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S U M M A R Y
The Greater Geneva Basin (GGB), located in southwestern Switzerland and neighboring
France, is enclosed by the rotating northwestern edge of the Alpine front and the Jura moun-
tains chain. Recently, this basin has received increasing attention as a target for geothermal
exploration. Historical and instrumental seismicity suggest that faults affecting the basin may
still be active. Moderate-magnitude earthquakes have been located along the Vuache fault,
a major strike-slip structure crossing the basin. Before geothermal exploration starts, it is
key to evaluate the seismic rate in the region and identify possible seismogenic areas. In this
context, we deployed a temporary seismic network of 20 broad-band stations (from Septem-
ber 2016 to January 2018) to investigate the ongoing seismic activity, its relationship with
local tectonic structures, and the large-scale kinematics of the area. Our network lowered the
magnitude of completeness of the permanent Swiss and French networks from 2.0 to a theo-
retical value of 0.5. Using a new coherence-based detector (LASSIE - particularly effective
to detect microseismicity in noisy environments), we recorded scarce seismicity in the basin
with local magnitudes ranging from 0.7 to 2.1 ML. No earthquakes were found in the Canton
of Geneva where geothermal activities will take place. We constructed a local ’minimum 1-D
P-wave velocity model’ adapted to the GGB using earthquakes from surrounding regions. We
relocated the events of our catalogue obtaining deeper hypocentres compared to the locations
obtained using the available regional velocity models. We also retrieved eight new focal mech-
anisms using a combination of polarities and waveform inversion techniques (CSPS). The
stress inversion shows a pure strike-slip stress regime, which is in agreement with structural
and geological data. Combining the background seismicity with our catalogue, we identified
seismogenic areas offsetting the basin.

Key words: Earthquake source observations; Seismicity and tectonics; Dynamics: seismo-
tectonics.

1 I N T RO D U C T I O N

Intraplate sedimentary basins are often characterized by low levels
of seismic activity (e.g. Hofstetter et al. 2012; Lacombe et al. 2019).
Due to low seismic rates, strong attenuation and often high levels
of anthropogenic noise (in densely populated areas) the number of
seismic stations deployed in these areas are often kept to a minimum.
This affects the detection of microseismicity that is often above the
detection threshold of 2.0 M (Plenkers et al. 2015).

Sedimentary basins are well known to hold considerable por-
tions of mineral, energy and water resources (Bethke et al. 1988;

Raffensperger & Vlassopoulos 1999; Cacace et al. 2010). In partic-
ular, those characterized by favourable hydrogeological conditions
have good potential for geothermal energy exploitation (Cacace
et al. 2010). In such cases, a significant amount of heat transport
is provided by groundwater circulation through permeable aquifers.
From shallow and intermediate depths (T < 100◦C), valuable hy-
drothermal energy can be extracted for heating purposes. However,
it is necessary to reach greater depths to generate electricity from
sedimentary basins.

Geothermal energy extraction is a resource potentially available
anywhere. However, previous experiments have shown how impor-
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tant is to monitor induced seismicity, in particular when injection
of fluids is involved [e.g. Iceland (Flóvenz et al. 2015) and South
Korea (Grigoli et al. 2018; Kim et al. 2018; Ellsworth et al. 2019)].
In Switzerland, geothermal energy is a sensitive topic since the
projects of Basel (2006, Häring et al. 2008; Hillers et al. 2015) and
St. Gallen (2013, Kraft et al. 2009; Obermann et al. 2015). In Basel,
the hydraulic stimulation of the crystalline basement at 5 km depth
drastically increased the seismic activity (Häring et al. 2008), cul-
minating in an ML 3.4 earthquake (Edwards et al. 2015) that caused
damages to infrastructures (estimated in ∼7 M US$, Kraft et al.
2009). Consequently, the project was aborted (Häring et al. 2008).
In St. Gallen, gas from a previously unknown Permo-Carboniferous
trough underlying the Mesozoic sediments suddenly leaked into the
borehole (Obermann et al. 2015). The well rescue operations caused
a ML3.5 that was felt in the area (though with little damage reported,
Edwards et al. 2015). In Pohang, South Korea, hydraulic stimula-
tions at 4 km depth caused a Mw 5.5 earthquake (Grigoli et al. 2018;
Kim et al. 2018), injuring several people and causing significant in-
frastructure damage. Despite these examples geothermal energy in
Switzerland is still perceived as a promising renewable energy re-
source. Giardini (2009) suggest that geothermal quake risk must be
faced. Indeed, enhanced geothermal systems have already been suc-
cessfully drilled and developed (Lu 2018). For instance, the induced
seismic activity (up to 2.9 Mw, Dorbath et al. 2009; Baisch et al.
2010) did not discourage the local authorities in Soultz-sous-Forêt,
France, where three deep geothermal wells (about 5 km deep) are
being exploited. This acceptance was facilitated by the the low pop-
ulation density in the region. These projects have in common the
unexpected reservoir dynamics that culminated in undesired levels
of seismicity. Studying the local microseismicity and its relation-
ship with local tectonic structures is thus a key step before planning
geothermal exploitation projects.

Switzerland is currently promoting the development of geother-
mal energy (among other renewable energy resources) to reduce
CO2 emissions and the dependency on nuclear power and hydro-
carbon resources. In particular, the Molasse basin in the Geneva
area is in the focus of geothermal exploration, from initial shallow
targets to gradually deeper ones (Clerc et al. 2015; Allenbach et al.
2017). In 2012, the Canton of Geneva and the Industrial Services
of Geneva (SIG) launched the GEothermie20201 program to inves-
tigate the geothermal potential of the Greater Geneva Basin (GGB,
Wilhelm & PGG team 2011; Allenbach et al. 2017; Nawratil de
Bono & GEo-01 team 2018). The program includes geophysical
exploration of the subsurface and the drilling of 4 exploratory wells
by 2021. The deepest of these wells is expected to reach a depth of
3 km.

The GGB shows a low level of seismicity with 168 events in 31 yr
of instrumental monitoring (Fäh et al. 2011; Deichmann et al. 2010,
2011, 2012; Diehl et al. 2013, 2014, 2015, 2018). This amounts to
about 5 earthquakes per year with a magnitude range of ML1.1–5.3.
Historical seismic catalogues (since 1500 AD) contain a handful of
seismic events with intensities of IV–V (Fäh et al. 2011). Until Au-
gust 2016, the permanent seismic networks counted only a single
seismometer in the GGB, resulting in an estimated magnitude of
completeness (MC) of ∼2.0 (Diehl et al. 2018). Precise local veloc-
ity models are missing. This hindered the accurate location of the
microseismicity that could better constrain the geometry of active
faults. The currently available velocity models for event location are
regional and not suitable for the GGB area. In France, the Sismalp

1https://www.geothermie2020.ch

velocity model (Cara et al. 2015) is used to locate seismicity in
the French Alps. In Switzerland, the velocity model of Husen et al.
(2003) is used by the Swiss Seismological Service (SED, Diehl et al.
2014). However, the lack of seismic stations and seismicity detected
by the Swiss and French networks hindered the development of a
dedicated velocity model for the GGB until now.

In this context, we deployed a temporary dense seismic net-
work of 20 broad-band stations around and within the GGB. The
network operated for 17 months, from September 2016 to Jan-
uary 2018, reaching a detection threshold of 0.5 ML. The con-
tinuous data collected has been used by Planès et al. (2020)
to investigate the shallow shear wave velocity structure of the
GGB with an ambient noise tomography. We use the network to
shed light on the natural microseismicity within and around the
GGB.

The manuscript is built as follows. First, we introduce the geo-
logical and seismological setting of the GGB. Next, we describe the
temporary seismic network deployed in the area and the methodol-
ogy to obtain a preliminary seismic catalogue. We then detail the
inversion procedure used to obtain a new ’minimum 1-D velocity
model’ adapted to the GGB. Afterwards, we present the relocated
catalogue of events and discuss the retrieval of focal mechanisms.
We use these focal mechanisms to perform a stress inversion in the
region. We finally discuss our major findings and their implications
in the discussion section.

2 G E O L O G I C A L A N D S E I S M O L O G I C A L
S E T T I N G O F T H E G G B

The GGB (Gorin et al. 1993; Clerc et al. 2015, Fig. 1) is situated
in the southwestern extremity of the western Alpine foreland basin
(also referred to as Molasse Basin, yellow, Fig. 1), across Switzer-
land and France. It includes the Geneva Basin (Sambeth & Pavoni
1988), the Rumilly Basin, and the Bornes Plateau (GB, RB and BP,
respectively, Fig. 1), and covers an area of approximately 2500 km2,
reaching a maximum depth of ∼5 km below sea level (Clerc et al.
2015). The subsurface structure of the GGB is well-known thanks to
intensive seismic reflection campaigns that occurred from 1958 to
1990, for hydrocarbon exploration (Gorin et al. 1993). Temperature
data collected from wells in the GGB suggest an average geother-
mal gradient of about 25–30 deg km–1 (Mosar 1999; Chelle-Michou
et al. 2017).

