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This study presents a seismotectonic analysis of the Miocene-aged Hegau-Bodensee Graben, a major tectonic
element in the northern foreland of the European Central Alps. The graben is characterized by comparatively low
strain rates and low-to-moderate seismicity. Our study builds on the seismological analysis of earthquakes
recorded by a recently densified seismometer network. The derived high-precision absolute and relative hypo-
center relocations allow to identify seismogenic structures in the pre-Mesozoic basement, which we relate to
bounding faults on either side of the NW-SE striking graben. A cluster of seismicity on the SW side of the graben
is associated with the previously mapped Neuhausen Fault. In contrast, the seismogenic, SW-dipping bounding
faults on the opposite side of the graben, between the extinct Hegau volcanic field and the Bodanriick peninsula
of Lake Constance, cannot be associated with any known fault. A set of 51 focal mechanisms allows for a high-
resolution analysis of kinematics and stress regime of the graben. Our results show that the bounding faults of the
graben are optimally oriented to be reactivated in transtensional mode in the present-day stress field. Slip rates
across the Neuhausen and Randen Faults estimated from geodetic data are likely <0.1 mm/yr. In comparison
with historical seismicity over the past 600 years and geomorphic field observations, geodetic rates of 0.1 mm/yr
appear overestimated. Nevertheless, historical seismicity suggests that slip rates have the potential to generate
My 5.0 earthquakes within this slowly deforming, transtensional fault zone in the foreland of the Alpine collision
zone on timescales of several hundred years.

Stress inversion
Geodesy
Seismic Hazard

1. Introduction recurrence intervals exceeding several thousand years. The most

prominent example of such intraplate seismicity is the New Madrid

The seismotectonic characterization and seismic hazard assessment
of low-strain, intraplate areas, typically characterized by long earth-
quake recurrence times and low surface deformation rates close to the
noise level of modern geodetic recording capabilities, represent a seis-
mological challenge (Landgraf et al., 2017 with references therein).
Seismic activity in such settings is low to moderate and usually scat-
tered, indicating that deformation is distributed over several fault seg-
ments rather than localized along a major fault zone. Nevertheless, these
areas can still host devastating earthquakes of magnitudes >6, with
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Seismic Zone in the eastern United States, which is associated with the
reactivation of a Precambrian rift (Braile et al., 1986). This zone hosted
several M8 earthquakes between 1811 and 1812 (e.g., Johnston and
Schweig, 1996) despite small (on the order of 3-5 mm/yr) to non-
detectable present-day intraplate strain accumulation (e.g., Weber
et al,, 1998; Newman et al., 1999). Similarly, the largest historical
intraplate earthquake in Central Europe, the 1356 My, 6.7-7.1 earth-
quake of Basel (e.g., Meghraoui et al., 2001; Fah et al., 2009), occurred
in such a continental low-strain area. Like the entire northern foreland of
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the European Alps, its source region at the southern end of the Upper
Rhine Graben (Fig. 1) is characterized by present-day deformation rates
<1 mm/yr (e.g., Schlatter, 2007; Schlatter, 2014; Brockmann et al.,
2012; Villiger, 2014; Houlie et al., 2018; Sanchez et al., 2018).

The focus of the study presented here, is the Hegau-Bodensee Graben
(also referred to as Hegau-Lake Constance Graben; e.g., Fabbri et al.,
2021, hereafter referred to as HBG), located about 100 km to the east of
the Upper Rhine Graben (Fig. 1). The HBG is part of the larger Frei-
burg-Bonndorf-Bodensee Fault Zone shown in Fig. 1, which represents a
major tectonic element in the northern foreland of the Central Alps (e.g.,
Egli et al., 2017). Although the HBG has been recognized to be seismi-
cally active at low to moderate levels previously (e.g., Deichmann et al.,
2000a; Diehl et al., 2018), associated seismotectonic processes and their
significance in the geodynamic context of the Alpine foreland are still
poorly understood. Likewise, its relation to the seismically more active
neighboring Upper Rhine Graben and the Albstadt Shear Zone (Fig. 1),
along which devasting earthquakes have occurred during historical
times (e.g., Bonjer et al., 1984; Deichmann et al., 2000a; Lopes Cardozo
and Granet, 2003; Barth et al., 2015; Stange and Briistle, 2005; Mader
etal., 2021) is unclear. Since 1995, several earthquake swarms occurred
near the cities of Singen and Constance (Fig. 1), with local magnitudes
(M) up to 3.7, which triggered questions on driving mechanisms of
these sequences and possible seismic hazard associated with the graben
structure. Another feature of the Hegau-Lake Constance region, as well
as the entire northern foreland of the Central Alps, is the seismic activity
throughout the entire crust, including its lowermost part (e.g., Dei-
chmann, 1992). Stresses induced by slab-rollback and crustal-
delamination processes have been proposed to explain the lower-
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crustal seismicity in the Alpine foreland (Singer et al., 2014), howev-
er, possible links to very shallow crustal structures such as the HBG are
still unclear. Given the region’s dense population and the proximity to
potential siting regions for deep geological nuclear waste repositories
(Fig. 2; Nagra, 2008, 2014), an improved seismotectonic characteriza-
tion of the HBG is being sought.

To achieve this goal, the seismological network across the region was
significantly densified in order to improve the magnitude of complete-
ness (M¢) of seismicity and the quality of earthquake locations in
northern Switzerland and southern Germany over the past two decades.
In this study, we make use of the data acquired by this improved
network and image seismogenic faults associated with the HBG with
unprecedented high-resolution hypocenter relocations. Seismicity is
interpreted in combination with a recent three-dimensional (3-D) local
earthquake tomography model (Diehl et al., 2021b) and geological
models based on seismic reflection data. Fault kinematics and the stress
regime of the graben are derived from an augmented set of focal
mechanisms. Finally, upper bounds of slip rates of bounding faults are
estimated from already existing Global Navigation Satellite System
(GNSS) calculated velocities (Brockmann, 2018, Brockmann et al.,
2019) and compared to the seismic moment release of historical and
instrumentally recorded earthquakes.

2. Geological and tectonic setting
The NW-SE striking HBG lies within an area exposing the Mesozoic

cover of Variscan basement, straddling the northern rim of the Molasse
Basin of the European Alps approximately 50 km of the orogenic thrust
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Fig. 1. Simplified tectonic map of the northern foreland of the Central Alps with upper-crustal seismicity (focal depth < 15 km). Tectonic units and faults are adopted
from Egli et al. (2017), Heuberger et al. (2016), Mock and Herwegh (2017) and Swisstopo (2005). Gray areas indicate major fault and shear zones, including the
Hegau-Bodensee Graben (HBG). Displayed seismicity (circles) corresponds to bulletin locations of the Swiss Seismological Service (SED) in the period 1984/
01-2021/02. Size of the circles indicates local magnitude (My). Red circles highlight earthquakes of M;, > 2.5. The green dashed line defines the main study region
including the HBG. LC: Lake Constance (German: “Bodensee”); KS: Kaiserstuhl; SFZ: St. Gallen Fault Zone. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 2. Seismic network configuration, magnitude of completeness (M) and temporal evolution of earthquake detection capabilities in the northern foreland of the
Central Alps. (a) Seismic network used in this study, including open and closed weak-motion (WM; seismometers) and strong-motion (SM; accelerometers) stations
operated by various seismological agencies. The seismic network in the Hegau-Lake Constance region (outlined by green, dashed line) has been significantly
improved since about 2011. Background colors and white contour lines indicate M estimates (in terms of local magnitude M;) derived from the probabilistic PMC
method (see text for details) for the network configuration as of September 2020. Circles correspond to upper-crustal seismicity of the SED earthquake bulletin.
Orange areas indicate three potential siting regions for underground nuclear waste repositories (JO: Jura Ost; NL: Nordlich Lagern; ZNO: Ziirich Nordost; Nagra,
2008, Nagra, 2014). Blue lines indicate faults (see caption of Fig. 1 for references of shown fault traces). LC: Lake Constance. (b) M}, as function of origin time of
earthquakes located within the geographic boundaries of (a) and occurring in the digital era of SED’s instrumental earthquake catalog (1984-2021/02). Blue line
indicates the cumulative sum of earthquakes, red line shows cumulative sum of P and S arrival-time picks listed in the SED bulletin. Vertical gray bars indicate major
changes in network configuration in the wider study area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

