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Abstract On April 29, 2017 at 0:56 UTC (2:56 local
time), an MW = 2.8 earthquake struck the metropoli-
tan area between Leipzig and Halle, Germany, near the
small town of Markranstädt. The earthquake was felt
within 50 km from the epicenter and reached a local
intensity of I0 = IV. Already in 2015 and only 15 km
northwest of the epicenter, a MW = 3.2 earthquake
struck the area with a similar large felt radius and I0 =
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IV. More than 1.1 million people live in the region,
and the unusual occurrence of the two earthquakes
led to public attention, because the tectonic activity
is unclear and induced earthquakes have occurred in
neighboring regions. Historical earthquakes south of
Leipzig had estimated magnitudes up to MW ≈ 5 and
coincide with NW-SE striking crustal basement faults.
We use different seismological methods to analyze the
two recent earthquakes and discuss them in the context
of the known tectonic structures and historical seis-
micity. Novel stochastic full waveform simulation and
inversion approaches are adapted for the application
to weak, local earthquakes, to analyze mechanisms
and ground motions and their relation to observed
intensities. We find NW-SE striking normal faulting
mechanisms for both earthquakes and centroid depths
of 26 and 29 km. The earthquakes are located where
faults with large vertical offsets of several hundred
meters and Hercynian strike have developed since the
Mesozoic. We use a stochastic full waveform simu-
lation to explain the local peak ground velocities and
calibrate the method to simulate intensities. Since the
area is densely populated and has sensitive infrastruc-
ture, we simulate scenarios assuming that a 12-km
long fault segment between the two recent earthquakes
is ruptured and study the impact of rupture parameters
on ground motions and expected damage.
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1 Introduction

The seismicity in Central Germany occurs mostly in
a N-S-oriented belt between 12◦ and 12◦30′ E lon-
gitude between the Vogtland/NW Bohemia region in
the south and the cities Leipzig and Halle in the north
(Fig. 1). The Vogtland/NW Bohemia region is char-
acterized by earthquake swarms, occurring frequently
(every 2–5 years since 1997) and in different spots
(Korn et al. 2008; Fischer et al. 2014 see also right
panel in Fig. 1). Maximum magnitudes of swarm
earthquakes reached so far M 4.7 (21 Dec 1985,
Table 3). More to the north, and close to the city
of Gera, the largest historical earthquake of the last
700 years occurred on 6 March 1872, with maximum
intensity of I0 = VII and estimated moment magni-
tude of MW = 5.2 (see Table 3). This event, often
called “Mitteldeutsches Beben,” was felt in Berlin
(250 km), Breslau (350 km), Regensburg (240 km),
Frankfurt (330 km), and Braunschweig (260 km) (von
Seebach 1873).

The region north of Gera close to Leipzig and Halle
was not affected by larger earthquakes (I0 > VI) since

1553 (Torgau event). Reported events include three
earthquakes close to Leipzig in 1905, 1914, and 1982
(I0 ≈ IV−VI) (Table 3 and Fig. 1). According to Ley-
decker (2011), there have been two earlier historical
earthquakes in 827 and 1088 in northern Saxony with
I0 = VII1/2 (see also Grünthal et al. 1998; Grünthal
and Wahlström 2012).

Instrumental seismic recordings in the region
started in 1902 in Leipzig. Additional seismologi-
cal observatories at station CLL (1935), MOX (1964)
and BRG (1966), as well as installation of additional
stations since 1985, improved monitoring capabil-
ities gradually. In 1996 Seismologie-Verbund Mit-
teldeutschland, a collaboration between the geological
surveys of Saxony, Thuringia, Saxony-Anhalt, and the
Universities in Leipzig, Freiberg, Jena, and Dresden
in cooperation with industry partners from mining
(Wismut AG) and water supply (Landestalsperren-
verwaltung Sachsen) established a modern and dense
seismic monitoring network. In 2017, the joint net-
work comprises more than 36 seismic stations includ-
ing 20 permanent broad-band stations (some stations
are covered by Fig. 1).

Fig. 1 Historical (open
circles, MW > 3) between
1326 and 2005, EMEC
catalog from Grünthal and
Wahlström (2012) and
instrumental seismicity
(2006–2017, Mc < 1.5,
filled red circles) plotted
with mapped tectonic faults
(black lines) and
distribution of uplifted
basement blocks
(gray-filled areas). Seismic
stations are indicated by
triangles (black-filled if
broadband), and cities by
green squares (L = Leipzig,
H = Halle). The figure on
the right side shows the
moment release (black
squares, 0.05◦ bins)
between 2006 and 2017 and
the depth of M > 1.5
earthquakes (open red
circles) as a function of
latitude
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The magnitude of completeness of this modern net-
work is Mc = 0.5. The instrumental seismicity since
2006 has epicenter location uncertainties of less than
2 km (68% probability) and confirms a diffuse pattern
of seismicity in a N-S elongated zone between the city
of Hof (Vogtland and NW-Bohemia region) and the
cities of Halle and Leipzig. While the depth of earth-
quakes in the N-S elongated zone is systematically
increasing towards north, the moment release shows
maxima in Vogtland/NW-Bohemia, south of Gera and
between Leipzig and Halle (Fig. 1).

The NS-oriented, diffuse zone of seismicity has
been named the Leipzig-Regensburg Fault Zone
(Kämpf and et al 1991; Bankwitz et al. 2003). How-
ever, the indications of NS-oriented basement faults
are vague and have been only deduced from photo lin-
eaments. The lineaments are not confirmed with mod-
ern satellite-based data in recent studies (Grünthal,
pers. comm.). On the other hand, the study of gradients
in geophysical potential field data (Becker et al. 1989)
indicates that between Halle and Leipzig a bundle of
shorter, N-S trending structures may exist, which have
been interpreted close to Halle as possible faults.

The N-S zone of seismicity is crossed by NW-
SE-oriented, major faults. The NW-SE orientation of
basement faults is also evident from the trend of the
boundaries of uplifted, tectonic blocks (Fig. 1). Some
of these NW-SE-oriented faults were associated with
larger historical earthquakes. Examples include the
system of Kyffhäuser-Crimmitschau-Fault, the Finne-
Fault and the Gera-Jachymov-Fault at the latitude of
the city of Gera.

Sub-parallel faults at the latitude of Halle and
Leipzig are for instance the well-known Halle fault
system (Fig. 1 and Rappsilber 2006). It represents the
boundary fault between the Halle-Wittenberg block in
the north and the Merseburg block in the south. The
Halle-Wittenberg block has been uplifted, so that the
basement rocks are directly exposed or are covered by
shallow Cenozoic sediments. Reflection seismic data
indicate that the Halle-Wittenberg block was thrust
on top of the Merseburg block, so that the struc-
turally higher Merseburg block consisting of massive
Mesozoic rocks is at a lower elevation. The measured
vertical offset in the city of Halle is more than 1000 m.
The Halle fault can be traced as a slightly curved fea-
ture in a SE direction towards the city of Leipzig,
where the fault offset appears to diminish and the fault

develops several surface branches. Deep crustal seis-
mic profiles have been measured 30 to 100 km west
of Halle, e.g., the profiles ZENTROSEIS-THUBRA
(Bormann and Bankwitz 1986) and DEKORP-BASIN
9601 (Krawczyk et al. 1999). However, the resolution
and data density of these seismic lines does not allow
for a clear conclusion in terms of dip and penetration
depth of the Halle fault system. The large vertical off-
set indicates that the Halle and neighboring faults are
major deep-reaching faults. So far, their potential to
generate deep crustal earthquakes was unclear. As we
discuss below, the location and source mechanisms of
the 2015 and 2017 earthquakes can be related to the
Halle and Leipzig system and indicate that the Meso-
zoic Halle faults may be re-activated between 20 and
30-km depth.