Geologically, the GGB is constituted of thick 3–5 km Mesozoic
sediments composed of carbonates and marls that sit upon a crys-
talline basement of irregular topography, whose depressions are
filled with Permo-Carboniferous sediments (Clerc et al. 2015). On
the top of the Mesozoic layers stands a siliciclastic Tertiary Mo-
lasse sedimentary layer, that thins towards the Jura mountains. The
Tertiary Molasse is overlain by Quaternary sediments of glacial
to fluvioglacial origins (Clerc et al. 2015). Tectonically, the GGB
is restricted by the following structures (Gorin et al. 1993; Mosar
1999; Clerc et al. 2015, Fig. 1): (a) the internal reliefs of the Jura arc
mountains in the northwest and south (blue); (b) the Alpine front
thrusts in the northeast, which includes the Penninic pre-alps (pur-
ple) and the Subalpine and Helvetic Nappes (pink); (c) the Penninic
nappes and the external crystalline massifs in the southeast (green)
and (d) Lake Geneva in the north.

Two main sets of faults affect the GGB accommodating the
NW–SE Alpine compression. The first one consists of a series
of thrust faults, NE–SW orientated, located in the Jura and in the
subalpine Molasse that delineates the southeastern rim of the GGB
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Figure 1. Simplified geological map of the region surrounding the Greater Geneva Basin (GGB) together with the dense seismic network deployed from
September 2016 to January 2018 (UG network). The study area is outlined by the dashed grey rectangle. The red zones represent the 4 major fault areas in
the GGB: 1, Vuache; 2, Cruseilles; 3, Le Coin and 4, Arve faults. The red lines represent the active fault segments in the fault areas (GGB A.F.) The basins
composing the GGB are: GB, Geneva Basin; BP, Bornes Plateau and RB, Rumilly Basin. The city of Geneva is represented by a star. The brown line represents
the national borders: FR, France; CH, Switzerland and IT, Italy. The major tectonic structures presented here were modified and combined considering the
Tectonic map of Switzerland (Spicher 1980), (Ibele 2011) and (Kremer et al. 2014). The tectonic maps from Spicher (1980) and Ibele (2011) were based on
geological interpretation and outcrops evaluation. The faults in Lake Geneva were taken from Kremer et al. (2014) and mapped using seismic reflection data.

(Fig. 1). They are linked with the presence of reactivated Permo-
Carboniferous lineaments (Signer & Gorin 1995). The second set
corresponds to sinistral strike-slip fault systems orientated NW–SE,
laterally accommodating the NW–SE shortening (red areas, Fig. 1).
From South to North, geological investigations identified 4 main
fault areas, namely, Vuache, Cruseilles, Le Coin and Arve.

Despite the proximity to the tectonically active western Alpine
front (e.g. Gorin et al. 1993; Clerc et al. 2015; Rabin et al. 2018;
Houlié et al. 2018), little is known about the microseismic activity
taking place in the GGB and surrounding regions. Before 1975,
the available earthquake information was based purely on histori-
cal documents mentioning shaking and infrastructure damage and
allowed rough magnitude and intensity estimations. The location
of these events are biased by the location of historical villages and
the available written documentation. Such data must be considered
with errors of several dozens of km (e.g. 20–50 km). The historical
records show that the area was affected by seismic events with an
intensity of up to about VII (Fäh et al. 2011; Wiemer et al. 2015).
The shores of Lake Geneva were flooded by at least one lake tsunami
possibly caused by an earthquake in 563 AD (Kremer et al. 2014).
The largest seismic events occurred along the Vuache fault, a well-
mapped sinistral strike slip fault that accommodates the westwards
rotation of the Alpine front (Baize et al. 2011, Fig. 1).

Fig. 2 displays the reported background seismicity from both
historical (since 1500 until 1975, ECOS-09 catalogue, Fäh et al.
2011) and instrumental seismic catalogues (from 1975 to 31th Au-
gust 2016, ECOS09 and SED public catalogues, Fäh et al. 2011;
Deichmann et al. 2010, 2011, 2012; Diehl et al. 2013, 2014, 2015,
2018). It also shows the major tectonic structures around and within

the GGB (blue lines) previously pointed out in Fig. 1, including the
buried faults offsetting the basin and discovered in the framework
of the GeoMol project (Clerc et al. 2015; Allenbach et al. 2017)
during reflection seismic campaigns.

From 1500 to 1850, 16 earthquakes were historically documented
in the Canton of Geneva and nearby regions (white square on Fig. 2),
with estimated intensities of IV-V that can be related to likely mag-
nitudes of about 3–4, according to Fäh et al. (2011) and Wiemer
et al. (2015). The Swiss Seismological Service (SED) has been op-
erational since 1850 and reported 50 earthquakes in the region until
1975 (Fäh et al. 2011). After 1975, the seismic network of Switzer-
land was dense enough to obtain the reliable detection and location
of earthquakes (Fig. 2). Until 2008, the magnitude displayed in the
ECOS-09 catalogue corresponds to Moment magnitude (Mw), for
a total of 146 earthquakes. After 2009, the magnitudes of the SED
public catalogues are displayed as local magnitudes (Ml/MLh), and
account for a total of 22 earthquakes.

In 1996, a ML5.3 earthquake occurred at the southern tip of the
Vuache fault, followed by an aftershock sequence referred to as
the Epagny sequence (45.9◦N, 6.1◦E; Thouvenot et al. 1998; Cour-
boulex et al. 1999). The source mechanism of the major event was
a sinistral strike-slip (Section 4.3). These events led to questioning
whether the Vuache fault could generate strong magnitude events
(M6, Thouvenot et al. 1998). Apart from this area, the seismicity in
the GGB is rather diffuse (Thouvenot et al. 1998). The majority of
the events occurs within the first 15 km depth.

The seismicity located at the northeastern-most part of the GGB
is likely associated with the Alpine thrusts front, and to the south
with the Vuache fault and thrusts at the Jura mountains (Fig. 2). A
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Figure 2. Seismicity map for the GGB area with information about the background seismicity according to the ECOS-09 and Swiss Seismological Service
public catalogues. Historical seismicity is represented as black pentagons, the size corresponding to the estimated Mw. Instrumental seismicity is represented
as circles, size representing Mw or ML (depending on the catalogue) and color representing the depth. The evolution of events through time (historical and
instrumental period) that occurred in the canton of Geneva (delimited by the brown line) and nearby (white square), is shown in the bottom panel. The estimated
MC for the area is 2.0 (Diehl et al. 2018). Only since 1975 have earthquakes been recorded by instrumental networks, and only since then has the network
density allowed a data-based magnitude determination (Fäh et al. 2011). The buried faults (B.F.) retrieved from seismic campaigns are represented as blue
lines.

few events (<10) can be found nearby the Cruseilles and Arve faults
indicating that these faults could also still be active. Overall, very
little activity (2 earthquakes, considering the instrumental period) is
actually recorded in the Canton of Geneva sensu-stricto (delimited
by the brown line inside the white square). The earthquake locations
might be biased by the high noise level at the stations and the poor
network coverage prior to this study.

3 E V E N T D E T E C T I O N A N D
R E L O C AT I O N

3.1 Temporary network

We temporarily densified the existing seismic permanent networks
(CH, FR, GU, IV, Fig. 1), from September 2016 to January 2018,
with 20 additional broad-band stations (UG temporary network)
around and within the GGB to lower the detection threshold of
microseismic activity (<2 ML). The inter-stations distance is ap-
proximately 5–15 km, with closer station spacing around the city of
Geneva (i.e. at the centre of the network).

We used Centaur and DataCube digitizers and three different
types of Trillium Compact sensors: TC20s, TC120s, and TC120s-
Posthole. The stations were operating offline and continuously ac-
quiring with a sampling rate of 100 Hz and a gain of 1. Part of the
UG network was removed by the end of January 2018, keeping only
eight stations deployed in the GGB to be used for seismic moni-
toring purposes throughout the geothermal project. These stations,
together with the existing networks, were used to locate two addi-
tional events that occurred in the Jura mountains in February 2019
(Fig. 11).

Due to the dense population in the GGB, it was challenging to find
quiet places for the deployment of the broad-band sensors. Fig. 3
provides an overview of the noise levels of the UG stations, in the
form of probabilistic power spectral density (PPSD, McNamara &
Buland 2004; Beyreuther et al. 2010). Bedrock and basin stations
are colour-coded. The noise levels from the stations represent the
75th percentile PSD values obtained for each station for the period
of study (September 2016 to January 2018). The 75th percentile
was chosen to take into account the periods of higher levels of noise
at the stations, for example, during the day, where anthropogenic
sources of noise can interfere with seismic signals and affect the
detection of earthquakes.
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Figure 3. PPSD plots for the UG stations using the statistical moment of 75
percentile. Stations deployed in the basin (blue lines) show noisier records
than bedrock sites (black dashed lines). The theoretical Brune S-wave spectra
for events was estimated at 7 km epicentral distance and for a magnitude
range of ML-1.5 to ML2.5 (red dashed lines). The units were converted to
the octave wide bandpassed velocity in m s–1 for comparison. The USGS
noise models (low and high) from Peterson (1993) are represented in grey.