front (Fig. 1). The Molasse basin developed during Oligocene and
Miocene times (Pfiffner, 1986; Willett and Schlunegger, 2010). Its
sedimentary fill consists of 4 mega-sequences of clastic sediments
(Homewood et al., 1986). Subjected to large-scale erosion during Late
Miocene/Pliocene times (von Hagke et al., 2012), the thickness of Mo-
lasse sediments in the area of the HBG preserved today amounts to some
500 m. To the north and east, the gently south dipping Mesozoic
sequence underlying the Cenozoic basin fill is exposed. It developed

under epi-continental marine conditions and is dominated by lime-
stones, marls and clays and evaporites at its base. Even further to the
north in the Black Forest Massif, the crystalline basement underneath
the Mesozoic is exposed. The pre-Permian granites and gneisses were
strongly deformed during Variscan orogeny and later dissected by
several regional fault zones including low-angle normal faults and
thrusts as well steeply to subvertical strike-slip fault systems (Eisbacher
et al., 1989; Madritsch et al., 2018).
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In the Hegau region, the sedimentation of Molasse deposits was
accompanied by volcanism during Middle and Late Miocene times
(Lippolt et al., 1963; Wimmenauer, 1974; Schreiner, 1992). The volca-
nic field in this region coincides with the intersection of two fault zones
(see Fig. 1), the N-S trending Albstadt Shear Zone (Schneider, 1979;
Reinecker and Schneider, 2002; Mader et al., 2021) and the roughly
NW-SE trending Freiburg-Bonndorf-Bodensee Fault Zone (Egli et al.,
2017 with references therein; see further outline below). The latter fault
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zone is traceable for several tens of kilometers passing through the
crystalline basement of the Black Forest Massif into the Upper Rhine
Graben (Fig. 1) and thus represents a major crustal-scale discontinuity.
The HBG represents its southeasternmost extent.

The formation of the NW-SE striking HBG investigated here, is
inferred to have resulted from the transtensional to extensional reac-
tivation of the Freiburg-Bonndorf-Bodensee Fault Zone during the
Middle Miocene (Schreiner, 1992; Egli et al, 2017).
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Geomorphologically, the 536 km? large Lake Constance (German:
“Bodensee”) is a remarkable feature that occupies a glacially over-
deepened Quaternary basin (Miiller and Gees, 1968; Schreiner, 1992).
The fact that this basin at least partially follows the Miocene graben
trend has led previous authors to suspect that the formation of the
glacial basin was tectonically guided. Indeed, recent high-resolution
bathymetric and reflection seismic investigations of the lake have
revealed a number of faults that appear to have been active during
Quaternary times (Fabbri et al., 2021). In the following, the most
prominent known fault zones in the area of the HBG are briefly
described (see also Fig. 3).

The roughly NW-SE striking Neuhausen Fault (NF in Fig. 3) is the
westernmost fault of the HBG cropping out at the surface. It is a
segmented normal fault (top to NE), whose vertical throw within the
Mesozoic section is estimated to range between 20 and 50 m, locally up
to 100 m (Birkhauser et al., 2001; Roche et al., 2020). A relatively more
important normal fault, also top to the NE, within the Miocene graben is
the similarly striking Randen Fault (RF in Fig. 3) located farther to the
east with a documented vertical throw of >200 m (Schreiner, 1992).
Both faults were previously considered to have potentially been active
during the Quaternary (Miiller et al., 2002). Even farther to the north
and northeast (e.g., within the NE part of the graben) there are a number
of other NW-SE striking faults mentioned in the literature (cf. Ibele,
2015 with references therein; for example, the Hegau and Mindelsee
Faults; HF and MF in Fig. 3). Their traces are generally far less con-
strained compared to the previously mentioned ones, but some of them
seem to be traceable into the Lake Constance and may have been
recently active (Fabbri et al., 2021). Apart from graben-parallel faults
described above that are part of the HBG, other important fault systems
in the investigated region include the ENE-WSW striking Permocarbo-
niferous trough of northern Switzerland (Constance-Frick Trough; cf.
Madritsch et al., 2018 with references therein) and the N-S striking St.
Gallen Fault Zone (SFZ in Fig. 3; Heuberger et al., 2016). While there is
no clear evidence for ongoing activity of the faults associated with the
Constance-Frick Trough beyond their Miocene reactivation (e.g., the
Baden-Irchel Herdern Lineament; BIH in Fig. 3; Malz et al., 2016), the St.
Gallen Fault Zone has been found to be currently active as it offsets
Quaternary sediments in Lake Constance (Fabbri et al., 2021). These
geological evidences for fault activity in the Hegau-Lake Constance area
are corroborated by low-to-moderate but continuous seismicity, whose
improved seismotectonic analysis is the main goal of this study.

3. Data and methods
3.1. Seismological data

The Swiss Seismological Service at ETH Zurich (SED) operates single
seismic stations and local seismic networks in northern Switzerland
since the early 1970s (for an overview see Deichmann et al., 2000a). A
particular target of the dense instrumentation in this region is the
monitoring and characterization of seismicity at sites of potential nu-
clear waste repositories on behalf of the National Cooperative for the
Disposal of Radioactive Waste (Nagra). Digital seismic waveforms of
earthquakes recorded by the “first-generation” Nagra weak-motion
networks are available from 1984 onwards. Event data acquired
before the year 2002 were mainly recorded by short-period seismome-
ters and transmitted to data centers through telemetry, resulting in a
narrow dynamic range of signals (Fig. 2b; Deichmann et al., 2000a).
Since the year 2002, the majority of stations operated in northern
Switzerland consists of three-component, short or broad-band sensors
with continuous, digital data transmission (Fig. 2b), leading to signifi-
cantly improved recording quality.

In the year 2003, Nagra’s “second-generation” weak-motion
network, consisting of five stations, finally replaced the “first-genera-
tion” stations. Since about the year 2010, additional stations have been
installed within the framework of the Swiss Strong Motion Network
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(SSMNet) renewal (e.g., Clinton et al., 2011) and other projects in the
region (Fig. 2a). Furthermore, real-time data exchange with neighboring
seismic networks in southern Germany, France and Austria has been
established at the same time to improve earthquake detection and
location quality in the border regions (e.g., Diehl et al., 2021a, 2021b).
Between the year 2012 and 2013, ten additional weak-motion stations
have been installed in northern Switzerland and southern Germany on
behalf of Nagra. This “third-generation” Nagra network aimed to ach-
ieve a magnitude of completeness (in our case defined as lowest local
magnitude M that the network is able to record reliably and
completely) of M < 1.3 in the three potential siting regions for deep
geological nuclear waste repositories (Kraft et al., 2013). The network
extension includes three short-period borehole stations installed at
depths between 120 and 150 m below the surface and seven broad-band
surface stations (Plenkers et al., 2015; Diehl et al., 2014). Since 2018,
the Nagra network is locally densified with another six semi-permanent
and two temporary surface stations, monitoring specific earthquake
clusters and several exploration drilling campaigns in the region.

Fig. 2a documents the improvements in station density in the wider
study area since about 2011. In addition to the network densification,
the SED migrated to an improved seismic monitoring software in 2012
(Diehl et al., 2013), which, for instance, allows the usage of strong-
motion stations in the automatic earthquake detection procedure and
therefore also contributes to lower detection thresholds. In Fig. 2b the
combined improvement is illustrated by the lowering of the detection
thresholds by 0.5-1.0 M; units and increasing slopes of cumulative sums
of earthquakes as well as arrival-time picks since about 2013. M and its
lateral variation in the study region are assessed with the probabilistic
PMC method (Schorlemmer and Woessner, 2008), including several
modifications described in Diehl et al. (2018). Our results in Fig. 2a
document that the present-day network geometry (status as of
September 2020) results in M¢ < 1.0 for most parts of the study region. A
similar PMC analysis for the network geometry as of December 2016
suggests an overall similar M in the region since the completion of the
network extension in 2013 (Diehl et al., 2018). Estimates of M for pe-
riods prior to 2013 are documented in Nanjo et al. (2010) and Kraft et al.
(2013). Apart from lower detection thresholds, the densified network
also improves hypocenter location qualities as documented by Diehl
et al. (2021b) and further discussed in the next section.

3.2. Earthquake catalogs and relocation procedures

The seismotectonic study of the HBG builds on the successive
improvement of earthquake catalogs through several iterations of ab-
solute and relative hypocenter relocations methods and merging pro-
cedures as summarized in Fig. S1. The final MERGECAT catalog contains
hypocenter solutions of maximum possible hypocenter accuracy and
precision for each event as described in detail in the following sections.

