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Abstract

The interpretation of seismotectonic processes within the uppermost few kilometers of the Earth's crust has proven
challenging due to the often significant uncertainties in hypocenter locations and focal mechanisms of shallow seis-
micity. Here, we revisit the shallow seismic sequence of Saint-Ursanne of March and April 2000 and apply advanced
seismological analyses to reduce these uncertainties. The sequence, consisting of five earthquakes of which the
largest one reached a local magnitude (M,) of 3.2, occurred in the vicinity of two critical sites, the Mont Terri rock
laboratory and Haute-Sorne, which is currently evaluated as a possible site for the development of a deep geothermal
project. Template matching analysis for the period 2000-2021, including data from mini arrays installed in the region
since 2014, suggests that the source of the 2000 sequence has not been persistently active ever since. Forward mod-
elling of synthetic waveforms points to a very shallow source, between 0 and 1 km depth, and the focal mechanism
analysis indicates a low-angle, NNW-dipping, thrust mechanism. These results combined with geological data suggest
that the sequence is likely related to a backthrust fault located within the sedimentary cover and shed new light on
the hosting lithology and source kinematics of the Saint-Ursanne sequence. Together with two other more recent
shallow thrust faulting earthquakes near Grenchen and Neuchatel in the north-central portion of the Jura fold-and-
thrust belt (FTB), these new findings provide new insights into the present-day seismotectonic processes of the Jura
FTB of northern Switzerland and suggest that the Jura FTB is still undergoing seismically active contraction at rates
likely <0.5 mm/yr. The shallow focal depths provide indications that this low-rate contraction in the NE portion of the
Jura FTB is at least partly accommodated within the sedimentary cover and possibly decoupled from the basement.

Keywords: Shallow seismicity, Jura fold-and-thrust belt, Focal mechanisms, Synthetic forward modelling,
Seismotectonics

1 Introduction tectonic models of thin-skinned compression which

A region where neotectonic activity is a subject of con-
troversies among earth scientists to this date is the Jura
fold-and-thrust belt (FTB), north of the Western Alps.
To explain the Jura FTB’s genesis, most authors advocate
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postulate a complete decoupling between basement and
cover along a basal decollement horizon formed by the
mechanically weak Middle and Upper Triassic evapo-
rites. In this model, the compression is due to the dis-
tant push of the emplacement of the External Crystalline
Massifs (Fernschub hypothesis: Burkhard, 1990; Buxtorf,
1907; Jordan, 1992; Laubscher, 1961; Miiller & Briegel,
1980; Sommaruga & Burkhard, 1997; Sommaruga et al.,
2017). Others, on the contrary, support a thick-skinned
deformation at the origin of the main structural features
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within the Jura FTB, where pre-existing basement faults
play an active role (Pavoni, 1961; Pfiffner et al., 1997).
Recently, there has been some consensus over the thick-
skinned vs. thin-skinned controversy, by which the thin-
skinned origin can be reconciled with a thick-skinned
reactivation of basement structures in the latest Pliocene,
i.e., during a late stage or after the formation of the thin-
skin Jura FTB (Becker, 2000; Giamboni, Ustaszewski,
et al, 2004; Giamboni, Wetzel, et al., 2004; Madritsch
et al., 2008; Ustaszewski & Schmid, 2006, 2007; Ustasze-
wski et al., 2005a). However, contrasting opinions and
controversies between currently ongoing compression,
transpression or even arc-parallel extension still domi-
nate the literature. There is no agreement on whether
the deformation in the northwestern Alpine foreland still
predominantly affects the sedimentary cover (decoupled
deformation, ongoing thin-skinned tectonics) or whether
basement and cover are coupled and deform by the same
amount (coupled deformation, thick-skinned tecton-
ics). Ziegler and Fraefel (2009), for example, have recon-
structed the Neogene evolution of the drainage systems
in the northeastern portion of the Jura FTB and Upper
Rhine Graben and concluded that the modern river pat-
terns reflect a response to thick-skinned deformation of
the Jura FTB. In a study based on (re)interpreted 2-D
reflection seismic data and geological 3-D modeling,
Mock and Herwegh (2017) also suggest a change from
late Miocene thin-skinned to Pliocene to present-day
incipient thick-skinned tectonics. Answers to such ques-
tions can be found from the analysis of shallow seismicity,
such as the determination of absolute depths and source
properties (i.e., focal mechanisms), which, although it
is challenging, can provide valuable constraints for the
interpretation of seismotectonic regimes in the upper
crust of the northern Alpine foreland (e.g., the Fribourg
Fault zone, Kastrup et al., 2007; Vouillamoz et al., 2017).
In turn, the reconstruction of seismic strain and seismo-
genic stress regimes in the crust is of critical importance
for the assessment of seismic hazard, including risk miti-
gation strategies regarding potential induced seismicity
in the context of geothermal projects or underground
nuclear waste repositories. In particular, in the area of
interest of northeastern Switzerland, two critical sites
are present: (1) the Mont Terri underground rock labo-
ratory, a unique platform to study the performance of a
geological repository (Thury & Bossart, 1999); and (2) the
Haute-Sorne site where planning for a deep geothermal
project is currently under consideration.

In this study, we focus on the seismological re-analy-
sis of the shallow seismic sequence of Saint-Ursanne of
the year 2000, located within 5 km from the Mont Terri
Lab and Haute-Sorne site, and document challenges
posed by its very shallow focal depth. We present (1) a
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quality assessment of all the earthquake catalogues avail-
able to date in the region with the objective to separate
natural seismicity from man-made quarry blasts, very
common in the area of investigation; (2) template match-
ing analysis of the Saint-Ursanne seismic sequence of
2000 to better define the activity rate as well as its pos-
sible mechanical behavior (e.g., presence of repeaters,
creep); (3) review of absolute locations with focus on
focal depths using a new 3-D Pg+ Sg relocation approach
(Diehl et al., 2021) and employing forward waveform
modelling for the largest magnitude event to discriminate
between sources located in the sediment covers versus in
the pre-mesozoic basement. This analysis provides new
seismological testimony of active shallow reverse (thrust-
ing) deformation in the northern portion of the Jura FTB.