We overlay the plot with synthetic Brune S-wave source spectra
(Fig. 3, Brune 1970, 1971) that were computed for local earthquake
magnitudes ML between –1.5 and 2.5, using a stress drop of 2.0 MPa
at a hypocentral distance of 7 km. 7 km corresponds to the largest
distance that could separate an event from a seismic station inside
the network. The amplitudes were converted to octave bandpassed
velocity (m s–1) in order to compare the theoretical Brune S-wave
source spectra with the ambient seismic noise levels at the UG
stations (Bormann 1998; Clinton & Heaton 2002). This synthetic
computation gives an estimation of the minimum ML required for
an earthquake to be above the noise levels and, therefore, to allow
its detection.

We are particularly interested in the frequency range of 1–30 Hz,
the typical frequency range of local earthquakes (Bormann 2009).
From Fig. 3 we note that at this frequency band, the stations deployed
in the basin have higher levels of background seismic noise than the
stations deployed in bedrock. Beside the much higher attenuation
and site effects due to the sediments, the basin stations are also
closer to villages and cities where the anthropogenic background
noise is higher. Bedrock stations are deployed in more remote and
hence quiet places in the mountains. The levels of background
noise for all stations are between the standard low and high noise
models from the U.S. Geological Survey (USGS, Peterson 1993).
The 0.5 ML curve is above the noise level at all stations (in the
frequency range of interest) indicating that events ML > 0.5 that
occur inside the network should be detected by the UG network, at
any time of the day.

3.2 Preliminary seismic catalogue

We created a manual seismic catalogue for events occurring in the
area during 1.5 months (for September 2016 and the second half
of December 2016) and used this data set to calibrate an automatic
detection algorithm.

Table 1. Parameters used in the setup of the automatic detector. A very
different weight was needed to balance the influence of the two CFs which
are normalized in different ways.

Parameter P wave S wave

Weight 30.0 1.0
f-min [Hz] 1.0 1.0
f-max [Hz] 15.0 8.0
Short window [s] 1.0 –
Window ratio 8.0 –
f-smooth [Hz] 0.2 0.05
f-normalize [Hz] 0.02 –

We configured an automatic detector using LASSIE2 (Matos et al.
2016; López-Comino et al. 2017a, b) an open-source tool based on
the Pyrocko library (The Pyrocko Developers 2017). It exploits the
coherence of signals recorded at different stations to automatically
detect and locate seismic events on a grid of trial points. To derive co-
herence measures, it shift-and-stacks characteristic functions (CF),
that is, time-series derived from the 3-component recordings at each
station, enhancing certain characteristics of the waveform. Time-
shifts are used to back-propagate the CF to the trial origin points,
taking into account the seismic traveltime between trial points and
station location. We use the 1-D velocity profile by Husen et al.
(2003) to compute the traveltimes for P and S phases.

In this application, we use two sets of characteristic functions
(CF1 and CF2) in combination: CF1 is configured to be sensitive to
sharp onsets in the recordings (e.g. P wave arrivals), CF2 is designed
to rise when transient wave packets of certain duration pass (S waves
and coda). For both characteristic functions, the signal from each
channel is first bandpass filtered. Then, for CF1 a STA/LTA filter
is applied, and the function is smoothed and normalized. For CF2,
the signal is squared, smoothed and normalized. Finally, all station
channels are combined and the resulting CFs are downsampled to a
common sampling rate for efficient stacking.

The result of the shift-and-stack of the two CFs of all stations
is referred to as the image function (IF). It can be interpreted as
a coherence value for every grid point and time sample. We select
the maximum value over all grid points at each time step to form a
time series of the image function maximum (IFM). The event de-
tection is completed through peak detection on the IFM trace when
it exceeds a given threshold value. We use a detection threshold of
100 with all data, a compromise value to detect micro events with
ML < 1 inside the UG network, while keeping a low number of
false detections. The detection setup requires several parameters to
be tuned (Table 1).

Fig. 4 shows an example of a detection of a 0.8 ML event that
occurred on the 18th of February 2017. Even in the presence of high
background noise contamination, the detector was able to detect this
earthquake occurring towards the outer limit of the UG network.
The IFM for this event was 125, clearly above the defined threshold
value of 100 (Fig. 4b). Fig. 4(a) shows the original traces for the
closest stations to the source and their corresponding CFs.

We compared the detection performance of the coherence-based
detector with classical STA/LTA methods using the functions avail-
able in ObsPy (Beyreuther et al. 2010) for 25 local earthquakes
that occurred in June 2017. STA/LTA works only on the amplitude
ratios and does not consider the station distance or the coherence of
amplitudes. For STA/LTA detections, we used a short time window
of 0.5 s, a large time window of 35 s, a minimum number of stations

2https://gitext.gfz-potsdam.de/heimann/lassie
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Seismotectonics of the GGB 2031

Figure 4. Detection of a 0.8 ML magnitude event that occurred on the 18th of February 2017 at 23:16 and located on the Cruseilles fault: (a) closest recorded
waveforms to the source location and respective characteristic functions. The characteristic functions (CF) used in the shift-and-stack approach are shown in
red (CF1) and blue (CF2) lines. The traces are ordered considering the distance between station and detection. (b) Map of all stations used in the detection
process (upper figure, colour scale representing the coherence values) and Image Function (IF, lower figure) used in the detection process. The point of image
function maximum (IFM), 125 for this event, is still higher than the detection threshold used (100), indicating that lower magnitude events could be detected
as well.

of 3, and a detection threshold of 12. To be able to detect a 1.1 ML

earthquake in Lake Geneva with the STA/LTA trigger, we had to
decrease the detection threshold, increasing the number of false
alarms significantly. While both methods found the 25 local earth-
quakes, with the STA/LTA trigger we obtained 2097 detections,
including 2072 false events (98.8 per cent). With the coherence-
based detector we found 124 detections including 99 false alarms
(79.9 per cent). From the 99 false detections, only 20 corresponded
to a non-event. The remaining detections were from another type
(e.g. explosions, distant or regional earthquakes).

We then imported the waveforms of all detections into a SEISAN
(Earthquake analysis software) database (Havskov & Ottemoller
1999). We visually inspected the waveforms and categorized them
into the following types of events: local (LQ), regional (RQ) or
distant (DQ) earthquakes, quarry or mine blasts (LE), or false alerts
due to high-noise peaks at the stations (LU). For these microseismic
events, the seismic signature from tectonic (LQ) and anthropogenic
(LE) events is very similar. To reliably separate them and avoid mis-
interpretations, we labeled events as anthropogenic if they occurred
within a radius equivalent to the location error (in km) of a known
quarry (visible on satellite images).

The phase-picking was manually executed with SEISAN. We
followed the basic picking principles and seismogram interpretation
for local events described by Kulhánek (1990), Bormann (2009)

and Havskov & Ottemoller (2010). We located the events using the
program HYPOCENTER (Lienert & Havskov 1995), included in
the SEISAN software package, and using the 1-D velocity model
for Switzerland proposed by Husen et al. (2003). We picked 1252
LQ events in total, with 7817 P phases and 8864 S phases, at an
average of 6 and 7 picks per event, respectively. Only 155 of these
events were located inside the study area (grey rectangle in Fig. 9).
All picks were made by the same operator to maintain consistency.
We used a constant VP/VS ratio of 1.78, suitable for the Molasse
basin units (Vouillamoz et al. 2016).

The local magnitude (ML) was automatically determined using
the distance attenuation function proposed by Kradolfer (1984),
suitable for Switzerland (Diehl et al. 2014). The algorithm takes
the maximum zero-to-peak amplitude on the simulated Wood-
Anderson seismometer record of the horizontal channels. The max-
imum peak is taken using the maximum of the modulus of the signal
on a 2 s time window after the S-wave picking. The final magnitude
value is the median of the values obtained for each station. We refer
to this data set as the preliminary catalogue of events.

We used the ZMAP function (Wiemer 2001) from GISMO pack-
age (Thompson & Reyes 2018) to determine the MC and the b-value,
based on catalogue methods (Rydelek & Sacks 1989; Woessner
2005; Amorese 2007; Mignan & Woessner 2012). The results can
be seen in Section 4.2.
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3.3 Minimum 1-D P-wave velocity model

The P- and S-wave traveltimes were then simultaneously inverted
with the VELEST code package (Kissling 1988) to retrieve a ’min-
imum 1-D velocity model’ adapted to the GGB. The concept of
’minimum 1-D velocity model’ corresponds to an average local
1-D velocity model that is associated with station corrections to
compensate for lateral changes in velocity. Before the inversion,
we carefully assessed the quality of the picks and assigned cor-
responding weighting values (Kissling 1988; Husen et al. 2003;
Diehl et al. 2009; Husen et al. 2011). We developed a python al-
gorithm that automatically computes the time uncertainty using an
approach similar to Diehl et al. (2009) and taking the signal-to-
noise ratio (SNR) into account. This procedure is detailed in the
Appendix.