The proposed procedure starts from the SED earthquake bulletin
(BULCAT, Fig. S1) covering the period 1975/01 to 2021/04 (46 years).
The BULCAT catalog is the most complete one, associated locations,
however, contain inconsistencies resulting from changes in location
procedures (hypocenter location algorithms, velocity models, arrival-
time picking, etc.) over time. Due to these changes, hypocenter un-
certainties reported in such bulletins, if provided at all, are inconsistent
as well and often underestimate the true location error (e.g., Diehl et al.,
2021b; Lee et al., 2023). To overcome these limitations, the digital era of
SED’s instrumental catalog (starting 1984,/01) was relocated by Diehl
et al. (2021b), using an improved regional 3-D Pg and Sg velocity model
in combination with the absolute nonlinear hypocenter location algo-
rithm NonLinLoc (NLL, Lomax et al., 2000, Lomax et al., 2014) and a
consistent selection of Pg and Sg phases. The resulting RELOC-NLL
(Fig. S1) catalog provides consistent absolute locations with accuracies
approaching sub-kilometer scales and reliable uncertainty estimates for
well constrained hypocenters (Diehl et al., 2021b). For earthquakes in
earlier periods with sparser station coverage and lower numbers of
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available Pg and Sg phases this relocation procedure can fail or result in
locations less constrained than the original BULCAT solution (Diehl
et al.,, 2021b). Therefore, we merged the absolute locations of both
catalogs into the MERGECAT-ABS catalog as summarized in Fig. S1. We
prefer the BULCAT solutions only in cases for which the RELOC-NLL
solution is missing (events before 1984 or failed due to insufficient
number of Pg/Sg phases) or is less well constrained (e.g., azimuthal gap
larger than the one of the BULCAT solution).

The MERGECAT-ABS catalog contains solutions of highest possible
hypocenter accuracy (i.e., best absolute locations) and is used as initial
catalog for improving the hypocenter precision through relative relo-
cation. The main improvement in relative relocation methods is ach-
ieved by the additional use of differential times derived from waveform
cross-correlations (e.g., Poupinet et al., 1984; Schaff et al., 2004). In our
approach, we performed the waveform cross-correlation measurements
in the time domain, followed by a sequence of quality checks to remove
possible blunders as described in Diehl et al. (2017). We then applied the
double-difference (DD) relocation algorithm hypoDD of Waldhauser and
Ellsworth (2000) at different scales (Fig. S1). First, we performed DD
relocations for five individual earthquake clusters located within the
Hegau-Lake Constance region (Basadingen-Schlattingen, Bodanriick,
Hilzingen 1995-1996, Hilzingen 2016-2020, Singen; see Fig. 3). These
small-sized problems could be inverted using the Singular Value
Decomposition (SVD) solver of hypoDD, and the regional 1-D Pg and Sg
velocity models of Diehl et al. (2021b) were used for all relative re-
locations. The results of the individual clusters are discussed in detail in
Section 4.2. The solutions of the five DD relocated clusters form the
RELOC-DDC catalog (Fig. S1) and the quality of the individual DD in-
versions was assessed in detail. In a second step, we performed a DD
relocation at a regional scale, solving for relative locations of all
earthquakes included in Fig. 1 in one single DD inversion. The size of this
problem requires the use of a damped least-square solver (Waldhauser
and Ellsworth, 2000) and relative location can fail, for instance, for
isolated or poorly constrained shallow seismicity. The results of the
regional DD approach form the RELOC-DDR catalog.

Finally, we merged all three catalogs (MERGECAT-ABS, RELOC-DDC,
RELOC-DDR) into the final MERGECAT catalog as summarized in Fig. S1.
If existing, we preferred the RELOC-DDC solution over the RELOC-DDR
solution. If no DD solution was available, we used the preferred absolute
location of the MERGECAT-ABS catalog. Relative as well as absolute
location uncertainties are reported for DD and NLL locations. Quanti-
tative absolute location uncertainties of BULCAT solutions are unknown,
however, a first-order, empirical quality rating can be derived from
location parameters as proposed e.g., by Deichmann et al. (2000b). The
MERGECAT catalog is available in digital form from a permanent data
repository (see Data Availability Statement).

3.3. Focal mechanism catalog and stress-inversion analysis

In order to understand the kinematics of active faults of the HBG and
their relation to the present-day stress regime in the northern foreland of
the Central Alps, a catalog of high-quality, first-motion focal mecha-
nisms (FM) has been compiled over the last decades. The FM catalog
used in this study builds on the catalogs of Deichmann et al. (2000a) and
Kastrup et al. (2004), complemented by mechanisms published in SED’s
annual earthquakes reports, which are available since 1996 (e.g., Baer
etal., 1997; Deichmann et al., 2000b; Diehl et al., 2021a). In addition, it
includes several unpublished new mechanisms from events occurring
since 2019. The final FM catalog contains 51 solutions of events within
the study region occurring between 1976 and 2021, with M} ranging
from 1.3 to 4.1 and focal depths ranging from 1 to 31 km (Fig. 3). The FM
catalog is available in digital form from a permanent data repository (see
Data Availability Statement). All mechanisms are derived from P-wave
first-motion polarities. Different methods, however, have been used for
the calculation of take-off angles and polarity fitting (e.g., Deichmann
et al., 2000a; Kastrup et al., 2004). Since 2013, all take-off angles are
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consistently calculated within the 3-D P wave velocity model of Husen
et al. (2003) using the NLL software and FM solutions are derived with
the HASH algorithm (Hardebeck and Shearer, 2002) as described e.g., in
Diehl et al. (2021a). The number of reliable moment tensor (MT) solu-
tions derived from waveform inversion is sparse in the study region and
therefore insignificant compared to the FM catalog. Since 2013, only
two earthquakes of sufficient magnitude (usually My > 3.5) resulted in
reliable MT solutions. One of them is presented in this study in Section
4.2. The MT inversion procedure used since 2013 is described in Diehl
et al. (2021a).

A focal mechanism yields two possible focal planes (actual fault
plane and auxiliary plane) and is therefore not sufficient to determine
the geometry (i.e., strike and dip angle) and slip direction (i.e., rake
angle) of the active rupture of an earthquake. The knowledge of the
active fault plane, however, is crucial for the kinematic analysis of faults
and to derive tectonic stress regimes from FM data (e.g., Michael, 1984;
Kastrup et al., 2004). In case of small to moderate-size earthquakes, the
active plane is usually determined from the geometry imaged by high-
precision, relative relocations of fore- and aftershocks (e.g., Kastrup
et al., 2004). To determine active planes in the study region, we there-
fore assessed our relative relocation catalogs in the surroundings of FM
solutions and used additional information provided in the study of
Deichmann et al. (2000a). In total, we reliably determined the active
plane of 19 FM solutions from relative relocations (Fig. 3).

In order to determine the present-day principal stress directions in
the wider Hegau-Lake Constance region, the FM catalog shown in Fig. 3
was used for a stress inversion. The inversion was performed with the
MSATSI package of Martinez-Garzon et al. (2014), which is based on the
stress-inversion algorithm of Hardebeck and Michael (2006). As pro-
posed by Kastrup et al. (2004), we used both possible fault planes in the
inversion in cases where the active plane of the FM was unknown. Where
the active plane was determined from relative relocations, we used the
active plane twice in the inversion, which corresponds to an effective
doubling of the weight of uniquely determined slip data. To assess the
uncertainty of the inversion, we performed a bootstrap resampling
analysis of 2000 iterations. Due to the limited number of available FM
solutions, we only performed 1-D stress inversions, i.e., we did not solve
for 2-D or 3-D spatial variations within the inversion (see Martinez-
Garzon et al., 2014). To resolve potential first-order spatial variations in
the stress regime, we instead performed 1-D stress inversions separately
for upper-crustal (< 15 km depth) and lower-crustal (> 15 km depth)
seismicity within a wider region as well as specifically for earthquakes
located within the HBG. The parameters resolved by the inversion are
the orientations of the principal stress axes (S1, Sa, S3; with S; > S3 > S3)
defined by their trend and plunge angles. In addition, we obtain the
relative stress magnitude ®, which is the ratio of the differences between
the magnitudes of the three stress axes (e.g., Michael, 1984) defined as

58

o = X
Sp =83

or, alternatively represented (e.g., Kastrup et al., 2004) by

S -5
S S-S

R=1-®
Finally, we compare the orientations of the principal stress axes
derived from the stress inversions with the orientation of seismically
active faults of the graben.
4. Results
4.1. Relocated seismicity in the Hegau-Lake Constance region
Fig. 3 shows a tectonic summary map of the study region with the

hypocenter locations of the MERGECAT catalog resulting from the
relocation and merging procedure described in Fig. S1. In addition,
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available focal mechanisms with active fault-plane solutions (if known)
are displayed. We separated seismicity and associated focal mechanism
into two different depth intervals (< 15 km and > 15 km) to identify
possible first-order differences between upper and lower crust.

