of the distribution of hypocenter depths, it already reveals the seismicity in the southern part of the URG to have a larger depth variability and density when compared to the central part of the graben (Figure 2D). In the south, the majority of events are shallower than 25 km b.s.l., whereas in its central part a gap of seismicity is evident at depths between 1 and 10 km b.s.l. In the northern part of the URG, the majority of events is above 20 km b.s.l. with a clear vertical trend of seismic events down to 45 km b.s.l. at the border of the URG with the Rhenish Massif (380 km Easting, 5,580 km Northing on Figures 2C,D; see also Figure 1B). The southern part of the URG, as well as the Alpine region, are the two areas that are more densely and accurately observed for seismic events which results in a higher accuracy of seismic events depths (reported depths for these areas often have extended accuracy beyond the usual rounded values, thus filling gaps between integer depth levels in Figure 2). In general, the Alpine region reveals a denser and shallower (above 15 km b.s.l.) distribution of earthquakes.
Though the time frame for the full catalog starts from December 1080 (as mentioned above), the first event with sufficient reliability of depth occurred on August 1, 1956. Therefore, we finally restricted the time frame of the catalog of events with reliable depth to start on August 1956 and to end on December 2019 (see Supplementary Material).
To further explore the depth trends, we have selected four vertical profiles across the model based on their spatial proximity to seismicity clusters (Figure 1C). In order to associate seismicity with these selected profiles, we have picked seismic events with reliable depths (from Figures 2C,D) and epicenters within 5 km distance from each profile. Figure 3 shows the four selected profiles where different colors are used to highlight events associated to each profile.
[image: Figure 3]FIGURE 3 | Selected vertical profiles and associated seismic events with reliable depths and epicenters (within 5 km distance from each profile), shown with dots color-coded by profile colors and plotted on topography background (ETOPO1, Amante and Eakins, 2009). Profile 1 has 775 associated events, profile 2: 480 events, profile 3: 486 events; profile 4: 679 events. White dots represent remaining non-associated events. Deep-grey lines show country boundaries. Black circle shows the location of the Eifel Volcanic Field. Black triangles depict reference cities.
3D Geological and Thermal Model
The Cenozoic and Permo-Mesozoic sedimentary basins covering the area are located in the foreland of the Alps (Figure 1B) and were studied by integrating boreholes and seismic data (Behrmann et al., 2005; GeORG-Projektteam, 2013; Freymark et al., 2017). The crystalline crust, imaged by deep seismic experiments (Lüschen et al., 1989; Blundell et al., 1992; Meissner and Bortfeld, 2014, among others), is differentiated into a “transparent” upper crust and a reflective lower crust. Furthermore, seismological models provided information about the variability in lithospheric mantle thickness across the region (Geissler et al., 2010). These different types of data have been integrated into a lithospheric-scale 3D density model by Freymark et al. (2017), which was further constrained against the observed gravity. The model covers a region extending 525 km in N-S direction and 290 km in E-W direction (Figure 1C).
According to differences in rock types, as constrained from outcropping sections and from geophysical data, the 3D model of Freymark et al. (2017) differentiates 24 units that altogether represent the sedimentary and volcanic cover, the crystalline upper and lower crust and the lithospheric mantle (Table 1). The first-order structural characteristics, as relevant for this study, are illustrated in Figure 4, where the maps of the upper and lower crustal thickness (Figures 4A and 4B, respectively) as well as the depth to the crust-mantle-boundary (Moho; Figure 4C) and to the Lithosphere-Asthenosphere Boundary (LAB; Figure 4D) are depicted. Also, the structural configuration is exemplary shown along the profile 4 (Figure 4E).
TABLE 1 | Thermal and mechanical properties of model units.
[image: Table 1][image: Figure 4]FIGURE 4 |  Main characteristics of the 3D structural model after Freymark et al. (2017):(A) thickness of the Upper Crust; (B) thickness of the Lower Crust; (C) depth to the Moho crust-mantle boundary; (D) depth to the Lithosphere-Asthenosphere boundary; (E) geological units across profile 4 [simplified after Freymark et al. (2017)]. Deep-grey lines on (A)–(C) delineate country boundaries.
As a result of a comprehensive integration of existing 3D models [e.g., “Hessen 3D” of Arndt et al. (2011); “GeORG” of the GeORG-Projektteam (2013)] and various geological and geophysical observations, the 3D model of Freymark et al. (2017) is consistent with geological maps, borehole formation top data, reflection and refraction seismic profiles and major gravity anomalies (Freymark et al., 2017 and references therein). Furthermore, the 3D model resolves computed variations in the thermal field that have been validated against a set of available borehole temperatures. Hence, the model provides us with unit-specific information on the prevailing lithology, bulk density, and bulk rock thermal properties (Table 1) as well as computed temperatures under the assumption of steady-state heat conduction. These attributes are distributed on a grid of 1 km horizontal resolution and a vertical resolution corresponding to the variable thicknesses of the geological layers.