From our initial data set, we selected events with more than
6 high quality P phase readings and at least 3 readings on the
UG stations; an azimuthal GAP < 180◦ and time misfit (RMS)
error <0.7 s. The criteria of 3 readings in the UG stations was
selected to remove events that do not reach the basin and avoid
biased results provoked by low magnitude events in the Alpine
region.

Our final data set is composed of 54 events (Fig. 5) with 6–40
P-phase picks per event. The SNR is typically in the 8–20 dB range.
The uncertainty interval of the P-wave arrival time is generally low
with an average of 0.1 s, having only a few events with uncertainties
higher than 0.2 s. We used 761 high quality P-picks (weight 0-3)
and about 550 picks were discarded during the weighting process
(≥4). The time difference between the manual pickings (tM) and
the automatic procedures (tA) is close to zero for the most part of
the data set. We often observe tM <tA. This can occur when the
signal does not clearly emerge from the noise. In such cases the
automatic routine is not able to detect it correctly. The opposite (tA
< tM) happens less frequently. Fig. A1, in the Appendix, shows the
data quality of the final data set.

Fig. 5 shows the selected events and the corresponding P-wave
pseudo-ray path to each station. We observe a good pseudo-ray
coverage for the GGB. The station OG02 was used as the reference
for station corrections. This reference station was chosen because
it is a permanent station deployed on bedrock, located at the centre
of the network, and one of the stations with the highest number of
picks.

We used a linear least-square regression to determine a con-
stant VP/VS ratio of 1.70 for the 54 selected events (Fig. 5), using
PyVelest.3 The errors are close to zero and the data fit is high
(CC=0.998), using a total of 747 station picks. The software ex-
cluded 14 outliers (bottom panel of Fig. 5). The VP/VS ratio is com-
puted based on the modified Wadati diagram analysis that assumes
that the S and the P station travel times are directly proportional. We
obtained a very similar value to the one of Diehl et al. (2014): 1.71.
We found that the value used in the preliminary catalogue, 1.78, is
suitable for sedimentary environments (Vouillamoz et al. 2016) but
not for our data set. This might be due to the fact that the majority
of our events occur below a mountain range (either the Alps or Jura
mountains).

We ran VELEST with two ‘a priori velocity models’ (initial
models) retrieved from the literature: Husen et al. (2003), used in
Switzerland, and Sismalp model (Cara et al. 2015), used in the
French Alps (Fig. 7).

3https://github.com/saeedsltm/PyVelest

The ’minimum 1-D P wave model’ is then used together with the
locally determined VP/VS ratio to relocate the preliminary catalogue,
referred herein as ’relocated catalogue’. The results can be seen in
Section 4.1.

3.4 Focal mechanism determination

We estimated double-couple focal mechanisms for all possible
earthquakes in the area using a combination of methods as described
below, together with the 1-D model computed in Section 3.3. We
selected events with the largest magnitudes (to ensure reasonable
SNR) and sufficient azimuthal coverage of the focal sphere. We
additionally included two earthquakes (ML of 3.2 and 3.4) that oc-
curred in February 2019, outside the period of our experiment. The
data for these events were recorded by the temporary stations that
remained in place for seismic monitoring purposes, together with
the permanent networks in the area. In total, we selected 8 candidate
events, with ML ranging between 1.3 and 3.4 and hypocentre values
ranging within 7–13 km.

Standard waveform-matching techniques, used without any po-
larity pre-constraint, were found unstable for these small events.
Therefore, we applied different methods in parallel to obtain re-
liable results and to cross-check the robustness of the solutions.
First, we used FOCMEC (Snoke 2003), a software based on polar-
ity readings to determine double-couple focal mechanisms. Due to
the small magnitude of the events, only about 10 traces per event
show clear polarities, leading to highly non-unique solutions (e.g.
more than 200 mechanism solutions for a 6–10 degree increment
of the P–T axes, when allowing for one polarity error, Fig. 6). To
obtain better constrained polarities, we complemented the polarity
data with results from waveform matching techniques. We used the
CSPS method (cyclic scanning of the polarity solutions, Fojtikova
& Zahradnik 2014; Zahradnı́k et al. 2015) integrated in ISOLA
(Sokos & Zahradnik 2008, 2013; Zahradnı́k & Sokos 2018b) using
broad-band stations at epicentral distances shorter than 30 km. The
CSPS method uses the multiple FOCMEC solutions and, for each
of them, performs waveform inversion for source depth, time, and
scalar seismic moment. The waveform fit is quantified by the vari-
ance reduction (VR). We selected solutions with VR >0.95 VRopt
(where VRopt is the best obtained fit). The output of the CSPS tech-
nique is a suite of focal mechanisms and magnitudes that equally
fit the waveforms, giving an estimation about the uncertainties
(Fig. 6).

We sought to estimate the moment tensors of the largest events
with the algorithm of Alvizuri et al. (2018), which performs a grid
search over the full moment tensor space to find the best-fitting
mechanism. In our focal mechanism estimates, most of the events
are small, shallow, with relatively high frequencies (0.3–2 Hz), and
their waveforms are dominated by S waves and surface waves. Our
velocity model for the region was derived from P waves and may
not account for unmodeled 3-D structure such as topography and
site effects. As a consequence, the fit between observed and syn-
thetic waveforms suffered from anomalous time shifts, amplitude
discrepancies, and some later arrivals in the observed waveforms.
Therefore, we decided to apply the waveform envelope technique
(Zahradnı́k & Sokos 2018a; Carvalho et al. 2019), which is less sen-
sitive to phase delays and site amplifications. The envelope fits show
high correlations and similar focal mechanism solutions among
events, except for 2 of them (F6 and F7). The waveform fits and
the results from the complementary methods can be seen in the
supporting information.
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Seismotectonics of the GGB 2033

Figure 5. Selected events used for the velocity inversion with the corresponding pseudo-ray paths between events and stations. Only paths corresponding to
a good quality picking (0–3) were considered. The VP/VS ratio for the selected events is 1.70 (bottom panel) using 747 station picks and discarding 14 picks
(black points) from the original 761 P-picks.

4 R E S U LT S

4.1 Velocity model and station corrections

The ‘minimum 1-D velocity model’ retrieved from the velocity
inversions can be seen in Fig. 7 and corresponds to the best model
derived from the initial model of Husen et al. (2003). To verify
the stability of the solution, we also show the best solution derived
from the initial Sismalp model (Cara et al. 2015), and the 30 ’best-
fit’ solutions obtained for each of the two initial models (60 total,
Fig. 7a). Even though the two initial velocity models are different,
all best-fitting models converge into the ‘minimum 1-D velocity
model’, confirming that the final results are independent from the
initial models. The 0 km depth corresponds to the mean sea level.
The new ’minimum 1-D velocity model’ shows a lower P-wave
velocity for the upper layers (until 8 km depth) when compared with
the initial models. The velocity is nearly 6 km s–1 down to the depth
of ∼35 km, where the velocity abruptly increases to ∼8 km s–1. This
abrupt increase in velocity corresponds to the depth of the Moho

discontinuity, estimated to be at 32–34 km below the GGB (Kastrup
et al. 2004).

The station corrections associated with the ‘minimum 1-D ve-
locity model’ are shown in Fig. 8. Table 2 includes station coordi-
nates, elevation and geological setting according to Fig. 1. This
provides a better understanding of the station terms and high-
lights the major velocity anomalies caused by topography and/or
geology. Strong positive delays can be seen towards the centre of
the UG network (Molasse basin) and strong negative delays are
found at the eastern limit of the study area and beyond (in the
Alps). Small positive station corrections are found in the stations
located in the Jura mountains. The time delays range from –0.23 to
0.27 s for the GGB stations and between –0.27 and –0.72 s for
the remaining stations. The S-wave delays are stronger than the
P-wave delays and range from –2.44 to –0.73 s in the Alpine sta-
tions and from –0.46 to 0.72 s in the GGB stations. In general,
station corrections seem to correspond to topography and geology
anomalies.
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Figure 6. Focal mechanism solutions for the selected events in the area of study: comparison between the output from FOCMEC allowing one polarity error,
and CSPS results, including all solutions with VR > 0.95 VRopt. Combining polarities with waveform inversion methods allowed us to reduce uncertainties
and improve the focal mechanism solutions, even for weak and shallow events. For the detailed polarity pick of each event, see the supporting information.

4.2 Earthquake relocation

We relocated the full catalogue of earthquakes (LQ reloc) and
a selection of the best quarry blast events (LE reloc) with the
HYPOCENTER code (part of the SEISAN software package). We
used our final 1-D P-wave velocity model and respective station
corrections with a VP/VS ratio of 1.70. The preliminary locations
(LQ prelim and LE prelim, Fig. 9) were obtained using the (Husen
et al. 2003) velocity model with station corrections (computed using
OG02 as reference station for consistency). Figs 7(b) and (c) show
the location errors in depth (in km) and time residuals (RMS, in s),

respectively, for the preliminary locations and for the relocations of
both types of events (LQ and LE). We significantly decreased the
errors in the locations, especially for the LE type of events. The
median of the errors in depth decreased from 4.6 to 3.2 km for
the LQ. The average of the RMS errors of the LQ did not change
significantly (∼0.4 s for both preliminary locations and relocations)
but changed from 0.36 to 0.29 s for the LE type of events.

