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Abstract

This report summarizes the seismicity in Switzerland and surrounding regions in the years 2017 and 2018.1n 2017 and
2018, the Swiss Seismological Service detected and located 1227 and 955 earthquakes in the region under considera-
tion, respectively. The strongest event in the analysed period was the M, 4.6 Urnerboden earthquake, which occurred
in the border region of cantons Uri, Glarus and Schwyz on March 6, 2017. The event was the strongest earthquake
within Switzerland since the M, 5.0 Vaz earthquake of 1991. Associated ground motions indicating intensity IV were
reported in a radius up to about 50 km and locally approached intensity VI in the region close to the epicentre. Derived
focal mechanisms and relative hypocentre relocations of the immediate aftershocks image a NNW-SSE striking sinistral
strike-slip fault. Together with other past events in this region, the Urnerboden earthquake suggests the existence of a
system of sub-parallel strike-slip faults, likely within in the uppermost crystalline basement of the eastern Aar Massif. A
vigorous earthquake sequence occurred close to Chateau-d'Oex in the Préalpes-Romandes region in western Switzer-
land. With a magnitude of M| 4.3, the strongest earthquake of the sequence occurred on July 1, 2017. Focal mechanism
and relative relocations of fore- and aftershocks image a NNE dipping normal fault in about 4 km depth. Two similarly
oriented shallow normal-fault events occurred between subalpine Molasse and Préalpes units close to Chatel-St-Denis
and St. Silvester in 2017/18. Together, these events indicate a domain of NE-SW oriented extensional to transtensional
deformation along the Alpine Front between Lake Geneva in the west and the Fribourg Fault in the east. The structural
complexity of the Fribourg Fault is revealed by an M, 2.9 earthquake near Tafers in 2018.The event images a NW-SE
striking fault segment within the crystalline basement, which might be related to the Fribourg Fault Zone. Finally, the
M, 2.8 Grenchen earthquake of 2017 provides a rare example of shallow thrust faulting along the Jura fold-and-thrust
belt, indicating contraction in the northwestern Alpine foreland of Switzerland.

Zusammenfassung

Dieser Bericht stellt eine Zusammenfassung der im Jahr 2017 und 2018 in der Schweiz und Umgebung aufgetretenen
Erdbeben dar. Im Jahr 2017 erfasste und lokalisierte der Schweizerische Erdbebendienst im erwdhnten Untersu-
chungsgebiet 1227 Erdbeben. Im Jahr 2018 lag diese Zahl bei 955 Erdbeben. Das stérkste Ereignis im untersuchten
Zeitraum war das M 4.6 Urnerboden Beben, welches sich am 6. Mdrz 2017 im Grenzgebiet der Kantone Uri, Glarus
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und Schwyz ereignete. Das Urnerboden Beben war das stdrkste Ereignis innerhalb der Schweiz seit dem M, 5.0 Beben
beiVazim Jahre 1991. Nahe dem Epizentrum erreichten die verursachten Bodenbewegungen eine makroseismische
Intensitat der Stufe VI, und in einem Umbkreis von bis zu 50 km wurden Intensitéten der Stufe IV verspirt. Herdmecha-
nismen und Relativlokalisierungen von unmittelbaren Nachbeben deuten auf eine NNW=SSO streichende, sinistrale
Blattverschiebung hin. Ahnlichkeiten mit weiteren Beben in der jingeren Vergangenheit in dieser Region weisen auf
ein System von subparallelen Blattverschiebungen im obersten Teil des kristallinen Grundgebirges des &stlichen Aar
Massivs hin. Eine auSergewdhnlich starke Sequenz von Erdbeben ereignete sich zudem nahe Chateau-d'Oex, in der
Region Préalpes-Romandes im Westen der Schweiz. Mit einer Magnitude von M, 4.3 ereignete sich das starkste Beben
dieser Serie am 1. Juli 2017. Herdmechanismen und Relativlokalisierungen von Vor- und Nachbeben deuten auf eine
nach NNO einfallende Abschiebung in ungeféhr 4 km Tiefe hin. Zwei weitere, ahnlich orientierte Abschiebungsbe-
ben traten im Zeitraum 2017/18 nahe Chatel-St-Denis und St. Silvester im Bereich zwischen Subalpiner Molasse und
den Préalpes Decken auf. Zusammengefasst deuten diese drei Abschiebungsbeben auf einen Bereich von NO-SW
gerichteter Extension bzw. Transtension entlang der Alpenfront hin, welcher durch den Genfersee im Westen und

der Fribourg-Verwerfung im Osten begrenzt ist. Ein M| 2.9 Beben bei Tafers im Jahr 2018 erlaubt neue Einblicke in

die komplexe Struktur der Fribourg Stérung. Das Beben weist auf ein NW-SO streichendes Verwerfungssegment

im kristallinen Grundgebirge hin, das eventuell im Zusammenhang mit der Fribourg Verwerfung steht. Das M, 2.8
Erdbeben, das sich im Jahr 2017 nahe Grenchen ereignete, stellt zudem ein seltenes Beispiel einer seismisch aktiven
Uberschiebung stdlich des Faltenjuras im nordwestlichen alpinen Vorland der Schweiz dar.

Résumé

Ce rapport résume l'activité sismique en Suisse et dans les régions limitrophes au cours des années 2017 et 2018. En
2017 et 2018, le Service Sismologique Suisse a détecté et localisé respectivement 1227 et 955 séismes dans la zone
considérée. 'événement le plus puissant dans la période analysée fut le séisme d'Urnerboden de magnitude M, 4.6,
qui slest produit le 6 mars 2017 dans la région frontaliere des cantons d'Uri, de Glaris et Schwytz. Ce fut le plus grand
séisme en Suisse depuis le séisme de magnitude M, 5.0 aVaz en 1991. Les mouvements du sol associés au séisme
d'Urnerboden approchérent une intensité maximale de VI, et une intensité de IV fut reportée a une distance d'environ
50 km. Les mécanismes au foyer et les relocalisations relatives des hypocentres de répliques rendent compte d'une
faille décrochante senestre de direction NNW-SSE. Le séisme d'Urnerboden et la sismicité historique environnante
suggerent I'existence de failles décrochantes sub-paralléles, probablement dans la partie supérieure du socle cristallin
a l'extrémité orientale du massif de I'Aar. Une autre séquence remarquable sest produite pres de Chateau-d'Oex dans
les Préalpes romandes en Suisse occidentale. Le plus puissant séisme de cette séquence sest produit le Ter juillet 2017
avec une magnitude M, de 4.3. Les mécanismes au foyer et les relocalisations relatives de ses précurseurs et répliques
permettent de visualiser une faille normale avec un pendage vers le NNE a environ 4 km de profondeur. Deux événe-
ments associés a des failles normales superficielles d'orientation similaires se sont produits en 2017 et 2018, entre les
Molasses sub-alpines et les unités structurales des Préalpes, prés de Chatel-St-Denis et St. Silvestre. Lensemble de ces
évenements indiquent le long du front alpin, entre le lac Léman a 'ouest et la faille de Fribourg a I'est, un domaine
NE-SW ou s'opere une transition de déformation entre une région d'extension et une région de transtension. La
complexité structurale de cette derniere est révélée par un séisme d'une magnitude M, 2.9 pres de Tavel en 2018. Cet
évenement décrit un segment de faille NW-SE au sein du socle cristallin, qui pourrait étre relié a la zone de faille de
Fribourg. Enfin, le séisme de magnitude M, 2.8 a Grenchen en 2017 procure une information rare sur la dynamique
active de la partie superficielle de la ceinture de chevauchement du Jura dans l'avant-pays nord-ouest-alpin Suisse.

Keywords: Seismicity, Focal mechanisms, Seismotectonics, Urnerboden, Aar Massif, Chateau-d'oex, Préalpes,
Fribourg, Jura fold-and-thrust belt

1 Introduction

Past earthquake activity in Switzerland and surround-
ing regions has been documented in a series of annual
reports since 1879. A detailed overview on the history of
past reports and studies covering different aspects of the

recent seismicity of Switzerland is provided e.g. by Diehl
et al. (2014). The present report first summarizes the state
of the seismic network and documents changes in its con-
figuration during 2017 and 2018. Then we provide a short
overview of the methods used for earthquake analysis.
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This is followed by a description of the seismic activity
and significant earthquakes in 2017/18. The discussion of
significant earthquakes and earthquake sequences con-
siders information from derived focal mechanisms and
high-precision relative hypocentre relocations.

2 Data acquisition, analysis and access

2.1 Seismic stations in operation during 2017/18

The Swiss Seismological Service at ETH Zurich (SED)
operates two nationwide seismic networks, a high-gain
(weak-motion) network predominantly consisting of
broad-band seismometers (SDSNet, Additional file 1:
Table S1) that is often complimented by co-located
accelerometers, and a low-gain (strong-motion) net-
work (SSMNet, Additional file 1: Table S2) that consists
of accelerometers (Swiss Seismological Service (SED) at
ETH Zurich 1983). A more complete description can be
found in previous Annual Reports (e.g., Diehl et al. 2014).
In addition, the SED operates a number of temporary
stations for various projects (Additional file 1: Table S3).
SED-operated permanent stations with on-line data
acquisition that were operational at the end of 2018 are
shown in Fig. 1.

Within the Swiss Strong Motion Network (SSMNet)
renewal project, 100 free-field, real-time, very broad-
band accelerometer stations are being installed over a
10-year timeframe between 2010 and 2021 (e.g., Clinton
et al. 2011). In 2017/18, 15 new accelerometer stations
were installed (Fig. 1; 8 in 2017: SCHAT, SEFS, SGLK,
SHER, SRFW, SNTZ, SUSI, SZWD2; 7 in 2018: SAARA,
SARC, SBUL, SENGL, SFRS, SMELS, SWYZ).

The broadband weak-motion seismometer network is
also undergoing a renewal period that continued dur-
ing 2017 and 2018. Numerous stations were upgraded by
replacement of the acquisition hardware and broadband
seismometers, and if not already existing, the addition
of an accelerometer. In 2018, a new broadband weak-
motion station JAUN was installed close to Jaun (FR). To
improve seismic monitoring in regions of past or future
geothermal projects, five new broadband weak-motion
stations were installed in 2017/18 (Fig. 1; FULLY, ILLEZ,
LAVEY, SAVIG, SGT18). In 2017, stations at LKBD (Leu-
kerbad) and GSFO1 (Oberhasli) were dismantled. Further,
all first-generation dial-up analogue accelerometer sta-
tions were decommissioned in 2017.

As part of various projects, several new semi-perma-
nent stations have been installed to locally improve the
density of the network in 2017/18 (e.g. in the region of
the Bedretto Underground Laboratory for Geoenergies
and the Geneva basin). The networks built to monitor
potential sites for radioactive waste disposal; the geother-
mal projects in Basel (2006) and Sankt Gallen (2013); and
the Mont Terri Rock Laboratories continue to operate.
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Surface stations related to the Grimsel Rock Labora-
tory were partly dismantled. In 2017/18, the temporary
stations from the AlpArray Seismic Network (AASN)
(Molinari et al. 2016; AlpArray Seismic Network 2015)
continue to operate in the greater Alpine region, includ-
ing three stations in Switzerland (AO60A/B, A061A,
and A062A). The number of AlpArray stations operat-
ing outside but near the Swiss border in Italy, France,
Austria and Germany is significant, and these stations
are included in the national monitoring when possible.
To improve the reliability of locations for events at the
periphery of or outside of Switzerland, the SED continues
to be engaged in an on-going cross-frontier cooperative
effort to exchange seismic data in real-time with foreign
seismic networks as documented in detail by Diehl et al.
(2014). Over 60 foreign stations were monitored by the
SED at the end of 2018.

The SED now provides open access to station inven-
tory, waveform data and earthquakes catalogues via the
International Federation of Digital Seismograph Net-
works (FDSN) webservices, the community standard (see
http://www.seismo.ethz.ch/en/research-and-teaching/
products-software/fdsn-web-services/ for details).

