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Abstract In Germany, the highest seismic hazard is
associated with the Albstadt Shear Zone (ASZ) in the
western Swabian Jura, a low mountain range in south-
west Germany. The region is affected by continuous
micro-seismic activity with the potential for damaging
earthquakes (nine events with ML > 5 in the 20’ h cen-
tury). Within the AlpArray and StressTransfer projects
nine temporary seismic stations have been installed
in the region of the ASZ to densify the permanent
seismic monitoring. In October 2018 and September
2019, the state seismological survey (LED) detected
two low-magnitude earthquake sequences with hun-
dreds of events in the area. The temporarily densified
local network allows us to systematically analyze these
sequences and to search for other sequences by apply-
ing a template-matching routine on data from 2018 to
2020. In total, six earthquake sequences could be iden-
tified with at least 10 events. The four largest sequences
(> 50 events) consist of two fore- and aftershock
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sequence and two earthquake swarms. Earthquake
swarms were so far not observed around the ASZ. Pre-
cise relative hypocenter relocations and the determi-
nation of fault-plane solutions allow us to propose a
seismotectonic model based on the three imaged fault
types: (a) The well-known NNE-SSW striking sinis-
tral strike-slip ASZ at depths of 5-10 km, (b) a NW-
SE striking dextral strike-slip fault zone at depths of
11-15 km beneath the Hohenzollerngraben (HZG), a
shallow, apparently aseismic NW-SE striking graben
structure; this NW-SE fault zone possibly is an inher-
ited zone of weakness in the basement and facilitated
the development of the HZG and (c) at the intersec-
tion of the ASZ with the NW-SE fault zone, complex
faulting in form of NNW-SSE striking sinistral strike-
slip and normal faulting possibly to accommodate local
stresses.

Keywords Template-matching - Earthquake swarm -
Relative hypocenter relocation - Fault-plane solutions

Article highlights

e First study of earthquake swarms in the area of
the Albstadt Shear Zone, the most hazardous earth-
quake zone in Germany.

e Imaging of active faults with relative hypocenter
relocations and fault-plane solutions.

e Observation of a new NW-SE striking fault zone
below 11 km depth.
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1 Introduction

In Central Europe intra-plate seismicity is driven by low
deformation rates due to far-field tectonic processes
(Miiller et al. 1992, Pifia-Valdés et al. 2022). This tec-
tonic stress regime is especially related to the Alpine
orogeny as well as to the Adriatic indenter and causes
seismic activity preferably on faults, which are oriented
favourably in the stress field (Reicherter et al. 2008,
Rockel et al. 2022). The stress field in the northern
Alpine foreland is mainly defined by extension parallel
and compression perpendicular to the Alpine collision
front, which is locally driven by the forces related with
slab rollback of the European lithospheric slab (Kastrup
et al. 2004, Kissling and Schlunegger 2018, Reinecker
et al. 2010, Singer et al. 2014). The major seismically
active faults in the northern Alpine foreland are the
Albstadt Shear Zone (ASZ), the Freiburg-Bonndorf-
Bodensee Fault Zone (FBBFZ) and the Upper Rhine
Graben (Fig. 1), all favourably oriented in current stress
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Fig.1 Overview of the research area with seismic station distri-
bution (triangles) during the studied time period and the epi-
centers of the LED event catalog from 2011 to 2020 (gray
circles, Bulletin-Files des Landeserdbebendienstes B-W 2011-
2020). The black frame surrounds the research area with the
Albstadt Shear Zone (ASZ, magenta shaded area). The white
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field (Rockel et al. 2022). The reoccurrence times of
strong, damaging earthquakes are in general up to sev-
eral hundreds or even thousands of years (Hiirtgen et al.
2020). Therefore, the study of regions with high micro-
seismic activity is necessary to better understand the
mechanisms and stresses related to intra-plate seismic-
ity in the northern Alpine foreland. The ASZ in SW
Germany (Fig. 1) provides a suitable study site, due
to its frequent micro-seismic activity with mid-sized
magnitude earthquakes and recurrence times of 20 - 30
years. Damaging earthquakes in this region are a major
hazard (Griinthal et al. 2018), and risk studies estimate
losses of several 100 million EURO related to residen-
tial buildings alone (Tyagunov et al. 2006). Such risks
are quite reasonable if one recalls that the November
1911 Albstadt earthquake with a local magnitude (ML)
of 6.1 and an intensity of EMS-98 VIII was felt about
400 km towards north in Germany and well into France,
Switzerland, Austria and northern Italy (Schwarz et al.
2019, Sieberg and Lais 1925).
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frame borders the close-up area of Fig. 6. Other major fault sys-
tems are highlighted in magenta (URG = Upper Rhine Graben,
FBBFZ = Freiburg-Bonndorf-Bodensee Fault Zone). Topogra-
phy is based on SRTM15+ (Tozer et al. 2019). The inset gives
the position within Central Europe
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The ASZ is located in the Swabian Jura, a plateau-
like mountain range composed of Jurassic limestone
(Fig. 1). Continuous microseismic activity is docu-
mented since the 16th century with two major earth-
quakes near Tiibingen in 1655 with intensities of EMS-
98 VI or VII (Bulletin-Files des Landeserdbebendien-
stes B-W 2011-2020). Especially, since the occurrence
of a ML 6.1 earthquake in 1911, several strong earth-
quakes with ML > 5 shook the region causing major
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Fig. 2 Research area in the Swabian Jura. Gray circles indi-
cate earthquake epicenters between 2011 and 2020 (LED event
catalog, Bulletin-Files des Landeserdbebendienstes B-W 2011-
2020). Stars represent important historic earthquakes with ML
greater than 5 and the ML 4.4 earthquake in 2003 (Schwarz
et al. 2019, Stange and Briistle 2005). Fault planes solutions
of the 1978 earthquake after Turnovsky (1981) and the 2003
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damage in 1913 (ML ~5.6), 1924 (ML ~5.1), 1943
(ML ~5.5 and ML ~5.6), 1947 (ML ~5.0), 1969 (ML
~5.1), 1970 (ML ~5.2) and 1978 (ML ~5.7, Schwarz
etal. 2019). Nevertheless, no morphological expression
of the ASZ is visible at the Earth’s surface. Seismotec-
tonic analyses of the earthquakes revealed a NNE-SSW
striking fault zone in the upper crust (Fig. 2, Mader
et al. 2021, Reinecker and Schneider 2002, Stange and
Briistle 2005), but the NS extension of the ASZ is
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earthquake after Stange and Briistle (2005). Colored circles indi-
cate epicenters of earthquakes used for the template-matching
event detection. Black lines indicate faults in the area (BS =
Bebenhausen Fault, HZG = Hohenzollerngraben, LG = Lauchert-
graben, Regierungsprasidium Freiburg: Landesamt fiir Geologie,

Rohstoffe und Bergbau (Hrsg.) 2019). Topography is based on
SRTM15+ (Tozer et al. 2019)
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still debated (e.g. Haessler et al. 1980, Reinecker and
Schneider 2002, Stange and Briistle 2005). The largest
proposed extension of more than 120 km reaches from
the Lake Constance to the North of the city of Stuttgart
(Fig. 1, Reinecker and Schneider 2002). Stange and
Briistle (2005) and Mader et al. (2021) question this
extension because the current seismic activity appears
mainly limited to the area of the Swabian Jura (Fig. 1).
Mader etal. (2021) suggest an extension of about 40 km
between the towns Tiibingen to the North and MefBstet-
ten to the South, which is well outlined by the current
seismic activity (Fig. 2). Fault-plane solutions of the
ML 5.7 earthquake in 1978 and the ML 4.4 earthquake
in 2003, as well as recent events indicate a dominant
sinistral strike-slip faulting regime in a stress field with
a maximum horizontal stress direction of 140° — 149°
(Fig. 2, e.g., Haessler et al. 1980, Mader et al. 2021,
Reiter et al. 2016, Stange and Briistle 2005, Turnovsky
1981).