Fig. 9 shows the preliminary locations and relocations of LQ
and LE events where it is possible to observe small differences in
latitude and longitude on both types of events. The azimuthal gap
between stations is <180◦ and the distribution of the network is
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Seismotectonics of the GGB 2035

Figure 7. Velocity models and error analysis for the events located in the area of study. (a) ’Minimum 1-D velocity model’ for the GGB (red bold line) and
best-fitting solutions (grey and blue solid lines) derived from the initial models (dashed lines) (Husen et al. 2003; Cara et al. 2015). The result is independent
from the input. (b) Errors in depth for the preliminary locations using the (Husen et al. 2003) initial model (dashed line) and for the relocations using the final
‘minimum 1-D velocity model’ (solid line) for the earthquake events (LQ, red bold line). (c) Residual time errors (RMS) for the preliminary locations and the
relocations of the LQ and the quarry blast events (LE, thin orange line).

homogeneous and dense enough to cover the events distribution.
However, the differences in the depth location are significant. After
relocation, the LQ events are located at greater depths (average of
2 km), reaching a maximum of 20 km, and occur slightly earlier
than the preliminary locations (∼1 s). From the N–S and the E–W
profiles in Fig. 9, we can observe an improvement on the relocations
of the LQ events. In general, the epicentres of the relocated events
cluster more than in the original locations. The depth locations
are only reliable inside the grey rectangle in Fig. 9, where station
corrections have lower values. In the Alpine area, the depth locations
are biased by the selection of reference station.

The 97 LE events located in the study area are weak and highly at-
tenuated in the basin, leading to poor SNR ratios. The signal is only
clear in a few stations, usually the closest to the event, which is not
enough to constrain their depth properly. For this reason, we decided
to fix their depth at zero, as we know that the quarry blasts occur at
the surface. Thus, no depth errors can be estimated (Fig. 7b). Yet,
we estimate the RMS errors associated to this assumption (Fig. 7c).
We analysed the time occurrence of the LE events (Fig. 10d) and
we observed that they occur exclusively during working hours, con-
firming the initial identification as anthropogenic activities. They
are more likely to happen in the morning, from 7 to 11 am (UTC
time) and no events were identified between 6 pm and 7 am.

We located 1252 LQ events in the whole region shown on the
map of Fig. 9, but only 155 in the study area (inside the grey rect-
angle). The seismicity is moderate with several swarms occurring
in the Alpine region (east of the study area). Swarms are defined
as seismic sequences with more than 10 events and if a maximum
number of events per day is greater than twice the square root of
the swarm duration in days (Mogi 1963; Matos et al. 2018). The
swarms occurred in specific time periods and are visible as ‘steps’
in the cumulative number of events plot (Fig. 10a). The largest of
the swarms in the Alpine region was located in the northeast of the
lake Geneva and includes the largest seismic event recorded in the
whole region (4.2 ML) during our experiment. We detected more
than 500 earthquakes associated with this swarm.

Considering the study area alone (grey rectangle, Fig. 9), only 155
LQ events were located within the 1.5 yr period of the experiment.
The seismic swarm on the southeast of the lake Geneva occurred
in December 2016. We detected 43 events within 2 days (22th and
23th of December 2016). This swarm started with a ML 3.2 event.
This was the largest event in the study area within the time range
of this experiment. The magnitude of the events in the area is low
and ranging from 0.7 to 2.5 ML, with a few larger events going up
to 3.2 ML (Fig. 10b). The seismic rate in the study area is low, with
an average of 100 earthquakes per year.
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Figure 8. P-wave (upper image) and S-wave (lower image) station corrections for the ‘minimum 1-D velocity model’. We observe positive anomalies for the
stations located in the basin, composed of sediments, and negative anomalies on the stations deployed in the mountains on bedrock. Larger anomalies are found
on remote stations. The S-wave corrections are stronger than the P wave. REF, reference station used with VELEST; BB, broad-band station; SP, short period
station; SM, strong motion station.

We obtained a MC value of 1.3 and a b-value of 1.14 for the study
area (Fig. 10c) using the Goodness of Fit Test with a probability of
90 per cent (GFT - Mc90, Wiemer & Wyss 2000; Wiemer 2001).
Please note that the estimated MC is still relatively high compared
to a possible detection threshold of ML of 0.5 (Fig. 3). This is a
consequence of the low number of events in the GGB area—that is,
close to the centre of our network—during the relatively short time
period of our experiment.

4.3 Regional tectonics and stress inversion

The seismicity in the GGB is weak and scarce with only 17 earth-
quakes located during the time range of our experiment. Fig. 11
shows the final catalogue of the relocated events and the estimated
local magnitudes together with the focal mechanisms retrieved in
this study. We also included all focal mechanisms from the litera-
ture (L events in Table 3 and Fig. 11, Kastrup et al. 2004, and ref-
erences therein). The earthquakes from the relocated catalogue are

associated with known local tectonic structures. We recorded three
earthquakes associated with the Vuache fault (F1, F4 and F5) and 2
micro-events at the Cruseilles and Arve (F8) faults. The majority of
the events (F1–F5 and L1–L4) show an almost pure sinistral strike-
slip mechanism. One of the two possible plane solutions is aligned
or at least sub-parallel to the strike of the Vuache fault. Mecha-
nisms L6, L7 and F8 are strike slip as well but the possible plane
solutions orientation cannot be directly associated with the orienta-
tion of a fault. Mechanism L8 can be associated with the thrusts in
the Jura units and L5 shows a transpressional kinematic. We addi-
tionally obtained a normal-fault mechanism in the Pre-alps region
(F6), where the December 2016 swarm occurred, and a reverse-fault
event that can be associated with the Alpine thrusts front and lo-
cated in Lake Geneva (F7). Here, we detected a small cluster of six
earthquakes.

Table 3 shows relevant information about the newly retrieved
focal mechanisms (F1–F8), together with the ones retrieved from
the literature, taken from Kastrup et al. (2004) and references therein
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Seismotectonics of the GGB 2037

Table 2. Station coordinates (latitude, in ◦N and longitude, in ◦E), elevation (meters above the sea level), station type (BB, broad-band; SP, short period; ST,
strong motion), station corrections for P and S waves (in seconds) and geological setting where the station is deployed (GS).

Netw. Stat. Lat. Lon. Elev. Type P-corr S-corr GS

UG UG01 46.1755N 6.0393E 415 BB 0.20 0.64 Molasse
UG UG02 46.1183N 6.1717E 1162 BB 0.05 −0.02 Jura
UG UG03 46.0853N 6.0255E 702 BB 0.13 −0.01 Molasse
UG UG04 46.1767N 5.8812E 1056 BB 0.07 0.08 Jura
UG UG05 46.2420N 5.9657E 652 BB 0.09 −0.04 Jura
UG UG06 46.1527N 6.1270E 477 BB 0.27 0.59 Molasse
UG UG07 46.1968N 5.9838E 465 BB 0.14 0.25 Molasse
UG UG08 46.1050N 5.9172E 522 BB 0.07 0.30 Jura
UG UG09 46.1850N 5.6843E 783 BB 0.12 0.31 Jura
UG UG10 46.2690N 6.6148E 809 BB −0.15 0.25 Pre-alps
UG UG11 46.0030N 5.7852E 484 BB −0.03 0.03 Jura
UG UG12 46.2483N 6.2673E 463 BB 0.24 0.60 Molasse
UG UG13 46.3087N 5.8420E 1130 BB 0.24 −0.06 Jura
UG UG14 46.3773N 5.9123E 1046 BB 0.09 −0.37 Jura
UG UG15 45.9580N 5.9382E 562 BB −0.01 −0.17 Molasse
UG UG16 45.9688N 6.0742E 839 BB −0.16 −0.31 Jura
UG UG17 46.0898N 5.8013E 469 BB 0.16 0.18 Molasse
UG UG18 46.0647N 6.2657E 866 BB 0.09 0.12 Molasse
UG UG19 46.3042N 6.4473E 578 BB 0.18 0.49 Pre-alps
UG UG20 46.1927N 6.3327E 950 BB 0.19 0.52 Pre-alps
CH DIX 46.0811N 7.4084E 2370 BB −0.38 −1.13 Alps
CH SCOD 46.4705N 7.1287E 923 ST −0.48 −0.94 Pre-alps
CH AIGLE 46.3418N 6.9530E 785 BB −0.36 −0.45 Pre-alps
CH SENIN 46.3634N 7.2993E 2020 BB −0.50 −0.82 Alps
CH GIMEL 46.5336N 6.2655E 1094 BB 0.14 0.72 Jura
CH TORNY 46.7736N 6.9587E 710 BB 0.08 0.28 Molasse
CH BRANT 46.9380N 6.4730E 1145 BB 0.23 −0.14 Jura
CH GRYON 46.2505N 7.1111E 1282 SP −0.46 −0.73 Alps
CH SALAN 46.1442N 6.9730E 1881 SP −0.44 −1.06 Alps
FR OG02 46.1542N 6.2202E 606 BB 0.00 0.09 Jura
FR OGSI 46.0567N 6.7561E 750 BB −0.72 −1.21 Alps
FR RSL 45.6882N 6.6245E 1590 BB −0.61 −1.78 Alps
FR OG35 46.0449N 5.5718E 900 BB −0.07 0.19 Jura
FR OGMY 45.8810N 5.8893E 656 BB −0.16 −0.39 Jura
FR RIVEL 46.7590N 5.9225E 871 BB −0.21 0.17 Jura
FR OGSM 45.6093N 5.6972E 546 BB −0.17 −0.46 Jura
FR OGRV 46.3459N 4.7522E 293 BB −0.27 −0.44 Massif-central
C4 CERN1 46.2359N 6.0548E 356 BB 0.17 −0.09 Molasse
C4 CERN5 46.3099N 6.0761E 418 BB −0.23 −0.45 Molasse
C4 CERNS 46.2669N 6.0662E 463 BB 0.09 −0.17 Molasse
GU REMY 45.8378N 7.1565E 2448 BB −0.39 −1.22 Alps
GU LSD 45.4595N 7.1343E 2285 BB −0.49 −2.44 Alps
IV MRGE 45.7698N 7.0610E 1660 BB −0.22 −1.15 Alps