2.2 Automatic earthquake detection and magnitude
of completeness during 2017/18

All stations with real-time data acquisition (Fig. 1) were
used for automatic real-time detection of seismic events.
An estimation of the magnitude of completeness (M)
achieved by the network configuration at the end of
2018 is shown in Fig. 1. The M magnitude is defined as
the lowest magnitude of events that a network is able to
record reliably and completely (e.g., Schorlemmer and
Woessner 2008). We use the probabilistic approach of
Schorlemmer and Woessner (2008) to compute lateral
variations in M (see Diehl et al. 2018 for details). The
map shown in Fig. 1 assumes a probability of detection
of 0.99, a hypothetical focal depth of 5 km and a mini-
mum number of 6 automatic triggers, which corresponds
to the minimum number currently required by the moni-
toring system of the SED (Diehl et al. 2013). Compared
to previous M maps of Switzerland (e.g., Nanjo et al.
2010), the recent and ongoing densification of the seis-
mic network has significantly improved the detection
capabilities throughout Switzerland. Due to the removal
of temporary stations in the Grimsel area, M slightly
deteriorated in this region compared to previous esti-
mates (Diehl et al. 2018). On the other hand, M. in west-
ern and southwestern Switzerland improved compared to
previous estimates due to the densification of stations in
these regions during 2017/18. The completeness magni-
tude achieved by the network configuration at the end of
2018 is M-=1.5 or better for most parts of Switzerland
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Fig. 1 Seismograph stations in Switzerland and surrounding regions with on-line data acquisition operational at the end of 2018. Stations of the
“Switzerland Seismological Network” (network code “CH") are indicated with labels. The stations defined as high-gain (HG) are mostly equipped
with broad-band or short period (mostly 5 s) seismometers and may also include accelerometers. The strong-motion stations (SM) only have
accelerometers (see also Additional file 1: Tables S1-S3). Symbols outlined by blue colour indicate seismometer or accelerometers installed in 2017.
Green outline indicates stations installed in 2018. Yellow triangles mark additional permanent or temporary stations with real-time data acquisition
that are used to improve detection and location of seismicity. Colours projected onto the topographic relief in the background show the lateral
variation of the magnitude of completeness (M) for on-line stations operating at the end of 2018, assuming a detection probability of 0.99, a
minimum number of 6 automatic triggers, and a hypothetical focal depth of 5 km. Bold, white lines indicate M contours of 1.0, 1.5 and 2.0

and around M= 1.0 in north and southwest Switzerland ~ earthquakes in 2017. Maps of ground shaking are auto-
(Fig. 1). Regions of relatively higher M are the western =~ matically computed by the SED for every earthquake
Molasse basin and the southwestern Jura Mountains with ~ with M; > 2.5 within the greater Swiss region using the
M between 1.5 and 2.0. USGS ShakeMap software (Worden et al. 2010, 2020).

SED ShakeMaps are computed as described in Cauzzi

et al. (2015), using the Swiss ground-motion model of
2.3 Routine and supplementary earthquake anal‘ysis Edwards and Fih (2013), combined with regional site
Methods and‘ software Cu‘rrentl‘y used .for‘ routine earth- ;1 vlification factors (Fih et al. 2011) and station record-
quake analysis are deSC“b?d mn detail in Dlehl‘ et f‘l‘ ings. Macroseismic intensity according to the European
(2013, 2014, 2018). LaFer mn thl? reporF, we will d‘ls’ Macroseismic Scale (EMS-98; Griinthal 1998) is con-
cuss the ground shaking associated with two major  yorted from measured peak ground velocity using the
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equations of Faenza and Michelini (2010). The Shake-
Maps presented in the following sections were computed
using the new USGS ShakeMap 4.0 software (Worden
et al. 2020), which features the improved interpola-
tion method described by Worden et al. (2018) and the
ground motion models as implemented in OpenQuake
(Pagani et al. 2014).

To enhance the completeness for selected sequences
in 2017/18, a cross-correlation based template matching
method was implemented in order to lower the detection
threshold of micro-seismicity. The applied procedure is
described in Herrmann et al. (2019). To resolve active
fault planes and to image the spatio-temporal evolution
for selected earthquake sequences, we performed rela-
tive hypocentre relocations using the double-difference
method of Waldhauser and Ellsworth (2000) in combina-
tion with waveform cross-correlation. The applied proce-
dure is described in Diehl et al. (2017).

3 Seismic activity during 2017 and 2018

3.1 Overview

During 2017, the SED detected and located a total of 1227
earthquakes in the region ranging from 5.8 to 10.8° E and
45.7 to 47.9° N shown in Fig. 2a. Based on criteria such
as the time of occurrence, the location, and signal char-
acter or on direct communication, 237 additional seismic
events were identified as quarry blasts. Magnitude val-
ues of the earthquakes recorded in 2017 range from M;
—0.4 to 4.6 (Fig. 3). During 2018, 955 earthquakes and
229 quarry blasts were detected and located by the SED
in the same region (Figs. 2b, 3). The magnitudes of earth-
quakes in 2018 range from M; —0.2 to 4.1 (Fig. 3). The
events with M; >2.5 in 2017/18 are listed in Table 1. The
chosen magnitude threshold of M; 2.5 ensures that the
data set is comparable to seismicity in the same magni-
tude range for previous years (completeness magnitude
Mc=25 for Switzerland over the period 1975-2018;
Nanjo et al. 2010), and makes sure that the number of
unidentified quarry blasts and of mislocated earthquakes
is negligible. With a total of 23 and 25 earthquakes of
magnitude M; >2.5, the seismic activity of potentially
felt events in either year was close to the yearly average
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of 23 earthquakes in the same magnitude range over the
previous 42 years.

Table 1 includes the location qualities for events with
M; >2.5. Table 2 documents the criteria used to assign
these quality ratings to the given locations, and it also
indicates corresponding estimated location uncertain-
ties for each quality value. The location quality criteria as
defined in Table 2 provide conservative first-order infor-
mation on the reliability of epicentre location and focal
depth and, since they have been systematically applied
in all annual reports since 1999, that allow direct com-
parison of quality with locations documented in previ-
ous annual reports. For events that have occurred since
2013, additional nonlinear location uncertainty estimates
can be found in the online catalogue, in XML using the
quakeMLformat (https://quake.ethz.ch/quakeml). Not
all reported uncertainties, however, do account for sys-
tematic errors, e.g. errors in the seismic velocity model
used for location, or, misidentified phases (e.g., Husen
and Hardebeck 2010). Ignoring the contribution of such
errors can result in a significant underestimation of the
true location accuracy. On the other hand, these errors
are difficult to assess (e.g., Husen and Hardebeck 2010).
Therefore, we provide realistic uncertainty estimates
on hypocentre accuracy in the discussion of significant
earthquakes. These estimates consider the nonlinear
uncertainty estimates as well as tests with varying sub-
sets of data (P and/or S phases, different distance ranges,
with/without refracted Pn phases, etc.) and velocity
models.

Fault-plane solutions based on first-motion polari-
ties of all events with M| >2.5 in 2017/18 are shown in
Figs. 2, 4, 5, 6 and 7. The mechanisms derived for selected
earthquakes with M; <2.5 are shown in Fig. 2 and Addi-
tional file 1: Figure S1. All corresponding parameters are
summarized in Additional file 1: Table S4. Only well-
constrained solutions are listed and first-order uncertain-
ties of the first-motion mechanisms are provided by the
spread of solutions in Figs. 4, 5, 6, 7 and Additional file 1:
Figure S1. Following the definition of Aki and Richards
(2002), the parameters strike, dip and rake are used to
define fault-orientations and inferred slip directions in

(See figure on next page.)

Swisstopo (2005))

Fig. 2 All epicentres and selected focal mechanisms of earthquakes recorded by the Swiss Seismological Service: a during 2017; b during 2018.
Events and focal mechanisms (lower hemisphere projections) discussed in the text are Goschenen (GOE), Urnerboden (URB), Vallorcine (VAL),
Grenchen (GRE), Daillon (DAV), St. Silvester (STS), Chateau-d'Oex (CDO), Zug (ZUG), Anzere (ANZ), Klostertal (KLT), Herrischried (HER), Rhinegraben
(RIG), Chatel-St-Denis (CSD), Dent de Morcles (DDM), Martigny (MAR), Fribourg/Tafers (FRI), and Sion (SIO). Additional events with focal mechanisms
are listed in Additional file 1: Table S4. Colour of focal mechanism indicates focal depth. Background colours outline major tectonic units after
Swisstopo (2005). Grey solid and dashed lines indicate faults and fault systems. AM Aar Massif, CZ Chamonix/Mont Blanc shear zone, EF Engadine
fault, FF Fribourg fault zone, PF Pontarlier fault zone, PT Penninic thrust, RSL Rhone-Simplon Line, SgF St. Gallen fault zone, Sof Solothurn fault

zone, VF Vuache fault (Adopted from Egli and Mancktelow (2013), Heuberger et al. (2016), Mock and Herwegh (2017), Vouillamoz, et al. (2017), and
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Table 1 Earthquakes with M, > 2.5 during 2017 and 2018

T. Diehl et al.

Date and time UTC Lat. (°N) Lon. (°E) X/Y (km) Z (km) Mag (M,) Mag (Myspec) Q Location

2017/01/13 06:13:14 46.670 8.507 682/169 5 25 25 B Goschenen, UR (GOE)
2017/01/28 13:30:21 46.432 10.019 798/146 8 25 24 A Bernina Pass, GR
2017/03/04 01:29:25 47.809 9415 748/297 21 26 24 A Deggenhausertal, D
2017/03/06 20:12:07 46.907 8.925 713/196 4 4.6 4.1 A Urnerboden, UR (URB)
2017/03/06 21:57:33 46.908 8.921 713/196 5 29 2.7 A Urnerboden, UR (URB)
2017/03/20 00:30:55 46.040 6.909 559/099 4 33 3.0 A Vallorcine, F (VAL)
2017/03/20 21:09:11 46.044 6.905 559/099 4 30 28 A Vallorcine, F

2017/04/25 10:35:30 47.197 7451 601/227 4 28 29 A Grenchen, SO (GRE)
2017/05/13 00:49:46 46.489 7.102 574/149 4 2.7 2.7 A Chateau-d'Oex, VD
2017/06/02 19:05:13 46.267 7.300 589/124 7 33 3.1 A Daillon, VS (DA/)
2017/06/06 07:18:03 46.727 7.233 584/175 5 33 3.1 B St. Silvester, FR (STS)
2017/07/01 08:10:34 46.491 7.097 574/149 4 43 39 A Chateau-d'Oex, VD (CDO)
2017/07/01 09:29:54 46488 7.096 574/149 5 26 2.7 A Chateau-d'Oex, VD
2017/07/08 00:18:19 46485 7.103 574/148 4 27 27 A Chateau-d'Oex, VD
2017/09/03 09:15:47 45726 10.629 999/999 4 34 33 B Lago di Garda, |
2017/09/14 19:16:45 46.486 7.104 574/148 5 25 26 A Chateau-d'Oex, VD
2017/09/16 10:28:40 47282 6.648 540/237 0 25 25 B Belleherbe, F*
2017/09/20 01:43:49 46.798 9.059 724/184 7 25 25 A Breil/Brigels, GR (BR/)
2017/10/03 15:16:25 46.340 8.542 685/133 9 25 23 B Bosco Gurin, Tl
2017/11/02 14:09:09 46.332 7527 607/131 4 3.1 30 A Crans, VS, (CRA)
2017/11/03 18:04:33 46.264 7402 597/124 8 28 27 A St-Léonard, VS (STL)
2017/11/21 09:22:02 47.145 8.546 684/222 32 33 30 A Zug, ZG (ZUG)
2017/12/1517:37:05 47630 9.049 721/277 13 2.7 25 A Raperswilen, TG (RAW)
2018/01/0211:16:14 46.107 6.875 556/106 8 2.7 25 A Mont Ruan, F (MRU)
2018/01/08 08:18:49 46.884 10.087 802/196 10 2.7 2.7 B Silvrettahorn, A (SIH)
2018/01/14 22:57:15 46.328 7398 597/131 4 26 25 A Anzere, VS (ANZ)
2018/01/17 19:07:19 47.145 9.988 793/225 1 4. 39 B Klostertal, A (KLT)
2018/02/01 01:47:33 47.153 9.996 794/226 1 4.1 38 B Klostertal, A (KLT)
2018/02/2019:18:18 46.542 10484 834/159 10 25 25 A Stilfserjoch, I (STJ)
2018/02/24 16:05:26 46.185 7.088 573/115 6 26 26 A Dent de Morcles, VS (DDM)
2018/03/11 23:29:23 47672 8014 643/280 17 3.1 26 A Herrischried, D (HER)
2018/04/08 21:50:18 46461 7.142 577/146 5 29 29 A Chateau-d'Oex, VD (CDO)
2018/04/12 02:23:59 47.154 10.010 795/226 0 32 3.1 B Klostertal, A (KLT)
2018/04/25 17:29:33 46.642 10488 833/170 12 2.7 26 A Taufers, |