1.1 Regional tectonic and geological setting
of the northern Jura fold-and-thrust belt

The study area is located in northwestern Switzerland at
the junction of the southern end of the Upper Rhine Gra-
ben (URG) and the northern Jura FTB (Fig. 1). The Jura
FTB formed within a relatively short time span between
the Late Miocene and Early Pliocene as a consequence of
Alpine subduction and collision. This typical fold-and-
thrust belt is one of the best studied orogenic arcs in the
world (e.g., Aubert, 1949; Becker, 2000; Burkhard, 1990;
Deézes et al., 2004; Giamboni, Ustaszewski, et al., 2004;
Heim, 1919; Henry et al., 1997; Laubscher, 1997, 2010;
Lebeau, 1951; Lyon-Caen & Molnar, 1989; Pfiftner, 2017;
Rollier, 1903; Schlunegger et al., 1997; Sommaruga, 1999;
Sue & Schmid, 2017; Ustaszewski & Schmid, 2006). In the
following, we focus mainly on the regional aspects that
are key to the understanding of the neotectonic setting
for the Saint-Ursanne seismic sequence of 2000. For a
more exhaustive description of the regional tectonics and
geology we refer to e.g. Sommaruga et al. (2017) or Rabin
et al. (2018) and references therein. The tectonics of the
study region within the northern boundary of the Jura
FTB is affected by at least two inherited basement struc-
tures: (1) the Late Palaeozoic ENE- to NE-oriented base-
ment faults from the Variscan orogeny and subsequent
(Late Carboniferous to Permian) post-orogenic extension
(Laubscher, 1986; Schumacher, 2002; Ziegler, 1992); and
(2) the "Rhenish" structures: NNE-SSW to ENE-WSW
striking normal faults associated to the Paleogene intra-
continental rifting phase that, in this region, correspond
to the Upper Rhine Graben (URG; Lacombe et al., 1993,
and references therein; Madritsch et al., 2009). Dur-
ing this regional WNW-ESE extension, the sedimentary
cover above the re-activated basement faults developed
ENE-trending extensional flexures; which define the
main strike of the Permo-Carboniferous trough system
(Ustaszewski & Schmid, 2006; Ustaszewski et al., 2005).
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Fig. 1 a Location of the study area within Switzerland. The inner inset corresponds to the tectonic map in (b). b Tectonic map with the main units,
fault systems, seismicity and seismic stations in the northern part of the Jura FTB. Faults and fold systems are from swisstopo database (Swisstopo,
2005). Circles indicate earthquakes as listed in the bulletin of the Swiss Seismological Service (SED) between 1984 and 2021 with colors indicating
focal depths (see legend). Green squares indicate identified quarry blasts. € Zoom in of the area of investigation with the location of the Mont Terri
tunnel (dashed line) and the quarries (yellow polygons) indicated

In contrast to the southwestern portion of the Jura FTB, thrusts as well as N-S striking left-lateral strike-slip faults.
the northern and eastern parts of the folded Jura frontare =~ Notably, we find the NNE-oriented Caquerelle anticline
characterized by E-W to NE-SW trending fold axes and  that closes the Delemont Basin westwards (Fig. 1b, c).
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This orientation confirms the presence of the inherited
basement normal faults at depth developed in the Paleo-
gene intra-continental rifting phase (Laubscher, 1963a,
1963b). Focal mechanisms calculated for the M; 3.7
earthquake that occurred on December 11th, 1987 near
Glovelier at a depth of about 9 km indicates a left-lateral
strike-slip fault on a steeply E-dipping fault plane (Fig. 1c,
Deichmann, 1990), confirming an NNE trending. Further
to the north the Ferrette fault (Fig. 1b) has an ENE-orien-
tation before displaying a E-W trends to its eastern end.
It is thought that the Ferrette fault has evolved as a result
of the superposition of "Rhenish" NNE-trending faults
and re-activated ENE-striking Late Paleozoic basement
faults (Fig. 1b; Ustaszewski & Schmid, 2007; Ustaszewski
et al,, 2005), forming a diffuse transfer zone in the north-
eastern part of the Mont Terri region.

The Jura FTB consist of Mesozoic and Cenozoic
deformed marls and limestones that were detached
from both the underlying Paleozoic basement and the
undeformed Lower Triassic sandstone series of the
Buntsandstein unit, which are considered part of the
mechanical basement (Sommaruga et al, 2017). The
detachment zone coincides with the Middle Triassic
evaporites of the Muschelkalk unit, specifically the Zeg-
lingen Formation according to the Lithostratigraphic
Lexicon of Switzerland (www.strati.ch; Affolter & Gra-
tier, 2004). The oldest rocks that outcrop in the region
of Saint-Ursanne are the Upper Triassic dolomitic marls,
dolomites, and evaporites of the Keuper unit (the Klett-
gau Formation in the Lithostratigraphic Lexicon of Swit-
zerland) and the immediately younger calcareous, marly,
and argillaceous rocks of the Lias group (the Staffelegg
Formation in the Lithostratigraphic Lexicon of Switzer-
land; Reisdorf et al., 2011), the latter hosts a rheologi-
cally weak detachment level formed by bituminous shales
(Nussbaum et al., 2017). Together, these rocks form the
core of the Mont Terri anticline (Fig. 1c; Freivogel &
Huggenberger, 2003; Laubscher, 1963a, 1963b). Here, the
Lias group is followed by a monotonous succession of
Middle Jurassic dark argillaceous rocks belonging to the
Dogger Formation (the Opalinus Clay in the Lithostrati-
graphic Lexicon of Switzerland, Blési et al., 1991; Bossart
& Thury, 2008; Bossart et al., 2017; Schaeren & Norbert,
1989; Wetzel & Allia, 2003).

2 The earthquake sequence of Saint-Ursanne

In March and April 2000, five earthquakes with a local
magnitude for the largest event reaching M; 3.2 occurred
near Saint-Ursanne, in the vicinity of the Mont Terri rock
laboratory (Fig. 1b, c); they were widely felt by the popu-
lation, as reported in Baer et al. (2001). The sequence
is dominated by signals with high waveform similar-
ity as well as strong and long-lasting surface wave codas
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(Fig. 2a). Initial routine location results computed by
the Swiss Seismological Service (SED) pointed to focal
depths of 6-7 km, corresponding to a source in the
Paleozoic crystalline basement (Baer et al., 2001). How-
ever, because of the presence of a strong surface wave
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Fig 2 a Seismograms of the five earthquakes of the 2000
sequence recorded at station BOURR (epicentral distance ~5 km).
b Seismogram of an identified quarry blast from the SED Bulletin
located ~ 3 km north of the earthquake sequence of the year 2000
observed at the same station (epicentral distance 7.8 km). Although
both blasts and earthquakes are characterized by a strong surface
wave component, waveform similarities are low (cross-correlation
values<0.3)



http://www.strati.ch

The Saint-Ursanne earthquakes of 2000 revisited...

component, similar to what is usually observed from
quarry blasts at the Earth’s surface, it is more likely that
a rather shallow source, within the Mesozoic sedimen-
tary cover of the Jura FTB, is responsible for the observed
signals (Baer et al., 2001). Figure 2b shows a comparison
between a quarry blast with SED Bulletin location ~ 3 km
north of the sequence of the year 2000. Both blasts and
earthquakes are characterized by a strong surface wave
component, qualitatively pointing to a first-order loca-
tion in the sediments rather than in the Paleozoic crys-
talline basement. On the other hand, this first-glance
similarity documents the problem of distinguishing natu-
ral seismicity from quarry blasts in the study region. Note
that, although they share the surface waves component,
the waveform similarities are low (cross-correlation val-
ues of < 0.3, see Sect. 3.3).