(L1–L8). This information was used to calculate the stress field in
the area with STRESSINVERSE (Vavryčuk 2014) for a total of 14
events. F6 and F7 mechanisms (Figs 6 and 11) were excluded from
the inversion due to major problems with waveform fits and result
consistency. We decided to show the mechanisms nevertheless, due
to the amount of polarities available. For these 2 events, waveform
fits were difficult to obtain due to the large inter-station distance.

The final result of the stress inversion can be seen at the top of
Fig. 11 showing quasi pure strike slip kinematic acting in the GGB.
We observe that the horizontal maximum principal stress, σ 1, is ori-
entated N291◦E with a dip of 4◦. The intermediate principal stress,
σ 2, is oriented N150◦E with a dip of 85◦ and the least principal
stress, σ 3, is orientated N22◦E and with a dip of 3◦. The σ 1 ori-
entation is subparallel to the direction of the major fault systems
crossing the GGB: Vuache, Le Coin, Cruseilles and Arve which are
characterized by a strike ranging from N120◦E to N150◦E (Thou-
venot et al. 1998; Baize et al. 2011; de La Taille et al. 2015).

The two principal fault mechanisms derived from stress inver-
sion (Vavryčuk 2011, 2014) are shown in Fig. 11. The arrows
point out the principal fault nodal lines that correspond to the
fault planes satisfying the failure criterion with high probabilities
of being activated (Vavryčuk 2011). The nodal planes are those
with an angle less than 45◦ from the axis of σ 1. The upper focal
mechanism fault plane is aligned with the major strike-slip fault
structures in the area. The lower focal mechanism fault plane is
aligned with fault structures mapped to the north of the Arve fault
area.

5 D I S C U S S I O N

The 17 months of seismic data show a low seismic rate for the
GGB, with 17 detected events counting a total of 12 earthquakes
per year (Figs 9 and 11). No events were located in the canton
of Geneva, where the geothermal activities will take place. The
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2038 V. Antunes et al.

Figure 9. Map of the earthquakes (LQ) and quarry blasts (LE) epicentres. The preliminary locations were performed using the Husen et al. (2003) velocity
model (black dots for LQ and grey circles for LE) and the relocations were performed with the new 1-D velocity model (red dots for LQ and orange circles
for LE). The latitude and longitude of the relocated events do not vary significantly. In depth, the relocated events appear deeper (∼2 km). The area where the
relocation with the minimum 1-D model is expected to be more reliable is shown within the grey rectangle. The depth of the LE events is fixed as they are
expected to be at the surface.

quasi-absence of instrumental seismicity in the canton of Geneva
(2 events between 1975 to August 2016, Fig. 2) suggests that the
historical major events (Mw > 3 from 1500 to 1975) felt in the
canton of Geneva probably occurred along the seismically active
faults crossing the GGB (Figs 2 and 11). We speculate that the
higher population density of the city of Geneva (compared to the
surrounding regions) may have biased the location of these moderate
earthquakes.

The pre-selection of events used to retrieve our new ‘minimum 1-
D velocity model’ (Fig. 7a) yield to a complete pseudo-ray coverage
for the GGB (Fig. 5). The station corrections are in agreement with
local geology (Fig. 8), generally suggesting lower velocities for the
Basin infill and higher velocities in the alpine area. We note that the
pattern of station correction in the Jura mountains is more complex,
showing a mix of positive and negative anomalies. Interestingly,
the pattern of S-wave corrections correlates with the shear-wave
velocity model of the GGB, obtained from a local ambient-noise
tomography study (Planès et al. 2020).

After relocation, we significantly decreased the errors in the loca-
tions (Figs 7b and c) for both earthquakes and quarry blast events.
In the Alpine region, the depth of the relocated events is biased
towards greater depths due to strong station delays (Figs 8 and 9
and Table 2). As a test, we a ran a VELEST inversion using an

alpine reference station (e.g. AIGLE), which resulted in shallower
depths for the Alpine events. However, the Alpine area is outside the
main focus of this study. Thus, we keep OG02 as a central reference
station for the GGB.

Keeping this in mind, we want to exclude a possible bias of the
velocity model induced by the distant Alpine events. For this pur-
pose, we tested VELEST on a subset of 18 events (occurring within
or in closer proximity to the GGB) and using our new ‘minimum
1-D velocity model’ as input (supporting information). The ‘subset
model’ obtained with the subset of events is in fact equivalent to the
‘minimum 1-D velocity model’ with the exception of the very first
layer (>0 km), where the velocity is 4.41 km s–1. The ‘subset model’
leads to a significant decrease of the RMS errors of the quarry blast
events (to an average of 0.25 s), but not for the earthquakes. This
implies that the ‘subset model’ could be more accurate to locate
events at the centre of the GGB (Molasse basin). For what concerns
the measured earthquakes, located mainly towards the limits of the
GGB (mountain areas), our new ‘minimum 1-D velocity model’
seems to be more suitable (supporting information).

Of particular interest to us is whether the depth of the Vuache
events is affected by the choice of the retrieved velocity model and
respective reference station. We compared the relocations in the
following case scenarios: original data set with reference stations
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Seismotectonics of the GGB 2039

Figure 10. Quantitative analysis of the seismic catalogue. Upper panels show the magnitude of events versus time (blue dots) and cumulative number of events
(red line) for LQ events, during the acquisition period: (a) whole region; (b) area of study (note different vertical scale). (c) The Gutenberg–Richter relation
and MC for the area of study using the Goodness-of-fit Test with a probability of 90 per cent plotted with Z-MAP (GFT - Mc90, Wiemer & Wyss 2000; Wiemer
2001). The scarce seismicity in the area is affecting the MC value. (d) Origin time (UTC, in hours) of the events identified as LE (quarry blasts). LE events
occur mainly during working hours.

AIGLE, UG10 and UG03; and the subset of events using stations
OG02 and UG04 as reference. We verified that the depth of the
Vuache events remains similar for all these models, located about
4 km deeper than the preliminary locations (using the initial models)
and with lower errors associated (suppoting informtaion).

The MC value of 1.3 computed for the study area is already a
considerable improvement compared to the MC of 2.0 before our
experiment. However, this value seems to be influenced by the seis-
mic swarm of December 2016 located outside the UG network. The
nearest stations are at epicentral distances of 14 and 15 km (UG10
and AIGLE stations) and the remaining stations above 24 km. This
affects the detection and location of such weak events. Inside the
dense UG network, where we estimate an average of 7 km epicentral
distance to the nearest station, more earthquakes with lower magni-
tudes could have been detected. For this reason the MC would have
been lower if such events had occurred. As pointed out previously,
when comparing the background noise level at the UG stations with

the theoretical S-wave source spectra (Fig. 3), we verify that a theo-
retical value of 0.5 ML earthquake could be detected inside the UG
network. For example, the coherence-based tool detected a 0.8 ML

earthquake (Fig. 4) above the limit threshold.
The determination of the focal mechanisms for such low-

magnitude events in a complex tectonic region is challenging.
The lateral variations of velocity, amplification effects, and shal-
low depths strongly affect synthetic computation, thus affecting the
waveform correlations. Such variations at a local scale cannot be
taken into account in a simple 1-D velocity model. Besides, we
constantly observed differences between the hypocentres from the
relocated catalogue and the centroid depths from waveform inver-
sion, with the latter being shallower. This can be a bias due to the
selection of stations at close epicentral distances (<30 km). This
usual selection allows lower frequency ranges, with better SNR, and
to be less dependent on the local structure and site effects. Using
stations at greater epicentral distances, the centroid depths match
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Figure 11. Geological and tectonic map with the relocated events, their magnitudes ML, and retrieved focal mechanisms (F, in black). The earthquakes retrieved
from the literature (L) are taken from Kastrup et al. (2004) and are shown in grey. Their sizes scale with magnitude and their values can be consulted in Table 3.
The two new earthquakes (F2 and F3), that occurred in February 2019, are represented as open circles. The stress inversion result is on the top of the map,
with σ 1, σ 2 and σ 3 in red, green, and blue, respectively. The orientation of the principal fault mechanisms obtained from stress analysis are represented as red
mechanisms. The associated black arrows indicate the principal fault nodal lines. The white dashed line represent the limits of the GGB. Legend of the map
features can be found on Figs 1 and 2. ∗ - excluded from the stress-inversion.