2018/05/04 21:36:42 47.767 7519 606/291 15 33 30 A Rhinegraben,F/D (RIG)
2018/05/15 15:30:20 46.516 6.869 556/152 2 3.1 32 B Chatel-St-Denis, FR (CSD)
2018/05/16 09:32:38 46.516 6.867 556/152 1 29 29 B Chatel-St-Denis, FR
2018/07/20 22:20:36 46.009 7.860 633/095 6 26 25 B Rimpfischhorn, VS (RIH)
2018/08/16 09:45:11 46.815 10.090 802/188 6 238 29 B Val Lavinuoz, GR (VLV)
2018/08/23 00:09:10 46.187 7.084 573/115 6 32 3.0 A Dent de Morcles, VS (DDM)
2018/08/30 12:27:40 46914 8.927 713/197 5 28 2.7 A Urnerboden, UR (URB)
2018/09/13 08:47:15 46.556 9.809 782/159 4 26 29 B Val Bever, GR
2018/09/29 06:31:03 46.369 6.490 527/136 0 26 26 B Thonon-les-Bains, F
2018/11/03 00:20:06 46.079 7.097 574/103 9 29 27 A Martigny, VS (MAR)
2018/11/23 00:52:08 46.262 7403 597/123 8 25 23 A St-Léonard, VS (STL)
2018/12/1500:21:09 45.982 7.926 638/092 7 25 24 A Cima di Jazzi, | (CD))
2018/12/15 18:12:48 46.341 7.574 610/132 9 25 24 A Salgesch, VS (SAL)
2018/12/29 08:29:36 46.825 7.199 582/186 6 29 26 A Fribourg, FR (FRI)

The values listed under Myspc are the moment magnitudes calculated from the spectral fitting method documented in Edwards et al. (2010). The quality rating (Q) is
defined in Table 2. Italicized three-letter abbreviations in the last column correspond to labels used for focal mechanisms in Figs. 2, 4, 5, 6, 7 and Additional file 1: Table S4

" Based on signal characteristic, we interpret this as an earthquake. However, we cannot entirely rule out the possibility that the signal is associated with a blast due
to its shallow source and the proximity to a quarry
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Table 2 Criteria and location uncertainty corresponding
to the quality rating (Q) of the hypocentral parameters
in the event list in Table 1

Rating Criteria Uncertainty
GAP (degrees) DM (km) H (km) Z (km)
A <180 <15xZ7 <2 <3
B <200 <25 <5 <10
C <270 <60 <10 >10
D >270 >60 >10 >10

GAP largest angle between epicentre and two adjacent stations, DM minimum
epicentral distance, H horizontal location, Z focal depth

this report. The strike angle of a fault plane is measured
clockwise from north, with the fault dipping down to the
right of the strike direction. The dip angle of the fault
plane is measured downward from the horizontal. The
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slip direction is defined by the rake angle, which indicates
the angle between the slip direction and the strike of the
fault plane as measured within the fault plane. Six events
in 2017/18 generated sufficient long-period energy to
produce a high-quality full-waveform moment-tensor
inversion (Figs. 5 and 6). Moment magnitudes derived
from this procedure range between My, 3.1 and My 4.1.
Additional M,, values derived from the spectral fitting
method of Edwards et al. (2010) are listed in Table 1.
Figure 8 shows the epicentres of the 1032 earthquakes
with M| > 2.5, which have been recorded in Switzerland
and surrounding regions over the period 1975-2018. The
number of earthquakes with M; > 2.5 between 1975 and
2018 accounts for about 6% of the total number of events
detected during that time in the same area. The major-
ity of earthquakes with M; >2.5 in 2017/18 occurred
in regions that have been seismically active in previ-
ous years (Fig. 8). In the following section we discuss

b 2017/03/20 00:30:55, Z=4 km
M, 3.3 | Vallorcine, F (VAL)

a 2017/01/13 06:13:13, Z=5 km
M, 2.5 | Géschenen, UR (GOE)
N

First-Motion Plane 1: 112/72/-152
First-Motion Plane 2: 013/64/-020

First-Motion Plane 1: 067/53/-159
First-Motion Plane 2: 324/73/-039

f 2017/11/03 18:04:32, Z=8 km
M 2.8 | St-Leonard, VS (STL)

€ 2017/11/02 14:09:08, Z=4 km
M, 3.1 | Crans, VS (CRA)

First-Motion Plane 1: 278/69/-158
First-Motion Plane 2: 180/69/-022

First-Motion Plane 1: 276/59/-139
First-Motion Plane 2: 162/56/-039

Fig. 4 Fault-plane solutions based on first-motion polarities for 8 earthquakes in 2017 (see Additional file 1: Table S4). All stereograms are lower
hemisphere, equal-area projections. Solid circles correspond to compressive first motion (up); empty circles correspond to dilatational first motion
(down). The take-off angles were computed with the NonLinLoc software (Lomax et al. 2000), using the 3D velocity model of Husen et al. (2003).
Grey lines show sets of acceptable solutions derived by the HASH algorithm (Hardebeck and Shearer 2002); black bold lines indicate the (preferred)
average focal mechanisms of all accepted solutions; red bold lines mark the active plane as determined from high-precision relative earthquake
relocations, where available. Information on origin time (UTC time), focal depth in km below mean sea level (2), region (same label as in Fig. 2

and Additional file 1: Table S4) and the two focal planes (defined by strike, dip, rake) is provided above and below each mechanism. See text for

definition of strike, dip and rake

d 2017/09/20 01:43:48, Z=7 km
M, 2.5 | Breil/Brigels, GR (BRI)

C 2017/04/25 10:35:29, Z=4 km
M, 2.8 | Grenchen SO (GRE)
[

First-Motion Plane 1: 247/65/094
First-Motion Plane 2: 057/25/080

First-Motion Plane 1: 270/35/-137
First-Motion Plane 2: 143/67/-063

h 2017/12/15 17:37:05, Z=13 km
M 27| Raperswile TG (RAW)

g 2017/11/21 09:22:01, Z=32 km
M, 3.3 1 Zug, ZG

First-Motion Plane 1: 311/74/-161
First-Motion Plane 2: 216/72/-017

First-Motion Plane 1: 118/66/-133
First-Motion Plane 2: 005/48/-033
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a 2017/03/06 20:12:07, Z=4 km b 2017/03/06 21:57:32, Z=5 km C 2018/08/30 12:27:40, Z=5 km
M, 4.6 | Umnerboden, UR (URB) M, 2.9 | Umnerboden, UR (URB) M, 2.8 | Urnerboden,UR (URB)
Cod 3 o °%e @
hd L]
First-Motion Plane 1: 258/84/-168 First-Motion Plane 1: 243/86/-152 First-Motion Plane 1: 266/86/-174
First-Motion Plane 2: 167/78/-006 First-Motion Plane 2: 151/62/-005 First-Motion Plane 2: 176/84/-004
| n | n | n | | n | | | n | n | |
Moment Tensor SOIUtlon: d UrnerbOden 18:00:00 21:00:00 00:00:00 03:00:00 06:00:00 09:00:00 12:00:00
| Relative Relocations March 06 2017 March 07 2017
0 02 km 04 06
M, 3.5 @ ® .
—+ / @ ® 46.918'N-|-
25 M<3.5 Strike of ® 2017/03/06 21:57
1.0 M <25 sinisiral M2.9
o 00 M <10 2 % lane M, 2.9
o M <00 . % pane M, 2. Relative location
L= Z % o\ Aftershock of M,4.6 event less
T 46.916'N 2T @ well constrained dueto |
[e) few CC links Q
9'% - o‘%%’e
Q, @0\)(‘)\ ®
$ ®,
®
1 46.914'N —+
MT-DC Plane 1: 258/85/176 . e
MT-DC Plane 2: 348/86/005 2003/05/06 21:59 |
M, 4.11Z, =5km | NSta: 77 e Strike of 0:12M 46 5018/08/30
sinistral plane 12:27
—+46.912'N M,4.6 (M, 4.1) mM28
mainshock
T T T T T T T T T T T T T T T T T T T
8902°'E  B8.904E  8906'E  8.908°E  891°'E  8.912E  8914E  8916'E  8918°E  892E  8922°E

Fig. 5 Fault-plane solutions and relative relocations of the M, 4.6 Urnerboden earthquake sequence of March 6, 2017. a Fault-plane solution (lower
hemisphere projections) of the M, 4.6 mainshock based on first-motion polarities (top) and corresponding full-waveform moment tensor (MT)
solutions (bottom). b, ¢ Fault-plane solutions based on first-motion polarities of two aftershocks in 2017 and 2018. Symbols and explanation of
focal mechanism as in Figs. 4 and 6, parameters listed in Additional file 1: Table S4. d Double-difference relative relocations including foreshocks
and mainshock of March 6, as well as immediate aftershocks until 12:00 (UTC) the following day. In addition, the relative relocations of the M,

2.8 earthquake of August 2018 and the M, 4.0 earthquake of May 2003 are marked by the grey dots. Error bars indicate the relative horizontal
location errors. The dashed red and green lines indicate the presumed geometry of the fault ruptured during the M, 4.6 mainshock as imaged by
relative relocations of immediate aftershocks and fault strikes of focal planes. Relative relocations suggest that the mainshock triggered secondary
structures, hosting e.g. the M, 2.8 earthquake of August 2018

(See figure on next page.)