2 Earthquake source parameters

The mainshocks of the April 16, 2015 and April 29,
2017 earthquakes were recorded by local and regional
seismic networks of Saxony (SX), Thuringia (TH) and
the German regional seismic network (GR). For loca-
tion, we use arrival times of P and S waves of 36
stations with distance of 140 km or less (Fig. 1). Sta-
tions at distances of more than 110 km recorded Pn
phases as first arrivals and do not pose strong con-
straints on the event depth, but help to fill azimuthal
gaps to better constrain the epicenter. For the 2017
earthquake, the largest azimuthal gap is 79◦. The clos-
est seismic stations are at about 26 km epicentral dis-
tance (Table 1). The arrival times are measured from
unfiltered traces with sampling frequencies of 100 or
200 Hz. A local/regional velocity model is used for
location (Table 4), which is based on the experience
of the seismological surveys in Collm. For location,
a Gauss gradient method is used: HYPOCENTER imple-
mented in SEISAN (Ottemöller et al. 2016). Station
corrections are not considered. The local magnitudes ML

of both events have been derived using the attenuation
functions implemented in software packages SEIS-
MIC HANDLER by the Federal Institute for Geo-
sciences and Natural Resources (BGR) in Hannover
(uses original tables by Richter 1958), and SEISAN
(Ottemöller et al. 2016) by Leipzig University (Table 1
for details). The final locations from P- and S-wave
arrival times and ML values are given in Table 1.
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Table 1 Hypocenter and centroid location of mainshocks and nearby seismicity

Event date and time (UTC) Latitude (◦N) Longitude (◦E) Depth (km) Magnitude (ML for L, MW for C) rmin (km)

16-Apr-2015 06:38:09.3 51.434 ± 0.8 km 12.142 ± 1.1 km 26.8 ± 1.7 3.2 ± 0.4 36 L

51.42 ± 1.1 km 12.13 ± 0.9 km 28.7 ± 1.6 3.20 ± 0.03 C

29-Apr-2017 00:56:23.7 51.340 ± 0.5 km 12.214 ± 0.9 km 22.3 ± 1.6 3.0 ± 0.2 26 L

51.34 ± 2.2 km 12.21 ± 1.2 km 25.2 ± 1.9 2.80 ± 0.04 C

Nearby seismicity including aftershocks (location from Leipzig University)

02-Nov-2011 01:19:23.2 51.380 ± 1.4 km 12.415 ± 1.7 km 11.1 ± 6.5 0.3 ± 0.3 L

14-Dec-2012 02:08:27.5 51.328 ± 1.2 km 12.335 ± 1.6 km 16.8 ± 4.2 0.3 ± 0.3 44 L

14-Dec-2012 02:31:53.6 51.338 ± 2.4 km 12.316 ± 3.7 km 16.1 ± 5.2 0.1 ± 0.3 45 L

16-Apr-2014 17:03:42.5 51.386 ± 0.9 km 12.270 ± 1.0 km 7 ± 2.3 1.0 ± 0.3 40 L

29-Jun-2014 00:12:01.1 51.403 ± 1.8 km 12.197 ± 3.3 km 19.9 ± 9 -0.1 ± 0.3 36 L

10-Feb-2015 01:46:45.0 51.475 ± 0.9 km 12.287 ± 1.0 km 16.2 ± 3.6 1.3 ± 0.2 21 L

16-Apr-2015 07:35:51.9 51.432 ± 0.8 km 12.141 ± 1.1 km 25.7 ± 2.0 1.7 ± 0.3 36 L

22-Aug-2015 19:28:55.0 51.334 ± 1.3 km 12.241 ± 1.4 km 15.0 ± 7.0 0.4 ± 0.3 32 L

09-Sep-2016 16:21:57.5 51.458 ± 0.8 km 12.120 ± 1.2 km 15.0 ± 4.1 1.6 ± 0.3 27 L

29-Apr-2017 23:37:07.4 51.342 ± 0.7 km 12.231 ± 1.5 km 19.1 ± 3.6 0.2 ± 0.3 36 L

20-Nov-2017 22:43:50.1 51.316 ± 0.5 km 12.311 ± 1.0 km 15.0 ± 4.6 0.6 ± 0.2 31 L

Uncertainties give 68% probability. L and C refer to solutions by Leipzig University and Centroid from moment tensor inversion,
respectively. rmin is the hypocenter distance to the closest station. ML at Leipzig University is estimated by ML = 1.0 · lg(A)+ 0.910 ·
lg(r)+ 0.00087 · r − 1.67, where A is the peak-to-peak amplitude on horizontal components in nm, r the hypocentral distance and the
logarithm is taken to the basis of 10

From 2006 to 2017, 11 additional earthquakes have
been recorded in ± 15 km from both events (Fig. 2),
with magnitudes ranging from ML = − 0.1 to 1.7
(Table 1). Thereof, one (2017) and two events (2015)
can be interpreted as aftershocks. Waveforms of these
aftershocks are similar to those of their mainshocks.
The small number of aftershocks is not unusual for
deep earthquakes (z > 15 km), as it is indicated in the
area of the Northern Alpine Foreland and Lake Con-
stance. However, the statistics there are still relatively
poor and more data are needed for sound conclu-
sions. The epicenters in Fig. 2 show a vague alignment
with the trend of the NW-SE-oriented faults. Deepest
events occur at the SW end along a profile perpendic-
ular to the Halle fault (Fig. 2b).

2.1 First motion focal mechanism solutions

First motion polarities were measured at 14 (15) Pg
and 21 (16) Pn phases for the 2015 (2017) events.
These could be used to derive well-constrained first
motion focal solutions, which for both events indicate
normal faulting with a strike and dip of a common

nodal plane between 330◦–338◦ and 40◦–43◦, respec-
tively (Table 2, Fig. 3).

2.2 Moment tensor solutions

The moment tensor solutions are derived with a
full waveform, probabilistic optimization method
(referred to here as the BABO method, imple-
mented as an open-source software in the seismic
source optimization framework Grond, http://gitext.
gfz-potsdam.de/heimann/grond/). It implements an
efficient bootstrap-based method to retrieve solution
sub-spaces, parameter trade-offs, and uncertainties in
earthquake source parameter estimation problems. In
our case, we considered restituted displacement wave-
forms of P and S phases filtered between 0.5 and 1.0
Hz for comparison with synthetic waveforms.