At the surface, the only visible tectonic structure
is the Hohenzollerngraben (HZG), an about 25 km
long NW-SE striking graben structure with an inverted
relief, with the former graben now forming a topo-
graphic height (Fig. 2, Schidel 1976). Its depth range
of about 2 - 3 km is based on the opening width of 1.5
km and the dip angles at the graben boundary faults of
around 60° (Schidel 1976). A potential depth continu-
ation of the graben boundary faults into the crystalline
basement is unclear and still under discussion (Illies
1982, Reinecker and Schneider 2002). As there are sev-
eral graben structures like the HZG to the north and
south (e. g., Fildergraben, Rottenburg Flexure, west-
ern Lake Constance faults and Hegau, Reinecker and
Schneider 2002), Reinecker and Schneider (2002) pro-
posed a tectonic model for the ASZ, with a decou-
pling horizon. As a result, the movement of the ASZ
in the crystalline basement is transferred as en-echelon
graben structures to the surface, due to the partly decou-
pled horizon in between. As decoupling horizon, Rei-
necker and Schneider (2002) proposed the evaporites
of the middle Muschelkalk, whereas Stange and Briis-
tle (2005) suggest a decoupling horizon directly above
the crystalline basement. After Rupf and Nitsch (2008),
the decoupling horizon would be located between 250
- 400 m depth close to the HZG. The thickness of the
sedimentary cap rocks is about 1 km (Rupf and Nitsch
2008).

In October 2018, the state seismological service
of Baden-Wiirttemberg (LED, Bulletin-Files des Lan-
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deserdbebendienstes B-W 2011-2020) detected an
earthquake sequence with more than 200 events in the
area of the ASZ. In September 2019, another sequence
with at least 800 earthquakes was identified by the LED
at the closest seismic station. Such large earthquake
sequences were so far not recorded in the region. Due
to the large amount of very low magnitude earthquakes
(ML < 0.5), a location of the majority of the detected
events was not possible with the permanent seismic net-
work (Bulletin-Files des Landeserdbebendienstes B-W
2011-2020).

The densification by the temporary seismic stations
of the AlpArray (2016 - 2022, Hetényi et al. 2018) and
the StressTransfer seismological experiments (since
September 2018, Mader and Ritter 2021) in the area
offers a unique opportunity to systematically analyse
these two earthquake sequences and the local micro-
seismic activity to image active fault structures (Fig. 1).

In this study, we use a multi-station template-
matching detection routine with an automatic phase
picking routine to detect and locate additional earth-
quakes. In this way, we can analyze small magnitude
events, which are so far not included in the event cat-
alog of the LED. We study the two time windows
with known, unusually high seismic activity (Octo-
ber - November 2018 and September 2019) and time
windows around events with a ML > 2 in the years
2018 to 2020 to search for other possible earthquake
sequences and aftershocks. With the detected earth-
quake sequences, we aim to image the active fault
planes by relative hypocenter relocations and identify
the source mechanisms using fault-plane solutions.

2 Data

We use the waveform data of all available perma-
nent seismic stations in up to about 100 km distance
to the ASZ (Fig. 1). Permanent recordings are pro-
vided by the LED (Erdbebendienst Stidwest Baden-
Wiirttemberg and Rheinland-Pfalz 2009), the Swiss
Seismological Service (SED, Swiss Seismological Ser-
vice (SED) at Eidgenossische Technische Hochschule
(ETH) Zurich 1983), German Regional Seismic Net-
work (GRSN, Federal Institute for Geosciences and
Natural Resources (BGR) 1976) and GEOFON seis-
mic network (GEOFON Data Centre 1993). This net-
work of about 30 permanent seismic stations was den-
sified by up to 10 seismic stations in the vicinity of
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the ASZ (Fig. 1). The temporary seismic stations are
part of the AlpArray Seismic Network (2015 - 2022,
Hetényi et al. 2018) and the StressTransfer Seismic
Network (September 2018 - 2030, Mader and Ritter
2021). The temporary densification reduced the max-
imum distance between broadband seismic stations to
about 15 km (Mader and Ritter 2021).

Furthermore, the LED provided its event cata-
log (Bulletin-Files des Landeserdbebendienstes B-W
2011-2020), including origin time, hypocenter coor-
dinates (Fig. 1), local magnitude ML, P as well as S
phase arrival times and P phase polarities. The earth-
quakes ML range between 0.0 and 3.9 (Bulletin-Files
des Landeserdbebendienstes B-W 2011-2020). Based
on this event catalog, master events are defined for the
template-matching event detection. The LED ML mag-
nitudes are used as reference magnitudes for the relative

Fig. 3 Workflow for this

magnitude estimation and the P phase polarities for the
calculation of fault-plane solutions.

3 Methods

To find unknown events in the area of the Swabian Jura,
we apply a template-matching detection routine with
an automatic phase arrival time determination routine
(Fig. 3). For the newly detected events, we determine
the source parameters and calculate a relative magni-
tude to complement the LED event catalog. Finally, we
calculate relative hypocenter relocations for the larger
earthquake sequences to image the seismically active
fault planes.

We use the LED earthquake catalog as starting point
of our processing (Fig. 3, step 1: LED earthquake
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catalog). We add direct P and S phase arrival times,
as well as P and SH polarities, from the AlpArray and
StressTransfer stations to the LED earthquake cata-
log to take advantage of the densified station network
(Fig. 3, step 2: additional phase arrival times). In a next
step, we select the events, which are used as wave-
form templates for the event detection process, from
the complemented LED event catalog (Fig. 3, step 3:
template selection). In total we select templates from
12 different time periods, which are further referred
to as detection periods (Table 1). For each detection
period we run a multi-station template-matching detec-
tor and automatically determine P and S phase arrival
times using the Python package EQcorrscan (Cham-
berlain et al. 2018, Fig. 3, step 4: template-matching
detection). The output is reduced to event detections
with at least four reliable phase arrival times based on
a cross-correlation coefficient (ccc) > 0.5 (Fig. 3, step
5: detection filtering). To verify the correctness of the
automatically determined phase arrival times, we visu-
ally inspect all phase arrival times and delete or repick
false arrival times (Fig. 3, step 6: visual inspection).
Finally, we complement the detection catalog of each
detection period with the hypocenter and origin time
by locating the events with NonLinLoc (Lomax et al.
2000), using the minimum 1-D seismic velocity model
ASZmodl (Maderetal. 2021, Fig. 3, step 7: event loca-
tion), and the calculation of a relative event magnitude
after Schaff and Richards (2014) (Fig. 3, step 8: rela-
tive magnitude estimation). Our processing steps lead
to 12 detection catalogs from each analyzed detection
period (Fig. 3, step 9: detection catalog, Table 1).

To identify the fault mechanism, we determine fault-
plane solutions of the event templates using FOCMEC
(Snoke 2003, Fig. 3, step 10: fault-plane solutions).
Furthermore, we determine relative hypocenter relo-
cations with HypoDD (Waldhauser and Ellsworth
2000) for the six detection catalogs, which feature at
least ten events, to image the seismically active fault
plane (Fig. 3, step 11: relative hypocenter relocation,
Table 1).

3.1 Preprocessing
We preprocess all waveform data in the exactly same
way to achieve a consistent dataset. The preprocessing

is done for all processing steps which use the wave-
form data except the input creation of the additional
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phase arrival times and HypoDD cross-correlation
differential-time data (Fig. 3, step 3: template selection,
step 4: template-matching detection, step 5: detection
filtering, step 6: visual inspection, step 8: relative mag-
nitude estimation). We start with daylong time windows
plus 30 s of continuous waveform data. The daylong
time window is given by the software requierd by the
EQcorrscan software, because the event detection rou-
tine is run day-wise. To ensure the detection of events
around midnight, an overlap of 30 seconds is required.
This overlap is based on twice the expected difference
in arrival time at the closest and furthermost distant
station. The waveform data is resampled to 50 Hz, to
reduce the overall data size, detrended and filtered with
a fourth-order Butterworth bandpass filter between 1 -
20 Hz. The waveform of an event or phase is extracted
from the preprocessed waveform. For the input creation
of the HypoDD cross-correlation differential-time data
we used a sampling rate of 100 Hz, the data was also
detrended and filtered with a fourth-order Butterworth
bandpass filter between 1 - 20 Hz.

3.2 Additional phase arrival times

First, we determine the direct P and S phase onset times
in the recordings of the six StressTransfer and four
AlpArray seismic stations within our target region for
events reported in the LED bulletin file (Fig. 1). This
step was performed by applying the semi-automatic
picking routine described in Mader et al. (2021) (Fig. 3,
step 2: additional phase arrival times). An quality
between O to 4 is assigned to an identified phase arrival
time based on an automatically determined earliest and
latest possible phase arrival time around the approxi-
mate phase onset time following procedures described
by Diehl et al. (2012) and Mader et al. (2021), with
details listed in Table 6. This results in 1073 additional
phase arrival times complementing the LED event cat-
alog in the years 2019 and 2020. For the year 2018, 569
phase arrival times at the AlpArray and StressTransfer
seismic stations are taken from Mader et al. (2021),
where the dataset was already processed in the same
way.