Fig. 6 Lower hemisphere projections of first-motion fault-plane solutions (top row) and corresponding full-waveform moment tensor (MT)
solutions (bottom row) for 6 earthquakes in 2017 and 2018 (see Additional file 1: Table S4). Symbols and explanation of first-motion mechanism as
in Fig. 4. Black bold lines on the moment tensor indicate the double-couple part of the MT solution. Red bold lines on the MT solution mark the
active plane as determined from high-precision relative earthquake relocations. Strike/Dip/Rake of the double-couple part of the MT (MT-DC) as
well as the associated moment magnitude (M) are provided below the MT solution. No MT solution is available for the M, 4.1 Klostertal earthquake
of January 2018 (d)
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a 2017/06/02 19:05:12, Z=7 km b 2017/06/06 07:18:03, Z=5 km C 2017/07/01 08:10:34, Z=4 km

M, 3.3 | Daillon, VS (DAI) M, 4.3 | Chateau-D’Oex, VD (CDO)

M, 3.3 | St. Silvester, FR (STS)

First-Motion Plane 1: 243/67/-154 First-Motion Plane 1: 148/36/-084 First-Motion Plane 1: 293/71/-105
First-Motion Plane 2: 142/66/-025 First-Motion Plane 2: 321/54/-094 First-Motion Plane 2: 153/24/-053

MT-DC Plane 1: 236/58/-152 MT-DC Plane 1: 149/51/-084 MT-DC Plane 1: 296/68/-081
MT-DC Plane 2: 130/67/-035 MT-DC Plane 2: 319/39/-098 MT-DC Plane 2: 092/24/-112

M,, 3.212,,=5 km | NSta: 11 M,, 3.212,,=5 km | NSta: 16 M,, 4.0 | Z,,=5 km | NSta: 79
d 2018/01/17 19:07:19, Z=1 km € 2018/02/01 01:47:33, Z=1 km f 2018/05/15 15:30:20, Z=2 km

M, 4.1 | Klostertal, A (KLT) M, 3.1 | Chatel-St-Denis, FR (CSD)

M, 4.1 | Klostertal, A (KLT)

First-Motion Plane 1: 117/88/-173 First-Motion Plane 1: 305/88/-168 First-Motion Plane 1: 134/37/-072
First-Motion Plane 2: 027/83/-002 First-Motion Plane 2: 215/78/-002 First-Motion Plane 2: 292/55/-103

MT-DC Plane 1: 315/81/-157 MT-DC Plane 1: 132/45/-066
MT-DC Plane 2: 221/67/-010 MT-DC Plane 2: 281/50/-112
M,, 3.8 1Z,,,=5 km | NSta: 29 M,, 3.112,,=5 km | NSta: 9
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a 2018/01/02 11:16:14, Z=8 km b 2018/01/08 08:18:49, Z=10 km C 2018/01/14 22:57:14, Z=4 km d 2018/02/20 19:18:17, Z=10 km
M, 2.7 | Silvrettahorn, A (SIH) M, 2.6 | Anzere, VS (ANZ) M 251 Stilfserjoch, | (STJ)

First-Motion Plane 1: 246/89/-152 First-Motion Plane 1: 101/86/138 First-Motion Plane 1: 285/57/-131 First-Motion Plane 1: 107/60/-142
First-Motion Plane 2: 156/62/-001 First-Motion Plane 2: 195/48/006 First-Motion Plane 2: 164/51/-045 First-Motion Plane 2: 356/58/-036
€ 2018/02/24 16:05:26, Z=7 km f 2018/08/23 00:09:09, Z=6 km g 2018/03/11 23:29:22, Z=17 km (h) 2018/04/08 21:50:18, Z=5 km

M, 2.6 | Dent de Morcles,VS (DDM) M, 3.1 | Herrischried, D (HER) M, 2.9 | Chateau-D’Oex, VD (CDO)

M, 3.2 | Dent de Morcles,VS (DDM)

First-Motion Plane 1: 256/73/-156 First-Motion Plane 1: 256/71/-159 First-Motion Plane 1: 317/62/-156 First-Motion Plane 1: 208/32/144
First-Motion Plane 2: 158/67/-018 First-Motion Plane 2: 159/70/-020 First-Motion Plane 2: 215/69/-030 First-Motion Plane 2: 330/72/063
i 2018/05/04 21:36:41, Z=15 km j 2018/07/20 22:20:35, Z=6 km k 2018/08/16 09:45:10, Z=6 km | 2018/11/03 00:20:06, Z=9 km

M, 3.3 | Rhinegraben,F/D (RIG) M, 2.6 | Rimpfischhorn, VS (RIH) M, 2.8 | Val Lavinuoz, GR (VLV) M, 2.9 | Martigny,VS (MAR)

First-Motion Plane 1: 285/84/177 First-Motion Plane 1: 273/39/-102 First-Motion Plane 1: 303/48/-097 First-Motion Plane 1: 284/46/-105
First-Motion Plane 2: 015/87/006 First-Motion Plane 2: 108/52/-080 First-Motion Plane 2: 134/43/-082 First-Motion Plane 2: 124/46/-075
M 2018/11/23 00:52:08, Z=8 km n 2018/12/15 00:21:08, Z=7 km 0 2018/12/15 18:12:48, Z=9 km p 2018/12/29 08:29:35, Z=6 km

M, 2.5 St-Léonard, VS (STL)

M, 2.5 | Cima di Jazzi, | (CDJ)

M, 2.5 | Salgesch, VS (SAL) M, 2.9 | Fribourg, FR (FRI)

First-Motion Plane 1: 189/64/-002 First-Motion Plane 1: 147/50/-066 First-Motion Plane 1: 076/48/175 First-Motion Plane 1: 145/43/-018
First-Motion Plane 2: 280/88/-154 First-Motion Plane 2: 292/46/-116 First-Motion Plane 2: 169/86/042 First-Motion Plane 2: 248/78/-132

Fig. 7 Fault-plane solutions (lower hemisphere projections) based on first-motion polarities for 16 earthquakes in 2018 (see Additional file 1:
Table S4). Symbols and explanation as in Fig. 4
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Fig. 8 Epicentres of earthquakes with magnitudes M, > 2.5, during the period 1975-2018. Grey circles denote earthquakes in the period 1975-
2016; bold blue circles indicate earthquakes in 2017; red circles indicate earthquakes in 2018. See Fig. 2 for description of fault systems

significant and noteworthy earthquakes and earthquake
sequences for the period 2017/18.

3.2 Discussion of noteworthy earthquakes in 2017

3.2.1 Goschenen (UR)

On January 13 2017, an M,; 2.5 earthquake occurred
about 6 km west of Goschenen (UR) (GOE, Fig. 2a). It
is located within a cluster of earthquakes that has been
active since at least 2011 and contains a total of 45
events detected and located by the end of 2018. The focal
mechanism derived for this event indicates dominantly
strike-slip faulting with a small normal-fault component
(Fig. 4a). The mechanism is virtually identical to the
mechanism of an M; 3.2 earthquake of the same cluster,
which occurred in October 2016 (Diehl et al. 2018). The
focal depth derived with SED’s routine velocity model of
Husen et al. (2003) is about 5 km. With a distance to the
closest station of about 14 km, we estimate the uncer-
tainty of the focal depth to be in the order of +2 km.
Despite this uncertainty, the earthquake certainly locates
within the crystalline Aar Massif and the ongoing seis-
mic activity suggests active strike-slip deformation in

the internal part of the massif, possibly along reactivated
WNW-ESE striking shear-zones (see Diehl et al. 2018).

3.2.2 Urnerboden (UR/SZ)

With a magnitude of M; 4.6, the largest event in the
reporting period occurred 1-2 km north of the Urner-
boden valley in the border region of canton Uri, Schwyz
and Glarus on March 6, 2017 (URB, Fig. 2a). This event
also represents the strongest earthquake within Swit-
zerland since the M; 5.0 Vaz earthquake of 1991 and
has the seventh largest magnitude of all earthquakes
instrumentally located by the SED within the geographic
boundaries of Fig. 2 since 1984. The mainshock occurred
at 20:12 (UTC) at a depth of about 4 km and it was felt
by large parts of the population in eastern and central
Switzerland (Fig. 9a). The maps in Fig. 9 show the spatial
distribution of the interpolated macroseismic intensity
(see Sect. 2.3), along with observed macroseismic inten-
sities based on felt reports from online questionnaires.
The felt reports shown in the maps are aggregated by
postal code. We show only reports with associated qual-
ity levels “good” or higher (i.e., based on more than eight
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consistent reports from a postal code area) to minimize
possible bias induced by using automatically processed
questionnaires. The final macroseismic field depicted in
the ShakeMap of Fig. 9a is the result of a weighted aver-
age of the converted predicted ground-motions and the
station recordings. Colours in Fig. 9a are proportional
to macroseismic intensity levels according to the Euro-
pean Macroseismic Scale (EMS-98; Griinthal 1998) and
indicate that the largest intensities well constrained by
felt reports are of degree V. The interpolated ShakeMap
intensities in Fig. 9a suggest that intensity may have
approached degree VI in the alluvium-filled Linth val-
ley, a few km east of the earthquake epicentre. A degree
VI intensity, however, would imply cases of slight dam-
age for masonry building types such as hair-line cracks
or falling of small pieces of plaster (Griinthal 1998). The
SED received only two reports indicating such damages
in a distance of about 20 km from the epicentre. Due to
the low number of unconfirmed damages reported to the
SED, it remains questionable if a degree VI was actually
observed. The lack of degree VI observations might also
be due to the fact that the epicentre locates in a remote
area. If such an event occurs in a densely settled area, a
considerable number of cases of small damage would be
likely.

With 85 cm/s?, the highest acceleration associated
with the Urnerboden earthquake is measured at station
SLTM2 at a distance of about 6 km from the epicentre
(Fig. 10). Station SLTM2 is located on rockslide deposits
in the centre of a small Alpine valley in Linthal village.
The peak ground velocity at the same station reached
2 cm/s (Fig. 10), consistent with macroseismic intensity
levels exceeding degree V in the epicentral area (Faenza
and Michelini 2010). The shaking levels are remarkably
lower (10 cm/s?) at station LLS (Fig. 10), at comparable
distance from the earthquake epicentre, but located on
very hard rock in Linth-Limmern. The ground shaking
amplitudes (29 cm/s?) and duration increase again at sta-
tion SALTS (Altdorf-Hospital; Fig. 10) located at 22 km
from the epicentre on an alluvial fan at the edge of the
Reuss alluvial plain. Both SLTM2 and SALTS exhibit an
amplification of about 2 over a broad frequency range
compared to the Swiss reference model of Edwards and
Fah (2013), while LLS is known to show analogous de-
amplification (see Michel et al. 2014 and stations.seismo.
ethz.ch). The amplification effects shown in Fig. 10 docu-
ment the severe impact of local site effects on the ground
shaking for such earthquakes.

With the closest station at 6 km distance, the focal
depth of about 4 km is relatively well constrained and
we estimate its uncertainty to be in the order of £1 km.
The mainshock was preceded by a sequence of at least 6
foreshocks of magnitudes ranging between M; 0.5 and

T. Diehl et al.

2.2. The first detected and located event of this fore-
shock sequence occurred at 19:40 (UTC), about 32 min
before the mainshock. To improve the location quality
of aftershocks, two temporary stations were immedi-
ately deployed in the epicentre region. The first station
(URN1) was installed in the Urnerboden valley, about
1.5 km south of the epicentre on March 7. The follow-
ing day, a second station (URN2) was installed south of
Bisisthal (SZ), about 6 km WNW of the epicentre region.
Both stations were in operation through July 11, 2017.
To lower the completeness magnitude of the aftershock
sequence, standard detections were complemented by
template-matching detections (see Sect. 2.3) at station
PANIX. For the first 17 days of the aftershock sequence,
all template matching detections missed by the SED
standard procedures have been reviewed and, if possible,
manually located. During the first two weeks following
the mainshock, 67 aftershocks with M; ranging between
—0.1 and 2.9 have been located by the SED. The largest
aftershock of M; 2.9 took place about 1 h and 45 min
after the M; 4.6 mainshock and on August 30, 2018,
about 18 months after the mainshock, an M; 2.8 earth-
quake occurred in the aftershock region.

The fault plane solution derived for the M; 4.6 main-
shock is very close to a pure strike-slip mechanism
(Fig. 5a top, Additional file 1: Table S4). The correspond-
ing moment tensor solution differs only slightly from the
first-motion solution (Fig. 5a bottom), differences are
within the uncertainty in the dip of the NN'W-SSE strik-
ing plane of the first-motion solution. The moment mag-
nitude derived from the full-waveform inversion is My,
4.1. Although the difference of 0.5 between M; and My,
deviates from the average 0.3 difference predicted by the
scaling-relationship of Goertz-Allmann et al. (2011) for
this magnitude range, it is still within the uncertainty of
this relationship (oyny £0.2). As discussed later in more
detail, the focal mechanism of the immediate M; 2.9
aftershock of March 6 shows differences in strike com-
pared to the mainshock (Fig. 5b). The mechanism of the
M; 2.8 event of August 2018 (Fig. 5c) indicates a strike-
slip rupture similar to the mainshock, however, uncer-
tainties are larger.