2.2.1 Forward modeling and objective function design

Synthetic waveforms are modeled based on pre-
calculated Green’s functions assuming the appropri-
ate regional velocity profile from the CRUST 2.0

http://gitext.gfz-potsdam.de/heimann/grond/
http://gitext.gfz-potsdam.de/heimann/grond/
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Fig. 2 a Zoomed epicenter map of the Leipzig–Halle region
with the two best double couple solutions of the April 2015 and
2017 mainshocks. Filled circles show the location and depth of
micro-earthquakes including aftershocks (see Table 1, catalog
of Leipzig University at http://uni-leipzig.de/collm/auswertung
temp.html). Black triangles show nearest stations. b Cross
section of hypocenters within the light-blue rectangle projected

onto the dark-blue line profile (blue star as reference point).
The open circles indicate the projected centroid depth from the
waveform inversion. The dashed line indicates a 60◦ dipping
plane (note different scales for profile and depth), which would
outcrop near the fault sub-parallel to the Halle fault near the
reference point

Earth model database (see http://igppweb.ucsd.edu/
∼gabi/crust2.html and Bassin et al. (2000)). The
Green’s functions (GF) were calculated with the
orthonormal propagator method (using the program
QSEIS, (Wang 1999), https://github.com/pyrocko/
fomosto-qseis/), for a 1-km grid spacing from 1 to

140-km source-receiver distance and between 1- and
30-km source depth at 8-Hz sampling rate including
near-field terms. Alternatively, the hybrid method by
Wang et al. (2017) can be used to calculate GF. All
GF’s are stored in a Pyrocko GF store (Pyrocko tool-
box, Heimann et al. 2017) for efficient use during

Table 2 Source mechanisms

S◦
1 D◦

1 R◦
1 S◦

2 D◦
2 R◦

2 (Mnn, Mee, Mdd, Mne, Mnd, Med)/M0 M0 in Method
1013Nm

26-Apr-2015 main shock
330 40 − 76 132 51 − 101 FM
339 ± 7 59 ± 4 −7 ± 10 135 ± 13 34 ± 5 −109 ± 14 0.29 ± 0.07, 0.58 ± 0.11, 7.0 ± 0.8 MT

−0.87 ± 0.09, 0.36 ± 0.08,
0.025 + 0.15, 0.46 ± 0.11

29-Apr-2017 main shock
338 43 − 42 101 63 − 125 FM
340 ± 13 58 ± 8 −40 ± 23 101 ± 29 57 ± 11 −135 ± 21 0.38 ± 0.16, 0.16 ± 0.27, 1.7 ± 0.2 MT

−0.54 ± 0.2, 0.62 ± 0.09,
−0.31 ± 0.18, 0.39 ± 0.12

Orientation of best double couple (dc) with S = strike, D = dip, R = rake, Mij = moment tensor components (normalized),
M0 = seismic moment in Nm. Method FM = first motion polarities, MT = full waveform moment tensor inversion of P- and S phases
between 0.5 and 1 Hz

http://uni-leipzig.de/collm/auswertung_temp.html
http://uni-leipzig.de/collm/auswertung_temp.html
http://igppweb.ucsd.edu/~gabi/crust2.html
http://igppweb.ucsd.edu/~gabi/crust2.html
https://github.com/pyrocko/fomosto-qseis/
https://github.com/pyrocko/fomosto-qseis/
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Fig. 3 Projection of the lower hemisphere of the P-wave radia-
tion pattern of the deviatoric moment tensor (dev), best double
couple (dc), and first motion polarities (fm). a Gives solutions
for the 2015 and b for the 2017 main shock. The open circles
and crosses represent downward and upward first motion polar-
ities, respectively, projected on the lower hemisphere, where

take-off angles were calculated based on CRUST 2.0 model
(Bassin et al. 2000). For the 2017 earthquake, a polarity of one
station in ASSE was reversed. The locations of polarities in
dev/dc and fm are slightly different because different depth and
locations were considered for projection

the inversion. We use a nearest neighbor interpola-
tion in between the grid points of the pre-computed
GFs. Station amplification factors and transfer func-
tions have been evaluated before the inversion using an
empirical calibration method (Appendix B, Electronic
Supplement). Data processing is applied to extract
P- and S-phases at all stations. Restituted observed
and synthetic ground displacement time series are fil-
tered and windowed between [− 2 s, + 3 s] from
the expected phase arrival, given the tested candi-
date source model at each forward modeling step in
the optimization. The L1 norm is used to measure
the mismatch between observation and modeling. The
optimal time shift for alignment between processed
observed and synthetic waveforms are determined by
grid search at each observation and tested source
model. However, the maximal shift is constrained to
< 0.5 s and a penalty misfit is added when shifting.
Balancing weights are applied to the data to ensure
an optimal weighting of different phases and distances
(Heimann 2011). Weights are derived considering the
average expected station/phase misfit value of ran-
dom synthetics against observations set to zero. We
empirically estimated them by forward modeling 1000
random source models prior to the optimization run.
The weighted misfit contributions from all station and
phase observations are combined into a global mis-
fit value using the L1 norm and are normalized for
convenience (see Heimann 2011, for details).

2.2.2 Optimization

Deviatoric moment tensors, centroid times and coordi-
nates are estimated through an optimization algorithm.
The source duration is not retrieved since we fil-
ter the observed and synthetic data below the corner
frequency of the earthquake; thus, our source model

has nine degrees of freedom. We use 11 inversion
parameters because we parameterize the moment ten-
sor using its moment magnitude and six relative
moment tensor entries and impose the deviatoric con-
straint during candidate source model generation.

The optimization algorithm is a Monte Carlo
directed global search approach, with the non-
standard ability to simultaneously and efficiently opti-
mize an ensemble of perturbed objective functions.
We use the Bayesian bootstrap method (Rubin 1981)
to form the perturbations. Each perturbed variant of
the objective function corresponds to a particular ran-
dom choice of the set of bootstrap weights which are
multiplied to the station and phase observation mis-
fit contributions and are chosen so that they always
sum up to one using the scheme of Rubin (1981).
For comparison with standard single-objective func-
tion optimizations, we include the special case with
equal bootstrap weights as one of the perturbed objec-
tive functions to simultaneously find a classical best
fitting model.

Ideally, according to the Bayesian bootstrap
method, the ensemble of solutions resulting from the
perturbed optimizations should sample the posterior
distribution of the source model parameters. In prac-
tice, mismodeling and violations of the independence
of observational errors may introduce bias. Never-
theless, a great advantage of the bootstrap method
over other approaches in error propagation is, that
it implicitly accounts for modeling errors that affect
every station/phase differently. Furthermore, it is con-
ceptually simple and does not require any additional
tuning parameters or statistical assumptions about the
noise. It allows us to analyze the possible trade-offs,
uncertainties, and ambiguities on the retrieved results.