Table 3. List of the selected events for which we computed focal mechanisms (F), together with the ones retrieved from the literature (L), according to Kastrup
et al. (2004) and references therein. The Table headers correspond to: OT, origin time; Lat Lon HZ, catalogue location (latitude, in ◦N; longitude, in ◦E; and
hypocentral values, in km); ML - local magnitude; Filter - frequency range used for waveform inversion, in Hz; Mw - moment magnitude; CZ - centroid depth,
in km; s/d/r - strike, dip and rake of possible fault planes, in degrees, obtained using CSPS method; Comments - F1–F8: alternative name, L1–L8: reference
number in Kastrup et al. (2004).

ID OT Lat Lon HZ ML Filter MW CZ s/d/r s/d/r Comments

F1 2017-08-24 21:47 46.15 5.83 6 2.0 0.3–0.6 2.3 8 161/83/-25 254/65/-172 VuacheT
F2 2019-02-05 21:32 46.03 5.68 13 3.4 0.3–0.6 2.7 6 241/87/170 332/80/3 New1
F3 2019-02-05 21:52 46.03 5.68 13 3.2 0.3–0.6 2.4 5 246/80/-174 155/84/-10 New2
F4 2017-04-10 13:30 46.04 5.95 7 2.0 1–1.5 2.0 5 332/61/7 239/84/151 VuacheM
F5 2017-12-04 18:49 45.95 6.07 7 2.1 0.3–0.6 2.5 1 35/84/-163 303/73/-6 VuacheB
F6 2016-12-22 19:50 46.35 6.76 13 3.2 0.3–0.6 3.2 3 330/42/-90 150/48/-90 Dec-alps
F7 2017-02-15 20:48 46.42 6.43 11 1.7 0.6–1 1.8 3 228/66/90 48/24/90 Lake
F8 2017-07-18 17:36 46.34 6.09 11 1.3 1–2 1.4 5 351/85/-30 84/60/-174 Arve
L1 1983-11-16 00:27 46.03 5.96 4 2.6 – – – 349/90/0 79/90/-180 145
L2 1975-05-29 00:32 46.04 6.02 0 4.2 – – – 242/70/174 334/84/20 141
L3 1996-07-15 00:13 45.94 6.09 2 5.3 – – – 316/70/-11 50/80/-160 153
L4 1980-12-02 05:58 45.83 6.28 1 4.3 – – – 302/76/-4 33/86/-166 143
L5 1994-12-14 08:56 45.96 6.43 10 4.5 – – – 332/44/29 220/70/130 152
L6 1982-11-08 13:02 46.15 6.27 4 3.8 – – – 97/62/-167 1/79/-29 144
L7 1971-06-21 07:25 46.40 5.80, 3 4.4 – – – 99/57/-166 1/78/-34 140
L8 1968-02-05 02:28 46.60 5.80 6 3.5 – – – 224/38/90 44/52/90 139

better with the hypocentral values (from our new catalogue). This
was verified for the largest events (F2 and F3 in Figs 6 and 11) but
not for the remaining events due to the poor SNR at large epicentral
distances.

The stress inversion results point out a quasi-pure strike-slip
regime. This is in agreement with structural geology (e.g. Gorin
et al. 1993; Baize et al. 2011; Charollais et al. 2013; Rabin et al.
2018) and geophysical (Allenbach et al. 2017) investigations sug-
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gesting that strike-slip faults are accommodating the converging
and rotation of the Alpine front and of the Jura mountains.

STRESSINVERSE yields two principal focal mechanisms (con-
cept from Vavryčuk 2011, indicated by the red focal mechanisms
on Fig. 11). In each focal mechanism, the principal plane is the
one striking less than 45◦ from the maximum principal stress, σ 1

(indicated by the arrows in the red focal mechanisms). The Vuache,
Cruseilles, Le Coin and the Arve faults are oriented along one of
these principal planes (upper red mechanism, Fig. 11). The fault
systems occurring to the north of the Arve fault are oriented along
the other one (bottom red mechanism, Fig. 11). This implies that the
major faults crossing the GGB are active or may be prone to being
reactivated under the ongoing tectonic regime (Vavryčuk 2011).

Fig. 11 points out that the seismic activity occurs mainly beneath
the Alps and the Jura mountains. This is in agreement with GPS data
pointing out the uplift of the chains (cf. Rabin et al. 2018; Houlié
et al. 2018) and therefore an active deformation. We observed 1
earthquake at the Arve fault (at 11 km depth), and 1 at the Cru-
seilles fault. The Vuache fault showed a seismic activity marked by
three events with a ML between 2.0 and 2.1, and hypocentres rang-
ing from 6.4±1 and 7.1±2.1 km. An ongoing debate is whether the
major fault structures offsetting the GGB reach the basement, at
∼4.5 km depth below the Vuache fault (Sambeth & Pavoni 1988;
Thouvenot et al. 1998; Baize et al. 2011). The hypocentre values
obtained in this study (shown in Fig. 9 and Table 3) point out that
the Vuache fault (and by analogy possibly also the Arve, Le Coin
and Cruseilles faults) are crustal structures reaching at least 6–7 km
depth. This was previously postulated by Sambeth & Pavoni (1988)
and Baize et al. (2011). The northernmost distribution of micro-
seismicity detected along the Vuache fault (Fig. 11) also supports
Donzeau et al. (1997) who suggested that this fault splits into two
segments when offsetting the Jura Mountains (Fig. 11).

No earthquakes were associated with the Le Coin fault. Simi-
larly, the fault systems identified from active seismic data in the
framework of previous studies (Allenbach et al. 2017, blue lines in
figs 2 and 11) did not show seismic activity (Figs 9 and 11). The
short interstation distance and the low detection threshold of 0.5 ML

estimated for the centre of the network would have been sufficient
to detect microseismic activity along those faults. This implies that
such faults are either inactive or that their period of recurrence of
events is larger than the period of our experiment. Looking at the
instrumental seismicity, we observe only one event of ML 2 occur-
ring in the centre of the GGB (in green, Fig. 2), three events that
seem be associated with the Arve fault, at least three earthquakes
falling within the limits of the Cruseilles fault area, and another 6
earthquakes with a disperse distribution at the NE of the canton of
Geneva (white rectangle, Fig. 2). Regarding the two earthquakes
located near the Le Coin fault, we cannot discriminate which fault
systems they are associated with (either the Le Coin strike-slip fault
or the SW–NE thrust faults).

The instrumental seismicity combined with our recent data sug-
gest that the Vuache, Cruseilles and Arve faults need to be consid-
ered as active seismogenic areas reaching at least 5 km depth (i.e.
relocated depth of 7.1±2.1 km). As for the Le Coin fault, we did
not find clear evidences of seismic activity. The potential crustal-
reaching of the local faults could have important implications for the
seismic hazard of western Switzerland (Wiemer et al. 2016). The ML

5.3 Epagny earthquake (L3 in Fig. 11 and Table 3) that occurred in
1996 along the Vuache fault (Thouvenot et al. 1998) shows that this
strike slip structure is able to generate moderate-magnitude seismic
events. In particular, if considering the empirical formulas of Wells
& Coppersmith (1994) to estimate the magnitude of an earthquake

based on their rupture surface (in km2), we suggest a possible M6
along the Vuache fault (assuming the Vuache as a strike-slip fault
with 30 km long and reaches 7 km depth, the deepest hypocentre
value in this fault). Thouvenot et al. (1998) declared a possible 12-
km-long potential seismic gap in the Vuache fault and also pointed
out a possible M6 in this fault. The depth obtained for the Vuache
events can be another indicator that a possible M6 might occur in
this strike-slip fault.

6 C O N C LU S I O N S

The study of microseismicity in sedimentary basins is challenging
due to the scarce occurrence of seismic events combined with low
SNRs and the often strong attenuation. However, the investigation
of the sporadic (yet present) natural seismicity with dedicated dense
networks can provide useful information, even with short-term ex-
periments.

We deployed a dense temporary network composed of 20 broad-
band stations, from September 2016 to January 2018, around and
within the GGB reaching a detection threshold of ML of 0.5. During
this time we recorded 155 events with magnitudes of 0.7–3.2 ML in
our study area, but only 17 events were located in the GGB, with
ML ranges of 0.7–2.1. No earthquake was located in the Canton
of Geneva. Instrumental and historical seismic catalogues show the
same results (with only 2 earthquakes at north, in the lake).

We used the recorded seismicity to retrieve a minimum 1-D ve-
locity model for the GGB. This new velocity model allowed us to
relocate microseismic activity up to 11 km depth along the main
faulted areas (i.e. Vuache, Cruseilles, Le Coin, Arve) offsetting the
basin. Among them, the Vuache fault is the major tectonic structure
crossing the basin. Empirical relations suggest that this fault may
possibly generate M6 earthquakes. The inversion of the focal mech-
anisms has shown a tectonic deformation dominated by a quasi-pure
strike slip regime. This is in agreement with geological data.

