d0i:10.26443/seismica.v5il1.2065

Activating a Natural Fault Zone in the Swiss Alps

Men-Andrin Meier (® *12, Paul A Selvadurai (02, Valentin Gischig (©'°, Marian Hertrich (©1, Elisa Tinti (2°, Antonio
Pio Rinaldi (22, Mohammedreza Jalali (2%, Elena Spagnuolo (23, Alba Zappone (22, Luca Dal Zilio (2'?, Giacomo
Pozzi (98, Frédérick Massin (02, Alberto Ceccato (0!, Alexis Shakas (0!, Peter Achtziger-Zupanci¢ (2, Stefano
Aretusini (23, Viola Becattini (92, Kathrin Behnen (0!, Kai Broker ('}, Victor Classen Repollés (2!, John Clinton
2, Cristiano Collettini (©°, Paul Cook’, Chiara Cornelio (23, Georgia Cua', Nikolaj Dahmen (2?2, Jonas Dickmann

4. Fiona Dresler-Dorn (!, Virginie Durand ('3, Pascal Edme (22, Nima Gholizadeh Doonechaly (!, Guiseppe

Volpe (95, Yves Guglielmi (©°, Ivo Graber!, Thomas Haag (9!, Leon Hibbard (22, Rebecca Hochreutener (1,

Danyang Jiang (22, Philipp Kastli (92, Barnabas Koévér (2!, Michal Kruszewski (9%, Aurora Lambiase (22, Federica
Lanza (02, Laura Laurenti (02, Alexandra Lightfoot (22, Cara Magnabosco (2!, Michéle Marti (92, Hansruedi
Maurer (1, Olivier Meyers (2!, Leila Mizrahi (22, Francesco Mosconi (©°, Anne Obermann (2, Kadek Palgunadi

2, Edoardo Pezzulli (92, Katrin Plenkers (©°, Giulio Poggiali (©°, Pooya Hamdi (©*, Martina Rosskopf (!, Luca
Scarabello (9!, Tom Schaber (9%, Nico Schliwa (!, Ryan Schultz (2, Miriam Schwarz (©?, Florian Soom (°,
Mariano Supino (23, Lu Tian (9!, Katinka Tuinstra (22, Liliana Vargas-Meleza (9, Linus Villgier (2, Zhe Wang ('°,
Mathilde Wimez (21, Jiayi Ye (2!, Stefanie Zeller?, Eric Zimmermann?, Florian Amann (9, Massimo Cocco (23,
Stefan Wiemer (22, Domenico Giardini (9!

!institute of Geophysics, ETH Zurich, Zurich, Switzerland, 2Swiss Seismological Service, ETH Zurich, Zurich, Switzerland, 3Instituto Nazionale di
Geofisica e Vulcanologia, Rome, Italy, *RWTH University of Aachen, Aachen, Germany, *Sapienza University of Rome, Rome, Italy, “GMuG
GmbH, Dieselstr. 9,61231 Bad Nauheim, Germany, "Fraunhofer IEG, Fraunhofer Research Institution for Energy Infrastructures

and Geotechnologies IEG, Aachen, ®Department of Geosciences, University of Padua, Padova, Italy, °Lawrence Berkeley National Laboratory
(LBNL), Berkeley, CA, USA, *Geological Institute, ETH Zurich, Zurich, Switzerland, " Center for Hydrogeology and Geothermics, University of
Neuchétel, Neuchatel, Switzerland, **Nanyang Technological University, Singapore, *Laboratoire GéoAzur, Université Cote d’Azur, Nice, France