In every step of the optimization, a new candidate
source model is drawn from a dynamically updated
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search space distribution and evaluated in every of the
perturbed objective functions. In our case, only one
forward modeling is required for every tested candi-
date model because the perturbed objective function
values can be obtained by reweighting of interme-
diate values. The search space distribution starts as
a uniform distribution in some user-defined source
parameter bounds and is gradually narrowed down
to the regions in model space yielding low values in
any of the perturbed objective functions. The algo-
rithm is capable of tracking multiple or irregularly
shaped minima. The balance between explorativeness
and convergence quickness can be tuned. All iteration
steps and results are documented in a database. The
result of the optimization is an ensemble of source
models yielding low misfit values according to one or
more of the perturbed objective functions. In a typi-
cal application, we select the N best from every of the
M perturbation chains. In our case, N = 10 and M
= 100 were chosen, yielding 1000 source models to
draw statistics. A visual representation of the solution
ensemble is shown as trade-off plots for our applica-
tion in Figs. C.3–C.8 and C.9–C.14 in the Electronic
Supplement.

The method has been successfully tested for syn-
thetic case studies, earthquakes from mining and tec-
tonic earthquakes in local and teleseismic distances
(Cesca et al. 2017).

2.2.3 Application to the Leipzig earthquakes

For the analysis of the Leipzig earthquakes, we
applied the BABO method as a mixed inversion of
amplitude spectra together with time domain wave-
forms, with proper weighting, as well as a pure time
domain waveform inversion. Both solutions are sim-
ilar. Therefore, we discuss only the time domain
solutions.

For the April 16, 2015 earthquake, we used P waves
on vertical components (Z) at 15 broadband stations
(BB, but SCHF with 5 s sensor) in distances between
34 and 94 km, and SH waves on the transversal com-
ponents (T). For the April 29, 2017 earthquake, we
could use 19 P and 18 S waves. The final solutions
are given in Fig. 3 and Table 2. Figures 4 and 5 show
examples of the waveform fit for the S and P waves
for the MW = 3.2 2015 event. The signal to noise
ratio (SNR) and the fits for the 2017 event are sim-
ilar and presented in Appendix C in the Electronic

Supplement, together with plots to evaluate the
trade-offs and uncertainties of individual parameters.
Given the magnitudes of the studied events, the trade-
offs between individual source parameters are small
and parameters are well resolved. The solutions are
stable. The moment magnitude of the 2015 and 2017
event are MW = 3.2 ± 0.03 and MW = 2.8 ± 0.04,
respectively. Both centroid depths are with (28.7 ±
1.6) km for 2015 and (25.2±1.9) km for 2017 slightly
deeper than the first arrival hypocenters.

Such a systematic shift between first arrival and
centroid location is quite common from our experi-
ence. Note that the waveform inversion has resolution
power for the centroid location, because (i) time shifts
are limited and penalty functions for shifts are applied,
(ii) take-off angles and depth influence waveforms,
and (iii) the hypocentral distances control absolute
amplitudes. The double couple component is 66 and
91% for 2015 and 2017, respectively, and represented
by a normal faulting mechanism with a strike of
(339 ± 7)◦ and (340 ± 13)◦ and a dip of (59 ± 4)◦
and (58 ± 8)◦. Focal solutions based on first motion
polarities are similar but show slightly smaller dip
angles. Both have similar nodal planes, and the rel-
ative position of both events aligns with strike of
the nodal plane. If we run the moment tensor inver-
sion using the velocity model of Leipzig University
(Table 4), the moment tensors change only little within
the estimated uncertainties. The results indicate that
both earthquakes, which occurred within about 15 km
of each other, may have ruptured the same fault.

3 Macroseismic and instrumental ground motion
data

The macroseismic intensities (Fig. 6) were derived
from 107 and 177 felt reports for the April 16, 2015
MW = 3.2 and the April 29, 2017 MW = 2.8 earth-
quakes, respectively. The questionnaires were com-
piled by Seismologie-Verbund, applying the standard
procedures for the collection of macroseismic data.
Some questionnaires were obtained and shared by the
BGR. The analysis is based on the European macro-
seismic intensity scale EMS-98 (Grünthal 1998), and
the approach has been described for the 2015 event
in Witthauer (2016). All intensity assignments were
checked manually. Reports reflect noticeable shak-
ing of many objects indoor, weak vibrations, and the
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Fig. 4 Observed (black) and synthetic (red) waveforms of the
P waves from the MW = 3.2 2015 earthquake. Light and strong
colors indicate tapered and untapered data, respectively. Light
red traces are unshifted, dark red are used final fits. Data are
bandpass filtered to a frequency range between 0.5 and 1 Hz.
Residuals are given by the red trace at the bottom of each graph.
Relative weighting factors (balancing weights during inversion)
and relative residuals are indicated by yellow and red bars,

respectively. The column of numbers give the station and chan-
nel name, distance r, azimuth, weighting factor, and relative
residuals. The value printed on the left-hand side is the onset
time with respect to event origin, the value printed on the right-
hand side is the time interval between the two black marker
lines. The flat part of the taper is 5 s. Traces are normalized after
multiplication with their respective weighting factors

oscillation of hanging masses, etc. Structural damage
was not reported, not even in the epicenter area. Inter-
estingly, although both events were felt at distances
more than 50 km, questionnaires indicate that inhabi-
tants in some small districts close to the epicenters and
with comparable site conditions and building struc-
tures have not felt the ground shaking. The quality of
the assigned intensity IV is in general good. Intensi-
ties of III or II are difficult to detect, since the number
of observations is often small leading to high uncer-
tainties in the estimates. The area covered by intensity
IV is 3370 and 2830 km2 for the 2015 and 2017
earthquake, respectively. The similar size of the area
measured for the 2017 earthquake, which was smaller

in magnitude, may be related to the smaller centroid
depth of the 2017 earthquake.

We measured peak ground displacement (PGD),
velocity (PGV), and acceleration (PGA) for the MW =
2.8 April 2017 earthquake from all stations up to
distances of 150 km. Peak measurements depend on
the frequency range of the observed data. We picked
PGV from low-pass filtered seismograms with dif-
ferent corner frequencies (fc) and found that for the
MW = 2.8 April 2017 earthquake, PGV saturates for
fc = 6 Hz. This is in the range of the corner frequency
of a MW = 3 earthquake. In order to compare PGV
to synthetic data, we finally applied a 1-stage band-
pass filter between 0.5 and 6 Hz to both observed and
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Fig. 5 Fit of the SH-waves from the MW = 3.2 2015 earthquake (see Fig. 4 for explanations)

synthetic velocity waveforms to automatically retrieve
peak values, which we declare as PGV6Hz. Note that
for engineering problems, a frequency of 6 Hz is often
too low. The largest PGV6Hz at the closest stations in
30-km distance have values between 20 and 200 μm/s.
The within-event scatter of measured PGV6Hz is large
(Fig. 7a) and is controlled by site, radiation pattern,
attenuation, and wave type.