In the upper crust (Fig. 3a), the majority of seismicity occurs within
the HBG, with its main activity limited by the Neuhausen Fault (NF) in
the SW and the Bodanriick peninsula (BR) of Lake Constance in the NE.
The main seismic activity of the graben appears to be limited by the
Hegau Volcanics in the NW and an imaginary line Constance-Zurich in
the SE. This imaginary line runs approximately parallel to the Alpine
thrust front located about 40 km further to the south.

Another seismically active region in the upper crust locates in front
of the Subalpine Molasse (Fig. 3a) within the Alpine foreland triangle
zone, immediately north of the Alpine thrust front (e.g., Pfiffner, 1986;
Heuberger et al., 2016). It coincides with the southernmost segments of

Tectonophysics 846 (2023) 229659

the N-S to NE-SW striking St. Gallen Fault Zone (SFZ; Heuberger et al.,
2016). In 2013, a seismic sequence (FM solutions U10-11 in Fig. 3a)
indicating sinistral strike slip was induced by reservoir stimulation and
mud-control measures in a deep geothermal well. This seismicity in-
dicates that the southern part of the SFZ is critically stressed (Diehl et al.,
2017). Further to the north, a possible prolongation of the SFZ has been
found to offset Quaternary sediments within Lake Constance, providing
further geological evidence for its present-day activity (Fabbri et al.,
2021). Seismicity north of Arbon, beneath Lake Constance (FM solution
U1 in Fig. 3a) could possibly also be related to the SFZ.

A cluster of lower-crustal seismicity in the center of the HBG (e.g.,
FM solutions L1, L9, L14, L19 in Fig. 3b) suggests that seismicity below
the graben structure might reach depths of 20 km and more. This cluster
also includes the Mj, 4.1 Steckborn earthquake of 1986 (FM solution L1
in Fig. 3b, focal depth about 17 km), the strongest instrumentally
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recorded earthquake in the study region (e.g., Deichmann et al., 2000a).
The focal plane solution of this earthquake indicates a transtensional
mechanism. Additional lower-crustal seismicity appears to be concen-
trated within a corridor extending toward the SE of the graben and
which terminates north of the triangle zone (Fig. 3b).

Since 1995, several remarkable earthquake sequences occurred in
the graben, which provide important constraints into geometry and ki-
nematics of associated faults. We analyzed five of these sequences
(Basadingen-Schlattingen, Bodanriick Peninsula, and three sequences in
the Hegau region near the towns of Singen and Hilzingen) in detail and
corresponding results are provided in the following sections. These
relocated sequences are also displayed in the two larger-scale cross-
sections of the graben in Fig. 4. Additional maps and cross-sections
presented in Figs. S2-S4 document the extrapolation toward the sur-
face of the relocated sequences as well as possible connections with
known faults and topography in more detail.

4.2. Analysis of earthquake sequences in the Hegau-Bodensee Graben

4.2.1. Basadingen-Schlattingen earthquake sequence and its link to the
Neuhausen Fault

Between 2014 and 2016 a microseismic earthquake sequence
occurred close to the town of Basadingen-Schlattingen, about 10 km SE
of the city of Schaffhausen (Fig. 3a). The epicenter of the sequence lo-
cates about 3-4 km NE of the surface outcrop of the Neuhausen Fault
(NF in Figs. 3a, 4a and S2). A FM solution could be derived for the largest
event of the sequence (M, 2.2, solution U14 in Fig. 3a). Its normal-fault
character in combination with the fault geometry imaged by earlier
relative relocation efforts, already suggested a possible link of the
seismic sequence to the Neuhausen Fault (Diehl et al., 2018). In 2019,
three additional seismic stations were installed along the Neuhausen
Fault, which recorded another Mj, 2.1 earthquake in September 2019.
The FM solution of this event (solution U29 in Fig. 3a) is very well
constrained and shown in Fig. 5 together with the FM of the 2015 event
and the hypocenters derived by the relative relocations of the cluster
(RELOC-DDC catalog, Fig. S1). The results of the relative locations in the
cross-section of Fig. 5b are consistent with the variation of the two focal
mechanisms, indicating a down-dip decrease in fault dip toward NE.
This decrease suggests a listric shape of the NE dipping normal fault.
According to the geological profile, the focal depth of 5-6 km corre-
sponds to a fault within the crystalline basement, consistent with
tomographic P-wave velocities (vp) of about 5.8 km/s in the source re-
gion of this cluster (Fig. 4a). The dip indicated by focal mechanisms and
their relative locations allow for a connection of this seismic cluster with
the Neuhausen Fault as documented by Fig. S2. This interpretation
suggests that the Neuhausen Fault has a listric geometry and extends at
least 3—-4 km into the crystalline basement.

4.2.2. The Bodanriick earthquake sequence NW of Constance

Between July 2019 and May 2020, a remarkable earthquake
sequence occurred on the Bodanriick peninsula of Lake Constance,
located about 8 km NW of the city of Constance (BR in Figs. 3 and 4a).
The strongest event (M}, = 3.7, My = 3.3; Fig. 6a) was associated with a
first phase of activity between July 29 and 31, 2019. This event was
preceded by an M 2.8 foreshock occurring 11 min earlier (Fig. 6b) and
was followed by a series of aftershocks with magnitudes up to My, 3.2
(Figs. 6¢-6e). A second phase of intense activity started on August 29 and
lasted till mid-September 2019, including an M; 3.4 and M| 3.0 event
(Figs. 6f-6g).

In total, seven high-quality FM solutions were calculated for this
sequence (Fig. 6), all of them indicating normal-fault mechanisms with a
minor strike-slip component. A moment-tensor solution was derived for
the My, 3.7 event (Fig. 6a, bottom), which is quite similar to the corre-
sponding FM solution. Only the FM of the M; 3.1 event of July 31
(Fig. 6e) shows larger discrepancies in comparison with the other so-
lutions in Fig. 6. The P-wave polarity at the closest station WALHA is
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Fig. 5. Focal mechanisms (FM) and relative relocations of the Basadingen-
Schlattingen microearthquake sequence (see Figs. 3a and S2 for location),
likely occurring along a deep, listric prolongation of the Neuhausen Fault
within the crystalline basement. Colors indicate origin time of earthquakes;
error bars correspond to relative-location uncertainties as derived by the SVD
inversion. (a) Map view. (b) Vertical cross-section along a profile oriented
perpendicular to the strike of the focal-plane solution of the M; 2.2 event of
2015. Solid gray lines in (b) indicate a first-order fault-geometry model,
considering the dip of the two FMs, the spread of the relative relocations and
associated vertical location uncertainties. Potential extrapolations of the fault to
the surface are shown in Fig. S2. FMs are shown as lower-hemisphere stereo-
graphic projection in map view and projected (“side view™) to the depth profile
in cross-section. FM labels U14 and U29 correspond to the labels used in Fig. 3a.

upward for this mechanism, while downward for all other mechanisms
(Fig. 6), indicating potential variations in the fault dip.