3.3 Event detection

To identify additional microseismic earthquakes, we
use the routines of the Python toolbox EQcorrscan
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(Chamberlain et al. 2018) for our multi-station template-
matching detection routine. As master events we
choose all events with ML > 2.0 of the time period
2018-2020, to search for fore- and aftershock sequences.
For the two time periods with known unusual earth-
quake sequences (October to November 2018 and
September 2019) we choose a smaller ML threshold
of ML > 1.0. The separation of the threshold is based
on the information already known from the LED event
catalog and the observations of the LED during our time
period, as well as our focus on the earthquake sequences
to image the active fault planes (Bulletin-Files des
Landeserdbebendienstes B-W 2011-2020). Waveform
templates are generated of each event that satisfies our
selection criteria (see below, Table 1, Figs.2 and 3,
step 3: template selection). As we are interested in
earthquake sequences, the event detection is executed
around the origin time of the event template. Similar
origin time (within & 30 days) and location (within
around 3 km) of event templates lead to a combination
into one detection period. This leads to 12 separate
detection periods (Table 1). The event detection pro-
cess is run independently for each detection period and
only the corresponding master event templates are used
(Table 1).

As templates, we use the waveforms of direct P and
S phases. P phases are detected on the vertical compo-
nent Z and S phases on both horizontal components,
N and E. The template has a length of 1.3 s and it
begins 0.15 s before the actual phase arrival time. The
waveform of the phase arrival time needs a minimum
signal-to-noise ratio (SNR) of 7.5 to be accepted as
a template waveform. The SNR is calculated as ratio
between the maximum amplitude of the template wave-
form relative to the rms-amplitude of the whole time
window. Finally, input templates are accepted only for
earthquakes with at least three P phase waveforms on
the vertical component and three S phase waveforms on
the horizontal components satisfying the SNR criteria
(Fig. 12).

For the template-matching event detection we apply
the EQcorrscan function match_filter (Chamberlain
et al. 2018, Fig. 3, step 4: template-matching detec-
tion). The continuous waveform data is prechecked
for data gaps and corresponding days are skipped, if
more than a third of the recording time is missing.
The function match_filter determines a shifted stacked
cross-correlation function (ccsum) for all waveforms.
As detection threshold we use the Median Absolute
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Deviation (M AD = threshold-median(abs(cccsum)))
with a threshold value of 9, which is selected after some
exemplary test runs to achieve a reasonable trade-off
between true positive (seismic events) and false posi-
tive detections (unwanted signals). As we search with
several master events with similar waveforms, we reject
double detections within a second from different mas-
ter events. In such case, we keep the detection with the
highest ccsum value, after the detection process is com-
pleted for each 24 h plus 30 s time window. The detec-
tion process results in event catalogs per each analyzed
day. Those event catalogs are combined to one detec-
tion catalog for each of the 12 time series after double
detections due to the 30 s time overlap are rejected.
We use the EQcorrscan function lag_calc to deter-
mine automatic relative phase arrival times (Fig. 3, step
4: template-matching detection). P phase arrival times
are determined on the Z-component and S phase arrival
times on the horizontal components after Shelly and
Hardebeck (2010) (Fig. 13). Only correlations between
detection and template waveform with a ccc greater
than 0.5 are accepted (Fig. 3, step 5: detection filter-
ing). As our waveform templates begin 0.15 s before
the actual phase arrival time, we correct the automatic
relative phase arrivals for this time shift. Furthermore,
we combine double S phase arrival times to one S phase
arrival time, if they are found for the same station on
both horizontal components. For this, we use the hor-
izontal component with the higher ccc, if the deter-
mined arrival time differs for the N and E component.
To assess an uncertainty to each phase arrival time, we
convert the ccc to a time uncertainty following Table 2.
The conversion was based on observations during the
visual inspection (Fig. 3, step 6: visual inspection).
The following analysis is done for detected events
with at least four automatic phase arrival times, as we
want to locate the events at a later stage (Fig. 3, step
5: event filtering). To ensure the reliability of the auto-
matic phase arrival times, we manually review all phase

Table 2 Cross-correlation coefficient (ccc) and corresponding
time uncertainty of the detected phase arrival times

cross-correlation coefficient time uncertainty in s

ccc >=0.8 0.01
0.6 <=ccc < 0.8 0.05
0.5 <=ccc < 0.6 0.1
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arrival times and sort out wrong ones, which corre-
sponds to about 20% (Fig. 3, step 6: visual inspection).
If problems like cycle shifts are detected, we revise the
phases by hand. This is done for less than 1% (Fig. 3).
For repicking, we again use the semi-automatic picking
routine of Mader et al. (2021). After the visual inspec-
tion, events with three or less phase arrival times are
kept in the detection catalog as valid events, which can
not be localized (228 events).

The event detection results in 1070 additional earth-
quakes in comparison to the LED event catalog dis-
tributed in 12 detection catalogs, one for each analyzed
detection period (Fig. 3, step 3 - 6, Table 1). The earth-
quakes used as templates, as well as earthquakes listed
in the LED event catalog, are also included in those
detection catalogs.

3.4 Event location

To complement the 12 detection catalogs with origin
time and hypocenter coordinates, we relocate all events
with at least 4 phase arrival times with the non-linear
location algorithm NonLinLoc (Lomax et al. 2000)
following Mader et al. (2021) (Fig. 3, step 7: event
location, Fig. 4). As velocity model we use the local
minimum 1-D seismic velocity model ASZ-mod1 and
its corresponding station corrections, which was deter-
mined for the ASZ by Mader et al. (2021). In the same
way, we relocate the LED event catalog of the years
2019 and 2020, supplemented with the phase arrival
times from the AlpArray and StressTransfer seismic
stations (Fig. 4). The relocated LED event catalog of the
years 2011 to 2018 is taken from Mader et al. (2021).

3.5 Relative magnitude estimation

We use the method of Schaff and Richards (2014) to
determine a relative magnitude for each event based
on the comparison of the seismic phase amplitudes
of template and detection waveforms (Fig. 3, step 8:
relative magnitude estimation). Schaff and Richards
(2014) introduce two possible ways to calculate rel-
ative magnitudes: (1) with correction terms for ccc and
SNR (after equation 10, Schaff and Richards 2014) and
(2) without correction terms, by applying the L2 norm
of the amplitude ratio between slave and master event
(equation 11, Schaff and Richards 2014). The master

waveform corresponds to the waveform of the detection
template and the slave waveform to the correspond-
ingly detected waveform. Schaff and Richards (2014)
suggest the first one to be a good choice for highly sim-
ilar waveforms even with high noise conditions. Nev-
ertheless, for low ccc like 0.5, a bias is introduced to
the actual magnitude of up to 0.3 (Schaff and Richards
2014). This bias originates from dissimilar waveforms
and noise on the master waveform. For this case, they
introduce the calculation of relative magnitudes based
on the ratio of the L2 norm. This calculation is insen-
sitive onto bias due to the ccc but sensitive to high
noise conditions. We decide to calculate our relative
magnitudes based on the ratio of the L2 norm, because
we kept phase arrival times with ccc values > 0.5 in
our event catalog and we also searched for aftershock
events, which may have different source time functions
or focal mechanisms. To account for the high sensitiv-
ity on noise during the relative magnitude calculation,
we include only phase arrivals with a SNR > 3. As we
have both, P and S phase arrival times, we modified
the method of Schaff and Richards (2014) to deter-
mine a relative magnitude for both, P and S phases
separately, using the waveform of the corresponding
recording channel (Z for P and E or N for S). This leads
to one relative magnitude for each phase and station
combination for each event. The median of all station
magnitude estimates per event is calculated to deter-
mine the overall relative magnitude of each event.