The modeled crystalline crust below the depositional cover is bi-parted with a homogeneous lower crust and a laterally differentiated upper crust representing crustal blocks of different tectonic origins (Freymark et al., 2017). The configuration of the crystalline upper crust traces back to the Variscan Orogeny when terranes of different composition collided and experienced intensive syn- and post-orogenic deformation and metamorphism (e.g., Franke, 2000). These developments find their expression in a lateral differentiation of the upper crust into seven sub-units considered as individual units with specific rock properties in the model of Freymark et al. (2017) (Table 1). At present day, the study area is part of the northern Alpine foreland where the Rhine graben developed as a part of the European Cenozoic Rift System through different tectonic phases dating back to the Eocene (e.g., Dèzes et al., 2004). As a result of rifting, the upper crust in the URG was thinned by several kilometers compared to the adjacent domains (Figure 4A). The upper/lower crustal interface (Freymark et al., 2017) has been derived based on 21 reflection and refraction seismic profiles (mainly originating from the DEKORP seismic program, e.g., Meissner and Bortfeld, 2014) and thus widely corresponds to the interface between the “transparent,” seismically slower upper crust and the highly reflective, faster lower crust. Off the seismic profiles, the 3D depth configuration of this interface has been derived by relying on the best gravity response of the model considering observed gravity anomalies and density differences between the upper and the lower crust (Table 1). Based on seismic velocities and modeled densities, Freymark et al. (2017) interpreted the upper crust to be composed of felsic rocks, whereas the lower crust is interpreted to be of a mafic composition. Overall the work of Freymark et al. (2017) integrating seismic data with the observed gravity field, demonstrated that both the upper and the lower crust show large lateral thickness variations (Figures 4A,B) that in turn will influence the rheological characteristics of the lithosphere. In particular, the upper crust is thicker in the surroundings of the URG whereas the mafic lower crust severely thickens in the north-western part of the model area.
The depth to the crust-mantle-boundary (Moho; Figure 4C) is the result of an interpolation between the seismically constrained dataset derived from Mechie (2007) and NAGRA (Heidbach and Hergert, 2012). The Moho is shallowest (<25 km deep) below the URG, moderately deep in the NW domain (30–35 km) and deepest in the SE below the Alps (>40 km).
The deepest structural element of the 3D model is the seismological lithosphere-asthenosphere boundary (LAB) as derived from SP receiver functions (Geissler et al., 2010). The latter is assumed to coincide with an internal thermo-chemical boundary separating the rigid lithosphere from the underlying convective viscous mantle (1,300° isotherm). The most important features in the LAB topology are 1) a NE-SW elongated structural high in the SW, 2) a N-S striking high below the Eifel region, and 3) a structural low below the Alpine foothills in the SE (Figure 4D). The LAB is assumed to coincide with an isotherm (fixed lower boundary condition of T = 1,300°C), therefore variations in its topography (ca. 75–125 km) have important implications for the steady-state conductive thermal state of the whole plate, where a shallower LAB corresponds to a steeper geothermal gradient and vice versa.
The other boundary condition adopted in the thermal modeling is a fixed, though spatially varying temperature (range between 1 and 12°C) at the model surface [global Earth’s surface elevation derived from Amante and Eakins (2009)], here adopted as representing an annual mean of surface temperature in the study area (Freymark et al., 2017 and references therein).
As the details of the thermal modeling study have been published elsewhere (Freymark et al., 2017), we here only outline the most important features, as relevant for the rheological study that follows. Therefore, we limit our discussion to the description of depth maps for two isotherms (450–600°C; Figure 5). These isotherms are considered representative for the thermal field at crustal and deeper levels. They also have important rheological implications as upper and lower bounds of the region of maximum dissipation potential for a viscous fluid-like plate parameterized in terms of commonly assumed minerals representative of crustal and mantle rocks, respectively (see also next paragraph). The 450°C isotherm (Figure 5A) is located within the upper crust in the SE parts of the study area and within the lower crust in the NW. The match between the domain where this isotherm attains greater depths in the NW and the extent of the thickened mafic lower crust (Figure 4B) is striking and we relate this finding to the fact that this model unit is depleted in radiogenic minerals (Table 1). Moreover, the parameterization of the different upper crustal blocks in terms of heat generation rates differentiates less radiogenic domains in the NW consistent with the main lithological trends outcropping at the surface (Freymark et al., 2017). The same authors demonstrated that such differentiation was indeed needed to fit observed borehole temperatures. The 450°C isotherm is shallowest in the domain of the URG proper and in the area adjacent to the URG in the SW, areas where a thick sedimentary cover is also present. Sediment thickness varies from 0 m in the NW part of the study area to locally >3.5 km in the URG (Freymark et al., 2017). Also, the Moho and the LAB are significantly elevated in this region (Figures 4C,D), the latter implying an overall steeper geothermal gradient in this area. Accordingly, the thermal influences of the thick radiogenic upper crust and the shallow LAB depth are superimposed in these domains by thermal blanketing from the sedimentary and volcanic units. The latter are characterized by lower thermal conductivities than the crystalline crustal rocks (Table 1), which results in heat storage in the shallow part of the crust.
[image: Figure 5]FIGURE 5 | Maps of depths of the (A) 450°C isotherm and (B) 650°C isotherm compared with seismicity. Light-grey dots show epicenters of seismic events with reliable depths. Deep-grey lines show country boundaries.