In agreement with the majority of focal mechanisms, the relative
relocations of the sequence in Fig. 7 image a normal fault, which dips
about 40° toward the SW. The remarkably shallow dip of this normal
fault suggests the reactivation of a Late Paleozoic normal fault
(Madritsch et al., 2018 with references therein). The only deviation from
this trend is represented by the above-mentioned My, 3.1 event of July
31, which suggests a significantly steeper dip of about 70° (Fig. 7b) and
might indicate the existence of second-order fault structures. The
shallow depth of 2-3 km of the sequence is well constrained by obser-
vations at the seismic station WALHA, located at a distance of 2 km from
the epicenter. The comparison with the geological model in Fig. 4a
suggests a source within the top part of the crystalline basement. Due to
general uncertainties in pre-Mesozoic basement structures in this part of
the northern Alpine foreland (Diebold et al., 1991; Madritsch et al.,
2018) and lower tomographic vp values of about 5.4-5.6 km/s in the
source region (Fig. 4a), we cannot entirely rule out a location within
Permocarboniferous sedimentary units. The extrapolated surface
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Fig. 6. Focal mechanisms of the Bodanriick sequence NW of Constance in 2019. (a) Fault-plane solution (lower hemisphere, equal-area projection) of the largest
event of the sequence based on first-motion (FM) polarities (top) and corresponding full-waveform moment tensor (MT) solution (bottom). (b)-(g) FM solutions of
additional six events of the same sequence. Solid circles correspond to compressive first motion (up); empty circles correspond to dilatational first motion (down).
Gray lines show sets of acceptable solutions derived by the HASH algorithm; black, bold lines indicate the (preferred) average focal mechanism of all accepted
solutions; red, bold lines mark the active plane as determined from high-precision relative relocations. Information on origin time, bulletin focal depth in km below
mean sea level (Z) and the two focal planes (defined by strike/dip/rake angles as defined by Aki and Richards, 2002) is provided above and below each mechanism.
The strike/dip/rake of the double-couple part of the MT (MT-DC) as well as the associated moment magnitude (My,) are provided below the MT solution. FM labels
U22-28 correspond to the labels used in Fig. 3a. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

outcrop of the imaged fault locates between the NE coast of the Bod-
anriick peninsula and the Uberlinger branch of Lake Constance (Figs. 3,
4a and S3). Absolute horizontal and vertical location uncertainties are
<1 km and therefore it is not possible to associate the sequence with the
Mindelsee Fault (MF in Figs. 3 and S3) or any other previously mapped
SW-dipping fault in Figs. 3, 4a and S3.

4.2.3. Earthquake sequences in the Hegau region near Hilzingen and Singen

The Hegau region hosted three noteworthy earthquake sequences
since 1995 and Fig. 8 summarizes the corresponding relative relocations
and available FM solutions. Between 1995 and 96, a small sequence of
earthquakes occurred SW of the town of Hilzingen, located about 6 km
west of Singen (Figs. 3 and S4). A first analysis of this sequence was
provided by Deichmann et al. (2000a). Instrumentation at that time was
much sparser, resulting in significantly fewer events and larger relative-
location uncertainties (Fig. 8a). In agreement with relative relocations
computed by Deichmann et al. (2000a) and their conclusions, we
interpret the WNW-ESE striking dextral solution as the active fault plane
(Fig. 8a). The sub-vertical fault suggested by the fault-plane solution
locates at a depth of about 10 km and therefore certainly within the
crystalline basement (Fig. 4b).

The sequence which occurred north of Hilzingen between 2016 and
20 (Fig. 8c and d) has been previously described by Stange et al. (2017)
and Diehl et al. (2018). The main seismic activity occurred in November

2016 and FM and relative relocations image a dextral transtensional
fault, dipping at an angle of about 60° toward SW. Seismicity occurring
in January and March 2020 locates up-dip of the main structure (active
during 2016-2017; Fig. 8d), indicating a possible steepening of the fault
in up-dip direction similar to the listric geometry proposed for the
Neuhausen Fault in Fig. 5b. For a subset of events, absolute depths of
4.0-4.5 km were additionally constrained by an aftershock station
installed about 2 km from the epicenter by the Landeserdbebendienst
Baden-Wiirttemberg in Freiburg, Germany. The geological model and
tomographic vp values of about 5.8 km/s in the source region suggest
that the imaged fault is likely located within the crystalline basement
(Fig. 4b). Similar to the Bodanriick sequence (Section 4.2.2), we cannot
associate this SW-dipping fault with any previously mapped fault in the
region (Figs. 4b). However, considering the remaining uncertainties in
location and fault dip as documented by Fig. S4, a link to the SW-dipping
Hegau or Buchberg Faults cannot be completely ruled out.

In February 2021, another earthquake sequence in the Hegau region
occurred near the city of Singen, located about 4 km SE of the 2016
Hilzingen cluster (Figs. 8b and S4). The FM solution of an My 3.2
earthquake combined with relative relocations image a dextral, sub-
vertical fault, located at a depth of about 10 km (Figs. 3 and 8b). As
was the case for the sequence of 1995-96, this fault is certainly located
in the crystalline basement and likely not related to any previously
mapped structure (Fig. 4b). However, a connection to the Hegau Faults



T. Diehl et al.

Tectonophysics 846 (2023) 229659

Bodanriick Sequence 2019/2020 (8 km NW of Constance)

L L 1
M =35 2019/09/05 14:19 M,3.0
(a) - - (U28)
. 25s=M <35
47.74°N
2.0=M <25 B’
1.0=M <20
o 00=M <10 .. 4:22 M,3.4
. M <0.0 (U27)
. |® S
Gy -
47.738'N o OZO”I% ) v
% 5" 2019/07/29 23:17 M 3.7,
e =% @ 4 (U23)
[
47.736°N -
20%/07/3] 05:32 M 3.1
i (U26)| |
47.734°N
42 M 3.2
(U24)
T
o extral componen
47.732°NL0 02 04 : oo
9.108°E 9.112°E 9.116°E 9.12°E

I
1 ( ) 22
B Dip of focal planes / B,
in Aug. & Sep. events
(abouit 40°) \ ‘
e -2.4
2019/07/29 23:17 M, 3.7
(U23) o =3
=
. =
1 P I 8—
. P Dip M, 3.1 “aftershock”
Dip of M, 3.7 “mainshock’ o o
(Ahd oSt othor 2919/07/31 (about 70°)
mechanisms, /
about 40°)
) 2.8
o S
2019/07/31 05:32
M, 3.1 (U26)
[ 4
1 - 3.0
T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Distance Along Profile (km)

A S O N D J F M A M

2019

2020

Fig. 7. Relative relocations and selected focal mechanisms (FM) of the Bodanriick sequence NW of Constance (see Figs. 3a and S3 for location). Colors indicate origin
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labels U23-24 and U26-28 correspond to the labels used in Fig. 3a.

cannot be completely ruled out (Fig. S4a).

4.3. Stress inversion and fault kinematics

As can be seen in Fig. 3, the FM solutions in the Hegau-Lake Con-
stance region are dominated by normal and strike-slip faulting mecha-
nisms. In order to derive the present-day orientations of the principal
stress axes and possible lateral or vertical variations, we performed a
stress inversion following the procedure described in section 3.3. Fig. 9
shows the results derived for three different subsets of FMs. In Fig. 9a,
we used 21 upper-crustal (depth < 15 km) FMs located within the
graben (FMs within box outlined by gray dashed line in Fig. 3a) in the
inversion. For 15 FM solutions the active planes were all roughly striking
NW-SE as inferred from relative relocations (Ngnownrauir in Fig. 9). The
best fitting principal axes correspond to a normal-fault regime with an
almost vertical S; axis and horizontal Ss axis. The horizontal orientation
and the WSW-ENE azimuth of the S3 axis is well constrained. The S; and
S2 axes resulting from the bootstrap resampling, however, form an
NNW-SSE oriented band, indicating that the plunge of both axes is not
well resolved and magnitudes of S; and S, are similar. This is also re-
flected by the relatively high ® value of 0.73. The interchangeability of
S; and Sz axes is therefore symptomatic for a transtensional stress
regime of the graben with a dominating normal-fault component.

A similar result is obtained for all 32 upper-crustal FMs in the wider
study area (all FMs included in Fig. 3a), showing an even more pro-
nounced interchangeability of S; and S, axes (Fig. 9b). The transten-
sional stress regime of the graben is therefore largely consistent with the
regional one within the upper crust of the northern Central-Alps fore-
land in NE Switzerland. Finally, we also performed an inversion of 19
FMs located in the lower crust (all FMs included in Fig. 3b) shown in
Fig. 9c. In comparison to Fig. 9b, we observe a minor, about 10° counter-
clockwise rotation of the S3 axis in the lower crust. In contrast to the
upper crust, the best-fitting solution shows an almost vertical Sy and a
horizontal Sy axis, suggesting a strike-slip regime in the lower crust. The
same interchangeability of S; and S, axes as observed for the upper
crust, however, indicates a similarly orientated transtensional stress
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regime (with a dominating strike-slip component) in the lower crust in
agreement with previous studies (e.g., Kastrup et al., 2004; Singer et al.,
2014).

In Fig. 9d, we compare the strike of faults associated with the HBG
(estimated from map as well as from individual FM solutions with
known active planes) with the trend of the S; and S3 axes. The angle ©
between fault strike and S; is in the order of 20° to 30°, which suggests
that faults of the HBG are favorably to optimally orientated to be reac-
tivated (in dextral sense) in the present-day stress regime (e.g., Sibson,
1990). Fig. 9e displays fault dip as a function of rake angle (slip direc-
tion) for upper-crustal FMs in the graben (same selection as for Fig. 9a).
Both possible FM planes are plotted for solutions with unknown active
plane. Consistent with the transtensional stress regime, the majority of
rake angles are negative. In addition, all known fault planes show
dextral components, with the exception of one almost pure normal-fault
mechanism, which plots at the boundary between dextral and sinistral.
The fault dip of know planes varies between about 36° to 88°. Especially
the dip of about 40° observed for the Bodanriick sequence is rather low-
angle and appears less favorably oriented for the predominantly normal-
faulting mechanisms.