To analyze the stability of the relative event mag-
nitude calculation and estimate its uncertainty range,
we analyze the difference of the median magnitude
minus the station magnitudes. For this, we determine
the mean, median and the standard deviation of the
difference between median and station magnitudes for
different subsets. In these subsets, we vary the allowed
minimum magnitude (0.1, 0.3, 0.5, 0.7, 1 or 1.5) and
the allowed number of station magnitudes (at least 3, 5
or 10) used for the median magnitude calculation. For
all subsets we observe a similar mean and median of
zero and a standard deviation o of 0.1 magnitude units
(Fig. 14). This result demonstrates, that the method is
very stable for all our magnitude determinations and
that it is independent from the number of used sta-
tion magnitudes, as well as site effects. Therefore, we
determine also relative magnitudes based on only one
station magnitude. We find 2 o to be areasonable uncer-
tainty estimate for our relative magnitudes as around
95% of our determinations lie within this range.
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Fig. 4 HypoDD (circles) and NonLinLoc (stars, hypocenter
uncertainty < 2 km and at least 6 phase picks) hypocenter loca-
tions of events detected by template-matching procedure, tem-
plates are included. Best localized earthquakes (diamonds) of the
LED event catalog, localized in NonLinLoc using the velocity
model ASZmod]1 and station corrections (Mader et al. 2021).
Localized events from 2011 to 2018 are taken from Mader et al.
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(2021) and complemented with newly located events in 2019 to
2020. Horizontal line in depth slices indicates in depth slices
indicates approximate depth of the crystalline basement in the
area of the ASZ (Rupf and Nitsch 2008). Ffault-plane solu-
tions are scaled with magnitude as indicated in legend. (A.-
O.: Albstadt-Onstmettingen, A.-Ta.: Albstadt-Tailfingen, A.-Tr.:
Albstadt-Truchtelfingen, A.-M.: Albstadt-Margrethausen)



J Seismol

To compare our relative magnitudes with the LED
ML, we determined the difference between both (Fig. 15).
To interpret these differences, we have to consider all
uncertainties of the magnitude values. The LED ML
have a similar uncertainty range as our magnitudes of
+0.2 (Bulletin-Files des Landeserdbebendienstes B-
W 2011-2020). If we consider the propagation of the
uncertainties, we can expect a maximum difference
between both magnitudes of £0.6 within the measure-
ment accuracy. We observe a good agreement with the
LED magnitudes as most of the calculated differences
are within £0.6 magnitude values (Fig. 15). Only the
Oct18 sequence contains a few events with absolute dif-
ferences greater than 0.6. For those events, we control
again the phase arrival times and waveforms, but we
couldn’t find an explanation for the larger differences
visible in Fig. 15b.

In total, we determine a relative magnitude for 771
events (Table 1). We are not able to determine a rela-
tive magnitude for all events due to our SNR criterium,
which is used to account for the noise sensitivity of the
method.

3.6 Fault-plane solutions

The source mechanisms of our master events are cal-
culated with FOCMEC (Snoke 2003) as described in
Mader et al. (2021) based on P and SH polarities, as
well as SH/P amplitude ratios (Table 3, Fig. 3, step
10: fault-plane solutions, Figs. 4, 6, and 16). The focal
mechanisms of the 2018 time series are taken from
Mader et al. (2021). We use the same quality assign-
ment as in Mader et al. (2021) based on the width of
the 5% to 95% percentile ranges of strike, dip and rake
(8 strike, § dip, § rake, Table 3) for comparability (see
Mader et al. 2021, Table A2). In total, we determined
19 fault-plane solutions (1.1 < ML < 3.9, Table 3).

3.7 Relative hypocenter relocation

Highly similar waveforms of the detected earthquakes
within a time series indicate a possible common or sim-
ilar fault plane and close-by hypocenter locations. To
study this relationship, we use the double-difference
earthquake relocation algorithm HypoDD (Waldhauser
and Ellsworth 2000, Fig. 3, step 11: relative hypocenter
relocation, Fig. 4). We determine relative hypocenter

relocations for each of the 12 detection periods with
at least 10 events (six earthquake sequences, Table 1).
As input hypocenter locations for HypoDD we use the
results of the event location with NLL. We use both,
the relative phase arrival times of the detection catalog
(ct) and the relative phase arrival times calculated with
cross-correlation (cct) as combined input data set for
HypoDD.

For the ct data, we convert our timing uncertain-
ties into the weighting schema described in Table 4. To
determine the ct times from our absolute phase arrival
times, we use the HypoDD code ph2dt. The maximum
hypocentral separation between two earthquakes was
set to 10 km to ensure that all events within the catalog
may be linked and all phase arrival times are accepted,
independent of their pick weight. To become a neigh-
boring event, only event pairs with at least eight links
are accepted and a maximum of 50 links per event pair
are allowed to keep the double-difference problem in a
solvable size.

To create the cct input, we determine a list of all
possible event pairs. If the distance between an event
pair is larger than 5 km we reject the event pair.
The neighboring events are checked for similar phase
arrival times per station. The cross-correlation differ-
ential times (cct) are calculated in the time domain
between the waveforms having phase arrival times and
being sampled with 100 Hz. The median amplitude-
squared coherence is used as a cct quality (Waldhauser
and Ellsworth 2000). P phases are correlated on the Z-
component and S phases are correlated on both horizon-
tal components (N, E). The determined cctis used, if the
median amplitude-squared coherence of the two corre-
lated waveforms is greater than 0.5 in the frequency
range between 1 - 20 Hz. If the cct of the S phase on
the two horizontal components is identical, then the
maximum of the estimated median amplitude-squared
coherence is used as quality. Otherwise, the mean of
the cct and the mean of the median amplitude-squared
coherence of the two components are used as cct and
cct quality.

To check if the result depends on the different input
data types (P or S, ct or cct), we calculate the relative
hypocenter relocations for different subsets, as shown
in Fig. 5. Here, the result of the Sepl9 sequence is
displayed as an example, for the other five sequences
see Figs. 17-21. We consider our solution as stable, if
all subsets show similar hypocenter distibutions within
around hundred meters. We always apply the conju-
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Table 4 Absolute uncertainty of the catalog phase arrival times
and corresponding weighting value for HypoDD ct input

uncertainty time range in s weighting value

luncertainty| <= 0.025 1
0.025 < |uncertainty| <= 0.05 0.5
0.05 < |uncertainty| <= 0.1 0.2
0.1 < |uncertainty| <= 0.2 0.1
0.2 < |uncertainty| 0

gate gradient method (LSQR) to solve the double-
difference equations. To get an estimate of the relative
uncertainty, we run the singular value decomposition
(SVD) on the combined P and S phase ct and P and
S phase cct input data sets if possible. For larger data
sets (event sequences Sepl9 and Jan20), we run the

SVD on a smaller subset, due to our maximum com-
puting power. The maximum relative location uncer-
tainty estimate is 90 m horizontally and 158 m ver-
tically (see Table 5, also for median uncertainty esti-
mates). The median SVD uncertainties tend usually to
be unrealistically small (Truttmann et al. 2023). For this
reason, we reported the maximum SVD uncertainties.
Due to the small differences in hypocenter locations
between the different subsets within all sequences,
especially between the ct and cc data sets (Figs. 5,
17-21), we select as result the combined inversion
of P and S phase ct and P and S phase cct starting
from the NLL hypocenter locations. We run one set of
inverstion with 10 iteration steps, without changing the
weighting parameters of the ct and cct or other param-
eters during the inversion. A change of the weighting
parameters between cc and ct data during the inver-

P cct S cct P &S cct P ct Sct
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Fig.5 Comparison of HypoDD performance with different data
sets of the Sepl9 earthquake sequence. Gray circles represent
NLLoc hypocenter locations. Red filled circles show the result
of HypoDD relative hypocenter relocations. Titles represent the
data set used (ct=catalog times, cct=cross-correlation times, the
starting point of the inversion can be either set to the hypocenter
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locations within the earthquake catalog or to the center of the
cluster formed by the events.). Hypocenter locations are always
displayed in map view and corresponding West-East depth slice
below. The values along the X, y and z axes represent the distance
to the cluster centroid position in km
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Table S Uncertainty estimates of relative hypocenter relocations in X (ex), y (ey) and z (ez) distance based on HypoDD SVD run

ID median ex median ey median ez maximum ex maximum ey maximum ez
inm inm inm inm inm inm

Feb18 14 10 25 65 50 95

Oct18 7 6 13 65 77 127

Sep19 7 9 16 43 40 53

Jan20 5 4 10 76 63 158

Nov20 5 4 12 20 12 28

Dec20 9 9 20 90 78 151

sion does not change the location and orientation of
the imaged fault plane. An explanation may be, that
the used catalog phase arrival times for the ct input
data, are already determined by cross-correlation and
not manually (Fig. 3).