The 600°C isotherm (Figure 5B) is located within the lower crystalline crust and in the upper lithospheric mantle. Overall the 600°C isotherm displays a similar pattern as the 450°C isotherm, indicating a colder NW half of the study area and a hotter SW domain with shallowest depths in the URG. The isotherm is deepest (up to 31 km b.s.l.) NW of the URG and S of the LRG. Northeast of the LRG, the isotherm rises again in the central part of the northern model boundary in response to a shallowing of the LAB in the Eifel region.
The distribution of seismicity (Figure 1C) indicates a clustering of earthquakes in the domains where the two isotherms are shallowest in the URG, an aspect that already suggests a first-order correlation between the regional tectono-thermal configuration of the study area and its mechanical stability. However, there are also clusters of seismicity in the colder NW part aligned along the 20 and 27 km depth isolines for the 450–600°C isotherms, respectively. These observations will be investigated in more details in the following.
Rheological Modeling Approach
As discussed in the introduction, the main goal of this study is to investigate whether a correlation between the seismicity distribution and the internal thermal and rheological configuration exists in the study area. We therefore assess its rheological state as based on the previously described data-constrained 3D structural and thermal model (Freymark et al., 2017). The model is the main input into a rheological module to compute the steady strength distribution following the approach as described in more details in Cacace and Scheck-Wenderoth (2016). The long-term mechanical behavior of the lithosphere (i.e., for time scales greater than the characteristic relaxation time of the considered plate) is usually modeled by relying on the concept of a static (secondary creep) rheology. Under this assumption, at shallow depth levels rocks exhibit primarily static frictional behavior. Frictional rock behavior is considered to follow Byerlee’s law, thereby being independent of the background temperature conditions, but only sensitive to the level of effective confining pressure (static friction) described by the following constitutive law (e.g., Ranalli, 1995):
[image: image]
In Eq. 1, [image: image] is the static friction coefficient, [image: image] is the density of the bulk rock, [image: image] is the gravity acceleration, [image: image] is the depth below sea level, and [image: image] is the hydrostatic fluid factor given by the ratio of the pore pressure to the lithostatic pressure.
With increasing depths, rocks tend to deform as a viscous (non)Newtonian fluid, though experiments demonstrated the onset of low temperature crystal plasticity to occur at confining pressures higher than approximately 200 MPa (Katayama and Karato, 2008), which can be parameterized as:
[image: image]
where [image: image] is the strain rate, [image: image] the power law strain rate, [image: image] the power law exponent, [image: image] the activation enthalpy, [image: image] the gas constant, [image: image] the temperature, [image: image] the Peierls critical stress, [image: image] the Dorn activation energy, and [image: image] the Dorn critical strain rate.
This view of rock deformation leads to the overly famous Brace and Kohlstedt strength concept (Brace and Kohlstedt, 1980), where the envelope in a differential stress vs. depth diagram (minimum between [image: image] and [image: image]) exemplifies the maximum strength of a rock under a given, though steady, state of loading (constant strain rate approximation). This definition is based on a dissipative fluid mechanics concept of rock deformation, where the transition from a brittle-like behavior to a ductile-like behavior coincides with maximum values in energy/entropy dissipation (Regenauer-Lieb and Yuen, 2008). Following this view, it is the efficiency of ductile creep to accommodate the stored deformation that provides the first-order control on the distribution of maximum dissipation with depth, thus resulting in a sharp brittle-to-ductile transition (BDT hereafter). The power law functional dependency of ductile creep on temperature, together with the assumption of a constant strain rate, permits to correlate the BDT to characteristic temperature values that only depend on the parameters adopted in the viscous flow laws (typically the 400/600°C and 800/900°C isotherms are taken for a pure quartz and an olivine rheology, respectively). This leads to two basic ingredients to fully characterize a static rheology, that is, the bulk rock mineralogical composition, and the background temperature.
The BDT is thought to provide a conservative estimate of the seismogenic zone, and therefore, of the depth distribution of seismicity within a lithospheric plate. The assumption at play is that stored elastic energy can be effectively dissipated by viscous creep below the BDT, thus limiting earthquake occurrence to the brittle realm (Burov, 2011). The efficiency of viscous creep can be parameterized in terms of an effective viscosity parameter that follows a thermally activated power-law flow law, as typical for dislocation creep as:
[image: image]
Given that the rate of viscous dissipation depends primarily upon background temperature conditions, it seems rather obvious to correlate the seismicity pattern beneath a specific area to the resolved thermal configuration of the plate. This approach has been extremely successful when applied to the study of the evolution of oceanic plates, though its direct use for the continental lithosphere has been hindered by the relative geological complexity of the latter (Burov, 2011).
The main assumption of our rheological approach stems from quasi-static loading conditions, i.e., a steady strain rate approximation. Though, strain rate values can be assigned as non-uniform across the model, we decided at this stage to make use of a constant and uniform strain rate value of [image: image]. Our choice for the background strain rate is consistent with strain rates derived from GNSS analysis for the study area, recording maximum horizontal displacement rates of approximately 500 μm/yr (Fuhrmann et al., 2013; Henrion et al., 2020). These values are also consistent with previous studies suggesting horizontal extension rates in the URG below 1 mm/a (Rózsa et al., 2005; Tesauro et al., 2006). Taking these estimates as a representative extensional deformation rate for the whole URG, we compute a maximum strain rate value of approximately [image: image] (considering the average width of the Tertiary Rhine Graben between Basel and Frankfurt of 36 ± 5 km; Mayer et al., 1997). Hence, the imposed strain rate used in our model should be considered as providing a maximum estimate.