Author contributions: Conceptualization: F Amann, M Cocco, L Dal Zilio, D Giardini, V Gischig, M Hertrich, M Jalali, H Maurer, M Meier, A Rinaldi, P Selvadurai, £
Tinti, S Wiemer. Data curation: P Achtziger-Zupancic, K Behnen, A Ceccato, | Graber, T Haag, M Hertrich, F Massin, M Meier, G Pozzi, A Rinaldi, L Scarabello, P
Selvadurai, A Shakas, E Spagnuolo, L Vargas-Meleza, G Volpe, Z Wang. Formal analysis: P Achtziger-Zupancic, A Ceccato, V Classen Repollés, J Clinton, P Cook, C
Cornelio, N Dahmen, J Dickmann, V Durand, P Edme, N Gholizadeh Doonechaly, Y Guglielmi, T Haag, P Hamdi, M Hertrich, M Jalali, B Kévér, M Kruszewski, A
Lambiase, L Laurenti, A Lightfoot, F Massin, H Maurer, M Meier, O Meyers, L Mizrahi, F Mosconi, K Palgunadi, G Pozzi, A Rinaldi, M Rosskopf, T Schaber, N Schliwa, M
Schwarz, P Selvadurai, A Shakas, F Soom, M Supino, L Tian, E Tinti, K Tuinstra, L Villgier. Funding aquisition: F Amann, M Cocco, D Giardini, M Hertrich, M Meier, A
Obermann, A Rinaldi, E Tinti, S Wiemer, J Ye. Investigation: P Achtziger-Zupancic, F Amann, S Aretusini, K Bréker, A Ceccato, J Clinton, M Cocco, C Collettini, N
Dahmen, L Dal Zilio, D Giardini, V Gischig, T Haag, M Jalali, A Lambiase, C Magnabosco, F Massin, M Meier, F Mosconi, K Palgunadi, K Plenkers, E Pezzulli, G Pozzi,
G Poggiali, A Rinaldi, M Rosskopf, T Schaber, P Selvadurai, A Shakas, F Soom, E Spagnuolo, M Supino, L Tian, E Tinti, K Tuinstra, G Volpe, Z Wang, S Wiemer, A
Zappone, E Zimmermann. Methodology: P Achtziger-Zupancic, S Aretusini, A Ceccato, L Dal Zilio, V Gischig, M Hertrich, M Jalali, P Kastli, F Massin, M Meier, L
Mizrahi, G Pozzi, A Rinaldi, P Selvadurai, E Spagnuolo, M Supino, E Tinti, L Villgier, G Volpe. Project administration: F Amann, V Becattini, J Clinton, M Cocco, G
Cua, D Giardini, M Hertrich, R Hochreutener, R Hochreutener, M Jalali, F Lanza, M Marti, M Meier, E Tinti, S Wiemer, M Wimez. Resources: Y Guglielmi, M Hertrich, R
Hochreutener, R Hochreutener, M Jalali, P Kastli, M Meier, A Rinaldi, A Shakas, E Tinti, L Vargas-Meleza, M Wimez. Software: T Haag, P Kastli, F Massin, A Rinaldi, L
Scarabello, A Shakas, M Supino. Supervision: F Amann, J Clinton, M Cocco, D Giardini, Y Guglielmi, M Hertrich, M Jalali, C Magnabosco, H Maurer, M Meier, A
Rinaldi, P Selvadurai, A Shakas, E Tinti, S Wiemer, M Wimez. Validation: A Lightfoot, F Massin, M Meier, A Rinaldi, P Selvadurai. Visualization : A Ceccato, P Hamdi,
M Hertrich, F Massin, M Meier, G Pozzi, A Rinaldi, P Selvadurai, A Shakas, L Tian, A Zappone, S Zeller. Writing - original draft: F Amann, M Cocco, D Giardini, M
Meier, P Selvadurai, S Wiemer. Writing - review & editing: P Achtziger-Zupancic, F Amann, S Aretusini, K Behnen, K Broker, A Ceccato, V Classen Repollés, M
Cocco, L Dal Zilio, F Dresler-Dorn, D Giardini, V Gischig, P Hamdi, M Hertrich, L Hibbard, D Jiang, P Kastli, L Laurenti, A Lightfoot, C Magnabosco, F Massin, M Meier,
L Mizrahi, A Obermann, K Palgunadi, K Plenkers, E Pezzulli, G Pozzi, G Poggiali, A Rinaldi, M Rosskopf, R Schultz, M Schwarz, P Selvadurai, E Spagnuolo, M Supino,
L Tian, E Tinti, K Tuinstra, L Vargas-Meleza, L Villgier, Z Wang, S Wiemer, M Wimez, A Zappone.