4 Ground motion modeling and scenario
simulation

4.1 Ground motion

In order to simulate time histories, response spectra,
and intensities for different earthquake scenarios, we
need ground motion prediction (GMPE) and ground
motion intensity conversion equations (GMICE).
Average PGV distance curves are often simulated
using regional stochastic models and GMPEs (Drouet

and Cotton 2015) and adding site and amplification
factors for short-period and mid-period peak values
(Wald et al. 2006). We use a different approach based
on full synthetic waveforms. We simulate waveforms
(Wang 1999) at distances between 0 and 200 km for
a MW = 2.8 and MW = 3.2 earthquake in 20–30 km
depth and with random radiation pattern. Sampling
frequency was 16 Hz. We use the CRUST 2.0 model
profile at the epicenter in two variants as end member
models: (a) with a hard top layer of vP = 6.1 km/s and
vS = 3.5 km/s, and (b) a soft top layer of 500-m thick-
ness with vP = 2.5 km/s and vS = 1.2 km/s. Figure 7a
compares the PGV6Hz extracted from the ensemble
of synthetic seismograms with the observed ones for
the 2017 earthquake. Our simulations explain well the
observed mean and scatter. Comparably good results
are obtained for PGA6Hz and PGD6Hz and for the 2015
event. Introducing a soft layer of 500-m thickness
beneath the stations (model b) leads to higher mean
values of simulated PGV6Hz (Fig. 7a, black dashed
line), but does not change its scatter. We also plotted
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Fig. 6 Observed macroseismic intensities (Roman numbers)
and felt zones for the April 16, 2015 MW = 3.2 (a) and the
April 29 2017 MW = 2.8 (b) earthquakes. The colored circles

show average intensities in the local district derived from felt
reports (see legend for scale). The colored polygons show the
interpreted belts of intensity intervals

in Fig. 7a the ground motion prediction equations
(GMPE) from two empirical models: (1) based on
weak motions observed in the Lower Rhenish Shield,
Germany, and the Netherlands (Hinzen 2005; Dost

et al. 2004), and (2) based on the Swiss Alpine model
(Cauzzi et al. 2015). The two models either over- or
underestimate the observed PGV6Hz values for the
Leipzig-Halle region (Fig. 7a, gray dashed lines).

Fig. 7 a Observed (end of red lines opposite to blue circles) and
radiation pattern corrected (blue circles) PGV6Hz (0.5–6 Hz)
are compared to PGV6Hz extracted from full synthetic seismo-
grams simulated for the MW = 2.8 April 2017 earthquake. We
simulated a random distribution of radiation patterns, source
depth between 20 and 30 km, variable stress drop between 1
and 10 MPa and variable rupture velocity between 2250 and
3240 m/s (gray dots). Average (solid line) and 1σ and 2σ bands
are indicated for a hard rock velocity model. The black dashed

line shows the average for the Earth model with a 500-m thick
sediment layer on top. For comparison, the ground motion pre-
diction equation from Cauzzi et al. (2015) (alpine structure) and
from Dost et al. (2004) are plotted as dotted lines. b Scatter plot
of the amplitude deviations from the average hard rock model,
both for the raw (obs) and radiation pattern corrected data (corr).
c Scatter of amplitudes for synthetic data for variable depth
[z1, z2] and fixed depth z0 = 25 km, respectively
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Figure 7b, c shows the scatter of the peak ampli-
tudes relative to the average model, both for observed
and synthetic waveforms, respectively. Normal distri-
butions are indicated, with a log10 standard deviation
of 0.33 for observed PGV6Hz and 0.29 for radiation
pattern corrected PGV6Hz data. The derived average
model is similar to the median prediction of a GMPE
and therefore the distribution of the residuals between
the observed data and this average model can be com-
pared GMPE within-event standard deviations. The
obtained variability is similar to within-event standard
deviations obtained recently in other regions (Drouet
and Cotton 2015).

Different relationships between macroseismic
intensities I (x) (with I0 = I (x = 0)) and PGA (Mur-
phy and O’Brian 1977), PGV (Atkinson and Kaka
2006), spectral values (Ebel and Wald 2003) or Arias
intensities are discussed in literature (Lesueur et al.
2013). Such a comparison assumes that the discrete
distribution of observed intensities (given in Roman
numbers) can be represented by a continuous function
of equivalent intensities (given in arabic numbers).
Lesueur et al. (2013) and others indicate that for weak
ground motions the PGV is possibly a better proxy for
intensity than PGA. We therefore only show results

for PGV. The comparison between equivalent I and
PGV is not straight forward. Ground motion param-
eters are measured at specific sites. Macroseismic
intensities represent effects averaged over a settled
area.

The numbers of reports obtained for the M ≈ 3
earthquakes at Leipzig and Halle are too small to
average intensities in 10-km radii, as suggested by
Lesueur et al. (2013). Additionally, the intensities
are too small and outside the typical range where
GMICEs have been calibrated. For instance, Fig. 8a
shows GMICEs estimated in different regions using
different interpolation models. For low PGV values,
the predicted intensities are extremely heterogeneous
and vary by 2 intensity units or more. Our observed
intensities are larger than the intensities predicted by
common GMICEs. In Fig. 8b, we plot the distance
attenuation of intensities for the 2017 MW = 2.8
earthquake in comparison to the predicted attenua-
tion from our PGV6Hz model, using the GMICE of
Faenza and Michelini (2010). The attenuation with
distance is well explained, even if the absolute values
are too small. We assume that after calibration as in
Fig. 8b the GMICE of Faenza and Michelini (2010)
can be used in combination with our synthetic derived,

Fig. 8 a Comparison of different GMICEs in the range of
weak PGV between 0.001 and 1 cm/s. The two stars indi-
cate maximal PGV value (black) and the associated PGV value
derived from our GMPE model (gray). Models in the legend
refer to Faenza and Michelini (2010), (FM10), Wald et al.
(1999), (W99), Atkinson and Kaka (2006), (AK06), Atkinson
and Wald (2007), (AW07), and Lesueur et al. (2013), LCS13). b

Comparison of the attenuation of observed and simulated equiv-
alent intensities (relative) using full waveforms (0.5–6 Hz) and
the intensity—PGV relation (GMICE from Faenza and Miche-
lini 2010). Note that we have corrected the equivalent intensities
by a constant shift of 1.5 units down in order to compare them
to the attenuation function
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band-limited PGV6Hz for simulating scenarios of
weak earthquakes.