The routinely determined hypocenter locations of the
Saint-Ursanne sequence of the year 2000 published in
Baer et al. (2001) are based only on data from stations
operated by the Swiss Seismological Service, located
in a regional 1-D velocity model. In a first attempt to
improve the locations of events that occurred in an area
of 14 x 12 km around Saint-Ursanne between 2000 and
2010, waveform recordings from networks in France
(Renass) and southern Germany (LED) were merged
with the SED data and all arrival times were re-picked in
a consistent manner. Corresponding hypocenters were
relocated using NonLinLoc, a probabilistic non-linear
global-search algorithm of Lomax et al. (2000), in com-
bination with the regional 3-D P-wave velocity model
of Husen et al. (2003). Judging from the consistent clus-
tering of events with similar waveforms, the epicentral
locations were improved significantly by this procedure
(Deichman et al., 2012). However, the remaining uncer-
tainty in focal depth accuracy related to insufficient
knowledge of the local seismic velocity structure so far
hampered a discrimination between shallow (z<10 km)
and very shallow source locations (z <5 km).

3 Data

3.1 Seismic stations in operation to date

Taking advantage of the facilities provided by the Mont
Terri rock laboratory, the Swiss Geological Survey (swis-
stopo) initiated a pilot project in 2014 aimed at a detailed
characterization of the seismicity of the area surrounding
the rock laboratory. For this purpose, an ad-hoc dense
seismic network was installed in 2014-2015 and is still
operated continuously to date. The network consists of
three stations operated by the Swiss Seismological Ser-
vice (SED) since 2016, two of which are located in tunnels
of the rock lab (MTIO01, MTI02), whereas the third one is
located on the surface above the laboratory (MTI03). Sta-
tions MTIO1 and MTIO3 are accelerometers (EpiSensor
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ES-T), whereas station MTI02 is a velocity sensor (STS2
3-component broad-band). Additionally, the region
hosts four mini-arrays (SNS—seismic navigating sys-
tems; Joswig, 2008; Wust-Bloch & Joswig, 2006) with a
network extension of about 6 km. Each mini-array con-
sists of a central 3-component short-period seismometer
(LE-3Dlite) and three 1-component seismometers (LE-
1Dlite), which are deployed within a distance of ~ 100 m
from the central station. Two mini-arrays (MTIA1 and
MTIA2) are installed within the tunnel system of the
laboratory, whereas MTIA3 and MTIA4 are located at
the surface about 3 km to the west and to the east of the
tunnel system, respectively. All stations are part of the
national network since 2016 and available data are stored
in the SED archive and are publicly accessible from the
SED data portal (http://seismo.ethz.ch/en/research-and-
teaching/products-software/http://seismo.ethz.ch/en/
research-and-teaching/products-software/http://seismo.
ethz.ch/en/research-and-teaching/products-softw
are/). For this study, only the central 3-component sen-
sors were used. In addition to this dense local network,
the permanent station BOURR is located ~5 km east of
Saint-Ursanne and has been recording since 1998 (Addi-
tional file 1: Table S1). Several other stations are operated
by the SED as well as French and German agencies in the
wider study region (Fig. 1, Additional file 1: Table S1).

3.2 Seismic catalogues

3.2.1 SED catalogue (2000-2021)

Since 2000, 44 natural earthquakes are listed in the SED
Earthquake bulletin within a radius of 10 km of Saint-
Ursanne. In this time period and radius, focal depths
range between —0.7 and 21.5 km with magnitudes in the
range of M; =0 to M; =3.2 (Additional file 1: Table S2).
We report here only the events recorded after 2000
because the quality of the locations prior to the year
2000 is very poor and a consistent and uniform analysis
of all the events before 2000 would be also hindered by
the change of the network from short-period to broad-
band between the years 1998 and 2002. The earthquake
sequence of the year 2000 stands out as the only tempo-
ral and spatial concentration of events. Many quarries are
located in the area, and up to the end of 2020, the SED
catalogued 25 explosion-type events identified as quarry
blasts. Identification of quarry blasts is done manually
and is based on waveform inspection (e.g., surface waves
content), spatial correlation with a quarry site, and origin
time and day (e.g., blasts events usually take place during
the week around mid-day). Occasionally, confirmation is
also obtained directly from the quarry operators. For an
extensive description of the methods and software cur-
rently used at the SED for routine earthquake analysis
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and catalogue production, we refer to Diehl et al., (2014,
2018).

3.2.2 Stuttgart and Seismic Solution catalogues (2014-2015
and 2017-2018)

Starting in 2014, with the installation of the local mini-
arrays (SNS), the Institute for Geophysics of the Univer-
sity of Stuttgart (IFG) co-lead together with swisstopo
the efforts to map additional potential microseismic
activity of local fault systems of the area surrounding the
Mont Terri Lab (Blascheck, 2018). They implemented
the NanoSeismicSuite software (Joswig, 2008; Sick et al.,
2012), an algorithm that aims to detect low energy sig-
nals in noisy environment via sonograms. Sonograms
are spectrograms with dynamic frequency-dependent
noise adaptation that facilitate the detection and char-
acterization of events in low-SNR conditions on single
or multiple traces (Joswig, 2008; Sick et al., 2012; Vouil-
lamoz, Kraft, et al., 2016; Vouillamoz, Wust-Bloch, et al.,
2016). For the year 2014—2015, they identified ~ 90 addi-
tional locatable microseismic events within a radius of
10 km from the Mont Terri rock laboratory (Abednego
et al,, 2017; Blascheck, 2018). Since July 2017, due to
the closing of the IFG, data analysis is performed by the
company Seismic Solutions GbR, Tubingen, Germany.
They provide annual reports on the characteristics and
distribution of the natural seismicity in and around the
Mont Terri rock lab using the NanoSeismicSuite software
as earthquake detector and locator. The last published
catalogue counts 135 events for the period from July
2017 to June 2018, of which 16 were classified as local
earthquakes.