Abstract one major hurdle for understanding earthquake mechanics are observational limitations. Im- >roduct “;” Editor:
portant phenomena like strain localisation, fault dilation, and fault healing are readily studied in rock me- HG‘?th‘fo:ng
chanical laboratory experiments and with numerical models. At the scale of natural earthquakes, however, ‘ A\ké F;éérefn'g
these phenomena are often unresolvable, even by state-of-the-art observatories. To overcome this limita- Copy & Layout Editor:
tion, we are currently building the Earthquake Physics Testbed at the Bedretto Underground Laboratory for Hannah F. Mark
Geosciences and Geoenergies (BedrettoLab), an experimental testbed where we can activate an extensively
instrumented natural fault zone via hydraulic stimulation. The goal of the Fault Activation and Earthquake

d reviewer(s):

Rupture (FEAR) project is to induce earthquakes of up to M,,~1.0 on this exceptionally well characterised and John Vidale
instrumented fault zone. Here we summarize the main scientific goals and current FEAR project status, and Received:
present first results from conducted experiments. We discuss how this large-scale experimental approach October 10,2025
may allow us to tackle both fundamental science as well as practical questions on earthquake physics, in- Accepted:
duced seismicity and seismic hazard. January 12,2026

Published:

February 12,2026
*Corresponding author: menandrin.meier@eaps.ethz.ch

SEISMICA | ISSN 2816-9387 | volume 5.1 2026


https://doi.org/10.26443/seismica.v5i1.2065
https://orcid.org/0000-0002-2949-8602
https://orcid.org/0000-0002-3846-8333
https://orcid.org/0000-0002-0816-7361
https://orcid.org/0000-0001-9525-4609
https://orcid.org/0000-0002-6942-3592
https://orcid.org/0000-0001-7052-8618
https://orcid.org/0000-0002-9563-9645
https://orcid.org/0000-0002-1377-5812
https://orcid.org/0000-0003-0965-7271
https://orcid.org/0000-0002-5642-0894
https://orcid.org/0000-0001-7832-9429
https://orcid.org/0000-0002-7532-5139
https://orcid.org/0000-0001-7901-8411
https://orcid.org/0000-0001-6572-4040
https://orcid.org/0000-0003-0197-9532
https://orcid.org/0000-0001-7211-3838
https://orcid.org/0000-0001-6463-8386
https://orcid.org/0009-0000-0393-6128
https://orcid.org/0000-0002-3074-8533
https://orcid.org/0009-0005-6863-1225
https://orcid.org/0000-0001-8626-2703
https://orcid.org/0000-0002-4828-2516
https://orcid.org/0000-0003-2009-4123
https://orcid.org/0000-0002-9114-6747
https://orcid.org/0009-0009-2513-8237
https://orcid.org/0009-0006-8846-7175
https://orcid.org/0000-0002-9380-5363
https://orcid.org/0000-0002-3041-0559
https://orcid.org/0000-0002-2281-8909
https://orcid.org/0000-0003-0165-0446
https://orcid.org/0000-0001-9581-7475
https://orcid.org/0000-0001-5156-2458
https://orcid.org/0000-0001-8135-9864
https://orcid.org/0000-0002-3458-2577
https://orcid.org/0000-0002-9086-2848
https://orcid.org/0000-0001-8667-8549
https://orcid.org/0009-0000-7971-4580
https://orcid.org/0000-0002-6943-7257
https://orcid.org/0009-0007-0649-2236
https://orcid.org/0000-0002-8168-6766
https://orcid.org/0000-0002-8142-4037
https://orcid.org/0000-0002-5417-4036
https://orcid.org/0000-0001-6871-7188
https://orcid.org/0000-0002-4997-1153
https://orcid.org/0000-0003-0131-1006
https://orcid.org/0009-0000-1049-3839
https://orcid.org/0000-0002-5262-3168
https://orcid.org/0009-0003-3643-4353
https://orcid.org/0000-0001-6933-6301
https://orcid.org/0000-0002-3550-7341
https://orcid.org/0000-0001-9866-1832
https://orcid.org/0000-0002-7739-2554
https://orcid.org/0009-0008-4723-5954
https://orcid.org/0000-0002-3786-7914
https://orcid.org/0009-0004-7156-4927
https://orcid.org/0000-0002-5197-6076
https://orcid.org/0009-0006-8431-1499
https://orcid.org/0009-0004-7825-9458
https://orcid.org/0000-0002-1796-9622
https://orcid.org/0009-0008-8579-508X
https://orcid.org/0000-0003-4297-2134
https://orcid.org/0000-0002-7222-9344
https://orcid.org/0000-0001-5027-9685
https://orcid.org/0000-0002-7018-9238
https://orcid.org/0000-0002-6880-1539
https://orcid.org/0000-0002-0442-7963
https://orcid.org/0000-0002-2503-5862
https://orcid.org/0000-0002-0610-1190
https://orcid.org/0009-0002-6429-9075
https://orcid.org/0000-0003-4849-5789
https://orcid.org/0000-0001-6798-4225
https://orcid.org/0000-0002-4919-3283
https://orcid.org/0000-0002-5573-7638