4 Results
4.1 Detection catalog

We analyzed 12 detection periods from 2018 to 2020
including the majority of seismic activity in the area of
the ASZ using a template-matching detection routine
(Table 1). Six event catalogs of these detection peri-
ods are characterized by single events or less than ten
events (Table 1). The remaining six detection periods
contain the already known earthquake sequences from
October to November 2018 and September 2019, as
well as further earthquake sequences in February 2018
as well as in January, November, and December 2020
(Table 1). By applying this procedure, we have identi-
fied 1070 additional earthquakes in comparison to the
LED event catalog. We were able to locate 840 earth-
quakes, from which 592 were classified as well located
with a maximum location uncertainty of less than 2
km (horizontally and vertically) and at least six phase
arrival times. In this way, we added more than twice the
number of well located events to the LED event catalog
for the analyzed time windows by applying the multi-
station template-matching detection approach in com-
bination with the densified station network (Table 1,
Fig. 3). 656 earthquakes of the six observed earthquake
sequences could be relocated relatively with HypoDD
(Table 1). Furthermore, we determined relative magni-

tudes ranging from -0.6 up to 1.2 for 489 earthquakes
of the newly detected events (Table 1). With the newly
detected events, we complement the LED event cata-
log for our 12 detection periods, especially, for earth-
quakes of small magnitude (Fig. 22). The comparison
of the magnitude-frequency distribution of the LED
event catalog from 2018-2020 and the complemented
LED catalog lead to a similar M. of around 0.6 and
a b-value close to 1 (0.9, Fig. 22). The similar M, for
both catalogs is due to our analysis approach. We only
analyzed short time windows within the whole catalog
period. An increased number of low magnitude events,
however, occurs in the enhanced catalog (Fig. 22). This
indicates that our strategy is successful and that it is pos-
sible to add well-located low-magnitude events to the
LED event catalog using additional temporary record-
ing stations and refined detection methods. An analy-
sis over the whole time period of the catalog may also
improve the M.

4.2 Fault characterisation

To analyze the active faults in detail, we calculated 19
focal mechanisms using FOCMEC (Snoke 2003) for
the master events of the detection periods in 2019 and
2020 (Fig. 4). For the 2018 detection periods in Febru-
ary 2018 and October 2018, Mader et al. (2021) already
determined nine focal mechanisms of the strongest
events. To image the active fault plane, we calculated
relative hypocenter relocations with HypoDD (Wald-
hauser and Ellsworth 2000) for each detection periods
with at least ten earthquakes (Figs. 4, 5, 6, Table 1). The
dominant mechanism of the events is strike-slip fault-
ing and only a minor number of events show oblique or

@ Springer



J Seismol

8°57' 9°00'

- Hechingen
NS S
Febts TSRS

y

Schlat_t

Boll

9°03'

48°18' - 48°18'
N 5 5
/ | A-Tailfingen ., }
+ A.-Pfeffingen {7 Oct18-1"
48°15' = S - 48°15'
© Octi8-2
km o
p——— A.-Truchtelfingen
0 1 2
A.-Margrethausen :
6
6 8 10 12 14
depth in k
8 - | epth in km
1S
< ML 3
£ 10 ~ =
< ML 2
(o}
3 12 - i O ML1
o7 * detected + NLL
o detected + NLL + hypoDD
147 i o Febl18 e Jan20
' ! ! e Octl18 o Dec20
8°57' 9°00' 9°03' °

Fig. 6 HypoDD (circles) and NonLinLoc (stars, uncertainty
< 2 km and at least 6 phase picks) hypocenter locations of
the earthquake sequences Febl8, Octl8, Sepl9, Jan20, and
Dec20 and corresponding fault-plane solutions (Feb18 and Oct18
fault-plane solutions after Mader et al. (2021)). If known, the
active fault plane is colored in red. Black lines indicate bound-
ary faults of the Hohenzollerngraben (HZG, Regierungsprisid-
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Sep19

ium Freiburg: Landesamt fiir Geologie, Rohstoffe und Bergbau
(Hrsg.) 2019) and the black arrows show the direction of Sy,
after Mader et al. (2021). The sizes of the fault-plane solutions
are scaled with magnitude. The magenta frame borders the close-
up area of Fig. 8. Background map created with OpenStreetMap
Data (2022, downloaded via geofabrik.de)
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normal faulting (Fig. 4, Table 3). The relative hypocen-
ter relocations allow to identify the fault planes due
to the improved precision compared with the absolute
hypocenter locations of the LED (Fig. 23).

4.2.1 NNE-SSW striking fault planes

We observe two event sequences in November and
December 2020 (Nov20 and Dec20), for which rel-
ative hypocenter relocations are located at 5 - 10 km
depths and indicate a nearly NNE-SSW striking,
steeply dipping fault plane (Figs. 4, 6, 7, 20, and 21).
Together with the corresponding fault-plane solutions,
we identify the sinistral strike-slip motion as source
mechanism (Figs. 4, 6, and 7). The Dec20 sequence is
located between the towns Albstadt-Onstmettingen and
Jungingen, just north of the HZG in an area of contin-
uous seismic activity. The Nov20 sequence is located
about 6 km south of the town MeBstetten, about 20 km
south of the HZG, in an area of reduced seismic activity
(Fig. 4).

4.2.2 NW-SE striking fault planes

The relative hypocenter relocations of earthquake
sequences in February 2018, September 2019 and Jan-
uary 2020 (Febl18, Sep19, Jan20) outline steeply dip-
ping NW-SE oriented fault planes, which are nearly
parallel to the strike of the HZG (Figs. 6 and 7). This
is in good agreement with the dextral fault plane of the
strike-slip focal mechanisms. The depth range of the
three earthquake sequences is 11 - 15 km. The Feb18
and Sep19 sequences are located below the northeast-
ern HZG boundary fault, with the Febl8 sequence
close to the Hohenzollern Castle and the Sepl9
sequence between the towns Albstadt-Onstmettingen
and Hausen i. K.. The Jan20 sequence is located just
south of the southwestern HZG boundary fault, NW of
Albstadt-Onstmettingen.

4.2.3 NNW-SSE striking fault planes

During the event series from October to November
2018, we observe two separate earthquake sequences
south of the HZG just east of Albstadt-Tailfingen and
Albstadt-Truchtelfingen (Figs. 6, 7, and 8). The first
earthquake sequence started on 15 October 2018 and
lasted until end of October 2018 (Oct18-1, Fig. 9). The
second, a smaller sub-sequence, occurred at the end

of November 2018 (Oct18-2, Fig. 9). We first inter-
preted those two sequences as one sequence due to
the temporal and spacial proximity. The analysis of all
events with a similarity matrix highlights a slight dif-
ference in waveforms between the events in October
2018 (Oct18-1) and November 2018 (Oct18-2) (Fig.
24). This observation is also supported by fault-plane
solutions determined by Mader et al. (2021), indicating
a change from dominantly strike-slip in October 2018
to normal faulting in November 2018 (Fig. 6). Also,
relative hypocenter relocations indicate a clear NNW-
SSE striking fault plane for the Octl18-1 earthquake
sequence, which corresponds to the sinistral strike-slip
nodal plane of the focal mechanisms (Figs. 6 and 7).
The relative hypocenter relocations of Octl8-2 are
located about 1 km to the south of Oct18-1 (Figs. 6 and
8). Both sequences image a fault plane dipping towards
the NE (Fig. 7). The depth range of the two sequences
is 9 - 12 km with the Oct18-1 sequence located deeper
than Oct18-2 sequence (Fig. 6).

5 Discussion
5.1 Characterisation of earthquake sequences

Earthquakes in the Swabian Jura are mostly related
to single earthquakes and main-shocks with fore- and
aftershock sequences, whereas the observation of earth-
quake swarms has so far not been described (e.g.
Haessler et al. 1980, Mader et al. 2021, Stange and
Briistle 2005, Turnovsky 1981). This may be the case,
as most analyses regarding the earthquakes in the area
of the ASZ focused on the analysis of main shocks
and their aftershocks. After Mogi (1963), we consider
a sequence as earthquake swarm, if we observe a more
gradual increase and decrease of event occurrences
with time, without a clear main shock. Earthquake
swarms are considered to be triggered by the propa-
gation of fluids and the related pore pressure change
(Hainzl 2004, Hainzl and Ogata 2005). As another pos-
sible driving force for earthquake swarms, especially
on transform faults, shallow aseismic creep was identi-
fied (Lohman and McGuire 2007, Roland and McGuire
2009).

Globally, a b-value of 1 is observed in tectonic
regions (El-Isa and Eaton 2014, Frohlich and Davis
1993). A temporal deviation of the b-value from 1 in
a tectonic region may indicate a change of the stress
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Fig. 7 3-D representation of HypoDD earthquake relocation
hypocenters of all earthquake sequences: a) Febl8, b) Octl8,
c) Sepl9, d) Jan20, e) Nov20, f) Dec20 rotated along the strike
direction of the fault plane (colored circles). Grey circles show
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projections of the hypocenter locations to the xy-, xz- and yz-

plane to illustrate the spatial extension of the sequences. The
black arrows indicate the north direction
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Fig. 8 Close-up view of the Octl8 earthquake sequences. The
filled symbols represent the relative hypocenter relocations,
unfilled symbols represent the NLL hypocenter locations. The
triangles represent all events during the main activity in Octo-

field on the fault system due to, for example the occur-
rence of an earthquake or a change in pore pressure
(El-Isa and Eaton 2014). Varying b-values have been
observed for different occasions like before and after
major earthquakes, as well as for earthquake swarms
(El-Isa and Eaton 2014).