3.3 Quality assessment and harmonization of seismic
catalogues

Due to the large number of quarry-related activity in the
area, a validation of the micro seismicity catalogues pro-
vided by Stuttgart and Seismic Solutions is warranted.
In order to reliably identify a natural versus an anthro-
pogenic origin for the additional events detected through
Nanoseismic monitoring, we conducted a re-evaluation
of each event. Of the 90 events during the period of
2014-2015, 64 events (71%) are either too weak (i.e., they
have a too low signal-to-noise ratio) to properly deter-
mine first arrival times or a source origin, or they show
spatial and temporal correlations with quarry sites and
blasts. In particular, 25 events (28%) occur during typical
blasting times (week days between 6 am to 6 pm), show
high cross-correlation (CC) values with signals of known
quarry blasts (0.52-0.90) and are located close to active
quarries (the estimated absolute epicentral uncertainties
for quarry blasts is between 0.5 and 1.5 km in the region).
Cross-correlation values were obtained by normalized
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cross-correlation between template waveforms (e.g.,
known quarry blasts) and each microseismic event
trimmed to 10 s length with 2 s taken before the origin
time. Waveforms were filtered between 2 and 30 Hz with
a causal 4th order Butterworth filter.

For comparison, we also cross-correlated waveforms of
16 known quarry blasts with the five events of the 2000
Saint-Ursanne earthquake sequence. Except for four iso-
lated cases, for which we obtained a CC value of 0.52,
all the other quarry blasts showed weak correlations
with the sequence, with CC values less than 0.3. This
test demonstrates that, even though the signals of both
the earthquake sequence and the quarry blasts share a
strong surface wave component, their overall waveform
similarity is not significant. As a consequence, only 8
night-time events (~ 9%) were retained for further analy-
ses (see Additional file 1: Table S3, and Sect. 4.1). Of the
135 events during the period 2017-2018, after a manual
review, 13 events among the local 16 earthquakes were
retained and three events from the "unsure" class of
the Seismic Solution 2017-2018 catalogue were added
(Additional file 1: Table S4). In summary, of the 225
microseismic events from both the Stuttgart catalogue of
2014-2015 and the Seismic Solution catalogue of 2017-
2018, we were able to confidently identify and classify as
local earthquakes a total of 24 events.

4 Methods: seismological investigations

4.1 Template matching analysis

The recent densification of the seismic network in the
region of interest provides an opportunity to lower the
magnitude threshold of the detected earthquakes and
gain insights into the long-term evolution of the 2000
Saint-Ursanne sequence. In this study, we use tem-
plate matching detection techniques based on wave-
form cross-correlation (similarity) to gain additional
information about the sequence. The motivation to
use a cross-correlation detector lies in the hypoth-
esis that, if the events of the year 2000 are matched
with earthquakes in the period after 2014, additional
data recorded by stations within very short epicentral
distances will be available to constrain the location,
focal depth and the source mechanism of the original
sequence. Here we use a multi-template, single station
approach using the python-based software seismatch
(Hermann et al., 2019; https://gitlab.seismo.ethz.ch/
microEQ/TM). We run seismatch on six separate sta-
tions: BOURR, MTI02, MTIA1l, MTIA2, MTIA3,
MTIA4. The template matching is performed on all
three channels (Z, E, N). After assessing the influence of
different passbands, waveforms were filtered between 2
and 30 Hz with a causal 4th order Butterworth filter.
The chosen width of the passband reduces the number
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of false detections without substantially degrading the
waveform similarity of closely spaced hypocenters. The
duration of all template waveforms was set to 10 s. To
declare a detection, we set a minimum cross-correla-
tion value (CC) of 0.40, that had to be exceeded at all
components at the same time. The minimum of the CC
values was then taken as the similarity measure of a
detection to its template. Upon visual inspection of the
results, we assigned template-specific cross-correlation
thresholds above which we considered the detection
to be trusted (Additional file 1: Table S5). The tem-
plates include the five events of the 2000 Saint-Ursanne
sequence with additional events selected from the SED
Bulletin that are less than 10 km in depth and that are
found within a 5 km radius around Saint-Ursanne (Lat.
47.367°, Lon. 7.168°, Additional file 1: Table S2). To
this subset of preselected templates, we then added, as
template candidates, the 24 events from the combined
Stuttgart—Seismic  Solution catalogue (Additional
file 1: Tables S3, S4). For these events, as their loca-
tions have higher uncertainties, we relaxed the tem-
plate selection criteria and allowed as templates events
located within a 10 km radius of Saint-Ursanne. Not all
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the microseismicity is visible on all 6 stations. Conse-
quently, each station has a different number of initial
templates.

The 20-year-long template matching scan at station
BOURR identified 43 additional events that are well cor-
related with the 2000 sequence (Fig. 3). Of these, only one
event with a CC of 0.83 was found post 2014 (i.e., after the
installation of the dense local monitoring network). This
event occurred on August 30th, 2017 at 05:56:31.8 (Fig. 3)
and has an estimated magnitude of 0.7 M; y (see Hermann
et al,, 2019 for details on the magnitude estimation). A
small sequence in 2009 is linked to the M; 2.9 event of May
20th, 2009. However, with calculated focal depths around
7 km, these events seem to be related to seismicity within
the pre-mesozoic basement. Other events identified with
the augmented array operative from 2014 onwards did
not produce significant template matches and thus do not
seem to be related to the 2000 Saint-Ursanne sequence;
therefore, they are not considered further. Additional file 1:
Fig. S1 shows the time history of earthquake detection
for the MTI-Net stations. In both 2015 and 2017 we see
few templates that show similarities with small cluster of
events, but they are temporally confined and it is unsure if
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Fig. 3 Time line of template matching earthquake detections for station BOURR using using thresholds individually selected for each template
family by visual inspection. Top panel: resolved event rate; the gray curves represent the cumulative number of events considering new detections
(dark gray) and catalog events only (light gray). Coloring of events indicates to which template a detected event is most similar. Existing catalogue
events are highlighted with a grey ring. A black ring indicates event 2017/08/30 05:56:32. Data gaps are indicated by vertical gray bars. Their height
is a conservative estimate of the completeness magnitude of the SED catalog for the study area. Above this magnitude threshold earthquakes in
the study area would have been detected without the template matching method
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these burst of seismicity are linked to tunnel-related activi-
ties or natural diffuse seismicity. It is clear however, that the
results from the template matching scans imply that the
activity of the seismic sequence observed in 2000 remained
very low since then. Consequently, because of the scarcity
of detected events, it was not possible to obtain additional
information about the orientation of the fault plane associ-
ated with the Saint-Ursanne sequence.

4.2 High-precision hypocenter relocations

All locations for events within a 10 km radius from Saint-
Ursanne listed in the SED bulletin catalogue, including
event 2017/08/30 which was found from our template
matching analysis, are recalculated here using a newly
developed Pg+ Sg 3-D velocity model (Fig. 4; Diehl et al,
2021). This new model focuses on the velocity structure of
the uppermost crust of the Central Alps and their foreland
and allows for an increased accuracy of absolute earth-
quake locations. Relocations have been carried out using
the NonLinLoc algorithm. The relocated events are listed
in Additional file 1: Table S6. Figure 4 shows the derived
absolute earthquake relocations. The horizontal and verti-
cal uncertainties obtained from the probabilistic location
procedure are displayed as error ellipses and bars, respec-
tively and are on the order of 1-2 km (Fig. 4).