SEISMICA | RESEARCH ARTICLE | Activating a Natural Fault Zone in the Swiss Alps

Non-technical summary Amajorchallenge in earthquake science is that many key processes are
difficult to observe directly in nature. Laboratory experiments and numerical models can reproduce phenom-
ena such as subtle and slow rock deformation before and after major events, but these remain nearly unre-
solvable during real earthquakes. In the framework of the Fault Activation and Earthquake Rupture (FEAR)
project, we are building a unique experimentation facility at the Bedretto Underground Laboratory for Geo-
sciences and Geoenergies (BedrettoLab) in Switzerland, where we are instrumenting a natural fault zone with
a wide range of monitoring equipment and an experiment control system. With fluid injections into the fault
zone, we aim to induce fault deformation and associated processes, and to trigger earthquakes with target
magnitudes of up to magnitude 1.0. This setup should allow us to directly measure fault processes in un-
precedented detail, and to advance our understanding of both earthquake mechanics and practical aspects

of induced seismicity.

1 Introduction

Understanding the physics of earthquakes is challeng-
ing, because of the complexity of earthquake phenom-
ena and because it is difficult to observe fault processes
in situ. As of today, many fundamental questions about
the seismic cycle remain unanswered, from fault zone
preparation; to dynamic rupture nucleation, propaga-
tion, and arrest; to post-seismic and off-fault processes.
Our limited understanding of fault zone mechanics is
not only a scientific frontier but also a major obstacle
for developing more effective earthquake risk mitiga-
tion tools, and for our ability to anticipate, forecast, and
possibly even predict future large earthquakes (Grigoli
et al., 2018; Moein et al., 2023).

Faults exhibit a range of deformation modes, from
seismic (fast) to aseismic (slow) modes, including slow
slip events (Beroza and Ide, 2011; Dragert et al., 2001;
Ide et al., 2007), tremors (Obara, 2002), and low and
very low-frequency events (Ito et al., 2007). As tec-
tonic stresses approach a faults' strength, it experi-
ences sub-critical damage and volumetric weakening
processes, leading to earthquakes (Kato and Ben-Zion,
2021). The underlying physical and chemical processes
span a wide range of spatial and temporal scales (Ben-
Zion, 2008) and can interact through various feedback
mechanisms. These processes occur within fault zones
that are structurally heterogeneous at all scales, influ-
enced by features from overall structure to the fabric of
individual lithologies that comprise them (Cocco et al.,
2023; Faulkner et al., 2010).

These complexities are amplified by observational
limitations: most fault processes occur at inaccessi-
ble depths and can only be studied through surface or
near-surface observations, which have limited sensi-
tivity and resolution. This hinders our ability to ob-
serve small-scale processes, such as the effects of shear-
induced fault dilation (Selvadurai and Selvadurai, 2025).
Although this dilation may be only a few millimetres,
it can significantly influence key aspects of rupture dy-
namics (e.g. Brantut, 2020; Frank, 1965; Lockner and By-
erlee, 1994; Proctor et al., 2020; Rice, 1975; Scuderi et al.,
2015; Segall and Rice, 1995).