We determine the b-value for the earthquake sequen-
ces (Fig. 9). We here analyze only our largest earth-
quake sequences Octl8, Sep19, Jan20 and Dec20, as
the number of events within the other sequences is too
small for a meaningful analysis. The determined b-
values of three sequences are close to 1 (£0.2, Octl8,
Sepl9, Jan20), which is the typical b-value observed
in tectonic regions (Fig. 9a, c, e , Frohlich and Davis
1993, Mogi 1962). For the fourth sequence (Dec20),
we observe a relatively small b-value of 0.46 (Fig. 9g).

The main activity of the Jan20 sequence is focused
during two days and the strongest event has a magnitude
ML of 3.5, which is more than one magnitude stronger
than the second strongest event with ML 2.4 of the

9°03'36"

A

ML 2
O ML1
Oct18-1
Oct18-2
detected + NLL
detected + NLL + hypoDD

@ O P>

ber 2018 (Oct18-1), whereas the inverted triangles represent the
hypocenters of events during the second sub-sequence in Novem-
ber 2018 (Oct18-2). A clear temporal and spatial separation of
the Oct18-1 and Oct18-2 sequence is visible

sequence (Figs. e, f). For this reason we identify the
ML 3.5 earthquake as main shock of the Jan20 earth-
quake sequence. The corresponding b-value is 0.82.
We classify the Jan20 earthquake sequence as an fore-
and aftershock sequence, as we can clearly identify
the main shock. Here, clearly more foreshocks (287)
than aftershocks (61) are observed, which is mostly
observed the other way round (Mogi 1963).

For the Dec20 earthquake sequence the ML 3.9
earthquake on 1 December 2020 could be identified as
main shock (Fig. 9g). It is 1.3 magnitude units stronger
than the second strongest observed event. The b-value
is quite low with 0.46. This may be the result of the
smaller amount of observed earthquakes, which also
makes it difficult to identify the magnitude of complete-
ness M.. Another explanation may be non-Poissonian
distributed seismicity within a fore- and aftershock
sequence.

The strongest event during the main activity of the
Oct18-1 earthquake sequence is the magnitude 1.7
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Fig. 9 Magnitude-frequency distributions in comparison with
the LED magnitudes of the largest earthquake sequences (Oct18,
Sep19,Jan20, Dec20, a,c,e,g). Red lines give the b-value fit of the
magnitude-frequency distribution of the earthquake sequences,
determined using least squares fitting. The assumed M, for the b-
value fit was 0.2, the bin width of the magnitude-frequency distri-
bution is 0.2 magnitudes or 0.4 magnitudes in case of Dec20 due
to the lesser number of events within the earthquake sequence.
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Temporal distributions of the events (b,d,f,h) of the largest earth-
quake sequences (Octl18, Sep19, Jan20, Dec20). The bars of the
histogram show the number of earthquakes per day and the stars
represent the earthquakes relative magnitudes. Based on their
relative magnitudes and temporal distribution Oct18 and Sep19
are considered swarm-like earthquake sequences, whereas Jan20
and Dec20 show a clear main-shock on the 27 January 2020 and
1 December 2020, respectively.
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Fig. 10 Temporal and spatial migration along the faults relative to the first occurring event within the earthquake sequences a) Oct18-1,
b) Sep19-1, c¢) Jan20, d) Dec20. The circles are scaled with magnitude and the lines indicate the apparent migration velocities.

earthquake on 24.10.2018 (Fig. 9a, b). The magnitude
difference to other events is only 0.1 magnitude units,
which is within the uncertainty range of £0.2 of the
magnitude estimation, so a clear main shock cannot
be identified. The temporal distribution of the Oct18-
1 sequence exhibits similarity to a fore- and after-
shock sequence. Nevertheless, we classify the Oct18-1
sequence as a swarm-like activity due to the lack of a
clearly identifiable main shock (Fig. 9a, b, Mogi 1963).

The Oct18-2 earthquake sequence has also a swarm-
like activity. Here, also the identification of a clear main
shock is difficult (magnitude difference of 0.4 magni-
tudes) and the temporal distribution is more gradual

like expected for an earthquake swarm (Fig. 9b, Mogi
1963).

We also clearly observe a gradual increase and
decrease of event occurrences with time during the
Sepl9 earthquake sequence, which is typical for an
earthquake swarm (Fig. 9d, Mogi 1963). The strongest
events of the Sep19 sequence have magnitudes of 2.1,
1.8 and 1.6. As we do not observe a magnitude differ-
ence larger than 0.3 between the strongest events and
we observe no typical fore- and aftershock sequence
distribution, a main shock is difficult to identify. For this
reason, we consider the Sep19 earthquake sequence to
be an earthquake swarm.
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Both swarm-like sequences (Oct18, Sep19) have a
b-value close to or greater 1, whereas the fore- and
aftershock sequences (Jan20, Dec20) show reduced b-
values. For earthquake swarms in West Bohemia also
b-values close to 1 where observed (Cermakova and
Horalek 2015, Hainzl 2004) and as driving force a
combination of fluid movement and stress triggering
is suggested (Hainzl 2004, Hainzl and Ogata 2005).

5.2 Migration velocity

For all four sequences we observe varying tempo-
ral patterns. The HypoDD locations and origin times
can be used to estimate the migration velocity of the
hypocenters within the earthquake sequences (Fig. 10).
After the fast initiation of the rupture with about 50
m/h of the sequence Octl8-1, it propagated bilater-
ally eastwards and westwards with a velocity of about
15 £ 5 m/h for about 20 hours (Fig. 10a). A similar
rupture behaviour is observed for the other swarm-like
earthquake sequence Sepl9 with a somewhat lower
migration velocity of about 3—10m / h (Fig. 10b). Both
sequences (Oct18-1, Sep19) show the reoccurence of
high migration velocity pulses after the first activ-
ity (Fig. 10b). In contrast, the Jan20 sequence is
more unilateral with an increased activity towards west
(Fig. 10c). The migration pattern shows two migration
episodes, the first with a high migration velocity of
about 50 m/h towards the west and a second migra-
tion including the main shock with a reduced migra-
tion velocity of about 10 m/h. The Dec20 earthquake
sequence related with the ASZ is much more scattered
in space and time (Fig. 10d). After the main shock,
relatively few aftershocks occur and the events happen
to the south and north for ca. 650 hours. Although,
there is no clear spatial migration trend, the veloc-
ity of the rupture front is low with about 0.5-2 m/h.
These low migration velocities (< 10 m/h) could
be due to a fluid diffusion process to trigger micro-
seismicity (Dublanchet and De Barros 2021, Hainzl
2004, Shapiro and Dinske 2009). The Dec20 sequence
could also be triggered by a Coulomb stress change
after the main shock. The high migration velocity
pulses of the other sequences, especially at the begin-
ning (Oct18-1, Sep19, Jan20, Fig. 10a-c) seem to be
related with an aseismic slip process (Bhattacharya and
Viesca 2019, Dublanchet and De Barros 2021). Thus,
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the observed dual migration velocities may support the
model by Dublanchet and De Barros (2021) with these
sequences. Further analysis could help to identify pos-
sible driving mechanisms and highlight the differences
of the observed earthquake sequences in more detail,
which is beyond the scope of our study.

5.3 Fault characterisation

The analysis of the six earthquake sequences with more
than 10 events (Feb18, Oct18, Sep19, Jan20, Nov20,
Dec20) allows us to identify and image three differ-
ent types of faults, which were seismically active in
the Swabian Jura during 2018 to 2020 (Figs. 4, 6, and
11). Here, we are going to discuss our findings in con-
text with the regional tectonics, the stress field and the
tectonic model of the ASZ defined by Reinecker and
Schneider (2002).

5.3.1 NNE-SSW striking fault planes

The first fault type observed in the Nov20 and Dec20
sequences is related to NNE-SSW striking sinistral
strike-slip faulting in a depth range of 5 - 10 km in
the crystalline basement(Fig. 4). This fault mechanism
is consistent with the previously imaged orientation
and kinematics of the ASZ (e.g. Haessler et al. 1980,
Stange and Briistle 2005, Turnovsky 1981). The Dec20
sequence is located between Jungingen and the north-
ern graben boundary of the HZG in the area of con-
tinuous seismic activity (Figs. 4 and 6). The Nov20
sequence images the NNE-SSW striking fault plane
south of MeBstetten. This seismically active fault seg-
ment is located about 20 km south of the HZG in an
area of reduced seismic activity (Fig. 4). This obser-
vation suggests an extension of the seismically active
area of the ASZ further to the south as proposed by
Mader et al. (2021). The reduced seismicity in the area
south of MeBstetten may result from either an aseis-
mic creeping component or a seismic gap caused by a
locked fault plane, which was partially activated dur-
ing the Nov20 sequence. The observed fault planes in
this area, which are related with the ASZ, cover a depth
extension of maximum 10 km. From previous studies
we know that the seismicity related with the ASZ is
located even deeper in the upper crust (about 1 - 18 km
depth, Mader et al. 2021). The limited depth range of
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the here observed NNE-SSW sinistral strik-slip faults
may be related with the short observation times of the
two sequences from 2018 to 2020.