Figure 5d shows the relative relocations of fore-, main-
and immediate aftershocks through March 7, 12:00
(UTC). We also included an M; 2.8 event of August 2018
and an M; 4.0 event of May 2003 in the double-differ-
ence relative relocation (see Fig. 5d). As indicated by the
error bars in Fig. 5d, uncertainties of the relative loca-
tion of the M| 4.6 mainshock are higher due to the low
degree in waveform similarity between mainshock and
the majority of smaller fore- and aftershocks. This effect
is related to differences in the frequency content of the
signals (e.g., Bachura and Fischer 2019) and leads to a low
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number of cross-correlation measurements and therefore
weaker linkage between the mainshock with the rest of
the sequence. We therefore interpret the eastward offset
of about 100 m of the mainshock from the main linea-
ment of fore- and immediate aftershocks as an artefact.
The fact that the formal error bars of the mainshock
approach the foreshock region (Fig. 5d) suggests that the
mainshock actually locates on the main lineament. In
addition, the proximity between foreshocks and main-
shock (Fig. 5d) indicates a nucleation phase in advance
of the mainshock. We estimate a rupture length of about
0.6 km for the M; 4.6 mainshock from the extent of relo-
cated fore- and immediate aftershocks (proposed rupture
plane indicated by red and green dashed lines in Fig. 5d).
This estimate is in good agreement with a rupture length
of 0.7 km derived from empirical relationships (Wells
and Coppersmith 1994) for an Mw 4.1 strike-slip earth-
quake. In combination with the focal mechanisms from
the two events on March 6 (Fig. 5a, b), the relative relo-
cations indicate a sinistral rupture on a NNW-SSE strik-
ing plane. However, the geometry of the relocations
together with a well resolved difference of about 16° in
strike of the sinistral focal plane between the mainshock
(strike: 167°; red dashed line in Fig. 5d) and the M; 2.9
aftershock (strike: 151° red dashed line in Fig. 5d) sug-
gest a westward bend or jog along the rupture plane.
Alternatively, the rupture might have extended over two
or more fault segments of variable orientation (e.g. Rie-
del shears), which are expected to exist in a complex and
fractured strike-slip system. Evidence for the existence of
such a fractured fault system is provided by the spread in

locations in Fig. 5d, indicating the triggering of off-fault
structures by the mainshock. A prominent example is
the event of August 2018. Although the focal mechanism
is very similar to the one of the mainshock, its location
is clearly separated from the M; 4.6 rupture. Additional
evidence for the existence of a system of strike-slip faults
in this area is provided by the M; 4.0 Urnerboden earth-
quake of May 6, 2003 (Deichmann et al. 2004). Although
its strike-slip focal mechanism is virtually identical to the
M; 4.6 mainshock of 2017 (see Fig. 5d), relative reloca-
tions combining both sequences confirm that the event
of 2003 locates about 1 km west of the sequence of 2017
and therefore occurred on a sub-parallel fault (Fig. 5d).
The base of the autochthonous Mesozoic units in this
part of the Helvetic nappes is estimated to lie at a depth of
about 1.5 km (Pfiffner 2014). We therefore conclude that,
with a focal depth of 4 km (with the estimated uncer-
tainty of about 1 km), the source is probably located
within the uppermost parts of the crystalline Aar Mas-
sif. Together with previous events like the M; 3.8 Linthal
earthquake of 2001 (Deichmann et al. 2002) and the 2003
M; 4.0 Urnerboden earthquake, both located at a similar
depth (about 3 km) and of almost identical focal mecha-
nisms, the M; 4.6 Urnerboden earthquake of 2017 docu-
ments ongoing strike-slip deformation in the top part of
the eastern Aar Massif. The stress field indicated by the
P-axis (maximum principal stress) and T-axes (mini-
mum principal stress) of these earthquakes is approxi-
mately consistent with the strike-slip regime proposed by
Marschall et al. (2013) for the Helvetic domain in east-
ern Switzerland, with sub-horizontal P-axis in NW-SE
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direction and sub-horizontal T-axis in NE-SW direc-
tion. In principle, this strike-slip regime is also consistent
with the mechanism derived for the Goschenen event of
2017 (Fig. 4a) discussed in the previous section. Orienta-
tions of P and T-axis, however, seem to be rotated about
30° clockwise compared to the Urnerboden earthquake,
indicating possible second-order variations of the stress
regime or local stress variations on pre-existing faults
along-strike of the Aar Massif.

3.2.3 Vallorcine (France)

The M, 3.3 and M; 3.0 earthquakes of March 20, 2017
(VAL, Fig. 2a) are part of the on-going earthquake
sequence that followed the M; 4.9 earthquake of Sep-
tember 2005 (e.g., Deichmann et al. 2006; Fréchet et al.
2010; Diehl et al. 2013, 2015, 2018; Cara et al. 2017). Both
events on March 20 were felt by the local population and
intensities reached degree IV. The focal depths of 4 km
are well resolved by P and S phases observed at station
SEMOS located in a distance of about 4 km from the epi-
centre. Focal depths and the strike-slip fault plane solu-
tion of the M, 3.3 earthquake (Fig. 4b) are very similar to
past events of this sequence.

3.2.4 Grenchen (SO)

On April 25, 2017, an M 2.8 earthquake occurred about
4 km east to the town of Grenchen (SO) (GRE, Fig. 2a).
With an intensity of degree IV, it was felt by the local pop-
ulation and the hypocentre derived with SED’s standard
velocity model of Husen et al. (2003) indicates a shallow
source at a depth of about 4 km. With phases observed
at the two SSMNet stations in Solothurn (SOLZ, SOLB),
which are located at epicentral distances of 5 and 7 km,
the formal uncertainty of the focal depth is about+2 km.
However, errors in the standard velocity model, especially
for S-waves in the foreland, are expected and result in
possibly even larger uncertainties. Strong surface waves
similar to quarry-blast signals as well as hypocentre solu-
tions computed with alternative P- and S-wave velocity
models suggest an even shallower source close to the sur-
face, at depths between 0 and 2 km. Within a distance of
about 4 km, two similarly shallow M; 2.7 events occurred
in October 1993 that might be associated with the same
structure. The first-motion focal mechanism derived for
the Grenchen event of 2017 (Fig. 4c) indicates reverse
faulting. Since we consider it mechanically unlikely
that the steep (65°), NW dipping plane was activated
in reverse sense, we interpret the shallower plane dip-
ping about 25° towards SE as the active fault plane. The
event locates at the northern boundary of the Molasse
basin (also referred to as “subjurassic zone’, e.g., Mock
and Herwegh 2017), straddling the southern foothills
of the Jura mountains between the Weissenstein- and
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Arch-Anticline (e.g., Meier 2010). The base of the Meso-
zoic sediments in the epicentral region lies at a depth of
about 1.5-2 km and the vertical thickness of the Meso-
zoic units is about 1.5 km (e.g., Sommaruga et al. 2012;
Mock and Herwegh 2017). If located in the sedimentary
cover, as suggested by the waveforms, the source is likely
within the Mesozoic units. In this case, the SE-dipping,
low-angle thrust fault might be associated with the main
basal Jura décollement or a secondary thrust, located
above the main décollement level. A source in the sedi-
mentary cover would be indicative for possible ongoing
thin-skinned deformation. However, considering the
current hypocentre uncertainties, we cannot rule out a
source in the pre-Mesozoic Permo-Carboniferous trough
or Variscan basement. In any case, the Grenchen earth-
quake of 2017, together with the earthquake sequence
of the year 2000 near Saint Ursanne (Lanza et al. 2019,
2020), represents a rare example of shallow thrust fault-
ing in the vicinity of the Jura fold-and-thrust belt, indi-
cating seismically active contraction in the northwestern
Alpine foreland of Switzerland.

3.2.5 Daillon (VS)

The M; 3.3 Daillon earthquake (DAI, Fig. 2a) occurred
about 6 km NW of Sion at 19:05 (UTC) on June 2, 2017.
With more than 400 felt reports received by the SED,
this event was strongly perceived by the population in
the Valais and the maximum intensity reached degree
IV. The focal depth of about 7 km is well resolved by the
dense network in the Valais (Fig. 1) and with the closest
station at an epicentral distance of about 6 km distance
from the epicentre, we estimate the uncertainty to be on
the order £1 km. The first-motion mechanism in Fig. 6a
(top) is of excellent quality and low signal-to-noise lev-
els allowed the computation of a moment-tensor for
this event (Fig. 6a, bottom), with a moment magnitude
of M,,=3.2 and a corresponding focal mechanism simi-
lar to the first-motion solution (Fig. 6a). The mechanism
suggests strike-slip faulting with a small normal-fault
component. The active plane could not be determined
due to the lack of aftershocks (only one aftershock was
detected). However, the NE-SW striking dextral plane
would be consistent with orientation and kinematics of
the dextral Rhone-Simplon Line (RSL), which locates
about 6 km to the south of the epicentre.

3.2.6 St. Silvester (FR)

On June 6, 2017, an M; 3.3 earthquake occurred close to
the village of St. Silvester (STS, Fig. 2a). Reported intensi-
ties reached degree IV in the epicentre region and most
felt reports (intensity III) were received from the city of
Fribourg (about 20 reports), located about 10 km N'W of
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the epicentre. The source was located at a depth of about
5 km. However, with the closest station located within
the Molasse basin at a distance of about 9 km, the abso-
lute uncertainty using SED’s standard velocity model is
probably on the order of £2-3 km. Although the focal
mechanism computed from first-motion polarities has
considerable uncertainties (Fig. 6b, top), the distribu-
tion of exclusively compressional (“upward”) polarities
can only be explained by a normal-fault mechanism. A
normal-fault mechanism is also confirmed by the avail-
able moment-tensor solution shown in Fig. 6b (bottom).
The corresponding moment magnitude is M, =3.2.
The epicentre of the earthquake locates at the southern
end of the Fribourg Fault Zone (Fig. 2a; see location of
STS), in the subalpine Molasse units, about 1 km north
of the front of the Préalpes nappes. In comparison with
structural models of Vouillamoz et al. (2017) and Gruber
(2017), the focal depth of 5 km suggests a source within
the pre-Mesozoic basement. However, due to the depth
uncertainties, we cannot entirely rule out a source in the
lower Mesozoic units. The event locates within the St.
Silvester structure proposed by Vouillamoz et al. (2017).
However, its normal-fault mechanism substantially devi-
ates from the N-S oriented sinistral strike-slip regime
of the Fribourg Fault. In addition, the earthquake likely
occurred in the basement and therefore below the Fri-
bourg Fault, which is assumed to be restricted to the
sedimentary cover (e.g., Vouillamoz et al. 2017). The St.
Silvester event of 2017 therefore suggests potential struc-
tural complexity towards the southern termination of
the N-S striking Fribourg Fault. Its normal-fault mech-
anism is similar to the M; 3.8 Jaun earthquake of May
1999 (Deichmann et al. 2000) and indicates the transition
from N-S oriented sinistral strike-slip faulting along the
Fribourg Fault to predominantly NE-SW or NNE-SSW
directed normal faulting within the Préalpes domain.

3.2.7 Chdteau-d’Oex (VD), 2017
With a magnitude of M; 4.3, the second largest earth-
quake in the reporting period occurred close to the town
of Chateau-d’Oex in the Prealps region on July 1, 2017
(CDO, Fig. 2a). The mainshock was felt in large parts of
western Switzerland (Fig. 9b), especially in the Molasse
basin to the north as well as along the NE coast of Lake
Geneva and to its south within the lower Rhone valley.
More than 1000 felt reports were received by the SED.
Similar to the Urnerboden earthquake, the ShakeMap
intensity reached degree VI in the epicentral area
(Fig. 9b). However, the maximum macroseismic intensi-
ties reported to the SED within a distance of 8 km from
the epicentre are of degree V.