4.2 Rupture scenario simulation

We are interested in the scenario that the fault seg-
ment between the MW = 3.2 2015 and MW = 2.8
2017 earthquake would rupture in a single earthquake.
The length of such a rupture would be about 12 km.
We use the same depth and fault orientation as esti-
mated for the April 2015 and 2017 earthquakes. If
we assume a circular rupture with 6-km radius and a
stress drop of 6 MPa the expected seismic moment is
≈ 2.9 × 1018 Nm (Sato and Hirasawa 1973), associ-
ated with a moment magnitude of MW = 6.3 and a
corner frequency of 0.3 Hz (assumed rupture veloc-
ity 2.7 km/s). This is larger than the size of the 1578
and 1872 earthquakes close to Gera. We simulate a
smaller rupture with radius of 2 km associated with a
moment magnitude of MW = 5.3 and a corner fre-
quency of 0.9 Hz. Figures 9 and 10 show the simulated
PGV6Hz and intensity fields for the MW = 5.3 simu-
lation, both for hard rock and soft sediment top layer.
Note that the processing is formally done up to 6 Hz,
although the corner frequencies from the kinematic
rupture model are smaller. The shake map simulations

using full waveforms contain a lot of details. Largest
PGV6Hz reach nearly 100 mm/s. The area affected by
large PGVs is significantly increased if a soft sedi-
ment layer is modeled. Interesting is that the radiation
pattern of S and surface waves resembles the patterns
of high and low PGVs. For instance, the region close
to the city of Bernburg is much less affected by high
levels of ground shaking than Gera. If we assume
a MW = 6.3 instead of a MW = 5.3 earthquake,
the maximal PGVs exceed 230 mm/s. The intensities
for the MW = 5.3 lower crustal earthquakes were
calculated from the GMICE of Faenza and Miche-
lini (2010), both for a hard rock (Fig. 10a) and soft
sediment upper layer (Fig. 10b). Ground motion is
first felt by population at intensities of II, and no or
only small damage is expected for intensities below V.
Largest intensities are above VII, although the region
affected is much larger for the soft layer simulation
than for the hard rock scenario. Controlled by the radi-
ation pattern, the city of Merseburg suffers from the
largest intensities. An intensity of I ≈ 4 is reached
in some directions in more than 200 km from the epi-
center. Overall, the population living in the I ≥ 4
area exceeds 20 Mio inhabitants. The simulation indi-
cates that about 1.6 Mio or 2.1 Mio people would be
affected by equivalent intensities I ≥ 6 if hard rock

Fig. 9 Shake map scenario of a MW = 5.3 characteristic
lower crust earthquake in 25 km depth between Halle and
Leipzig. a Predicted PGV6Hz assuming hard rock upper layer

model. b Predicted PGV6Hz assuming a 500-m thick soft layer
beneath the surface with P and S velocities of 2.5 and 1.2 km/s,
respectively. The contour line shows the 20 mm/s threshold
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Fig. 10 Maps of predicted intensities for a MW = 5.3 lower crust earthquake in 25-km depth, using the GMICE of Faenza and
Michelini (2010) and assuming hard rock (a) and soft sediment (b) upper layers

or soft rock is assumed, respectively. If a MW = 6.3
earthquake scenario is simulated, the largest expected
equivalent intensities exceed 8.

5 Discussion

The MW = 3.2 Gröbers 2015 and MW = 2.8
Markranstädt 2017 earthquakes have unusual deep
centroids at 29 and 26 km, indicating that they rup-
tured in the lower crust close to the Moho at a depth of
about 31 km (Table 4). They both show normal fault-
ing mechanisms with NW-SE striking nodal planes
that have the same trend as major crustal faults, such
as the Halle faults, between the cities of Leipzig and
Halle. The relative positions of the epicenters align
with the trend of the nodal planes and are 15 km
apart. This indicates that both earthquakes may have
ruptured the same fault in the lower crust. The distri-
bution of nearby seismicity and aftershocks indicates
that a SW dipping plane might have been reactivated.
However, the number of detected aftershocks was
small.

Leipzig was struck in the early instrumental time
by a MW = 4.2 (I0 = VI, Table 3) earthquake on
27 June 1914. Since installation of modern monitor-
ing stations in the 1980s, the region east of Leipzig
experienced one earthquake with MW = 2.9 on 20

February 1982 (Table 3). The historical record of
felt earthquakes close to Leipzig goes back to about
800 Leydecker (2011), although the locations of Me-
dieval events have to be taken with care. However, the
historical record indicates that earthquakes with
epicentral intensities of I0 = V and larger have occurred
SE and close to Leipzig. The general trend of these
historical earthquakes, as well as the micro-seismicity
observed between Vogtland/NW Bohemia and
Leipzig, is consistent with our hypothetic model that
NW-SE striking fault systems are re-activated (Fig. 1).
The system of the NW-SE trending faults (Hercynian
orientation) in this part of Europe likely formed dur-
ing and after the Variscan orogenese, as a set of high
angle normal faults crossing the major thrusts.

The present study is the first to derive moment ten-
sor solutions for earthquakes close to Leipzig. The
mechanisms clearly indicate that NW-SE trending
faults have been activated. Known focal solutions of
most of the earthquakes south of Leipzig and Halle
indicate variations from normal faulting to strike slip
faulting with nodal planes striking between N-S and
NW-SE (Korn et al. 2008). The orientation of the
nodal planes of the Gröbers 2015 and Markranstädt
2017 earthquakes is similar to the trend of the NW-SE
Gera-Jachymov major fault. Summarizing the differ-
ent information, we tend to postulate that the activa-
tion of NW-SE trending faults is typical for crustal
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earthquakes in the region, and that earthquakes in the
NS-oriented zone of enhanced seismic activity are not
associated with major NS-oriented faults.

For instance, the belt of micro-earthquakes has a
lateral extend of more than 150 km in NS direction,
but no clear surface expressions of a NS-oriented fault
over such a length. The earthquakes are relatively deep
reaching the crust mantle boundary, indicating that
stress is building up in the lower crust. For instance,
lateral variability and transitions in the lithospheric
thickness and strength can explain variations in the
strain rate in the lower crust. Zones of increased
strain and stress rates will depend on the shape and
orientation of the sub-crustal heterogeneities. Both,
the Bohemian Massive and the Franconian Line are
lithosphere-scale units and boundaries with a potential
influence on inner plate strain rates. High-resolution
upper mantle tomography studies would be needed to
prove such a model for the Halle Leipzig area

The earthquakes in 2015 and 2017 generated weak
ground motions. Macroseismic intensities reached IV.
As expected for the given magnitudes of M ≈ 3
and the large depth of the hypocenters, no struc-
tural damage was reported. Maximal PGV and PGA
measured in distances of ≈ 30 km reached 0.1 mm/s
and 10 mm/s2 at 6 Hz, respectively. We simulated
PGV and PGA using a synthetic waveform stochas-
tic approach. Our simulation explain the average
values, the scatter, and the distance attenuation of
observed PGV6Hz (Fig. 7). The advantages of the
waveform simulation approach are manifold. First,
source parameters can be varied including the seis-
mic moment, the stress drop, the orientation of faults
and thus the radiation pattern, the rupture velocity
(corner frequency), slip and directivity. Figure 7 gives
an example of reduced residuals considering radia-
tion pattern. However, as shown by previous studies,
the conversion between SH and SV waves at scatter
points leads to a smearing out of the radiation pattern
in peak ground values at high frequencies (Takenaka
et al. 2003; Castro et al. 2006). It is also interesting
that for the synthetic waveforms the source depth has a
much smaller effect on the scatter of the PGV6Hz than
the radiation pattern itself (Fig. 7b, c). Second, local
velocity models can be considered in simulations and
the approach can be transferred to regions in different
settings. In our case, the CRUST 2.0 model has been
used with a hard- and soft-top upper layer. And third,
because of the efficient implementation based on

pre-calculated Green’s functions, the stochastic simu-
lation approach can be used to study scenarios in near
real time.