These locations were then used as initial input for
hypoDD (v2.1b), which uses the double-difference algo-
rithm of Waldhauser and Ellsworth (2000) with a regional
1-D velocity model (Diehl et al., 2021) and cross-correlation
differential times to produce final high-precision relative
hypocenter locations following the procedure described
by Diehl et al. (2017). The events from the Saint-Ursanne
sequence are relocated at very shallow depth,<1 km Below
Sea Level (BSL) (magenta circles, Fig. 5), although, because
the boundary between the Paleozoic crystalline basement
and sediments is very shallow in this region, some ambigu-
ity remains. Moreover, because of the scarcity of events and
relatively few differential times measured by cross-correla-
tion, uncertainties in relative focal depths are too high to
constrain the dip direction of the active fault in 2000 unam-
biguously: both a low-angle thrust fault dipping towards
NNW and a steeply dipping reverse fault dipping towards
SSE are consistent with the geometry highlighted by the
relocations (Fig. 5).

4.3 Synthetic waveform modeling

In general, a precise and accurate focal depth can only
be determined if an accurate velocity model is available
and the distance between the epicenter and the clos-
est station is not larger than about 1.5 times the focal
depth (e.g., Diehl et al,, 2021; Gomberg et al., 1990).
In the case of the Saint-Ursanne sequence of the year
2000, the closest station at that time was BOURR,

F.Lanza et al.

located~5 km from the epicenter. For such a shal-
low sequence, this is unlikely sufficient to achieve a
focal depth accuracy<0.5 km, necessary to uniquely
determine the lithology hosting this sequence. In an
attempt to constrain the focal depth further and follow-
ing the work by Kastrup et al. (2007) on the Fribourg
sequences of 1987, 1995 and 1999, we searched the
recorded seismograms for additional later-arriving seis-
mic phases, which, when compared to synthetic seis-
mograms, could help to discriminate between a source
in the sedimentary layers and in the Paleozoic crystal-
line basement. Kim et al. (2006) and Ma and Atkin-
son (2006) demonstrated that so-called regional depth
phases, such as the sPmP can be used to constrain focal
depth. The sPmP is an S-wave radiated upwards to the
Earth’s surface where part of it is converted to a P-wave
that is reflected downwards to the Moho where it is
reflected as a PmP back to the Earth’s surface (see the
sketch in Fig. 6b). The travel-time difference between
the sPmP and the direct PmP recorded at a given seis-
mometer situated at the appropriate epicentral distance
is very sensitive to the focal depth. For the calculation
of synthetic seismograms, we used the program pack-
age REFMET by Ungerer (1990) and Forbriger (2003),
which is based on the reflectivity method (Fuchs,
1968; Miiller, 1985). REFMET requires a 1-D veloc-
ity model and different layering was tested to investi-
gate the effects of a smooth, average regional versus
a more detailed, local velocity model on the obtained
synthetic seismograms. Results from these tests show
that while the number of layers does not have a major
influence on the seismograms, including a low-veloc-
ity zone is effective in better reproducing the S waves
signal observed in the data. Therefore, we opted for a
1-D velocity model that is closest to the known crustal
structure in the area of investigation. Figure 6a shows
the 12-layer model obtained by integrating NAGRA
borehole logs in NE Switzerland (Weber et al., 1986)
and geological formations in the area, which was cho-
sen for the final calculation. In the velocity profile, the
depth of the top-basement of ~ 0.9 km BSL is consistent
with the formation thicknesses in the region of Saint-
Ursanne as shown in Nussbaum et al. (2017) where the
top-basement is found to be at~0.55 km BSL (see also
Fig. 11), as well as with the model of Rime et al. (2019)
further to the southwest of Saint-Ursanne, where the
top-basement is located at ~ 1.3 km BSL. As a source for
the synthetic seismograms, we used the moment tensor
solution obtained for the mainshock of the sequence
by J. Braunmiller (Fig. 9, see Sect. 4.5). Synthetics were
calculated for an average 1-D crustal model along a
profile with a forward azimuth of~65° from Saint-
Ursanne (Fig. 6c) and compared to the waveforms from
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As expected, the travel-time difference in Fig. 7
between the sPmP and the PmP increases with focal
depth, and the synthetic seismograms show that we

the main shock of the Saint-Ursanne sequence (M; 3.2
event of 2000/04/06 00:46:6.0) recorded at the equiva-
lent distances along the same profile (Fig. 6d).
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should see two separate phases even for a focal depth as
shallow as 1 km. However, a distinct second phase follow-
ing the PmP cannot be identified either at station FELD
or at station CHE (Fig. 7). The absence of the sPmP per
se might not be considered a strong argument in favor
of a very shallow focal depth, as the sPmP phase could
be hiding in the signal-generated noise due to rever-
berations in the sedimentary layers below the stations.
However, if we consider only stations that are located
on outcropping crystalline basement and that have low
background noise (i.e., FELD), we observe that also at
these stations, the sPmP is not present. Moreover, in the
context of a similar exercise, Kastrup et al. (2007) show

an example of an earthquake at a depth of 2 km with an
observed signal in which the sPmP is clearly visible. This
argues in favor of our hypothesis that the M; 3.2 event of
2000 was most likely not located in the Paleozoic crystal-
line basement, but rather in the overlying sediments. In a
qualitative way, such a very shallow source is consistent
also with the observation of a strong, long-lasting surface
wave component typical of blasts located at the Earth’s
surface (e.g., Fig. 2). As shown in Fig. 8, the waveforms of
deeper events (and thus in the Paleozoic crystalline base-
ment) in 2009 and 2015 show very different waveform
characteristics compared to the shallow events in 2000
and 2005, with less pronounced surface waves and higher
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frequencies, as well as Sp precursor phases arriving prior
to the direct Sg phase. Such Sp phases are generated by
conversion at the basement-sediment interface and have
been observed for instance for events in the Fribourg
fault zone (e.g., Diehl et al., 2021).

On the other hand, our computations of synthetic seis-
mograms with the REFMET algorithm failed to repro-
duce the pronounced surface waves seen in the recorded
seismograms for stations close to the epicenter of the

F.Lanza et al.

sequence (i.e, BOURR). Increasing the slowness range
when calculating the synthetic seismograms does not
provide a solution as it merely increases numerical arti-
facts. As previously mentioned, different velocity models
(e.g., including/excluding the low-velocity zone) and lay-
ering were tested; however, we still weren't able to repro-
duce the surface waves components at closer stations.
The failure in reproducing the surface wave compo-
nent could be due to the simplifying assumptions of the
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reflectivity method and/or the failure to reproduce 2-D
or 3-D resonance effects. The latter could be ascribed to
the presence of Permo-Carboniferous troughs that have
been inferred to characterize this portion of the Jura FTB
under the Saint-Ursanne region (e.g., Leu, 2008). Future
testing could involve numerical simulations of seismic-
wave propagation that supports a fully 3-D heterogene-
ous material model such as the software SW4 (Petersson
& Sjogreen, 2017).