5. Discussion
5.1. Imaging of seismically active faults of the Hegau-Bodensee Graben

In general, seismic activity in the HBG over the past 46 years is low.
Nevertheless, owing to the significant improvement in seismic instru-
mentation since about 2011, several seismogenic faults could be iden-
tified. Furthermore, the new data as well as advanced seismological
methods constrain the lithologies hosting these seismogenic faults and
their geometries with unprecedent resolution. Our results suggest that
the majority of seismogenic fault segments associated with the graben
locate within the crystalline basement (Fig. 4). These basement-rooted
faults support the interpretation of the graben’s crustal-scale nature
(Egli et al., 2017). In its southeastern part, we associate the cluster near
Basadingen-Schlattingen located at depths of 5-6 km with the root of the
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NE-dipping Neuhausen Fault within the crystalline basement. This fault
seems to limit the graben toward the SW (Fig. 4a). The SW-dipping fault
imaged by the Bodanriick sequence in about 2-3 km depth, on the other
hand, represents a possible conjugate boundary fault on the opposite
side of the graben, likely located within the topmost crystalline base-
ment (Fig. 4a). As documented by Figs. 3 and 4a, seismicity within these
boundary faults can be tracked to depths of at least 20 km (e.g., FM
solutions L9, L14, L18 in Fig. 3b), suggesting that almost the entire crust
deforms in a brittle regime in this central part of the graben.

In the northern part of the graben, seismicity is concentrated in the
region of the Hegau Volcanic edifices, reaching depths of about 10 km
(Figs. 3 and 4b). The Hilzingen sequence of 2016 images as SW-dipping
fault in about 3.5-4.5 km depth within the topmost crystalline basement
(Fig. 4b), similar to the Bodanriick structure. The two other sequences
(Hilzingen 1995 and Singen 2021) locate deeper, at about 10 km, and
represent sub-vertical strike-slip faults. Although the proximity of the
sequences to the Hegau Volcanic edifices is conspicuous (Figs. 3a, 4b
and S4), a possible connection between the present-day seismicity and
the Miocene volcanic activity remains speculative.
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Only few well-constrained hypocenters locate within Cenozoic or
Mesozoic sediments of the graben (Figs. 3a and 4). One potential cluster
locates below the Lower branch of Lake Constance near the town of Horn
(FM solution U21 in Fig. 3a; HRN in Fig. 4a). Waveforms of these events
show pronounced surface-wave coda, characteristic for shallow sources
within the sedimentary cover (e.g., Lanza et al., 2022). Absolute depth
uncertainties of these locations, however, are too large to precisely
determine the lithology hosting the source.

The general lack of seismicity within sedimentary units hinders to
establish reliable links between seismogenic structures in the basement
and geologically mapped or geophysically imaged faults in the sedi-
mentary cover. Only the Basadingen-Schlattingen structure can be
associated with large confidence to the Neuhausen Fault, which is well
imaged by seismic reflection surveys (Birkhauser et al., 2001; Roche
et al,, 2020) and further to the NW also recognized in outcrops of
Mesozoic limestone (Hofmann, 1981). All other sequences discussed in
Section 4.2 cannot be reliably linked to previously mapped faults. In
turn, major faults such as the Randen Fault (e.g., Egli et al., 2017) show
little evidence for seismic activity over the past 46 years (Fig. 4). Two
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hypocenters located at depths of 1-2 km near the Randen Fault in Fig. 4b
are SED-bulletin locations, which we considered as unreliable solutions
with significant location uncertainties.

Looking beyond the existing seismic data and outcrops of Mesozoic
limestone, tracing faults to the surface is very difficult in the area of
investigation due to the fact that robust evidences for outcropping faults
(e.g., fault scarps) are very rare and fault maps in the region are mainly
based on rubble stone field mapping (e.g., Ibele, 2015). Considering
remaining uncertainties in the absolute hypocenter locations (on the
order of few hundred meters for epicenters and up to 1 km for focal
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depths for well-constrained locations; see Diehl et al., 2017, 2021b; Lee
et al., 2023) as well as in fault dip (and its up-dip extrapolation), no
obvious geomorphological features can be related with confidence to
one of the seismogenic fault planes imaged by microseismicity as
documented by Figs. S2-S4. On the other hand, the overall strong
imprint of fluvial and glacial surface processes in the region with rates
exceeding tectonic processes may have masked previously existing
surface fault scarps. More detailed analyses of high-resolution topo-
graphic data (such as Lidar images) and near surface sediments neces-
sary for a thorough appraisal in this regard was beyond the scope of this
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study. With the currently available data, we can thus not conclusively
answer the question whether these seismogenic faults are related to
blind faults or if they reach the surface (weathered Molasse or even the
Quaternary sediments).

5.2. Present-day stress field and orientation of seismically active faults

As summarized in Fig. e, the majority of the FM solutions within the
HBG correspond to strike-slip, normal-fault, or oblique mechanisms,
suggesting a dextral transtensional deformation regime with a strong
extensional component. This regime is consistent with the orientation of
the principal stress axes (S7, Sz, S3) and relative stress magnitudes (®, R)
derived from the inversion of FM solutions (Fig. 9). Our stress inversion
results are in good agreement with previous regional studies of Kastrup
et al. (2004), which find a similar interchangeability between S; and S,
along an NNW-SSE (trend of S; between 165 and 169°) striking band for
FM solutions in northeastern Switzerland (“region F5” in Kastrup et al.,
2004). Reinecker et al. (2010) estimate a trend of 150° + 24° for the
maximum horizontal stress orientation (Sg), using various data types
included in the World Stress Map database within the greater northern
foreland of the Central Alps. Our results are also consistent with results
derived by Egli et al. (2017) from the kinematic analysis of outcrop-scale
fractures and slip vector modeling, suggesting extension and strike-slip
faulting associated with graben structures during Miocene to recent
times, as well as regional paleostress reconstructions (Madritsch, 2015;
Ring and Gerdes, 2016).

The general orientation of the stress axes within the graben seems to
follow the regional trend observed for the northeastern foreland of the
Central Alps. The shallow part of the graben, however, seems to be
characterized by a stronger tensional component in comparison with
other regions in the northern foreland. In addition, we observe no sig-
nificant change with depth as shown in Fig. 9, suggesting that the tec-
tonic stress regime remains almost uniform throughout the entire crust
(except for the uppermost 1-2 km, with reduced overburden and later-
ally variable overburden). Due to these similarities between lower- and
upper-crustal stress regimes, possible driving forces of the present-day
reactivation of the graben could be related to large-scale geodynamic
processes such as slab-rollback dynamics proposed to explain the
peculiar occurrence of lower-crustal seismicity in the northern foreland
of the Central Alps (Singer et al., 2014; Kissling and Schlunegger, 2018).

Irrespective of the geodynamic processes causing the present-day
transtensional regime in the northern foreland, it appears that NW-SE
striking structures are preferably reactivated. As shown in Fig. 9d, the
angle between the strike of the graben faults and the trend of the S; axis
derived in our study is on the order of 20°-30°. Assuming friction co-
efficients ps between 0.6 and 0.85, the pre-existing graben faults are
favorably to optimally oriented to be reactivated in a dextral strike-slip
sense (e.g., Sibson, 1990).

Under the same stress field, N-S striking foreland faults forming
conjugates to the previously discussed NW-SE striking ones, would be
optimally oriented to be reactivated in sinistral strike-slip sense (dashed
yellow line in Fig. 9d). Our data do not show any reactivation of such
conjugated N-S striking fault systems within the region of the graben.
However, vague evidence for reactivation of such an NNW-SSE striking
fault was reported from hydraulic stimulations tests performed during a
small-scale geothermal project near Basadingen-Schlattingen (Kraft
et al., 2016). Toward the SE part of the study region, the situation ap-
pears to be different. A prominent example is the N-S to NNE-SSW
striking St. Gallen Fault (SFZ in Fig. 3), which was reactivated in sinis-
tral strike-slip sense during a geothermal project in 2013 (Diehl et al.,
2017). Its presumed northward prolongation offsets Quaternary sedi-
ments in Lake Constance (Fabbri et al., 2021). The Albstadt shear zone
(e.g., Mader et al., 2021) represents another N-S striking seismogenic
zone north of the HBG.