To assign viscous creep parameters, we follow the main structural units of the 3D model, whereby each unit has been parameterized as uniform in terms of its prevalent lithology. In doing so, we opt for a quartzite upper crust, a diabase enriched lower crust, and a peridotitic upper mantle (Table 1). This differentiation accounts for an overall strength increase from felsic to mafic and to ultramafic composition (e.g., Ranalli and Murphy, 1987). Table 1 lists the rheological parameters adopted in the study. Frictional brittle behavior has been parameterized consistent with the prevailing extensional-to-transtentional kinematics observed across the region (Heidbach et al., 2016) with additional constraints from the model by Freymark et al. (2017) (Table 1). In the present study, we did not attempt any further differentiation in the bulk rheological behavior of the different upper crustal sub-units since we consider that such a differentiation would lead to over-interpreting the geodynamic implications of the structural model. Instead, by assuming a constant rheology for all upper crustal sub-units, we are able to quantify the first-order effects of the resolved thermal configuration on the regional mechanical behavior, and, by direct comparison with the available seismic catalog, to the observed seismicity distribution in the area.
RESULTS
Figure 6 portrays the computed map of integrated strength [crust and total lithosphere in panels (A) and (B), respectively] for the whole study area. A remarkable feature of the two maps is a heterogeneous strength distribution, with a clear minimum across the URG. The presence of lower than surrounding crustal (and lithospheric) strength values in this domain are structurally linked to the regional thermal configuration, with the URG being hotter than the surrounding domains (Figure 5). This is due to the concomitant presence of an elevated LAB underlying a thinned and mechanically decoupled upper crust (in response to transtentional tectonics).
[image: Figure 6]FIGURE 6 | Maps of the integrated (A) crustal and (B) total strength compared with seismicity. Light-grey dots show epicenters of seismic events with reliable depths. Deep-grey lines show country boundaries.
The degree of mechanical decoupling inversely correlates with the local temperature conditions, where the presence of higher mid-crustal temperatures (shallower 450–600°C isotherms; Figure 5) leads to an internal decoupling as the hot crust is no longer able to sustain imposed stress but would rather accommodate stored deformation by ductile creep. Accordingly, higher than background temperatures in the graben proper imply a weak crust, an aspect that correlates with the clustering of, preferentially low-magnitude, earthquakes in the area (Figure 1C).
There is an overall spatial correlation between the distribution of hypocenters and lateral variations in the computed crustal strength, with the majority of events lying within the boundaries of the weakest crust (Figure 6). This clear correlation between earthquake distribution and crustal and lithosphere strength breaks down, however, when moving toward the NW domain, for example, along the Middle Rhine Zone (MRZ) which connects the URG with the LRG (compare with Figure 1B). Moving virtually from the northern parts of the URG toward the NW means entering a domain that is characterized by lower temperatures (larger depth of the 450–600°C-isotherms; Figure 5) as mostly controlled by the lower radiogenic heat production of the Rhenohercynian upper crust (Table 1) and a thicker lower crust (Figure 4B). As a consequence, our model predicts overall larger crustal and lithospheric strengths for this domain, which appears at odds with the presence of a second belt of seismicity striking NW-SE and connecting the URG with the LRG (Figure 6). Under a similar background stress field, we would expect few if not no earthquake activity to occur within a stronger and thicker crust. Comparing the crustal and lithospheric strength maps we note, however, that in this area the mantle contribution to the total strength is larger than in the other parts of the study area where the crustal and lithosphere strength maps display more consistent patterns. This configuration of a strong crust and a strong mantle indicates a mechanically coupled crustal-upper mantle lithosphere, i.e., a thicker elastic root in this part of the study area. Increasing the contribution of the lower crust and upper mantle to the total plate strength would therefore translate in an increase in the portion of the lithosphere that is able to sustain imposed stress, thus resulting in a deepening of higher in magnitudes seismic events in this area (Figures 7A, 1C—see also the discussion that follows). Such a rheologically heterogeneous lithosphere is likely to control also the horizontal distribution of hypocenters, which in the MRZ are located within a domain of finite lateral extent. This hypocenter cluster spatially correlates with transitional LAB depths (Figure 4D; deep south of the seismicity cluster and shallow north of it) and thus a gradient in the long-term strength of the plate. In addition, the localization of seismicity in the MRZ might be causally related with smaller-scale crustal features not resolved by our model. This includes, for example, 1) the NW-SE striking Lower Rhine Graben System of presently reactivated faults (Cloetingh et al., 2006) which tapers off toward the MRZ as it is increasingly outranged by NE-SW trending Variscan lineaments of the Rhenish Massif [e.g., compiled tectonic map in Grünthal et al. (2018)] or 2) the magmatic and tectonic structures related to the Eifel volcanic field (black circle in Figure 3).