4.4 Focal mechanism

A first focal mechanism for the strongest event of the
sequence (M; 3.2) was obtained from a full-waveform
moment tensor (MT) inversion (J. Braunmiller, pers.
Comm.). The resulting focal mechanism corresponds to
a reverse fault with one fault plane dipping steeply to the
south and the other dipping gently to the north (Fig. 9).
The best fit between the observed signals and the syn-
thetics is obtained for a moment magnitude, M,,, of 3.3
and for a focal depth of 2 km. Although the depth resolu-
tion of the moment tensor inversion is not sufficient to
discriminate between a source within the sedimentary
cover and a source in the underlying Paleozoic crystalline
basement, the resulting focal depth agrees to first order
with the hypothesis of a shallow source. The MT solu-
tion, however, is constrained by only few stations and the
signal-to-noise ratios in the frequency range used for the
MT inversion are rather low due to the relatively small
magnitude of the event (Fig. 9). We therefore consider
the MT solution to be of low quality.

Since first-motion fault-plane solutions of dip-slip
reverse- or normal-faulting mechanisms are very sensi-
tive to the vertical take-off angles and since these take-off
angles will result in significantly different solutions for a
source in the Paleozoic crystalline basement compared
to a source in the lower-velocity sedimentary cover, the
focal mechanism depends strongly on the focal depth and
the velocity model. However, as shown by the examples
in Fig. 10a—c, previous attempts to better constrain the
focal depth by comparing the fit of fault-plane solutions
for different focal depths and different velocity models
were not conclusive.

In this study, we reconstructed the focal mechanism
for the largest (M, 3.2) event of April 6th, 2000 of the
sequence. In our case, the take-off angles were computed
with the NonLinLoc software, using the Pg+Sg 3-D
velocity model of Diehl et al. (2021) with the hypocenter
in the sedimentary cover (0.7 km BSL). Depth is obtained
from the derived absolute earthquake relocation and it
is consistent with the synthetic waveform modeling that
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also argue for a source in the sediments. For our cal-
culation, we used the HASH algorithm (Hardebeck &
Shearer, 2002), which provides uncertainties shown by
a set of acceptable solutions (gray lines in Fig. 10d). Fol-
lowing the definition of Aki and Richards (2002), the
parameters strike, dip and rake are used here to define
fault-orientations.

The strike, dip and rake of the nodal planes of the
preferred focal mechanism averaged over all accepted
solutions are 080/58/098 and 262/32/092 (Fig. 10d).
Thus, the solution represents either an SSE-dipping
steep reverse fault or an NNW-dipping low-angle
thrust fault. This is in agreement with the solution
from the moment tensor inversion (Fig. 9), with both
solutions derived from full-moment tensor inversion
and first-motion polarities, showing a dominant thrust
component.
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5 Results 1. The strong surface waves observed at small epicen-

5.1 Summary of the evidence for a source tral distances that are usually associated with quarry
in the sedimentary cover blasts (Figs. 2 and 8);

The reanalysis of the earthquake sequence of the year 2. The high-precision relocations with an improved 3-D

2000 near Saint-Ursanne has yielded three lines of P- and S-velocity model that result in a focal depth of

argument to constrain the focal depth: less than 1 km BSL (Figs. 4 and 5);
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3. The synthetic seismogram modelling, which indi-
cates that the absence of the sPmP in the observed
seismograms requires a source at or very close to the
Earth’s surface (Fig. 7).

Although it can be objected that each one of these
three lines of argument alone is not sufficiently con-
vincing, together they constitute three independent and

consistent pieces of evidence for an exceptionally shal-
low source. Thus, the Saint-Ursanne sequence of the year
2000 represents a relatively rare case of ongoing seismic-
ity in the sedimentary cover of the northern Jura FTB.
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5.2 The active fault plane for the Saint-Ursanne sequence
of 2000

Based on the best-fitting focal mechanism, we can choose
between an active fault plane dipping with 58° towards
the SSE and a fault plane dipping with 32° towards the
NNW. If one projects this mechanism on the geological
cross-section shown in Fig. 11, one is tempted to asso-
ciate the steeper SSE dipping plane with the prominent
fault at the northern foot of Mont Russelin. However,
based on mechanical considerations, it is very unlikely
that this fault could have been activated by the Saint-
Ursanne earthquake sequence. In fact, Sibson (1990)
provides a simple two-dimensional analysis of the stress
ratio required for the reactivation of faults of different
orientations. Given the shallow focal depth of the Saint-
Ursanne events and the nearly pure thrust-fault focal
mechanism, the least compressive stress must be verti-
cal, and fluid pressures are at most hydrostatic. Assum-
ing furthermore that the coefficient of friction on the
fault is about 0.75, Fig. 2 of Sibson (1990) shows that
faults with a dip greater than about 53° are so unfavora-
bly oriented that they are essentially locked. Such faults
can only become active under conditions of lithostatic
or supra-lithostatic fluid pressures. The same applies to

the corresponding fault plane of the moment tensor with
an even steeper dip (Fig. 9). On the other hand, the same
argument shows that both the 32° dip of the other fault
plane of the first-motion solution and the 14° dip of the
corresponding moment-tensor fault plane are well within
the range of faults optimally oriented for reactivation
under the given stress regime. Therefore, we conclude
that the earthquake sequence of Saint-Ursanne occurred
as SSE directed slip of the hanging wall on a fault that
dips gently to the NNW. In addition, if one would assume
that the 2005 event (blue circle in Fig. 5) occurred on the
same fault as the events of the year 2000—as the continu-
ation of the NN'W plane seem to suggest (red dashed line
in Fig. 5b)—then the NN'W low-angle fault would again
provide a better match than the steep SSE dipping plane.
If slip occurred on an NNW low-angle fault, because
the detachment between the Mesozoic sediments and
the underlying pre-mesozoic basement gently dips SSE,
it implies that the Saint-Ursanne sequence cannot be
associated with slip along the décollement, but rather
that it corresponds to a form of back-thrusting within
the sedimentary cover. This scenario is in agreement
with the kinematic forward modelling from Nussbaum
et al. (2017) where the final model shows a backthrust
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is initiated at the top of the Lias Group (Staffelegg For-
mation, Fig. 11). Another possible alternative is that
the Saint-Ursanne sequence is linked to a duplex ramp
geometry. Indeed, although the development of internal
duplexes in the Upper Triassic units was not integrated in
the forward modelling, it could also fit our observations
as duplex ramps would lead to a similar geometry with
back-thrusting in the Jurassic units of the Lias Group
(Staffelegg Formation). Nussbaum et al. (2017) noted,
however, that there is no field evidence to date of such
duplex ramps or inherited basement faults that could
have triggered the duplexes.