While the kinematic concept of seismogenic faulting along NW-SE
and N-S striking faults is consistent with the present-day stress field,
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our study has also shown that seismicity can be found along less
favorably oriented structures. Examples are the normal-fault events
along a low-angle fault (dip ~40°, see Figs. 7b and 9e) associated with
the Bodanriick sequence NW of Constance. Reactivation of such unfa-
vorably oriented faults may indicate fluid pressures elevated well above
hydrostatic values (e.g., Sibson, 1990) or more complex kinematic in-
teractions between seismogenic structures in the upper crust.

5.3. Comparison with historical seismicity

Our analysis of instrumentally recorded seismicity over the past 46
years suggests that the NW-SE striking bounding faults of the HBG (1)
root in the crystalline basement (maximum depth up to 20 km), (2) are
seismically active and (3) are favorably to optimally oriented to be
reactivated in a dextral, transtensional sense in the present-day stress
field. Seismic activity (i.e., number of earthquakes) and magnitudes over
the 46-year period, however, are comparably small (maximum M; =
4.1).

In order to assess the long-term seismogenic potential of faults at the
southwestern edge of the graben (Neuhausen and Randen Faults), we
compare the instrumental catalog with the historical seismicity reported
in the earthquake catalog of Switzerland (ECOS-09; Fah et al., 2011).
Fig. 10a shows the historical earthquakes within the study region of
either My > 4.0 or EMS-98 macroseismic intensities > V. The maximum
magnitude reported in the ECOS-09 catalog along the southwestern edge
of the graben (area outlined by box in Fig. 10a) over the past 600 years is
My = 4.7 and the total sum of the seismic moment My released in the
same period corresponds to an My = 5 earthquake (Fig. 10b). The
occurrence of an My > 6.0 earthquake within the graben in the past
1000 years appears rather unlikely, since its macroseismic impact would
have been likely documented in historical sources over a large region
and no indication for such an event is included in the ECOS-09 catalog.
On the other hand, the completeness of the historical ECOS-09 catalog in
this region is virtually undefined before the year 1400 and reported to be
intensity VI-VII for the period 1400-1800 (Fah et al., 2011). Therefore,
we cannot completely rule out the occurrence of moderate-sized earth-
quakes in this region missing in the ECOS-09 catalog before 1800.

The ECOS-09 catalog reports twelve My = 3.9 earthquakes, which
occurred between 1542 and 1817 in the region of Schaffhausen (Fig. 10a
and b). Although uncertainties of macroseismic locations are on the
order of several kilometers (Fah et al., 2011), the proximity to the
Neuhausen as well as Randen Faults suggests a connection to either of
these faults. Similarly, the My = 4.7 Stein am Rhein earthquake of 1573
as well as the My = 4.2 Rheinau earthquake of 1750 (Fig. 10a and b)
might be related to bounding faults of the graben. Alternatively, the
latter might also be related to a vigorous earthquake sequence close to
the town of Eglisau, which includes >60 events with My up to 3.9 re-
ported since the seventeenth century (Fig. 10a). The largest magnitude
in the wider region is associated with the My = 5.1 earthquake near
Amriswil, south of Lake Constance in 1771, which might be related to
the northern segment of the St. Gallen Fault (Fig. 10a).

The analysis of the historical seismicity over the past 600 years
therefore indicates that faults associated with the graben have the po-
tential to generate magnitudes up to My = 5 in the Hegau-Lake Con-
stance region. According to the empirical relationships of Wells and
Coppersmith (1994), potential fault width of the basement-rooted faults
on the order of 3-5 km as suggested by Figs. 4 and S2-S4 (assuming the
faults reach the surface), on the other hand, would be sufficient for even
larger magnitudes. It should be noted that the moment release during
the 46-year period of instrumental recording is comparatively low
(Fig. 10b) and suggests a current phase of relative quiescence in com-
parison, for instance, to the period prior to 1750.

5.4. Comparison with present-day geodetic deformation

Finally, we compare the seismological results with present-day
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Fig. 10. Comparison between instrumental and historical seismicity in the reg

ion of the Hegau-Bodensee Graben (HBG). (a) Instrumental seismicity (open circles;

size indicates local magnitude M;, as shown in the legend) and corresponding focal mechanisms as displayed in Fig. 3. Pink circles labeled with year and moment

magnitude (My) indicate historical earthquakes with My, > 4.0 included in the
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vertical and horizontal deformation rates derived from geodetic datasets
across the graben. Background colors in Fig. 11a show interpolated
vertical uplift rates derived from high-precision levelling data acquired
by various campaigns since 1903 (Schlatter, 2007; Schlatter, 2014). The
reference benchmark of the levelling data is located in Aarburg,
Switzerland (47.32049°N/7.89900°E; Schlatter, 2007, Schlatter, 2014).
Vertical deformation rates in the region of the graben relative to the
reference benchmark are small and range between —0.1 and +0.1 mm/
yr. These amplitudes are close to, or smaller than the noise level of the
levelling data in this region (Schlatter, 2007, Schlatter, 2014). In addi-
tion, this levelling data cover only the SW boundary of the graben and
relative changes across the graben cannot be reliably resolved. Likewise,
no clear relative changes across the graben are observable in the level-
ling data of Fuhrmann et al. (2014), which cover the NW part of the
graben in southern Germany (not shown). We therefore conclude that
the vertical surface deformation of the graben is not resolved with the
current levelling data and absolute rates are likely <0.1-0.2 mm/yr.
Arrows in Fig. 11a indicate horizontal deformation rates (velocities)
as provided by the Swiss national reference system (CHTRF2016) for
permanent and campaign GNSS stations in northern Switzerland. All

velocities are relative to the GNSS station Zimmerwald (ZIMM,
46.877095°N/7.465273°E), located about 8 km south of Bern (e.g.,
Brockmann et al., 2012). For the permanent stations, we compared the
CHTRF2016 velocities with a more recent solution (2021.8), which in-
cludes five years of additional data. The corresponding absolute veloc-
ities in Fig. 11b and Table S1 indicate about 30% lower velocities for
stations TRLK and THYN (as well as reduced uncertainties) for the recent
2021.8 solution. This comparison suggests that GNSS velocities are
currently still overestimated and velocities will likely further decrease
with additional observation time.

Our analysis is focused on the relative velocity vyt across the Neu-
hausen and Randen Faults derived from the two high-quality NaGNet
(Nagra, 2014) stations TRLK (located on the footwall of the Neuhausen
Fault) and THYN (located on the hanging wall of the Randen Fault; see
Fig. 11b and c). For this analysis, we use the 2021.8 solution, since it is
based on a longer observation period and therefore provides statistically
more significant geodetic information to study cumulative slip rates for
the SW flank of the graben.

We estimate the relative velocity vyt to be 0.09 mm/yr. The vector
vrr can be further decomposed into a strike-parallel (vxpgp = 0.06 mm/
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yr) and strike-normal (vypsn = 0.07 mm/yr) component with respect to
the strike of the Neuhausen Fault (Fig. 11c). The relative velocity vyt
therefore consists of a dextral and a normal (extensional) deformation
component across the two faults, consistent with the transtensional
regime indicated by the focal mechanisms in Figs. 3 and 9.

The fault parallel slip rate vz on a normal fault dipping at an angle
d (Fig. 11c) can be calculated from:

__ VNhsn
cosd’

VNf:

Assuming a fault dip d of about 60°, as indicated by our interpreta-
tion in Fig. 5b, would result in cumulative slip rates on the order of 0.14
mm/yr, or 0.07 mm/yr assuming an even split between the Neuhausen
and Randen Faults. In turn, such fault slip would result in a vertical
subsidence rate vy = tan(d)evnpsn of the hanging-wall block of the
Neuhausen and Randen Faults (Fig. 11c) of 0.06 mm/yr.