The focal depth of 4 km is well constrained by P and
S wave arrivals observed at the SSMNet station in
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Chéteau-d'‘Oex (SCOD) at a distance of about 3 km
from the epicentre. As discussed already for previously
described earthquakes, additional uncertainty is intro-
duced by the velocity model. Therefore, we estimate the
uncertainty in focal depth to be in the order of +1-2 km
for this event. This depth is also consistent with solutions
derived for an M; 2.7 and an M, 2.5 event in July 2016
(Diehl et al. 2018), which are related to the M; 4.3 event.
This M; 4.3 earthquake is therefore part of a remarkable
earthquake sequence, active at least since 2007, as docu-
mented by the temporal evolution imaged by template-
matching detections in Fig. 11a, b. Between September
and December 2007, a sequence of 23 earthquakes with
M; ranging between 0.7 and 2.6 had occurred in this
cluster. Since station SCOD was only installed in April
2016, the focal depth was basically unconstrained and
solutions between 0 and 10 km were reported (Deich-
mann et al. 2008). The similarity of waveforms between
the sequence in 2007 and the more recent sequences, as
indicated by overlapping template events (overlap in col-
ours) in Fig. 11b, suggests that the sequences 2007-2009
have the same source depth of about 4 km as those in
2016-2018. The burst of activity in 2016 initiated with
an M 2.7 earthquake on July 16, that was followed by 40
“aftershocks” (M, 0.5-2.5), detected and located by SED
routine procedures. The M; 4.3 event of July 2017 was
preceded by a small sequence, which initiated on May
12 and lasted for about 5 days (12 located events, maxi-
mum M; =2.7). Moreover, two “foreshocks” occurred
two days before the M; 4.3 earthquake of July 1. With
about 1000 template-matching detection, the aftershock
sequence following the M; 4.3 earthquake was rather
intense (Fig. 11a, b). In the following first 2 weeks, the
SED detected and located a subset of 193 aftershocks
(M, ranging between —0.1 and 2.7) by routine meth-
ods. To improve completeness and location quality of
aftershocks, three temporary stations (CDO1-3) were
deployed in the epicentral region on July 4. Station
CDO2-3 operated through November 2017 and station
CDOL1 through June 2018. The aftershock activity ceased
towards the end of 2017.

The first-motion mechanism computed for the M|
4.3 earthquake of July 2017 is shown along with the
derived moment-tensor solution in Fig. 6c. The moment
magnitude derived from the full-waveform inversion
is M,,=4.0. Both solutions in Fig. 6¢ image a normal-
faulting mechanism, with a steeply dipping plane (about
70°) towards NNE and a plane dipping at a low-angle of
about 20° towards SSW. However, second-order differ-
ences between the two solutions exist in terms of rake
and strike of the second plane. These differences are
likely caused by several polarity misfits contained in the
first-motion solution. Preliminary tests with an improved
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Fig. 11 Spatio-temporal evolution of the Chateau-d'Oex earthquake swarm located in the Préalpes-Romandes region in western Switzerland

(see Fig. 2). a Temporal evolution of the swarm imaged by template-matching detections in the period 2007 to 2018 at station AIGLE. Grey lines
indicated cumulative sum of template-matching detections and events detected by SED routine processing. Blue histogram shows number

of events within bins of 168 h (1 week). b Template-matching detections as a function of magnitude and template (indicated by colours and
numbers). The M,y magnitude is based on amplitudes observed at station AIGLE and was calibrated using M, magnitudes of larger events.
Timeline-plot identifies several bursts of increased seismicity in 2007-2009 and 2016-2018. ¢ Map view of relative relocations considering a subset
of well-constrained earthquakes, which occurred in the period 2016-2018. Relative relocations were derived from double-difference techniques in
combination with waveform cross-correlation. d Relative relocations projected onto depth profiles AA’, which is oriented perpendicular to the strike
of the steeper plane of the first-motion focal mechanism. Focal mechanisms are shown as lower hemisphere projection in map view and projected
to the depth profile in cross-section. Colours indicate origin time of the events. Bars indicate relative location errors of hypocentres
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3D velocity model suggest that these misfits are primarily
related to errors in take-off angles caused by un-modelled
velocity structures in the current SED standard veloc-
ity model. Take-off angles computed with the improved
model result in a first-motion mechanism similar to the
moment-tensor solution of Fig. 6c¢.

Finally, we performed a double-difference relative
relocation of the Chateau-d’Oex cluster for events that
occurred between July 2016 and January 2018. We con-
sidered only well locatable events linked to neighbouring
events by at least 10 cross-correlation and 10 bulletin-
pick differential times. The relative relocations of the
resulting 199 events are shown in map view in Fig. 11c
and are projected to a vertical profile in Fig. 11d. The ver-
tical profile is oriented perpendicular to the strike of the
steeply dipping focal plane (Plane 1 of Fig. 6¢). Due to the
effects already discussed for the Urnerboden sequence,
the relative location of the M; 4.3 earthquake is less well
resolved, especially in focal depth. This is documented
by its relatively larger error bar in Fig. 11d and the verti-
cal offset from the main cluster is therefore interpreted
as an artefact. The relative relocations in Fig. 11d con-
firm the plane dipping towards NNE as the active fault
plane. In addition, the geometry imaged by the reloca-
tions is in good agreement with the steep dip angle of 70°
of the focal mechanism. Events related to the sequence
in 2016 locate in the centre of the cluster (Fig. 11c, d),
while events in 2017 are distributed over the entire rup-
ture plane. This may indicate that the activity in 2016
occurred in the nucleation zone of the future M, 4.3
rupture.

In order to constrain the lithology of the source region,
we consider two geological profiles. The cross-section
of Mosar et al. (1996; their Fig. 2a) locates closest to the
Chateau-d’Oex cluster and indicates that the basal thrust
of the Préalpes Médianes lies at a depth of about 1 km
and less in the area of the epicentre NW of the Les Mil-
lets anticline. Given a focal depth of 4 km (£ 1-2 km) the
earthquakes therefore locate below the base of the nap-
pes of the Préalpes Médianes. The profile of Matzenauer
(2012), located about 10 km NE from the cluster and
projected onto the region of the hypocentre, indicates an
about 2 km thick layer of subalpine Molasse below the
basal thrust of the Préalpes Médianes in the projected
hypocentre region. The base of the autochthonous Meso-
zoic cover lies at a depth of about 5 km in this profile. The
interpolated top-basement map of Pfiffner (2014), on the
other hand, shows a basement high in the region of the
Chateau-d’Oex earthquake cluster, indicating a depth of
the base-Mesozoic of only about 3 km. The focal depth of
4 km therefore suggests that the cluster is likely located
near the top of the pre-Mesozoic basement. However,
assuming a vertical thickness of the autochthonous
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Mesozoic cover of 1.5-2 km (Sommaruga et al. 2012), the
focal-depth uncertainty of +1-2 km and the uncertain-
ties related to the top-basement model do not entirely
rule out a source within the autochthonous Mesozoic
cover. Similar to the St. Silvester earthquake and to the
Jaun earthquake sequence of 1999, the M; 4.3 Chateau-
d’Oex earthquake documents NNE-SSW directed nor-
mal faulting in the Préalpes region, likely near the top of
the pre-Mesozoic basement.

3.2.8 Zug (ZG)

The M; 3.3 Zug earthquake (ZUG, Fig. 2a) of November
21, 2017 occurred within the lowermost crust within a
distance of less than 1 km to the M; 4.2 earthquake of
February 2012 (Diehl et al. 2013; Singer et al. 2014). As
typical for deep crustal earthquakes, it was felt by the
population within a relatively large radius, and the SED
received more than 300 macroseismic felt reports. The
derived strike-slip focal mechanism (Fig. 4g) is well con-
strained and is virtually identical with the one of the M
4.2 earthquake of 2012. It is the first event within this
cluster since the M; 4.2 sequence of February 2012 and
indicates ongoing activity of this cluster within the low-
ermost crust.

3.3 Discussion of noteworthy earthquakes in 2018

3.3.1 Anzére (VS)

On January 14, 2018, an M; 2.6 earthquake occurred
between the village of Anzere and the Wildhorn summit
(ANZ, Fig. 2b). This earthquake locates in the centre of the
SW-NE striking earthquake lineament north of the Rhone
valley, which is one of the most active clusters in the Cen-
tral Alps (see Figs. 2 and 8). The cluster has been described
to be dominated by strike-slip mechanisms (e.g., Maurer
et al. 1997), however, the occurrence of additional reverse
as well as transtensive mechanisms suggest a rather com-
plex system of en-echelon faults and step-over geome-
tries (e.g., Diehl et al. 2018). The focal depth of the event
is about 4 km and the well-constrained focal mechanism
indicates transtensive faulting (Fig. 7c). A smaller (M; 1.8)
event occurred at the same location on February 22, with
a mechanism similar to the M; 2.6 earthquake (Fig. 2b
and Additional file 1: Figure S1d). The transtensive Anzére
mechanisms are strikingly similar to the ones of the Crans-
sequence (CRA, Figs. 2a and 4e), which is active since at
least 2014 (Diehl et al. 2018) and locates about 9 km to
the east. The WNW=-ESE striking dextral plane, which
has been determined to be the active plane in the Crans-
sequence (Diehl et al. 2018), deviates from the general
SW-NE strike of the earthquake lineament (Fig. 2), con-
sistent with an en-echelon arrangement and segmentation
of faults north of the Rhone valley.
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3.3.2 Klostertal (Vorarlberg, Austria)

With magnitudes of M; 4.1, the two largest earthquakes
in 2018 took place north of the Klostertal valley (KLT,
Fig. 2b), about 12 km east of Bludenz in western Austria.
The first event of January 17 was followed by an event of
similar magnitude on February 1. Although the epicentre
is located about 20 km from the Swiss border, the SED
received about 270 macroseismic felt reports for the
earthquake in January. Most felt reports were received
from Liechtenstein, the Rhine valley east of St. Gallen and
the city of St. Gallen. ShakeMap intensities for both M;
4.1 earthquakes predict degree V in the epicentre region,
which is consistent with the intensity of V reported by
the Seismological Service of Austria (ZAMG).

With the closest observing station DAVA, located at a
distance of about 18 km, the derived depth close to the
surface (depth of —1 km, Table 1) is poorly constrained.
Hypocentre solutions therefore vary between surface and
10 km depth depending on the selected distance range
and phase types. We prefer a shallow source, because
this is consistent with the strong surface waves observed
in the seismograms. However, the estimated uncertainty
in focal depth is in the order of at least 5 km. A first-
motion mechanism was derived for the event in January
(Fig. 6d), first-motion and moment-tensor solutions are
available for the event in February (Fig. 6e). The corre-
sponding moment magnitude is My, =3.8 and the focal
depth of 5 km derived by the moment-tensor inversion
provides additional evidence for a shallow source. First-
motion and moment-tensor mechanisms correspond
to almost pure strike-slip faulting for both events. The
events are located within the domain of the Austroal-
pine nappe system (Fig. 2b), in a seismically active region
(Fig. 8). The observed strike-slip faulting is consistent
with other mechanisms such as the M; 3.5 earthquake of
January 2016, located about 9 km to the east of the 2018
events (Diehl et al. 2018).

3.3.3 Herrischried (Germany) and Rhinegraben (France/
Germany)

On March 11, 2018, an M; 3.1 earthquake occurred
close to the village of Herrischried in the Black Forest
(HER, Fig. 2b). The focal depth of about 17 km is well
constrained by stations in southern Germany. The focal
mechanism is well constrained by polarities of P-wave
first-motions (Fig. 7g) and corresponds to a strike-slip
rupture with a normal-fault component. The mechanism
is consistent with the “strike-slip to normal faulting”
stress regime derived by Kastrup et al. (2004) for this part
of the northern foreland.

Another strike-slip earthquake was located below the
Rhinegraben in the border region between France and
Germany on May 4, 2018 (RIG, Fig. 2b). With about 200
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received felt reports, the M; 3.3 earthquake was felt by
the population in northern Switzerland, especially in the
region of Basel. The depth of 15 km and the strike-slip
mechanism (Fig. 7i) are well constrained. This mecha-
nism is similar to other solutions located in this depth
level below the Rhinegraben (e.g., Kastrup et al. 2004).