5.3.2 NW-SE striking fault planes

Second, we clearly observe dextral strike-slip faulting
with a NW-SE strike, almost parallel to the HZG and
epicentral locations close to the HZG boundary faults
(Fig. 6, Feb18, Sep19, Jan20). This type of faulting
was so far not directly observed in the area of the town
Albstadt. Nevertheless, the stress inversion by Mader
et al. (2021) already suggested the NW-SE striking
fault plane of the event ev457 (Febl18 sequence, Fig.
6, Table 3) as the most probable active fault plane to
rupture in the current stress regime. However, due to
the general NS alignment of the seismicity in the area
so far always the about NNE-SSW striking fault plane
was expected to be the active one. The active faults of
the Feb18, Sep19 and Jan20 earthquake sequences are
located about parallel and close to the HZG boundary
faults. We observe at least two vertically dipping faults
outlined by the three sequences (Fig. 7), one close to the
southwestern boundary fault and one along the north-
western boundary fault of the HZG (Fig. 6). All three
sequences are located at depths of 11 - 15 km, which
is significantly below the estimated depth extension of
2 - 3 km of the boundary faults of the HZG (Illies 1982,
Schiédel 1976). A continuation of the HZG to greater
depth is debated but not proven yet, as no analysis
could so far image a depth extension of the HZG into
the crystalline basement (Illies 1982, Schédel 1976).
Illies (1982) suggests a continuation of the northeast-
ern boundary fault of the HZG into the crystalline base-
ment, based on the differences in the characteristics of
the outcropping boundary faults, gravity measurements
and the hypocenter distribution. This depth continua-
tion would result in a Y-shaped pattern of the HZG
faults, with the HZG boundary faults converging in 2
- 3 km depth and a continuation of the northeastern
boundary fault towards greater depth. We suggest that
our identified faults are not directly connected to the
HZG as we observe at least two steeply dipping fault
planes, which would correspond to a X-shaped contin-
uation of the graben structure with depth. Instead, we
propose an inherited zone of weakness or fault zone in
the area below the HZG, which may facilitate the rup-
ture origin of the observed earthquakes and may also

have facilitated the development of the HZG in this
particular area. The depth and strike of a structural ele-
ment, which is actually reactivated in the present stress
field, depend on the pre-existing structures or struc-
tural weaknesses. The here observed NW-SE striking
deep structure can be imprinted from either Variscan
basement processes (Echtler and Chauvet 1992, Hann
et al. 2003) or Triassic and Palaeogene normal fault-
ing (Reicherter et al. 2008) which partly strike NW-
SE. This normal to transtensional faulting is found, e.g.
in the en-echelon arranged graben structures, like the
HZG or near the western Lake Constance and Hegau
(Fig. 1). Thus, the earthquake sequences Feb18, Sep19,
and Jan20 may be due to an activation of pre-existing
faults in the upper crust induced by the present stress
field (Sgmax ~ 149°, Mader et al. 2021) as proposed
by Reicherter et al. (2008). This rupture mechanism
is supported by the results of Mader et al. (2021) and
Rockel et al. (2022), who suggest that fault planes with
NW-SE and NNE-SSW strike are favorably aligned for
rupture in the NNW-SSE directed maximum horizontal
stress (Fig. 6). The activation of NW-SE oriented faults
is also observed in the current stress field for exam-
ple in the area of the Hegau-Bodensee Graben along
the Freiburg-Bonndorf-Bodensee Fault Zone (FBBFZ,
Fig. 1, Diehl et al. 2023). The eastern part of this fault
zone is the western Lake Constance and Hegau south of
the ASZ. There, also dextral strike-slip to transtensional
faulting is observed with the faults striking parallel to
the HZG (Diehl et al. 2023).

5.3.3 NNW-SSE striking fault plane

The Oct18-1 earthquake sequence is located in the area
of major seismic activity of the ASZ near Albstadt and
close to the southern boundary fault of the HZG (Fig. 6).
The sinistral strike-slip fault plane strikes NNW-SSE
and is therefore rotated counter-clockwise (~ 50°) rel-
ative to the typical NNE-SSW fault orientation of the
ASZ (Fig. 11, e.g. Haessler et al. 1980, Stange and
Briistle 2005, Turnovsky 1981) and it is also rotated
clockwise (~ 40°) relative to the newly observed NW-
SE striking fault planes. The Oct18-2 sequence is off-
set from the Oct18-1 sequence by about 1 km to the
southeast and the fault-plane solution points to a normal
faulting mechanism, clearly different from the known
strike-slip mechanisms of the ASZ (e.g. Haessler et al.
1980, Stange and Briistle 2005, Turnovsky 1981). Both
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Fig. 11 a) Revised model of the Swabian Jura around Albstadt
as derived in this study. Colored lines indicated active faults of
earthquake sequences. Length is based on HypoDD hypocen-
ter distribution. Red lines show rupture planes of the 1978 and
2003 earthquakes (after Stange and Briistle 2005) and estimated
rupter plane of the 1911 earthquake (after Schneider 1979, Wells
and Coppersmith 1994). Blue (NW-SE dextral strike-slip) and
yellow (ASZ) shaded areas represent the two active fault zones
in the Swabian Jura. Colored arrows indicated the movement of
the strike-slip faults and the black arrows show the direction of
SH,... after Mader et al. (2021). Stars indicate reliable NonLin-
Loc locations (uncertainty < 2 km and at least 6 phase picks) of
detected events. Squares indicate best located events in period
2011 to 2018 of Mader et al. (2021) complemented with newly
located events in 2019 to 2020 using the ASZmod]1 and station
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(b)

corrections in NonLinLoc (Mader et al. 2021). Topography is
based on SRTM15+ (Tozer et al. 2019). b) Simplified, schematic
3-D model of the tectonic blocks at the ASZ. Blue (NW-SE
dextral strike-slip) and yellow (ASZ) shaded areas represent the
two major active fault zones like in a. The area of intersection
between these two fault zones causes complex faulting as indi-
cated by the dark-brown fault zone (Oct18-1 and Oct18-2 earth-
quake sequences). Arrows indicate the strike-slip movement. The
greenish colored layer represents the sedimentary cover rocks,
the gray colored blocks the crystalline basement of the upper
crust. The model of Reinecker and Schneider (2002) consisted
only of the ASZ (N-S striking sinistral strike-slip, yellow) and
the en-echelon arranged graben structures in the cap rock above
the ASZ
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sequences, Oct18-1 and Oct18-2, are located in a depth
range of 9 - 12 km, which places them above the
11 - 15 km deep NW-SE striking fault planes about par-
allel to the HZG and below the NNE-SSW striking fault
plane of the ASZ observed here. The different rupture
mechanism, including a normal faulting component, of
the Oct18-1 and Oct18-2 sequences may be interpreted
as a local stress perturbation caused by the intersection
of the NNE-SSW striking ASZ (yellow colored events
in Fig. 6) and the deeper NW-SE (blue colored events
in Fig. 6) oriented inherited zone of weakness.

5.4 Seismically active faults in the area of the ASZ

The analysis of the earthquake sequences in the years
2018 to 2020 reveals a complex faulting structure below
the Swabian Jura close to the town Albstadt (Fig. 11).
The tectonic model for the area of Albstadt described
by Reinecker and Schneider (2002) connects the two
known tectonic structures, namley the HZG and the
ASZ. In this model the sinistral strike-slip movement of
the ASZ facilitates the opening of en-echelon arranged
graben structures, like the HZG, in the cap rocks along
the ASZ (Fig. 11, Reinecker and Schneider 2002, Tron
and Brun 1991). Here, we suggest an addition to the
tectonic model of Reinecker and Schneider (2002) in
the form of an about NW-SE striking dextral strike-slip
fault system below the HZG in about 11 - 15 km depth,
also located in the upper crust (Fig. 11, blue color,
Aichroth et al. 1992, Gajewski and Prodehl 1985). A
straight connection between the HZG and the NW-SE
striking faults cannot be resolved because of the differ-
ences in depth between the observed seismically active
faults and the depth projection of the boundary faults
of the HZG (Illies 1982, Schidel 1976). However, the
existence of the NW-SE striking fault system could
have enabled the formation of the HZG at its location.
At the intersection of the NNE-SSW striking ASZ and
the NW-SE striking fault system, we suggest a complex
deformation zone, which was active during the Oct18-
1 and Oct18-2 earthquake sequences. One explanation
for the observed faulting may be bending along the
NW-SE fault formed due to the overlap of the two fault
systems. Another explanation may be a local deviation
of the stress field due to the intersection of the two
fault zones, inducing faulting along not preferentially
aligned faults within the current regional stress field.