6 Discussion
6.1 Evidence for active thrust-faulting in the sediment
cover of the northern segment of the Jura
fold-and-thrust belt

We have shown that the deformation associated with
the Saint-Ursanne sequence represents a rare example
of active compression; is there any additional evidence
for depth-dependent variations in the stress field of the
northern Jura FTB? We have compiled all the available
focal mechanism solutions associated with the seismic-
ity in our study area from 1984 to date (Fig. 12) based
on the compilation by Kastrup et al. (2004) and the
annual earthquake reports of the SED, complemented
with recent (unpublished) solutions. At the south-east-
ern edge of the Rhine Graben, in the Basel region, we
observe a NW-SE striking cluster composed of earth-
quakes whose focal depths range from 5 to 20 km.
This seismicity is partly associated with the northern
tip of the Basel-Laufelfingen Lineament described in
Diehl et al. (2021). At these depths, the predominant
style of deformation indicated by these earthquakes is
a strike-slip to transtensive regime (Fig. 12). For earth-
quakes distributed in the pre-mesozoic basement in the
north-eastern part of the Jura FTB, the center part of
our study region, we observe a similar pattern of pre-
dominantly transtensive mechanisms (Fig. 12). As for
the sedimentary cover, the scarcity of seismic data and
the ambiguity due to hypocenter uncertainties have so
far impeded the discrimination between earthquakes
within cover sequences and upper crustal events, and
thus to differentiate between the corresponding style of
deformation (Rabin et al., 2018). Our analysis positions
the Saint-Ursanne sequence (URS in Fig. 12), at depths
shallower than 1 km and assigns it a thrust mechanism.
Similarly, a possible source in the Mesozoic sediments
has been proposed for the recent M; 2.8 Grenchen
event of 2017 (GRE in Fig. 12) by Diehl et al. (2021).
A near-surface source is indicated by strong surface
waves similar to quarry-blast signals as well as by focal
depths derived with the Pg+ Sg relocation procedure of
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Diehl et al. (2021). The Grenchen event locates SE from
Saint-Ursanne (Fig. 12), in the transition between the
Jura-FTB and the Molasse Basin, in-between the Weis-
senstein- and Arch-Anticline (e.g., Meier 2010). Similar
to the Saint-Ursanne sequence, the first motion focal
mechanism derived for the Grenchen event of 2017,
indicates reverse faulting. The shallower plane dip-
ping about 25° towards SE was preferred as the active
fault plane with respect to the mechanically unlikely
steep (65°), NW dipping plane. In this case, however,
the SE-dipping, low-angle thrust fault might very well
be associated with the main basal Jura FTB décolle-
ment or a secondary thrust, located above the main
décollement level. Another recent example of a pos-
sible shallow transpressive event occurred in February
2021 near Neuchatel (NEC in Fig. 12). The focal depth
derived with the relocation procedure of Diehl et al.
(2021) indicates a near-surface location as well, with
the shallower plane dipping about 40° towards NNW.
Therefore, the Saint-Ursanne, the Grenchen and the
Neuchétel earthquakes bear witness of active thrust
faulting within the Jura FTB and support the notion
of a seismically active contraction in the northwestern
Alpine foreland of Switzerland.

6.2 Stress field rotation between the basement
and the sediments of the northern segment of the Jura
fold-and-thrust belt
Considering these recent signs of active thrust faulting in
the sediment cover of the northern tip of the Jura FTB,
we now explore what are the implications for the style
of deformation, stress field and coupling/decoupling
between sediments and basement in the corresponding
region.

We observe how stress inversion of focal mechanism
data (Rabin et al., 2018; cyan lines in Fig. 13) show a o
orientation which differs from the near-surface interpo-
lated maximum horizontal stress (o}, orientation by
about 30°: the o; from the stress inversion has a NW-SE
orientation, whereas the near-surface stress averages out
to a N-S direction (Becker, 2000; Reinecker et al., 2003,
red butterflies and arrows in Fig. 13). In the stress inver-
sion of Rabin et al. (2018), the o, directions for earth-
quakes both in the cover and in the basement share a
fairly similar orientation, although the authors admit
that, due to hypocenter uncertainties, they cannot unam-
biguously separate earthquakes within cover sequences
from upper crustal events. For the Saint-Ursanne event
(URS), the P-axis derived from our analysis shows a slight
rotation in the N-S direction (Fig. 13) in agreement with
the average of the near-surface in-situ measurements
(Becker, 2000), as well as with the shortening directions
obtained from paleostress (post 2.9 Ma) fault-slip data
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(Ustaszewski & Schmid, 2006, 2007; white small arrows
in Fig. 13). This is also consistent with the stress meas-
urements carried out in borehole BDS-5 at Derriére
Mont Terri by the method of hydraulic fracturing (Jaeggi
& Bossart, 2016). From their analysis, the stress tensor
derived in the Upper Jurassic limestones indicate a nearly
N-S thrusting, with an oy orientation of N14°£19°, in
line with the Saint-Ursanne sequence. This rotation how-
ever is less evident for the other two shallow events ana-
lyzed in this study (GRE and NEC) whose P-axes have

a rather NW-SE orientation, in agreement with the o
direction from the stress inversion of Rabin et al. (2018).
Thus, in the northern Jura FTB, the Saint-Ursanne event
seems to indicate that within the cover rocks no detect-
able reorientation of the maximum horizontal compres-
sion (Opym,,) has occurred since the onset of thin-skinned
Jura FTB folding, and that the anticlockwise rotation of
present-day Oy, rotation from cover to basement indi-
cates ongoing mechanical decoupling of the sedimen-
tary cover from its basement along Mid- to Late Triassic
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weak layers, in agreement with Ustaszewski and Schmid
(2007). On the other hand, the Neuchatel and Grenchen
events, which are located at the transition between Jura
FTB and the Molasse Basin show little evidence for
the present-day rotation seen in the northern Jura FTB

(Saint-Ursanne), while their style of deformation differs
from that of the basement. A report on the analysis of the
stress field conducted in Northern Switzerland by Nagra
in 2013 (Arbeitsbericht NAB 12-05, Heidbach & Rei-
necker, 2013) also shows that at the southern boundary
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of our area of investigation (drilling sites Hermrigen and
Ruppoldsried, Fig. 13) there is no statistically significant
Opimax Fotation with depth, thus indicating that contem-
porary mechanical decoupling is not very efficient in this
region.