3.3.4 Chateau-d’Oex (VD), 2018
The focal mechanism of the M; 2.9 earthquake of April
8, 2018, located about 4.5 km SE of the Chateau d’Oex
cluster active in 2017 and described above, is radically
different from the extensional regime of this earlier clus-
ter. In fact, the first-motion fault-plane solution of this
event corresponds to an oblique reverse-faulting mecha-
nism (Fig. 7h), with its P-axis oriented almost E-W. The
derived depth of 5 km is only slightly higher by about
1 km than the bulk of the previous Chateau-d’Oex cluster.
The change from an extensional to a compressional
focal mechanism within only a few kilometres implies
either strong small-scale heterogeneities in the stress field
or the activation of faults that are poorly oriented with
respect to the far-field stress. In the first case, the differ-
ential stress available to activate a given fault is likely to
be low. In either case, the occurrence of earthquakes with
pronounced different focal mechanisms suggests that the
faults are weak, a condition that is most easily met by the
presence of fluids at near-lithostatic pressures (e.g. Sib-
son 1990, 2014).

3.3.5 Chatel-St-Denis (FR)

In addition to the St. Silvester and the two Chateau-
d’Oex events of 2017 and 2018, the M; 3.1 Chatel-
St-Denis earthquake of May 15, 2018 (CSD, Fig. 2a)
represents the fourth significant earthquake that
occurred in the Préalpes region during the reporting
period. This M; 3.1 event is part of a small sequence of
6 additional earthquakes of M; 0.6-2.9, located about
3 km SW of Chatel-St-Denis between May and June
2018. For all these earthquakes the routinely deter-
mined source depth is 1-2 km. The closest observations
of P- and S-phases are provided by the SSMNet station
in Vevey (SVE]), which is located at a distance of about
7 km from the epicentre. In case of the M; 3.1 event, we
estimate the uncertainty of the 2 km focal depth to be
on the order of £2-3 km. We were able to compute a
first-motion mechanism as well as a full moment ten-
sor for the M; 3.1 event (Fig. 6f). The moment magni-
tude is My =3.1 and the two focal mechanism agree
remarkably well. The derived mechanism indicates pre-
dominantly normal faulting, which agrees to first order
with the extensional mechanism of the St. Silvester and
the 2017 Chateau-d’Oex event (Fig. 6) as well as with
the Jaun event of 1999 (Fig. 12).
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Fig. 12 Focal mechanism and relative relocation of the Fribourg/Tafers sequence of 2018/19 and its possible relation to the Fribourg Fault zone.

a SED bulletin locations in the region of the Fribourg Fault (red in 2018, blue in 2017 and grey for before this period). Grey focal mechanisms
correspond to previous significant events in the region. The blue mechanism corresponds to the St. Silvester normal-fault earthquake of 2017 (see
Fig. 6b) and the red mechanism shows the Fribourg/Tafers event of 2018 (see Fig. 7p). b Relative relocations of the Fribourg/Tafers sequence of
2018 (reaching into 2019) presented in map view and projected onto depth profile AA/, which is oriented perpendicular to NW-SE striking plane of
the first-motion focal mechanism. Focal mechanisms are shown as lower hemisphere projection in map view and projected to the depth profile in
cross-section. Colours indicate origin time of the events. Bars in b indicate relative location errors of hypocentres

Similar to the St. Silvester earthquake of 2017
(Sect. 3.2.6), the Chétel-St-Denis epicentre locates at
the boundary between subalpine Molasse and Préalpes
nappes (Fig. 2b). According to the interpolated base-
Mesozoic map of Sommaruga et al. (2012), the base of
the Mesozoic cover lies at a depth of 3-3.5 km in the
epicentral region. Assuming a vertical thickness of
Mesozoic sediments of 2 km in this part of the Molasse
basin (Sommaruga et al. 2012), Mesozoic sediments
are expected between 1.0-1.5 and 3-3.5 km depth. A
focal depth of 2 km therefore likely points to a source
in the Mesozoic cover. However, with the current ver-
tical uncertainty of £2-3 km, a source in the subal-
pine Molasse or pre-Mesozoic basement, cannot be
excluded.

3.3.6 Dent de Morcles (VS)

Two earthquakes of M; 2.6 (February 24) and M; 3.2
(August 23) happened close to the summit of the Dent
de Morcles in 2018 (DDM, Fig. 2b). With about 400

received macroseismic felt reports, the M; 3.2 earth-
quake of August was widely felt by the population in
the Rhone valley between Sion and Aigle. A few reports
from the village of Collonges (epicentral distance 5 km)
indicate a maximum intensity of degree V, likely related
to amplification caused by the quaternary sediments of
the Rhone valley. The focal depth of 6 km is well con-
strained by the dense network in this part of Switzer-
land and we estimate the uncertainty to be on the order
of £1 km. The focal mechanisms of both events are
relatively well constrained (Fig. 7e, f) and correspond
to strike-slip faulting with a minor normal component.
According to a profile of Pfiffner et al. (1997), which is
located close to the epicentre region and based on the
seismic reflection line W5 of the NRP-20 campaign, the
depth of 6 km (+1 km) points to a source within the
crystalline Aiguilles Rouge Massif west of the Rhone val-
ley. An alternative interpretation of Steck et al. (1997)
associates a band of SE dipping reflectors on the same
W5 line with a sedimentary cover syncline separating
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the Aiguilles-Rouge from the Infra-Rouge basement
at depth. In their depth-migrated section, these reflec-
tors locate between about 4 and 5.5-6.0 km depth in
the hypocentral region of the Dent de Morcles earth-
quakes of 2018 (which projects near Collonges on the
W5 profile). In this interpretation, the Dent de Morcles
earthquakes would therefore locate near the top of the
proposed Infra-Rouge basement and a source within the
proposed Mesozoic cover syncline could not be entirely
excluded. However, the interpretation of reflectors in
the shallow part of the vibroseis and dynamite sections
of line W5 is uncertain and debatable in the hypocentral
region as described by Pfiftner et al. (1997).

The events locate about 13 km SSW of the 2004
earthquake sequence of Derborence, that marks the
western end of the previously discussed earthquake
lineament north of the Rhone valley (Anzére earth-
quakes, Sect. 3.3.1) The focal mechanisms of the Der-
borence and Dent de Morcles earthquakes are nearly
identical (Baer et al. 2005). Moreover, the Dent de Mor-
cles events are located about 8 km NE of the Martigny
earthquake sequence of 2001 (Deichmann et al. 2002),
which occurred on a NE-SW striking dextral strike-
slip fault southeast of the Rhone valley. The Dent de
Morcles earthquakes therefore indicate a possible link
between the ENE-WSW striking lineament defined by
epicentres located north of the Rhone valley and the
NE-SW striking segment around Martigny (Fig. 8),
which in turn might be linked to the Vallorcine seg-
ment located SW of Martigny. A kinematic connection
in terms of a continuous dextral and slightly bent “Val-
lorcine-Valais shear zone” was proposed e.g. by Cara
et al. (2017). Note, however, that the dextral planes in
Fig. 7e, £ strike WSW-ENE and therefore deviate from
the general NE-SW trend in the alignment of the epi-
centres seen near Martigny. A possible explanation
would again be the existence of en-echelon segments
of strike-slip faults connecting the two larger fault sys-
tems to the NE and SW of the Martigny area. On the
other hand, the along strike change of the alignment of
epicentres in map view corresponds to the gentle bend
of the Rhone-Simplon line possibly continuing into the
“Chamonix/Mont Blanc shear zone” (CZ in Figs. 2 and
8) located between the Mont Blanc and Aiguille Rouge
Massifs (e.g., Egli and Mancktelow 2013; Cara et al.
2017). Either way, the Dent de Morcles earthquakes of
2018 document ongoing strike-slip deformation likely
located within the Aiguilles Rouge (or Infra-Rouge)
Massif.

3.3.7 Martigny (VS)
The complexity in tectonic deformation within the
bending zone between Central and Western Alps is
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documented by the M; 2.9 earthquake that occurred on
November 3, 2018, about 3 km SE of the town of Mar-
tigny (see MAR in Fig. 2b). Its epicentre locates about
12 km south from the Dent de Morcles events discussed
in the previous section and about 3 km SE of Martigny.
The depth of about 9 km is well constrained (uncertainty
in the order of =1 km) and the event was widely felt
along the Rhone valley, reaching an intensity of degree
IV. The first-motion focal mechanism is very well con-
strained and corresponds to almost pure normal fault-
ing. Its mechanism and the orientation of the T-axis is
almost identical to the mechanism of the M; 3.3 earth-
quake that occurred in 1999, 15 km WNW, near Lac de
Salanfe (Deichmann et al. 2000). The Martigny earth-
quake of 2018 very likely occurred within the crystalline
basement of the Mont Blanc Massif, whereas the Lac de
Salanfe earthquake was located at the northwestern rim
of the Aiguille Rouges Massif neighbouring the base of
the Morcles nappe. The T-axes are oriented NNE-SSW
(Deichmann et al. 2000) and are consistent with the ori-
entation of the T-axes of the strike-slip mechanisms of
the Dent de Morcles and Vallorcine events discussed in
the previous section, and differ only slightly from the
N-S oriented T-axis of the strike-slip mechanism of the
Martigny sequence of 2001. Given this relatively uniform
orientation of the T-axes, the occurrence of both nor-
mal faulting and strike-slip earthquake mechanisms in
close proximity to each other is not incompatible with a
relatively uniform regional stress field indication a pre-
sent-day transtensional regime within the bending zone
between Central and Western Alps.

3.3.8 Fribourg/Tafers (FR)

On December 29, 2018, an M; 2.9 earthquake occurred
northwest of Tafers, close to the city of Fribourg (FRI,
Fig. 2b). Intensities of degree IV have been reported
within a radius of about 7 km around the epicentre. The
focal depth of 6 km is well constrained by P- and S-wave
arrivals observed at stations at distances of 2.6 and 5 km
in Tafers (STAF) and Fribourg (SFRU). We estimate the
focal-depth uncertainty to be on the order of £1 km. The
derived first-motion focal mechanism in Fig. 7p corre-
sponds to strike-slip faulting with a substantial normal-
fault component. The dip of plane 1, however, is not well
resolved. The earthquake locates within the Fribourg
seismicity cluster (Fig. 12a). The Fribourg Fault (FF in
Fig. 2), associated with this cluster, was imaged as a N-S
striking sinistral strike-slip fault zone within the sedi-
mentary cover of the Molasse basin (e.g., Kastrup et al.
2007; Vouillamoz et al. 2017). The 2018 event differs in
two aspects from other earthquakes along the Fribourg
Fault, such as the M| 4.3 event of 1999 (Fig. 12a). First,
the sinistral plane of the focal-plane solution strikes
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NW-SE rather than N-S (Fig. 12a) and second, the depth
of 6 km indicates a source in the pre-Mesozoic basement
rather than in the sedimentary cover. To determine the
active fault plane, we performed relative relocations for
a subset of 23 events (M; 0.5-2.1) that followed the M;
2.9 earthquake between December 2018 and May 2019.
The result of the relative relocation is shown in Fig. 12b
in map view and along a vertical cross-section, oriented
perpendicular to the sinistral plane of the focal mecha-
nism. The NW-SE alignment of the relocated seismic-
ity in Fig. 12b confirms the sinistral plane as the active
plane. However, the dip imaged by the relative reloca-
tion in cross-section AA’ indicates a sub-vertical fault
plane (Fig. 12b), which deviates from the corresponding
focal-plane solution of Fig. 7p. This discrepancy might be
explained by the considerable uncertainty in dip of the
corresponding focal plane and we therefore consider a
sub-vertical sinistral fault as more likely.