1.1 Open, fundamental science questions

One key question in earthquake dynamics is whether
ruptures start gradually or abruptly. In models that as-
sume ruptures to occur on smooth, infinitesimally thin
planes governed by friction (e.g. Dieterich, 1978), dy-
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namic ruptures typically result from a slow, progressive
zone of accelerated slip (e.g. Dieterich, 1979; Ohnaka,
1992; Rice and Cocco, 2007; Rice, 1993). Laboratory
experiments have replicated this behaviour. However,
slip surfaces are more realistically non-planar, featur-
ing topography (Candela et al., 2009, 2011; Kirkpatrick
and Brodsky, 2014; Renard and Candela, 2017; Brodsky
etal., 2015). In these cases, load-bearing contact points
(asperities) form on principal slipping zones (Aki, 1979;
Dieterich and Kilgore, 1994; Selvadurai and Glaser,
2016), and structural complexity can create strong, co-
hesive regions that act as rupture barriers (Aki, 1984;
Ohnaka, 2003). Such complexity produces heteroge-
neous distributions of stresses, fluids or frictional prop-
erties that evolve with slip (e.g. Sagy et al., 2007), in-
fluencing earthquake nucleation. Studying such com-
plexity can only be achieved in the laboratory and nu-
merical models (e.g. Barbot et al., 2012; Cattania and
Segall, 2021; Kaneko et al., 2010; Selvadurai et al., 2023;
Wu and Barbot, 2025). For natural earthquakes, infer-
ring onset phenomena is challenging, and even the ob-
servations themselves tend to be debated, since they of-
ten rely on model-dependent processing (Bletery and
Nocquet, 2023; Colombelli et al., 2014; Ellsworth and
Beroza, 1995; Meier et al., 2016, 2017, 2020) and are
affected by instrument sensitivities (Kaneko and Am-
puero, 2011; Tullis, 1996).

Fundamental questions in earthquake mechanics
that remain unsolved because of a lack of direct in
situ observations include i) the energy balance of dy-
namic ruptures and dissipation mechanisms control-
ling rupture propagation (Abercrombie and Rice, 2005;
Cocco et al., 2016, 2023; Kammer et al., 2024; Selvadurai,
2019); ii) resulting scaling relations between small and
large earthquakes, in terms of fracture energy, rupture
speeds, finite dimensions, and static stress drops (Aber-
crombie, 2021; Abercrombie et al., 2025; Baltay et al.,
2024; McGuire and Kaneko, 2018; Kurzon et al., 2020);
iii) mechanisms of rupture arrests and corresponding
seismic wave radiation (Mai et al., 2017; Mosconi et al.,
2025; Ripperger et al., 2007; Kurzon et al., 2018); iv)
the role of fluids in slow and fast fault deformation
(Behr and Biirgmann, 2021; Blirgmann, 2018; Saffer and
Tobin, 2011); v) the mutual interactions between fault
zone structure, geometrical and rheological complex-
ity, corresponding stress fields, seismicity, and larger
dynamic ruptures (Ben-Zion, 2008); and vi) the ubig-
uity of precursory phenomena, such as foreshocks and
changes in seismicity patterns (e.g. clustering, rate
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changes, and localisation), slow deformation e.g. in
the form of precursory fault slip (Bouchon et al., 2011),
and other geophysical and geochemical precursors that
remain widely discussed (Cicerone et al., 2009; Conti
etal., 2021; Mignan et al., 2021; Scholz et al., 1973).