To better investigate the potential difference between
the deformation in the shallow crust and in the deeper
part of the basement, we show the deformation style in
terms of the rake angles, following the representation
adopted in Delacou et al. (2004) in Fig. 14. We converted
the rake angle for each known focal mechanism into
a scalar rake value S ranging between -1 (pure normal)
to+1 (pure reverse), with S=0 corresponding to pure
strike-slip following the definition of Mazzotti et al
(2021). If the active plane is known from relative reloca-
tions, we use the corresponding S value, otherwise we
use the mean S of both planes. The obtained S values
are assigned a magnitude weighting (e.g., M| >3.5 are
weighted 3 times more than events smaller than M; 2.5),
and they are spatially interpolated for two different depth
intervals (Fig. 14a, b). We first consider events with focal
depths between 0 and 5 km, in order to represent the
uppermost crust (Fig. 14a), and then compare the results
with those obtained only from events whose locations are
between 5 and 15 km (the upper crust, Fig. 14b). While
we observe that compression is the dominant style of
deformation for the shallow crust (0 to 5 km), areas with
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extensional regime (e.g., the region of Biel in Fig. 14b)
are related to sequences located at>10 km depth, in the
Paleozoic crystalline basement (e.g., Diehl et al., 2015).
Whether such decoupling is indicative of ongoing thin-
skinned tectonics is a different matter: some authors
(Becker, 2000; Ustaszewski & Schmid, 2007) reject the
thin-skinned hypothesis as characteristic of the neotec-
tonic style of deformation in the Jura FTB, as decoupling
can be also expected in a thick-skinned scenario accord-
ing to analog modeling (Mosar, 1999; Ustaszewski et al.,
2005a).

Without entering in the debate thin-skinned versus
thick-skinned, our work provides new reliable evidence
that the present-day stress field in our study area is inho-
mogeneous, with oy, being NW-SE-oriented in the
basement, but N-S in the covers at least in the northern
Jura FTB. Although only few focal mechanisms are pres-
ently available in the shallowest part of the crust (close
to the Jura FTB-decollement and even shallower), they
indicate a tendency for ongoing reverse-thrusting. This is
observed both in the northern Jura FTB (URS in Fig. 12)
and close to the transition to the Molasse Basin (GRE
and NEC in Fig. 12). Due to the rather small number of
reliable focal mechanisms in the region, it remains how-
ever unclear how present-day shortening of Jura FTB is
accommodated and partitioned between strike-slip fault
systems mapped by structural data and thrust faulting
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observed from seismicity. It is thus possible that thrust
events accommodate only a small portion of the present-
day deformation within the cover. Major strike-slip faults,
such as the Pontarlier fault (e.g., Radaideh & Mosar,
2021), however, also exhibit a rather low level of seismic
activity over the past thirty-five years (e.g., Diehl et al.,
2021) and similarly few strike-slip focal mechanisms are
associated with sources in the sedimentary cover of the
Jura FTB. On the other hand, a transtensional regime
clearly prevails in deeper parts of the Paleozoic crystal-
line basement below the Jura FTB, including normal-
fault and strike-slip mechanisms (Fig. 12).

Thus, our conclusion differs from the study of Rabin
et al. (2018), who argue for a rather homogeneous stress
tensor with depth and a general NW-SE compressional
orientation in the northern part of the Jura FTB, affecting
the cover and the basement under a general strike-slip
regime. However, the three shallow thrust events (URS,
GRE, NEC) presented here were not available at the time
of their study, so that they were not able to carry out a
separate stress analysis for the sedimentary cover. We
also note here that the number of these shallow events is
currently rather small as well as their event magnitudes.
Therefore, the uncertainty of the derived P-axis is not
well-constrained, and more focal mechanisms will be
needed to provide more robust estimates. However, the
fact that we have found only three such shallow thrust
events over the past 20 years is consistent with the very
low deformation rates, likely below 0.5 mm/yr as sug-
gested by the horizontal geodetic velocities (Fig. 13;
Brockmann et al,, 2012; Houlié et al., 2018; Rabin et al,,
2018; Villiger, 2014).

7 Conclusions

Our re-analysis of the Saint-Ursanne sequence provides
new evidence for present-day active thrust faulting in the
Jurassic fold and thrust belt and its vicinity. This seismi-
cally active contraction in the northeastern segment of
the Jura FTB finds confirmation also in the recent 2017
Grenchen and 2021 Neuchatel earthquakes, both likely
associated with low-angle thrusts as well. This consti-
tutes a rare piece of evidence that the shallow portion of
the Jura FTB is still in a compressional (thrust faulting)
regime. With few exceptions in the eastern part of the
Alpine front, there are almost no other purely compres-
sional regions in Switzerland where thrust/reverse mech-
anisms are prevalent (Delacou et al., 2004; Kastrup et al.,
2004; Rabin et al., 2018). On the other hand, our con-
clusions do not imply that the basement below the Jura
FTB is aseismic. We find clear evidence in Saint-Ursanne
and surrounding areas (e.g., Biel sequence, Liufelfingen
sequence, Fig. 14) for seismicity within the Paleozoic
crystalline basement, indicating presence of active faults.
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However, the stress field orientation differs. In the north-
ernmost segment of the Jura FTB, from a comparison
between our findings, published in-situ stress measure-
ments (Becker, 2000), recent stress inversion, and geo-
detic measurements (Rabin et al., 2018), we observe a
stress field rotation between the basement and the sedi-
mentary cover. There, shallow near-surface thrusts show
a slight rotation of P-axes in a N-S orientation rather than
the typical NW-SE orientation at the Jura FTB transition
to the Molasse Basin, and of the strike-slip and transten-
sive deformation that predominates the Paleozoic crys-
talline basement. As proposed also by Rabin et al. (2018)
on the basis of their geodetic measurements, this argues
for a mechanical decoupling of the cover from its base-
ment for the northernmost portion of the Jura FTB.

In conclusion, our analysis highlights a superposition
of various mechanisms in the Jura FTB, with a remain-
ing reverse-thrust regime partly accommodating ongo-
ing shortening of the Jura FTB in the shallow part likely
imposed by classic thin-skinned mechanisms, and a
transtensive regime in the deeper parts of the base-
ment. As proposed by Singer et al., (2014) and Kissling
and Schlunegger (2018), a possible model explaining
the observed transtensional regime in the basement
could be related to large-scale geodynamic processes
such as roll-back dynamics of the European slab. We
show that tectonic deformation in both the sedimentary
cover and the basement is present and ongoing. Even
though the deformation rate is rather low, as attested
by the few small to moderate earthquakes recorded in
the last decades, these aspects must be considered in
the hazard and risk assessment of potential geotechni-
cal projects targeting the uppermost crust in the north-
eastern part of the Jura FTB.
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