Both, the ASZ and the NW-SE striking fault zone are
aligned preferentially for activation in the current local
stress field (Heidbach et al. 2016, Mader et al. 2021,
Rockel et al. 2022). The driving force of the seismic-
ity of both fault systems is therefore likely the Alpine
orogeny, which influences the local stress field in the
northern Alpine foreland (Kastrup et al. 2004, Mader
et al. 2021, Singer et al. 2014). The intersection of the
two fault systems may also facilitate the occurrence of
the seismicity in the Swabian Jura, as it may act as stress
concentrator (Fonséca et al. 2021, Talwani 1988). Due
to the limited study period of three years, further analy-
sis is necessary to better verify or modify our proposed
faulting model of the Albstadt region. Based on the
current observations a segmentation of the ASZ cannot
be verified nor denied. The same holds for the NW-SE
fault zone, though here we observe at least two active
faults. Further analysis could focus on resolving those
faults with HypoDD relocations of more events over
a longer time period. Such an improved model of the
faulting styles and the possible maximum extensions
of the involved faulting segments could also help to
better determine the seismic hazard potential and pre-
pare for future ground shaking. An earthquake ruptur-
ing the ASZ between the cities Jungingen and Albstadt-
Ebingen for example could result in a magnitude simi-
lar to the ML 6.1 earthquake 1911 which caused major
damage (Figs. 2, 11a, Schneider 1979, Schwarz et al.
2019, Wells and Coppersmith 1994).

6 Conclusion

We analyzed 12 detection periods with earthquakes
in the area of the Swabian Jura using a multi-station
template-matching approach. This procedure allows
us to complement the official LED catalog with 1070
additional earthquakes, 592 of which are well located.
Furthermore, we determine a relative event magnitude
for 489 earthquakes, with the smallest event magni-
tude being -0.6. The observed earthquake sequences
can be separated into fore- and aftershock sequences
as well as earthquake swarms. The later type was so far
not observed in the Swabian Jura. Relative hypocenter
relocations and fault-plane solutions of the six major
earthquake sequences allow us to image three differ-
ent seismically active fault sets below the Swabian Jura
near Albstadt. This complex fault structure consists not
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only of the previously known NNE-SSW striking sinis-
tral ASZ, but also NW-SE striking dextral fault planes
parallel to the HZG and NNW-SSE striking sinistral
fault planes with a normal faulting component. As a
result, we introduce an extension to the tectonic model
of Reinecker and Schneider (2002) in form of an addi-
tional NW-SE striking dextral fault zone at a depth of
11-15 km below the HZG. This fault zone is located
within the crust, which acts as a zone of mechanical
weakness and is activated by the regional tectonic stress
field, which is likely dominated by geodynamic pro-
cesses related to the Alpine orogeny. At the intersec-
tion of the newly identified NW-SE striking fault zone
and the ASZ, rather complex faulting is observed. Due
to the short time span of observation the depth range of
the newly observed fault zones may change with future
analyses. A direct connection of the HZG to the NW-SE
striking dextral fault planes is unlikely as their depth

ranges do not overlap. However, such NW-SE zones
of weakness in the upper crust may assist the devel-
opment of the NW-SE oriented shallow grabens in the
region (Reinecker and Schneider 2002). The driving
forces are likely related to stresses related to geody-
namic processes of the Alpine orogeny and the fault-
ing pattern is in good agreement with the one expected
for the rollback model of Kissling and Schlunegger
(2018). A downward bending of the European plate can
well explain the shallow graben systems (e.g. FBBFZ
and HZG). The migration velocities of our earthquake
sequences may indicate, that fluids in the upper crust
assist the rupturing.

Appendix A: Appendix
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Fig. 12 Exemplary waveform template for a ML 1.1 earthquake on 10 September 2019 at 07:00
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Table 6 Relationship between arrival time uncertainty and assigned quality based on Mader et al. (2021); ep represents the earliest

possible pick and Ip the latest possible pick

Phase arrival time uncertainties Ip-ep < 0.05 0.05 < Ip-ep < 0.1 0.1 <lp-ep<0.2 0.2 <lp-ep<0.4 Ip-ep > 0.4
Quality 0 1 2 3 4
FREU.HHZ |} == Ppick
1 —— Template
- T T T T == S-pick
A102A.HHZ VW/‘\/
I
I T
FREU.HHE .
I
]
FREU.HHN
I
l T
AST12.HHN WN
I
1
T
I T
A100A.HHN /\WMW
I
l T
A102A HHE /\/I’MMAW
1 T
GUT.HHE ‘WM
1
T
T T T T T T T I T
0 1 2 3 4 5 6 7 8

Time (s) from 2019/09/09 15:07:24.980000

Fig.13 Exemplary waveforms for a detected event on 9 Septem-
ber 2019 at around 15:00 and the corresponding automatically
determined phase arrival times. Here, the phase arrival times are

the waveform template

not yet corrected for the 0.15 s offset due to the prepick time of
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Fig. 15 Difference between our relative magnitude result and
the magnitude determined by the LED (Bulletin-Files des Lan-
deserdbebendienstes B-W 2011-2020) a) for Feb18, b) for Oct18,
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dec20_1

dec20_2 de;zo,3 déczo,4
Fig. 16 Overview of calculated fault-plane solutions with pre- (mostly overlapping with other symbols) indicate direction of
ferred (solid line) and all possible solutions (dashed lines). Trian- SH-polarity. Fault-plane solutions are labeled with their ID from
gles are negative and hexagons are positive P-polarities. Arrows Table 3
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Fig. 17 Comparison of HypoDD performance with different
data sets on the Feb18 earthquake sequence. Black circles repre-
sent NLLoc hypocenter locations. Red filled circles show result
of HypoDD. Title represents data set used (ct=catalog times,

cct=cross-correlation times, from cluster or catalog represents
the inversion starting point)). Hypocenter locations are always
displayed in map view and corresponding West-East depth slice

below
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of HypoDD. Title represents data set used (ct=catalog times,
cct=cross-correlation times, from cluster or catalog represents
the inversion starting point)). Hypocenter locations are always
displayed in map view and corresponding West-East depth slice
below

Fig. 18 Comparison of HypoDD performance with different
data sets on the Oct18 earthquake sequence. The Oct18 sequence
is separated in two clusters. Hypocenter location is always rela-
tive to cluster center. Black circles (Oct18-1) and squares (Oct18-
2) represent NLLoc hypocenter locations. Red filled circles
(Oct18-1) and yellow filled squares (Oct18-2) show the result
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Fig. 19 Comparison of HypoDD performance with different
data sets on the Jan20 earthquake sequence. Black circles repre-
sent NLLoc hypocenter locations. Red filled circles show result
of HypoDD. Title represents data set used (ct=catalog times,

cct=cross-correlation times, from cluster or catalog represents
the inversion starting point)). Hypocenter locations are always
displayed in map view and corresponding West-East depth slice

below
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Fig. 20 Comparison of HypoDD performance with different
data sets on the Nov20 earthquake sequence. Black circles repre-
sent NLLoc hypocenter locations. Red filled circles show result
of HypoDD. Title represents data set used (ct=catalog times,
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Fig. 21 Comparison of HypoDD performance with different
data sets on the Dec20 earthquake sequence. Black circles repre-
sent NLLoc hypocenter locations. Red filled circles show result
of HypoDD. Title represents data set used (ct=catalog times,

cct=cross-correlation times, from cluster or catalog represents
the inversion starting point)). Hypocenter locations are always
displayed in map view and corresponding West-East depth slice
below

Fig. 22 Comparison of the
a) cumulative and b)
incremental
magnitude-frequency
distribution of the LED
catalog 2018 - 2020 and
complemented LED catalog
2018 - 2020 with the
relative magnitudes of the
detections (Bulletin-Files
des Landeserdbebendienstes
B-W 2011-2020). The red
line gives the b-value fit of
the magnitude-frequency
distribution, determined
using least squares fitting.
The assumed M, for the
b-value fit is 0.6 and the
width of the bars is 0.1
magnitude units
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