From a geothermal exploration perspective, we found no events in
the Canton of Geneva where the geothermal project is currently on-
going. However, monitoring the evolution of the seismicity through-
out the geothermal project is highly recommended. We propose us-
ing the newly computed 1-D velocity model for the GGB in future
seismological investigations.

Quantifying the seismic rates occurring before geothermal op-
erations also helps quantifying the impact that geothermal energy
extraction may have on the GGB.
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To improve the analysis, we complemented our temporary net-
work with the following permanent stations: AIGLE, BRANT,
GIMEL, SENIN, TORNY, GRYON, SALAN, DIX, SCOD (CH,
SED 1983); OG02, OG35, OGMY, OGSI, OGRV, RIVEL, RSL
(FR, RESIF 1995); CERN1, CERN5, CERNS (C4, CERN 2016);
REMY, LSD (GU, University of Genova 1967); MRGE (IV, INGV
2006). For the location of the 2 extra events we additionally used new
seismic stations installed in the GGB: SAVIG (CH, SED 1983); and
CI08, CI10 and CI11, from the Grenoble temporary network (XT,
ISTerre 2018-2020). The data was downloaded via ArcLink/WebDC
request client using ObsPy (Beyreuther et al. 2010). The seismic
data from our temporary network will be made available by the cor-
responding author on request. All maps presented were produced
using the software package GMT (Wessel et al. 2013).
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S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at GJI online.

Figure S1. CSPS method results for event F1: final solution with
polarity picks, depth versus moment magnitude plot with VRopt
values colour coded and waveform fits for the closest stations.
Figure S2. Envelope method results for event F1: focal mechanism
solution and waveform fits.
Figure S3. Alvizuri et al. (2018) method for event F1: focal mech-
anism solution and waveform fits.
Figure S4. CSPS method results for event F2: final solution with
polarity picks, depth versus moment magnitude plot with VRopt
values colour coded and waveform fits for the closest stations.
Figure S5. ISOLA in deviatoric mode results for event F2: final
solution with polarity picks and time versus depth plot, with corre-
lation value colour-coded.
Figure S6. Alvizuri et al. (2018) method for event F2: depth anal-
ysis, final solution and waveform fits.
Figure S7. CSPS method results for event F3: final solution with
polarity picks, depth versus moment magnitude plot with VRopt
values colour coded and waveform fits for the closest stations.
Figure S8. ISOLA in deviatoric mode results for event F3: final
solution with polarity picks and time versus depth plot, with corre-
lation value colour-coded.
Figure S9. Alvizuri et al. (2018) method for event F3: depth anal-
ysis, final solution and waveform fits.
Figure S10. CSPS method results for event F4: final solution with
polarity picks, depth versus moment magnitude plot with VRopt
values colour coded and waveform fits for the closest stations.
Figure S11. Envelope method results for event F4: focal mechanism
solution and waveform fits.

Figure S12. CSPS method results for event F5: final solution with
polarity picks, depth versus moment magnitude plot with VRopt
values colour coded and waveform fits for the closest stations.
Figure S13. Envelope method results for event F5: focal mechanism
solution and waveform fits.
Figure S14. CSPS method results for event F6: final solution with
polarity picks, depth versus moment magnitude plot with VRopt
values colour coded and waveform fits for the closest stations.
Figure S15. Envelope method results for event F6: focal mechanism
solutions for different depths and waveform fits.
Figure S16. Misfits for 3, 8 and 13 km, respectively for event F6.
Figure S17. CSPS method results for event F7: final solution with
polarity picks, depth versus moment magnitude plot with VRopt
values colour coded and waveform fits for the closest stations.
Figure S18. Envelope method results for event F7: focal mechanism
solution and waveform fits.
Figure S19. Focal mechanism misfit for event F7.
Figure S20. CSPS method results for event F8: final solution with
polarity picks, depth versus moment magnitude plot with VRopt
values colour coded and waveform fits for the closest stations.
Figure S21. ISOLA in deviatoric mode results for event F8: fi-
nal solution with polarity picks and time versus depth plot, with
correlation value colour-coded.
Figure S22. Subset of 18 events used with VELEST.
Figure S23. Depth for the 3 Vuache events using different velocity
models resulting from different reference stations (aigle, og02-PS,
og02-P, ug03, ug10), different subsets (og02-og02, og02-ug04) and
the initial models (french, husen) using respective station correc-
tions.
Figure S24. RMS-error analysis for the LQ and LE using og02-PS
and og02-ug04 velocity models with respective station corrections.

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.

A P P E N D I X : P I C K I N G W E I G H T
A S S I G N M E N T

To verify the quality of the picking, ensure consistency, compute
the uncertainty, and reduce human error, we used a combination of
manual and automatic processes. We repicked the preliminary cat-
alogue of events with close attention around the P phase, especially
when the signal and the noise may be mixed and where automatic
routines can fail. Then, we developed a python algorithm that auto-
matically assigns weight values and evaluates the data set quality.
The algorithm assigns the weight value considering the picking
uncertainty and the SNR around the manual pick.

For each event, our algorithm reads the waveform corresponding
to the vertical channels, removes their mean, tapers and bandpass
filters by 1–15 Hz Butterworth 4th order filter. Then it selects a
time window of 3 s before and 1 s after the manual picking (tM)
for analysis, Fig. A1. To keep consistency between the manual pick
(using SEISAN) and the automatic routine we did not implement a
zero-phase filter.

The SNR is taken using the first 2.3 s as noise and the 1 s after tM
as signal (red and green areas, respectively, Fig. A1). We exclude a
0.7 s interval before tM to remove the interval where the signal and
the noise may be mixed, even if a phase misidentification happens
to occur (e.g. Pg picked as Pn). We found that using only the SNR
to define the quality of the picking was not enough to assign the
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Seismotectonics of the GGB 2045

Figure A1. Evaluation of the picking quality process before the new velocity model calculation: tM - manual picking; tL - the latest time the pick can be done
(1.5x maximum of noise); tE - the earliest time automatically computed (point where tangent is zero); tA - average between tE and tL; Unc - uncertainty of
the pick (biggest interval between tM, tL and tE); 2 - weight value assigned to this example. Data set quality to be used with VELEST and P-wave quality
information based on the automatic procedure developed are shown in the left bottom panel.

quality. Thus, we adapted the approach described by Diehl et al.
(2009) to compute the interval of uncertainty (unc.) around tM.

The uncertainty is the time interval where the pick can always be
correctly done. We define the ‘latest picking time’ tL as the earliest
time where the signal amplitude crosses/overpasses a threshold of
1.5 times the noise level. We recursively determined the tangent
slope for each point, from tL to earlier times until we obtain a
tangent of zero (0.01 times the maximum of the function) as the
‘earliest picking time’, tE. tA is the average of tE and tL. The
uncertainty is the maximum interval between tM, tE and tL.

The weighting is assigned from 0 to 5 as it is proposed by Kissling
(1988), Husen et al. (2003), Diehl et al. (2009) and Husen et al.
(2011), Table A1. The algorithm additionally uses the SNR to de-
crease the quality, by adding weight as it is shown in Table A1.

Weights higher than 5 are assigned as 5. The routine automatically
writes the final weight associated with the picking in the respective
s-file (Nordic format; used by SEISAN). Some examples of the
picking assignment can be found in Fig. A2.

We assigned the quality of the S-picks using the same approach
as for the P waves but adapting the parameters to the characteristics
of the S waves, as shown in Table A1, and using a bandpass filter
of 1–8 Hz. Due to lower SNRs, the majority of the S waves picked
were discarded, remaining a total of 514 S-picks.

Combining manual and automatic procedures, we include the
advantages of the manual picks (control on the picking when the
signal and the noise are mixed) with the advantages of the automatic
routines (consistency and stability). Thus, we were able to use picks
that otherwise would be discarded, increasing our final data set.
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Figure A2. Examples of pick assignment. Red line is tM, green line is tA. tE and tL are represented by the two green dots. The uncertainty is the greatest
interval between tM, tA, tE and tL. The numbers above the plots represent the respective weight value assigned.
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Seismotectonics of the GGB 2047

Table A1. Weighting values proposed by Diehl et al. (2009) for the P and S waves based on the uncertainty interval (in s). No uncertainty value is obtained
(NaN) if the routine is not able to detect tL or the if the time residual of the picking is higher than 0.8 s (considered as a phase misindentification). The SNR is
used to increase the weight. Weight higher than 5 is assigned as 5.

Weight Quality P-Unc.[s] S-Unc.[s] P-SNR [db] S-SNR [db] Weight increment

0 Best <0.05 <0.1 <10 <7 2
1 Good 0.05–0.1 0.1–0.175 10–20 7–15 1
2 Fair 0.1–0.2 0.175–0.25 >20 >15 0
3 Worst 0.2–0.4 0.25–0.3
4 Discarded >0.4 > 0.3
5 Discarded NaN NaN
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