In comparison with structural models of the upper-
most crust in the region of the Fribourg Fault (e.g., Vouil-
lamoz et al. 2017; Sommaruga et al. 2012), the depth of
6 km (+1 km) suggests a source in the crystalline base-
ment. Additional evidence is provided by the seismogram
recorded at station STAF at a distance of 2.6 km from
the epicentre. The vertical component (HGZ) in Addi-
tional file 1: Figure S2 shows a prominent phase arriv-
ing between Pg and Sg onsets. We interpret this phase
as an S-to-P (Sp) converted precursor phase, generated
at the basement-sediment contrast by an Sg phase inci-
dent from below. We also compared the waveform of the
2018 event with waveforms of a shallow (depth — 0.6 km)
M; 1.9 earthquake, which occurred in June 2015 in the
same area likely within the sedimentary cover (Addi-
tional file 1: Figure S2). Although in a similar epicentral
distance from station STAF, the shallow event indicates
a 0.5 s shorter S-P time and the vertical component lacks
the Sp phase, visible for the 2018 event (Additional file 1:
Figure S2). The presence of the Sp phase in the 2018
event therefore suggests a NW-SE striking sinistral fault
segment within the uppermost crystalline basement in
the area of the Fribourg Fault. The NW-SE strike of the
segment in the basement deviates from the general N-S
trend previously proposed for the Fribourg Fault in the
near-surface sedimentary cover. This deviation suggests
that we are seeing two separate faults, activated by a
common stress field with a maximum compressive stress
oriented NN'W-SSE. In addition, the observed difference
in strike might indicate possible structural complexity of
the strike-slip fault system, including the possibility of a
soft-linkage between faults in the basement and faults in
the overlaying sediments. The close proximity in space
and time of the more recent events relative to the previ-
ous activity along the N-S trending Fribourg Fault Zone
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could be due to stress transfer from the deformation of
the near-surface lithology to the uppermost basement.

3.4 Seismicity associated with the former Deep Heat
Mining project in Basel

In 2017, routine processing detected 12 earthquakes with
magnitudes between M; 0.5 and M; 1.7. An additional 16
locatable earthquakes, with magnitudes between M; 0.0
and M; 0.6, were detected by template matching (Her-
rmann et al. 2019). The located events during this period
occurred at the upper northern and upper southern
periphery of the known seismic cloud (Additional file 1:
Figure S3). The events occurred in or beyond regions of
the seismic cloud that had last been active in Decem-
ber 2007. The seismic cloud was growing laterally and
upward, away from the former injection point in 4.5 km
depth. Specifically, the extension of the seismicity to the
north had not been observed in the past years, when the
seismicity occurred in other parts of the seismic cloud
(Diehl et al. 2018).

In an analysis of the phenomenon, the SED concluded
that the increasing overpressure, which started after the
borehole’s shut-in in April 2011, could be driving the
seismicity in the geothermal reservoir (Wiemer et al.
2017). In Summer 2017, the well was bled off in a con-
trolled, step-wise procedure: between July and October
2017. By the end of October 2017, the wellhead over-
pressure had been reduced completely, and the borehole
has since remained open. Between May 2017 and the end
of 2018, only one earthquake was strong enough to be
reliably located (M, 0.7, in December 2017). It locates in
the upper northern periphery of the seismic cloud and is
the shallowest event of the events there (Additional file 1:
Figure S3). All other events in this period, had magni-
tudes below M; 0.2.

3.5 Rockfalls and rock avalanches in 2017/18

On August 23 2017, at 7:30 UTC (9:30 a.m. local time),
a large rock-slope failure occurred on the upper flanks
of Pizzo Cengalo, at the head of the Bondasca Valley in
Graubiinden. This catastrophic event included the initial
rock slope failure, a subsequent rock avalanche that trav-
elled for 3.2 km, and generated a near-immediate debris
flow. 8 hikers on a trail over run by the avalanche lost their
lives. The debris flow caused significant damage in the vil-
lage of Bondo, including damage to nearly 100 dwellings,
6 km down-valley of the slide area. The seismic waves gen-
erated by this sequence were observed as very broadband
signals that exceeded periods of 100 s. Walter et al. (2020)
detail the seismic waves generated by this event and esti-
mate the failure to include 3.0 x 10® m® of rock. The equiv-
alent local magnitude related to the excited seismic waves
of the rock fall and subsequent rock avalanche was M; 3.0.
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The first seismic observation of rockslide activity on
Pizzo Cengalo occurred on 27 December 2011, when a
slide of 1.5 x 10° m® rock volume occurred, that had an
equivalent local magnitude event of M; 2.8 (Deichmann
et al. 2012) and also activated a similarly long runout
rock avalanche. In 2016, this instability was activated
again, with a rockslide event with equivalent magnitude
of M; 2.1 (Diehl et al. 2018). Only 2 days before the larg-
est event, at 9:31 UTC on 21 August 2017, a precursory
rockslide was also observed by the network, with equiva-
lent local magnitude event of M; 2.3. In the immediate
aftermath of the M; 3.0 event, numerous slides were
observed, and the seismic network could detect and
locate 2 additional events at 9:04 and 9:36 UTC, with M,
1.3 and M; 2.1 respectively. On 15 September 2017, over
3 weeks later, an M| 2.8 rockslide on the mountain was
again observed.

The seismic signals of the main event and these second-
ary slides are presented in Fig. 13, showing records from
the 2 closest stations, VDL and TUE, located between
25 and 30 km distance from Pizzo Cengalo. The distinct
signatures of the slide and subsequent mudslides—that
continued to be re-activated independent of slide activ-
ity for days after then event—are seen in the seismic data.
Walter et al. (2020) include waveform modelling of the
main event as recorded at nearby stations. On 6 Septem-
ber 2017, a temporary seismic station with short period
and accelerometer sensors (XP.PICE1) was placed within
2 km of the slide area at the Sciora Hut. This station oper-
ated beyond 2018.

4 Discussion and conclusion

As discussed in Diehl et al. (2015, 2018), the total number of
located earthquakes per year has increased since 2013 due
to ongoing densification of the seismic network, improve-
ments in detection methods, and the occurrence of vigor-
ous earthquake sequences. The same trend is observed for
the period 2017/18 (Fig. 3). With 1227 located events, the
total annual number of earthquakes in 2017 was the high-
est so far recorded by the SED. On the other hand, with a
total of 23 and 25 earthquakes of magnitude M; >2.5, the
seismic activity of potentially felt events in either year was
close to the yearly average of 23 earthquakes in the same
magnitude range over the previous 42 years. The densifica-
tion and improvement of the seismic network also results
in an ever-increasing number of high-quality focal-plane
solutions (42 in 2017/18), which allows more detailed and
complete seismotectonic interpretations.

The strongest earthquake in the reporting period
was the M| 4.6 Urnerboden earthquake of March 2017
(URB, Fig. 2a). Together with previous seismicity in this
area, the earthquake images arrays of active, N-S to
NNW-SSE oriented strike-slip faults, located within the
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northern front of the uppermost Aar Massif. The strike-
slip deformation in this part of the Aar Massif might be
related to along-strike differences in the uplift history of
the Aar Massif (e.g., Nibourel 2019).

Another remarkable earthquake sequence occurred in
the Préalpes region close to Chateau-d'‘Oex (CDO, Fig. 2a),
which culminated in an M; 4.3 earthquake in July 2017.
Template-matching methods reveal several phases of
increased activity since at least the year 2007. Similar com-
plex, long-lasting sequences have been observed in Swit-
zerland and surrounding regions before and are therefore
not uncommon. Recent examples for similar sequences
with bursts of activities over several years are the Diemti-
gen (Diehl et al. 2015) and the St. Léonard sequence (Diehl
et al. 2018). The focal mechanism and relative relocations
document NNE-SSW directed extension below the basal
thrust of the Préalpes Médianes. Most likely, the sequence
is located near the top of the pre-Mesozoic basement.
However, focal-depth uncertainties of + 1-2 km and uncer-
tainties of geological models also allow a source within the
autochthonous Mesozoic cover.

In 2017/18, two other events (St. Silvester, Chatel-St-
Denis, Fig. 2) occurred along the northern boundary of
the Préalpes nappes with predominantly normal-fault-
ing mechanisms, indicating approximately NE-SW ori-
ented extension similar to the Chateau-d’Oex sequence
of 2017. All three extensional to transtensional events
occurred near the top of the pre-Mesozoic basement,
although, with the current uncertainties in focal depth
and structural models, sources within the Mesozoic
cover cannot be entirely ruled out. So far, information
from focal mechanisms along the Alpine front in west-
ern Switzerland was sparse. For instance, the stress
inversion of Kastrup et al. (2004) included not a single
mechanism in this part of Switzerland. Delacou et al.
(2004) included the normal-fault mechanism of the M|
3.8 Jaun earthquake of May 1999 (Fig. 12a) and a pre-
dominantly normal-fault mechanism in the Chablais
region south of Lake Geneva (M; 4.8; 1968/08/19) in a
stress analysis of the Central and Western Alps. Based
on these two earthquakes, their resulting interpolated
map of deformation shows a tendency for an exten-
sional to transtensional regime in the Préalpes region in
western Switzerland. Our three additional mechanisms
therefore provide important new constraints and con-
firm the previous indications of Delacou et al. (2004) for
a present-day extensional to transtensional deformation
regime along the Alpine front in western Switzerland.
This extension is approximately parallel to the strike
of the Alpine front and consistent with orientations of
minimum principal stresses reported by Kastrup et al.
(2004) for western Switzerland. The extensional to tran-
stensional regime along the Alpine front in western
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Fig. 13 Spectrograms showing the vertical seismogram signals over a 10-h duration following the 23 August 2017 Pizzo Cengalo rockfall. Vertical
channels from station CH.VDL, at 26 km and MN.TUE, at 29 km are shown, both are located towards the North West. The main rockfall event occurs
at 07:30, characterised by a high amplitude very broadband signal that is followed by more narrow band energy from 1 to 15 Hz lasting about

10 min—the signal of the mudflow. Additional secondary rockfall and mudflow signals continue to be observed over the next few hours

Switzerland contrasts the strike-slip to thrust regime
observed along the Alpine front in eastern Switzerland
(Kastrup et al. 2004; Marschall et al. 2013) and might be
related to uplift and extensional processes in the transi-
tion zone of Central and Western Alps. The thrust-fault
event of 2018, located in close proximity to the Cha-
teau d’Oex sequence of 2017, stands in contrast to the

observed regional extension regime, and as such could
be symptomatic for the localized presence of fluids at
near-lithostatic pressures.

As in previous years, a large portion of the seismic
activity was concentrated in the Valais region in south-
western Switzerland (Fig. 2). Previous seismicity clusters
like Vallorcine (VAL), as well as the St-Léonard (STL)
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and Crans (CRA) sequences (Diehl et al. 2018), both
located north of the Rhone valley, continued to be active
also in 2017/18 (Fig. 2). The Dent de Morcles (DDM)
earthquakes of 2018 (Fig. 2b) document strike-slip defor-
mation within the Aiguilles Rouge Massif. The deforma-
tion locates north of the Rhone-Simplon Line (RSL) and
the strike of the dextral plane is rotated clockwise with
respect to the RSL, suggesting an en-echelon system of
basement faults as proposed for segments farther to the
east along the RSL (Diehl et al. 2018). Due to the dense
station coverage in the Rhone valley, a focal mecha-
nism for an M; 0.9 earthquake could be derived, which
occurred right under the city of Sion in about 8 km depth
in September 2018 (SIO, Fig. 2b, Additional file 1: Fig-
ure S1g). The predominantly strike-slip mechanism rep-
resents a rare example of strike-slip deformation in the
centre of the Rhone valley and might be evidence for dex-
tral strike-slip faulting along the RSL.

In the northern Alpine foreland, the Fribourg earth-
quake of December 2018 (FRI, Fig. 2b) reveals additional
complexity along the Fribourg Fault Zone. The imaged
fault segment likely locates in the basement and its strike
deviates from the general N-S trend of the Fribourg Fault
in the sedimentary cover. This segment might therefore
indicate a possible soft-linkage between faults in the base-
ment and faults in the overlaying sediments. Finally, the
Grenchen earthquake of 2017 (GRE, Fig. 2a) represents a
rare example of ongoing shallow thrust faulting along the
southern margin of the Jura fold-and-thrust belt, indicat-
ing seismically active contraction in the northwestern
Alpine foreland of Switzerland.
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