[image: Figure 7]FIGURE 7 | Differential stress displayed along depth cross-sections for each profile: (A) profile 1; (B) profile 2; (C) profile 3; (D) profile 4. Dots indicate hypocenters of seismic events associated with the profile (see Figure 3) and are color-coded by their local magnitude (the upper color bar). The differential stress color legend is explained by the lower color bar. Dashed red lines depict isotherms derived from the thermal model, and gray lines mark the structural model units (see Figure 4E).
So far, the discussion has mostly been limited to the regional characteristics of the modeling in terms of computed integrated strength maps (Figure 6). Despite the general agreement found between seismicity and first-order lateral rheological contrasts, no information has been derived on their depth distributions. An attempt is done in Figure 7 where we plot the computed differential stress together with the depth locations of hypocenters across the four profiles introduced in the previous chapters.
In our modeling approach, the depth at which a maximum in the differential stress occurs marks the transition between the brittle frictional deformation regime and the ductile domain, i.e., the BDT. Therefore, we could consider this depth level, to a first order, as indicative of the lower boundary for the seismogenic zone. If we compare this depth level to the depth distribution as provided by the seismic catalog, we note an overall correlation between the rheological modeling results and the depth distribution of hypocenters. The majority of the recorded events are shallower than and limited by our computed BDT, despite the steady-state assumptions of our modeling approach. We can go that far in interpreting these results as to provide a causative mechanism explaining the observed variations in the depth distribution of hypocenters, characterized by shallower seismic events in the S than in the N(W). Accordingly, the observed northward increasing depth of hypocenters can be related to a northward thickening of the brittle crustal portion of the lithosphere and to a deepening of the BDT as evident in all profiles (Figure 7). Thus, a thicker and therefore stronger brittle crust would have the potential to produce deeper and larger in magnitude events. This is again in agreement with the distribution of the seismic magnitudes (Figure 1C). Thickening of the brittle crustal layer can also explain the deepening of hypocenters along profile 3 while moving from the URG proper to the east and the associated increase in earthquake magnitudes (Figure 1C). Based on these findings, we can conclude that, on a regional scale, first-order lithology contrasts in the crust within an overly diffusive lithosphere loaded by a background stress likely control the overall mechanical behavior of the plate.
Locally, also seismic events that are deeper than the modeled 450°C isotherm are observed as shown in profile 1 at the western graben margin or in profile 3 east of the URG. Also, along the graben axis (profile 4) such deeper events are evident. Most of these deeper events are within the mafic lower crust and their depth is mostly shallower than the 600°C isotherm. Given that the BDT is occurring at higher temperatures in mafic rocks (e.g., Ranalli and Murphy, 1987), the seismicity down to the depth of 600°C is therefore not surprising in these domains. Alternatively, the presence of hypocenters deeper than the resolved BDT could be related to secondary, transient and therefore other than conductive thermal effects associated with local structural heterogeneities (i.e., faults) and variations in rock properties, which could affect the location of the BDT in the modeling. Such transient effects are important, though locally, and were already evidenced in previous works (Freymark et al., 2017; Freymark et al., 2019), where the local mismatch between computed temperature and T-logs has been explained by active fluid circulation along major fault zones. This can explain the presence of hypocenters along the western portion in profile 1 reaching down to more than 30 km (lithospheric mantle) that appear to be aligned.
An important factor controlling the depth distribution of the brittle frictional domain is viscous relaxation by crustal and mantle creep. The ability of crustal and mantle rocks to efficiently accommodate accumulated stress can be parameterized in terms of an effective viscosity (see the previous paragraph). Based on experimental evidence, in the present study we have assumed dislocation creep to be the only active relaxation mechanism. Dislocation creep is characterized by a nonlinear relationship between stress and strain rate (Eq. 2), thus by a nonlinear effective viscosity that has a power-law dependence on the assumed strain rate (or stress) and an exponential dependence on temperature (Eq. 3). The profiles in Figure 8 illustrate this non-linear behavior. Despite assuming a uniform and constant background strain rate and a constant uniform lithology for each major geological unit, the viscosity profiles are characterized by a marked viscosity gradient in each unit due to a heterogeneous thermal field. Average values of the calculated effective viscosity for the upper crust are in a range between 10e21 and 10e24 Pa*s, with a two to four orders of magnitude decrease in viscosity at lower crustal and upper mantle levels, respectively. A drastic jump in effective viscosity is indeed evident at the upper-lower crustal discontinuity, indicating that most of the relaxation takes place in the lower crust and upper mantle. Relatively low viscosity values in the lower crust and upper mantle promote stable aseismic creep, possibly enhanced by lower crustal flow, thus explaining the overall drop in seismic activity at these depths. As described above, we can correlate the depth location of recorded seismicity to the upper crustal configuration, with deeper events occurring within a thicker and stronger crust in the north and south-east of the URG, while being limited to shallower depths in the URG due to efficient lower crustal viscous relaxation in the presence of a thin brittle upper crust. Though we cannot rule out that there might be other active co-players, including transient creep processes or pore pressure mediated effects, the results of Figure 9 provide additional evidence on the role of crustal rheological contrasts in controlling the overall strength and mode of lithospheric deformation in the study area.