Our simulations explain the scenario of a MW =
5.3 earthquake rupturing the segment in between the
2015 and 2017 earthquakes. The estimated PGV’s and
intensities depend not only on magnitude but also
on other source parameters. For instance, a shallower
centroid depth increased the intensities in the epicen-
tral regions. The variation of the stress drop has a large
influence on the expected ground motions (Cotton
et al. 2013) and thus on intensities and their variations.
Our simulations show a large effect of the radiation
pattern in combination with centroid depth, leading for
instance to different distributions of the lobes and local
spots of the expected high damage. However, absolute
values of intensities depend on the GMICE. Mak et al.
(2015) tried to validate intensity prediction equations
for Italy by comparing eight regional models and a
global GMICE model to five sets of Italian macro-
seismic intensity equations. As a surprise, the global
model (Allen et al. 2012) performed equally well or
better than all regional models showing the potential
weaknesses of empirical models calibrated on limited
datasets. This pointed to an important shortcoming of
many GMPE and GMICE models in estimating real-
istic uncertainties. Our numerical Bayesian bootstrap-
ping, full waveform approach considers uncertainties
in PGV. The uncertainties from the stochastic varia-
tion the source parameter as centroid depth, radiation
pattern, rupture velocity and stress drop are larger
than the variations obtained from individual GMICE
models. Therefore, a sophisticated regression analysis
of GM parameter to derive slightly different GMPE
and GMICE models is not further tried for the region
of Leipzig and Halle. Instead, a better knowledge of
velocity models, intrinsic attenuation at high frequen-
cies, and characteristic rupture scenarios would help
to reduce uncertainties of our shake map scenarios.

The assumed scenario of an MW = 5.3 lower
crustal earthquake and its implications can be com-
pared with a “real” event of almost the same strength
in Central Europe, namely the Roermond earthquake
of 13. April 1992 in the Lower Rhine Embayment.
The Roermond earthquake had a moment magnitude
of MW = 5.3 (Braunmiller et al. 1994). Its focal depth
is between 15 and 21 km (depending on the locations
of different agencies and authors) and is therefore
likely already in the lower crust. The focal mechanism
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is pure normal faulting striking in a NW-SE direc-
tion (Braunmiller et al. 1994; Oncescu et al. 1994).
Thereby, all the source parameters (magnitude, focal
depth, source mechanism) are similar to the chosen
MW = 5.3 scenario for the Leipzig/Halle area and
implications of both, synthetic and real event, should
be comparable. The calculated maximum intensity for
the Roermond earthquake on the basis of the macro-
seismic observations was VII and the event was felt
inside a radius around the epicentre of about 450 km.
PGV measured at stations in BUG in 99 km and TNS
in 209 km distance were 9.1 and 3.1 mm/s, respec-
tively (Berger 1994). The estimated largest intensities
for the MW = 5.3 Leipzig/Halle scenario for hard
and soft rock are slightly above VII (Fig. 10a, b) and
thereby comparable to the maximum intensity VII of
the Roermond earthquake. The extend of intensity IV
in the scenario is partly more than 200 km from the
epicentre, which is on same order as the Roermond
earthquake for which the isoline of intensity IV is
around 250 km from the epicentre (Camelbeeck and
Eck 1994). Macroseimic and instrumental observa-
tions for the Roermond earthquake are comparable to
the equivalent parameters in the synthetic estimations
of an assumed MW = 5.3 event in the Leipzig/Halle
area indicating a reasonable choice of parameters in
the synthetics. Since the 1992 Roermond earthquake
caused substantial damage to houses in the boarder tri-
angle of the Netherlands, Germany, and Belgium, it
has to be expected that the occurrence of a compara-
ble earthquake close to Leipzig/Halle would also lead
to significant shaking and damage.

6 Summary

A novel, Bayesian-like full waveform inversion
method was applied to retrieve source mechanism of
two MW ≈ 3 earthquakes in the metropolitan region
between Halle and Leipzig, Central Germany. The two
events were the first natural earthquakes of this magni-
tude that occurred at the northern tip of a NS trending
belt of increased seismicity between the Czech bor-
der and Leipzig since the 1905 and 1914 events.
The earthquakes were also unusual because of their
large depth indicating rupture in the lower crust close
to the Moho. Our study obtained the first moment

tensor solutions in the region between Halle and
Leipzig. They show for both earthquakes dominant
double couple normal faulting mechanisms on faults
striking NW-SE. From their relative position and loca-
tions and the distribution of nearby seismicity, we
conclude that both events re-activated a SW dipping
fault. SW dipping structures are known from geologi-
cal mapping of larger Variscan fault systems in Central
Germany. From comparison of the studied to histor-
ical and instrumental earthquakes in the NS-trending
belt of enhanced seismicity, we postulate that the re-
activation of NW-SE striking normal faults is a typical
source mechanism. The reason of the enhanced earth-
quake productivity in a N-S trending belt and the
increasing focal depth from S to N is, however, still
enigmatic. We suggest that crustal and upper man-
tle heterogeneity may lead to a NS-oriented lobe of
increased strain and stress rates

We devised a full synthetic waveform stochastic
approach to simulate ground motion parameters. The
comparison of synthetic and observed peak ground
velocity shows that average and variability of peak
values is well explained even using simple-layered
Earth models. Based on the calibration dataset from
the two M ≈ 3 earthquakes, we simulate time
dependent ground motions for a hypothetical, larger
earthquake that would rupture the fault segment in
the lower crust between the hypocenters of the two
recent earthquakes. Our simulations indicate that such
a rupture scenario would lead to strong peak ground
velocities, and most probably to severe damage in the
metropolitan areas of Leipzig and Halle. We suggest
that more monitoring and research is performed to
improve the preparedness and to mitigate the possible
consequence of such an earthquake scenario.
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Appendix A: Historical earthquakes in the region
and tables of used velocity models

Table 3 Historical earthquakes (1300–2000) with I0 > V (or MW > 4) in the region between Halle-Leipzig and Vogtland/NW-
Bohemia (LE=Leydecker (2011); GR=Grünthal and Wahlström (2012); S=Schwarz et al. (2010)). I0 is the epicentral intensity, MW is
the transformed moment magnitude after S