While these rates appear rather small, slip on the order of 0.07 m
could be accumulated on such normal fault over a 1000-year period.
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According to the empirical relationships of Wells and Coppersmith
(1994) between displacement (either maximum or average value) on
normal faults and My, such slip would be sufficient for a magnitude My,
5.8-6.0 earthquake, if released in a single rupture on a single fault. This
My estimate, however, is rather uncertain because of the sparse number
of observations of displacements <0.1 m in the dataset of Wells and
Coppersmith (1994) and the considerable scatter of My values (on the
order of one magnitude) in this range. Alternative earthquake-scaling
relationships based on geodetic observations (Brengman et al., 2019)
estimate My values on the order of 5.0-5.3 for a slip of 0.07 m. Bohnhoff
et al. (2009) associate displacements of 0.04-0.4 m with “moderate”
earthquakes (magnitudes 4.0-6.0). The maximum magnitude reported
in the historical earthquake catalog within the southwestern edge of the
graben (area in Fig. 11b) over the past 600 years is only My, = 4.7 (slip
on the order of 0.02-0.03 m according to the regression of Wells and
Coppersmith, 1994 for normal faults) and the total sum of the seismic
moment My released in the same period corresponds to an My = 5
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earthquake only (Fig. 10b). However, uncertainties related to the
regression of Wells and Coppersmith (1994) as described above, the
incompleteness of the historical earthquake catalog and the geodetic
velocity estimates that lead to overestimated slip rates are too large to
conclusively interpret this apparent deficit in seismic moment release.
On the scale of one million years, a slip rate of 0.07 mm/yr would result
in vertical offsets on the order of 60 m on the Neuhausen or Randen
normal faults. Although this offset is in the range of the maximum total
offsets observed for the Randen (about 250 m) and Neuhausen (about
100 m) Faults (e.g., Miiller et al., 2002), it is not in line with geomor-
phological and Quaternary geological field observations along the
Randen and Neuhausen Faults (e.g., Hofmann, 1981).

Overall, the above-outlined inconsistencies question the extrapola-
tion of small geodetic deformation-rate measurements to geological
timescales. Furthermore, the deformation might be accommodated by
additional structures or faults might not be entirely locked during
interseismic phases. The spatial resolution of the GNSS network as well
as the signal-to-noise level of the current geodetic data, however, is not
sufficient to resolve these questions. Nevertheless, magnitudes of his-
torical earthquakes indicate that slip rates have the potential to generate
moderate-sized earthquakes up to My = 5 in the Hegau-Lake Constance
region on timescales of several hundred years. This estimate is in
agreement with the one of Fabbri et al. (2021), who suggested a similar
My, range of 4.3-4.8 based on dimensions of faults imaged within Lake
Constance. Considering timescales of several thousand years and longer,
accumulated slip as well as fault dimensions, for instance, of the Neu-
hausen or Randen Faults (length and width as indicated in Figs. 3 and 4)
might be sufficient for magnitudes >5. Because of sparse data as well as
poor physical understanding, estimating the maximum magnitude Mgy
in the context of probabilistic seismic hazard assessment (PSHA) studies
is one of the most uncertain parameters, especially in regions of low
strain rates and low-to-moderate seismicity such as Switzerland and
southern Germany (e.g., Coppersmith et al., 2009; Wiemer et al., 2009;
Holschneider et al., 2014). Typically, this estimate is based on analog
areas from around the world and on estimates on fault length. It should
be noted that the reference time of a typical maximum possible earth-
quake in low-seismicity areas are very long, up to 100,000 or 1 Mio.
years (e.g., Wiemer et al., 2009). According to PSHA studies, magnitudes
on the order of 5.5-7.0 are considered plausible scenarios in the Hegau-
Lake Constance region on such timescales (e.g., Coppersmith et al.,
2009; Burkhard and Griinthal, 2009; Wiemer et al., 2016 with references
therein).

5.5. Comparison with the Upper Rhine Graben

Herein, we provide a short comparison of our findings for the HBG
with the situation in the westward-adjacent Upper Rhine Graben (Fig. 1,
hereafter referred to as URG), whose seismotectonic characterization is
far more advanced (e.g., Bonjer et al., 1984; Lopes Cardozo and Granet,
2003; Barth et al., 2015). Present-day horizontal deformation rates in
the Hegau-Lake Constance region appear to be not significantly different
from values observed in the source region of the 1356 My 6.7-7.1
earthquake of Basel, which is located at the southern end of the URG
(Fig. S5). This raises the question of how strain is distributed between
the two graben systems and about the likelihood for My, > 5 earthquakes
in the Hegau-Lake Constance region on timescales of thousand years and
more. In comparison, present-day subsidence rates (including sediment
compaction) in the URG derived from geodetic data are on the order of
0.2-0.5 mm/yr (Fuhrmann et al., 2014). Niviere et al. (2008) estimated
maximum vertical fault slip rates on the eastern side of the URG near
Freiburg of 0.04-0.18 mm/yr during Quaternary times (for a summary
on deformation rates see also Barth et al., 2015 with references therein).
Although still small in absolute sense, relative subsidence rates across
the URG are higher compared to our estimates derived for the HBG. This
difference is also in agreement with strain maps of Sanchez et al. (2018),
also implying relatively higher strain rates in the vicinity of the URG
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compared to the Hegau-Lake Constance region. The higher deformation
rates are in line with the abundant observation of distinct geomorpho-
logical features on either side of the URG (e.g., Niviere et al., 2008) as
well as its relatively higher seismic activity, particularly in terms of
seismic moment release (Fig. S6). The b-values derived from frequency-
magnitude distributions of recent instrumental seismicity in the period
2000-2021, however, show no significant differences between both
regions (Fig. S7). In summary, our comparison suggests that the URG, as
a major segment of the European Cenozoic Rift System (Dezes et al.,
2004), is the dominant weak zone in the northern Alpine foreland,
accumulating relatively more strain in the present-day stress field
compared to the HBG. In contrast to the URG, we therefore consider the
occurrence of My > 5 earthquakes on timescales of thousand years in
the Hegau-Lake Constance region to be less likely. This conclusion is in
line with the average probabilistic return period of M > 6.5 earthquakes
reported in the Seismic Hazard Model 2015 for Switzerland (Wiemer et al.,
2016). Within the Basel region this return period is on the order of 3000
years, while it is on the order of 6000-8000 years within the Hegau-Lake
Constance region.

6. Conclusions

Significant improvements of the seismic network in the border re-
gion between northern Switzerland and southern Germany over the last
10 years allowed the identification and high-resolution imaging of
seismically active faults associated with the Hegau-Bodensee Graben
located in the northern foreland of the Central Alps. Our results
contribute to an improved seismotectonic characterization of the slowly
deforming graben and provide information for a refined seismic hazard
assessment in future. The key findings of this study are that (1) bounding
faults on either side of the graben show indications for present-day
seismic activity. Most of the imaged structures, however, cannot be
reliably associated with previously mapped faults and have no obvious
geomorphological surface expression, likely due to poor outcrop con-
ditions; (2) bounding faults root in the crystalline basement, possibly
affecting deep parts of the crust down to 20 km depth; (3) the NW-SE
striking bounding faults appear favorably to optimally oriented to be
reactivated in a dextral transtensional sense in the present-day stress
field. Slip rates across the Neuhausen and Randen Faults estimated from
relative horizontal velocities of permanent GNSS stations are likely
<0.1 mm/yr. In comparison with historical seismicity over the past 600
years and geomorphic field observations, geodetic rates of 0.1 mm/yr
appear overestimated. Nevertheless, magnitudes of historical earth-
quakes indicate that slip rates have the potential to generate moderate-
sized earthquakes up to My = 5 in the Hegau-Lake Constance region on
timescales of several hundred years.
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The majority of seismic data used in this study was recorded by per-
manent and temporary seismic networks in Switzerland (network codes
CH, 8D; Swiss Seismological Service (SED) At ETH Zurich, 1983, Swiss
Seismological Service (SED) at ETH Zurich, 2005), southern Germany
(network codes LE, GR; Landeserdbebendienst Baden-Wuerttemberg,
Regierungspraesidium Freiburg, 2009; Federal Institute for Geosciences
and Natural Resources, 1976), Austria (network code OE; ZAMG - Zen-
tralanstalt fiir Meterologie und Geodynamik, 1987), and France (RESIF,
1995). Waveform data from the SED permanent seismic network (network
code CH) as well as the majority of waveform data collected by collabo-
rating networks in the region are openly available through the European
Integrated Data Archive (EIDA): http://www.orfeus-eu.org/data/eida/.
Waveform data collected by temporary networks in Switzerland in the
framework of Ph.D. studies or in collaboration with industry might be
restricted or embargoed. The merged earthquake catalog with relocated
earthquakes as well as the catalog with focal mechanisms presented in this
study are provided in a permanent data repository (https://doi.
org/10.3929/ethz-b-000575883). The digital elevation models shown in
the manuscript and the supplementary material are based on the Shuttle
Radar Topography Mission (SRTM) 1 Arc-Second Global elevation data
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