[image: Figure 8]FIGURE 8 | Effective viscosity cross-sections along each profile: (A) profile 1; (B) profile 2; (C) profile 3; (D) profile 4. Red dots represent hypocenters of seismic events associated with the profile (see Figure 3). The color legend of effective viscosity is explained by the color bar. Gray lines mark the boundaries of the structural model units (see Figure 4E).
[image: Figure 9]FIGURE 9 | Maps of (A) event density derived by considering circular bin of 75 km radius (logarithmic scale); (B) seismogenic depth level map derived as the depth above which 95% of events occur for each circular bin; (C) mechanical thickness derived from the rheological model of the area. Black dots mark the epicenters of seismic events with reliable depths.
To discuss in a more quantitative way the implications of the modeled crustal thermo-mechanical configuration and the potential seismic hazard in the study area, we present a map of spatial variations in the base of the seismogenic crust in Figure 9B. The seismogenic depth level has been calculated from the seismic dataset as the depth above which 95% of the total seismicity occurs. To derive the map, we have first subdivided the model area into a grid of equal radius bins by using an effective searching radius of 75 km. Figure 9A shows the density of events in terms of number of events associated with each grid point of the model. To compute the base map of the seismogenic zone, we considered for any given bin that seismicity is inactive below a depth level underlying the majority of hypocenters. We disregarded distributions with less than five events that are considered as statistically meaningless. The radius has been defined in order to ensure that a statistically significant number of epicenters could be located inside each of the grid bins. For the radius of 75 km, the minimum number of associated events in each bin turned out to be eight which ensures that no gaps exist in the seismogenic depth level map in Figure 9B.
Figure 9B displays a seismogenic depth that is highly variable across the study area, covering a range of less than 5 km below sea level up to 50 km below sea level. There is a systematic deepening in the seismogenic base at the northern boundary of the URG, toward the northwest and toward the east of the graben proper, which also correlates spatially with a change in the seismic energy released as evidenced by the catalog (Figure 1C). Events of higher magnitude occur in areas where the seismogenic depth is larger. These variations positively correlate with the topography of the 450°C isotherm in Figure 5A, which we have taken as representative of the maximum dissipation potential isosurface in the crust. This correlation suggests that, on a regional scale, the brittle portion of the crust in the area is controlled by the geothermal diffusive gradient and that first-order variations in the crustal configuration and their thermal consequences exert the primary control on the spatial distribution of the seismicity.
We have based our evaluation so far by relying on the hypothesis that the recorded seismicity distribution provides a direct observation-based constraint for the lithospheric strength. The rationale behind this assumption stems from the fact that a rock must be able to retain enough strength in order to nucleate an earthquake, though a finite strength does not necessarily imply seismicity to happen. This said, we can interpret the seismogenic depth level map described above as an observation-driven estimate of the depth levels in the plate that are able to retain enough strength so to store elastic strain energy under a given in-situ stress state. Therefore, the implications of our study can be further quantitatively tested by a direct comparison of the observation summarized in Figure 9B with the map depicting lateral variations in the computed mechanical thickness as derived from our rheological study (Figure 9C). The mechanical thickness, not to be confounded with the effective elastic thickness, is defined as an integrated value corresponding to the depth at which the strength of the rocks becomes negligible, that is smaller than a finite threshold level for which usually 20 MPa is considered (Ranalli, 1995). Therefore, the computed mechanical thickness is, like the effective viscosity introduced above, an effective parameter, rather than a rock property sensu stricto and it is used to represent the thickness of the stress bearing part of the plate (seismically active) in an integral sense. In other words, it provides an estimate for the strength of the plate itself, defined by the depth levels above which dissipation of stored elastic energy is negligible, thus being directly comparable to the seismogenic base map in Figure 9B.
The map in Figure 9C displays a mechanical thickness that is highly variable over the study area in a range from 24 to 57 km. In general, the spatial distribution of minima and maxima resembles variations in the lithospheric strength (Figure 6), with lower values within the URG area, the Eifel area in the central part, at the northern model boundary and across the Alps, that are bordered by maxima in mechanical thickness to the east and to the north-west of the URG. The range of variations in modeled mechanical thickness is in the same order of magnitude like the one obtained for the seismogenic base derived from the seismicity data and the two maps also show a spatially similar pattern. The agreement between the two maps obtained with completely independent methods suggests that the bulk of the seismic activity in the study area is indeed controlled by the long-term thermo-mechanical configuration of the crust under a consistent in-situ stress field.
DISCUSSION
A major outcome of the modeling is the correlation between the regional seismicity observed in the study area and the crustal rheological configuration, the latter being, to a first order, controlled by resolved variations in the thermal configuration within a heterogeneous crust. We, therefore, open this paragraph by deepening the discussion of these implications. The seismicity in the study area shows a bimodal distribution in its spatial trend. A first cluster of seismic events, aligned NNE-SSW is found in the southern-central part of the area, that follows the outlines of the URG. To the north, at the northern end of the URG and up to the southern boundary of the LRG, a second cluster of seismic events displays a counter-clockwise rotation and higher local magnitudes. Another cluster is located in the south, between the eastern flank of the URG and the Black Forest region, that also features increased earthquake magnitudes (Figure 1C). This systematic variation in the spatial distribution and local magnitudes in the seismic catalog raises the question on the causative mechanisms to the observed distribution.