Date I0 MW Lon E◦ Lat N◦ Location LE GR S

1326 VI1/2 4.6 12.20 50.80 Gera x x x

1332, 12 Feb V1/2 4.0 12.20 50.80 Gera x x

1540, 26 Jun VI1/2 4.6 12.90 51.10 N.Sachsen x x

1552, 6 Mar VI 4.3 13.08 50.58 Annaberg-Buchholz x x

1552, 20 Apr V1/2 4.0 12.66 50.57 Schneeberg x x

1553, 17 Aug VI1/2 4.6 12.90 51.10 Torgau x x

1568, 26 Jul V1/2 4.0 13.05 51.12 N-Sachsen x

1578, 27 Apr VI1/2 4.6 12.23 50.88 Gera x x

1598, 16 Dec VI1/2 4.6 12.18 50.87 Gera x x

1616, 18 Dec V1/2 4.0 12.25 51.20 Leipzig x x

1695, 18 Apr V+ 3.8 11.91 50.97 Eisenberg x x

1701, 27 Mar V1/2 4.0 12.64 50.59 Schneeberg x x

1701, 8 Apr V1/2 4.0 12.64 50.59 Schneeberg x x

1711, 25 Oct VI 3.8 12.33 51.33 Leipzig x

1720, 1 Jul VI 4.3 12.40 50.56 Weissenfels x x x

1770, 4 Nov V1/2 4.0 12.43 50.25 Kraslice (CZ) x x

1771, 6 Jan VI 4.3 12.43 50.25 Kraslice (CZ) x x

1789, 26 Aug V1/2 3.7 12.12 50.55 Plauen x x

1811, 12 Dec V1/2 3.9 12.97 50.63 Annaberg-Buchholz x

1824, 13 Jan V1/2 4.0 12.51 50.33 Kraslice (CZ) x x

1824, 19 Jan VI1/2 3.8 12.40 50.20 Vogtland x x

1850, 15 Jul V1/2 4.0 12.76 50.18 Sokolov (CZ) x x

1857, 7 Jun V+ 3.9 12.09 50.82 S of Gera x x

1872, 6 Mar 15:55 VII 5.2 12.28 50.86 Posterstein/Gera x x x

1877, 5 Oct V1/2 3.8 13.66 50.80 Erzgebirge x

1896, 16 Mai VI 4.3 12.30 50.50 Vogtland x

1896, 3 Nov V1/2 4.1 13.50 50.59 Erzgebirge x

1897, 25 Oct 21:00 VI- 3.8 12.40 50.35 Zwota x x

1897, 29 Oct 19:45 VI+ 4.2 12.48 50.35 Klingenthal x x

1897, 7 Nov 04:45 VI 4.3 12.50 50.30 Kraslice (CZ) x x

1897, 7 Nov 04:58 VI1/2 4.2 12.48 50.35 Klingenthal x x

1897, 17 Nov 06:30 VI 4.2 12.40 50.20 Vogtland x x

1897, 17 Nov 07:43 V1/2 4.0 12.32 50.22 Kraslice (CZ) x

1900, 25 Jul 18:40 V1/2 3.8 12.45 50.35 Klingenthal x x

1903, 21 Feb 21:09 VI 4.1 12.47 50.34 S of Klingenthal x x

1903, 23 Feb 05:31 V1/2 3.7 12.42 50.30 SW of Klingenthal x x

1903, 25 Feb 23:11 VI 4.1 12.33 50.27 N of Bad Brambach x x

1903, 5 Mar 20:37 VI1/2 4.5 12.42 50.37 N of Zwota x x

1903, 5 Mar 20:55 VI1/2 4.6 12.42 50.37 N of Zwota x x

1903, 6 Mar 04:57 VI 4.2 12.47 50.34 S of Klingenthal x x
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Table 3 (continued)

Date I0 MW Lon E◦ Lat N◦ Location LE GR S

1903, 6 Mar 12:59 V1/2 4.0 12.33 50.27 Landwüst x x

1903, 6 Mar 19:11 V1/2 4.2 12.28 50.26 SE of Bad Elster x x

1903, 7 Mar 05:00 V1/2 4.0 12.48 50.37 Klingenthal x x

1903, 7 Mar 05:01 VI 4.2 12.60 50.30 Vogtland x

1903, 8 Mar 06:22 V1/2 3.8 12.50 50.35 E of Klingenthal x x

1903, 27 Apr VI 4.1 12.29 50.27 E of Bad Elster x

1905, 17 Aug V1/2 4.0 12.38 51.35 Leipzig x x x

1908, 21 Oct 14:04 V1/2 3.9 12.32 50.27 Landwüst x

1908, 21 Oct 20:39 VI 4.2 12.29 50.28 E of Bad Elster x

1908, 22 Oct 21:42 V1/2 3.8 12.49 50.35 Klingenthal x

1908, 03 Nov 12:01 V1/2 3.8 12.27 50.23 NW of Bad Brambach x

1908, 03 Nov 13:24 VI 4.2 12.31 50.23 N of Bad Brambach x

1908, 03 Nov 17:21 VI1/2 4.5 12.47 50.34 S of Klingenthal x x

1908, 04 Nov 03:32 VI 4.1 12.49 50.36 Bad Klingenthal x x

1908, 04 Nov 10:55 VI1/2 4.6 12.47 50.34 S of Klingenthal x x

1908, 04 Nov 13:10 VI1/2 4.6 12.47 50.34 S of Klingenthal x x

1908, 04 Nov 20:41 VI 4.3 12.37 50.28 Wernitzgrün x x

1908, 06 Nov 04:35 VI1/2 4.7 12.47 50.34 S of Klingenthal x x

1908, 12 Nov 11:31 V1/2 4.1 12.40 50.40 Vogtland x

1908, 19 Dec 05:03 V1/2 3.2 12.39 51.11 Geringswalde x

1911, 02 Apr 03:10 V1/2 3.7 12.50 50.30 Vogtland x

1911, 04 Apr 00:30 V1/2 3.4 12.40 50.30 Vogtland x

1914, 22 Apr 19:10 V1/2 4.0 12.20 50.20 Vogtland x

1914, 27 Jun VI 4.2 12.43 51.36 Leipzig x x x

1926, 28 Jan VI 4.2 11.76 50.88 Gera x x

1929, 15 May 08:45 V1/2 3.8 12.40 50.40 Vogtland x

1982, 20 Feb 04:34 ≈ V 2.9 12.44 51.32 Leipzig x x

1985, 14 Dec 05:38 VI1/2 4.0 12.39 50.15 Novy Kostel (CZ) x

1985, 21 Dec VII 4.7 12.50 50.20 Novy Kostel (CZ) x x

1985, 24 Dec V1/2 4.0 12.45 50.24 Novy Kostel (CZ) x x

1986, 20 Jan VI1/2 4.4 12.45 50.24 Novy Kostel (CZ) x x

Table 4 Local (average, Leipzig University and Collm observatory) and crust 2.0 model used for centroid moment tensor inversion.
We replace the first 0.5 km of the hard rock by the soft layer only for the soft rock test

Average model CRUST 2.0 model with soft top layer

Depth (km) vP (km/s) vS (km/s) Depth (km) vP (km/s) vS (km/s)

0 – 12 5.8 3.35 ( 0 – 0.5 2.5 1.2 )

12 – 23 6.7 3.87 0 – 10.5 6.1 3.5

23 – 31 6.9 3.98 10.5 – 20.5 6.3 3.6

31 – 50 7.7 4.45 20.5 – 31 6.6 3.6

50 – 80 7.9 4.56 31 – 80 8.04 4.48

80 8.3 4.79 80 8.05 4.49
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Kämpf H (2014) Intra-continental earthquake swarms in
West-Bohemia and Vogtland: a review. Tectonophysics
611:1–27. https://doi.org/10.1016/j.tecto.2013.11.001

Grünthal G (1998) European macroseismic scale 1998 (EMS-
98) cahiers du centre Européen de géodynamique et de
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