Cloetingh et al. (2005) found that zones of concentrated seismic activity correspond to areas of crustal contrast between the Cenozoic rifts and their surrounding platform areas, which is consistent with our findings. In our study we go one step further by comparing the depth distribution of seismicity in addition to a lateral distribution. An attempt to provide an answer to the aforementioned question is provided below where we correlate these observations with the results of our rheological modeling exercise.
The URG proper is a domain of a thin and hot upper crust and therefore of reduced crustal strength (see Figures 4AFigures 5Figures 6A). To the east of the URG, the model features a gradual increase in crustal thickness superposed to a deepening of the LAB, leading to overall lower deep temperatures and to a mechanically stronger crust. The presence of a heterogeneous crustal configuration across this area is indicative of an asymmetric strength configuration, which, in turn, can explain observed variations in the seismicity. That a causative relation exists between the distribution of earthquakes and the crustal structure is also evident when looking at the depth distribution of the hypocenters (Figures 7, 8 and 9). As also reported by previous studies (e.g., Faber et al., 1994; Mayer et al., 1997), seismicity reaches its maximum down to 25 km (approximately coinciding with the Moho boundary of our model) in the easternmost domain of the URG and toward the Black Forest, and it exhibits a pronounced peak between 12 and 18 km within the graben proper. If we take the 450° isotherm as indicative of a maximum crustal dissipation potential, it is striking how the majority of recorded seismic events are delimited by the topology of this isotherm that also marks the maximum strength level in the upper crust. The observed shallow seismicity in the URG aligns with a local minimum in the depth of the same isotherm at around 13–16 km. The observation that the majority of shallow hypocenters concentrate above and/or along this rheological boundary is indicative of an internal decoupling horizon at upper crustal depths that provides an effective limit to the depth distribution of earthquakes to the shallower brittle crust. The shallower this horizon is, the lower are the magnitudes of potential earthquakes. The observed eastward deepening in hypocenter locations (with maxima toward the Black Forest area) is also consistent with the modeled increase in integrated crustal strength due to a gradual crust-mantle coupling. This in turn provides additional evidence of the correlation between seismic activity and resolved variations in the crustal rheological configuration.
Following a similar reasoning, we can also explain the NNW-SSE trend in the seismicity pattern across the northern boundary of the URG (Figure 1C). This second cluster of seismic events spatially correlates with a region of increased crustal strength (Figure 6A) associated to a thicker mafic lower crust and a deepening in the LAB (Figure 4) that spatially correlates to a seismicity trend that features deeper sources of earthquakes (Figures 7Figures 8). Also, the seismic energy release in this area is found to vary more than an order of magnitude if compared to the values within the graben domain proper (Figure 1C). We can summarize these findings by stating that: earthquakes preferentially rupture with moderate magnitudes through a weaker crust within the URG and through a stronger crust to the east and in the north, thereby being accompanied by higher energy release as evidenced by the seismic catalog. Based on all these observations, we can therefore conclude that rapid accommodation of permanent deformation by thermally activated viscous-creep efficiently limits the deepening of seismic energy release in the graben area to the shallower portion of the upper crust, the latter being mechanically decoupled from the deeper crustal domain.
To explain the presence of, relatively few in number, hypocenters deeper than the modeled BDT in the URG (Figure 7D) requires a mechanism to either locally increase the strain rate or to lower the temperature with respect to the background values. Observations within the study area are indicative of a regional stress field (Heidbach et al., 2016) that shows an overall consistent pattern across the graben. This aspect makes it difficult to envisage any mechanism that could promote a local and systematic increase in the background strain rates without disturbing the regional stress field. It is, therefore, likely that the local deepening in the hypocenters could correlate with the presence of a preferential westward dipping plane of weakness or local faults which have not been included in the current input model. Such geological discontinuities would have the potential to cause local deviations from the average stress field in the near fault area as well as in the local temperature conditions, which, if also accompanied by fluid induced metamorphism, could be considered as a viable mechanism to explain the observed deepening in the seismicity. Though at a speculative level, we can conclude that the presence of major rupture planes might be effective in promoting local changes in the rheological crustal configuration (frictional weakening) resulting in a locally mechanically coupled reflective crust, which would explain the deepening in the hypocenter locations with respect to an overall shallow crustal seismicity in the graben area.
Seismicity is a slip-pulse mechanism “sensu” (Scholz, 1998) and it therefore reflects a frictional coseismic instability along a certain fault patch in response of dynamic weakening, thereby leading to an overall reduction in the dynamic stress that could or could not affect the long-term stress state (Ohnaka, 2013). We have already pointed out current limitations of the study being confined to capture first-order indicators that could be useful to link seismicity to the lithospheric strength in the area. In doing so, we have been inspired by an increasing amount of experimental evidence demonstrating how coseismic dynamic weakening is limited by depth and temperature (Maggi et al., 2000; Ohnaka, 2013). This is mainly the result of ongoing (mostly off-fault) viscoplastic deformation leading to an overall increase in the fault frictional resistance. At upper crustal conditions, rocks might undergo time- and displacement-dependent changes in their frictional coefficient which could potentially lead to slip instabilities along fault surfaces (Marone and Scholz, 1988; Rice, 1993; Cowan, 1999). However, and most important to our study, independent to the local mechanism at play within the fault, for a slip instability to occur it requires a gradient in the mechanical strength among the fault-host rock system even at upper crustal pressure (equal to mean stress)-temperature conditions. In contrast, deeper in the crust and upper mantle, thermally activated viscous creep is velocity strengthening, preventing deformation from attaining seismic rates even upon localization (Scholz, 1989). This provides a direct link between the degree of velocity weakening on a seismogenic fault and the background shear stress required to trigger the seismic pulse. If based on studies of fault rocks in exhumed continental crust (Handy and Brun, 2004; Niemeijer and Spiers, 2007), it also becomes clear that faults in the upper crust are dominated by a low effective coefficient of friction due to the presence of a clay-rich fault gouge, and that they rapidly transition to higher effective coefficient of frictions at deeper depth levels (approximately at the BDT). The most important implication of these observations is that this change from brittle cataclastic deformation to a more ductile flow mode of deformation can still be captured and approximated to a first degree by the intercept point between Byerlee’s law and ductile creep in a static long-term rheological profile.
A second point worth discussing is how to best reconcile observed earthquake magnitudes to the long-term strength of a plate. During an earthquake cycle the fault-host rock system will undergo an overall increase in its strength as a non-linear function of progressive deformation and temperature conditions (strain rates and temperature dependency of viscous creep). Upon reaching (or approaching) the system static strength, the stored internal energy would be released coseismically only within mechanically compliant domains. Following an earthquake, the system will be then reloaded interseismically and the lithosphere strength will gradually recover to its long-term profile. If we follow the established concept of an earthquake as a frictional dynamic instability (Ruina, 1983; Dieterich, 1994), we should also conclude that its magnitude does not only correlate to the peak strength of a specific rock, but must also scale with the gradient in stress drop resolved between the fault and host rock. This picture does entail a subtle, though important causal correlation between the static strength of the host crustal rock domain and the transient co-seismic strength. On the one hand, it suggests that earthquakes are likely to nucleate within strong and stress bearing layers of the lithosphere upon reaching their peak strength. The fact that the latter increases with depth thereby results in higher magnitudes events nucleating at larger depths. In contrast, weak areas would rather yield in an aseismic manner. Indeed, if the seismogenic portion of the plate would be completely dissected by weak faults, it will be unlikely to transmit any stress. This situation might change depending on local conditions where dynamic weakening processes like frictional melting, flash heating, thermal pressurization and endothermic fluid mediated reactions (Di Toro et al., 2011; Rice, 2017) might result in runaway instabilities even under near-adiabatic and lower than critical temperature conditions (though grain growth could lead to a (re)-stabilization of the system). On the other hand, the generally observed cut-off depth for coseismic slip (i.e., the thickness of the seismogenic zone defined as the depth below which earthquake frequencies and magnitudes rapidly decrease) can be taken as a quantitative indication of how the downward propagation of the velocity weakening domain is a function of the actual deformation and thereof of the geothermal gradient and overall strain rate. Viscous creep is, therefore, the process limiting the extent of downward coseismic rupture by preventing, via energy dissipation, stresses from attaining the fracture strength of the surrounding rock. This observation once again implies a causal correlation between the long-term lithosphere strength and frictional seismic instabilities and the usefulness of quantitative studies on the long-term rheological behavior of the plate.
CONCLUSION
Calculated 3D rheological characteristics, using a data-based lithosphere-scale 3D thermal model of the URG and adjacent areas, show remarkable consistency with independent data on seismicity distribution. Resolving the first-order lithological variations in the plate, consisting of a sedimentary cover, the upper and lower crystalline crust as well as the lithospheric mantle, we found that the computed 3D strength configuration and its major gradients correspond to the main characteristics of observed seismicity with respect to both seismogenic depth and magnitudes.
We find that, on a regional scale, the brittle portion of the crust is controlled by the geothermal diffusive gradient. As the latter is determined by the structural configuration of the crust and lithosphere, the depth level to which seismic activity may occur, varies significantly. For the URG area, first-order variations in the crustal configuration and in lithosphere thickness exert the primary control on the spatial distribution of the seismicity. The calculated variations in strength, differential stress and effective viscosity show clear spatial correlations with observed seismicity in that:
• The URG is mainly characterized by a hotter and weaker crust than its surroundings with seismic events of moderate magnitude largely shallower than the depth to the 450°C isotherm. The brittle part of the crust is thinner in the URG compared to the surroundings and mechanically decoupled from the mantle, which leads to shallow and moderate in magnitudes seismic events. Deeper events are local and probably related to deep reaching faults. A similar rheological configuration is found for the Alps and the Eifel area.
• The areas north-west and east of the URG are characterized by a thicker, colder and stronger crust and are characterized by deeper seismic events of higher magnitudes.
In general, we find a correlation between the computed mechanical thickness and the data derived seismogenic base. The study demonstrates how the assessment of potential seismic hazards can profit if observation-based knowledge of the 3D thermal field is integrated with seismic catalogs.
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