1.2 Insights from laboratory experiments

The study of earthquake mechanics has traditionally
relied on laboratory experiments and numerical mod-
elling (Scholz, 2018). Laboratory tests are conducted on
intact rock samples, frictional bare rock surfaces, fault
analogue materials (Rosenau etal., 2017), and rock pow-
ders (i.e., gouges, Marone, 1998). Sample sizes range
from millimetres to metres in length and aim to in-
vestigate fault mechanics under conditions relevant to
both creeping sections—where slip rates can be as low
as millimetres per year—and dynamic rupture, which
involves slip rates up to metres per second. Laborato-
ries have been instrumental in developing constitutive
laws governing earthquake mechanics under controlled
environmental and loading conditions (Dieterich, 1979;
Dieterich and Kilgore, 1994; Goldsby and Tullis, 2011,
Ohnaka, 2003; Ruina, 1983). These experiments have
provided unique insights into phenomena such as tran-
sitions from slow to fast sliding (Leeman et al., 2016),
the conditions controlling the brittle-ductile transition
(Meyer et al., 2024; Paterson and Wong, 2005), pre-
cursory slip during earthquake nucleation (Dieterich,
1978), seismicity patterns during rock failure (Goebel
et al., 2012, 2014; Lockner, 1993; Lockner et al., 1991;
Main et al., 1992), and thermal weakening at coseis-
mic slip rates (e.g. Di Toro et al., 2011; Goldsby and
Tullis, 2011). Monitoring conditions in such experi-
ments, at a distance of a few millimetres or even mi-
crometres from the fault, are much better than in a typ-
ical natural setting. Moreover, in some experiments,
the rupture tip dynamics can even be monitored vi-
sually with using high-speed cameras in photo-elastic
materials (Latour et al., 2013; Lu et al., 2007; Rubino
et al., 2017). Nevertheless, a fundamental limitation of
laboratory experiments is that it is unclear how well
the mechanical response of experimental fault repro-
duces processes at natural, larger scales. It is uncer-
tain to what extent millimetre- to metre-sized samples
reflect the behaviour of real kilometre scale fault zones
at depth (Chester et al., 1993; Faulkner et al., 2010; Ship-
ton et al., 2006; Ben-Zion and Sammis, 2003). In this
framework, it is still an open scientific question if and
how the parameters controlling the constitutive equa-
tions, extracted from laboratory experiments, need to
be scaled or reshaped to represent with numerical mod-
els the phenomena occurring in kilometre scale fault
zones.

1.3 Induced seismicity at the field scale

Over the past decade, field-scale induced seismicity ex-
periments have facilitated a wide range of earthquake
mechanics-related observations in natural geological
settings. Earlier studies focused on demonstrating the
causal relationship between fluid injection and seismic-
ity (Langenbruch and Zoback, 2016; Schultz et al., 2018;
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Weingarten et al., 2015). Theoretical considerations
have suggested upper limits for maximum moment re-
lease, based on the amount of injected fluid (Galis et al.,
2017; McGarr, 2014; van der Elst et al., 2016). Some
cases exhibit apparent scaling relationships between in-
jected volume and seismic moment release (Bentz etal.,
2020; Kwiatek et al., 2019; Schultz et al., 2025). The
spatial footprint of induced seismicity also seems to
vary, depending on the causal mechanism (Goebel and
Brodsky, 2018). Small-scale laboratory tests have also
been performed to refine our physical understanding
between fluid injection and induced seismicity (Goebel
et al., 2024; Wang et al., 2024; Ye and Ghassemi, 2018).
However, field-scale studies of induced seismicity tend
to suffer from the limited sensitivity and resolution of
their monitoring networks, and from imprecise knowl-
edge of material heterogeneities or structures.

1.4 Insitu experiments

There is a long tradition of studying fault behaviour us-
ing mining-induced seismic events (Gibowicz and Ki-
jko, 1994; Langenbruch and Zoback, 2016; Schultz et al.,
2018; Weingarten et al., 2015; McGarr, 1976). In the
last thirty years, larger scale in situ experiments have
been developed in natural settings to study or even ac-
tivate natural faults under semi-controlled conditions.
Especially in deep mines in South Africa, several multi-
national experiments combining multi-parameter high-
resolution monitoring with semi-controlled loading of
pre-existing fault zones were established. The See-SA
project focussed on monitoring stress, strain, and slow
slip deformation before, during and after slip conducted
a series of experiments from 1992 to 2005 (Naoi et al.,
2006; Yamada et al., 2007; Ogasawara, 2002). The NEL-
SAM/DAFSAM Project combined seismic observations
with rupture plane mapping (Heesakkers et al., 2011).
The JAGUARS project in Mponeng Gold Mine success-
fully monitored the full life cycle of a Mw1.9 seismic
event from 30 m distance at 3.5 km depth (Yabe et al.,
2015). With high-sensitivity seismic monitoring, over 2
million seismic events were recorded, including fore-
and aftershocks, with magnitudes -5 < Mw < 1.9 (Naoi
et al., 2011; Plenkers et al., 2010). In addition, high-
resolution strain monitoring and tilt monitoring as well
as core analyses from the rupture plane (Yabe et al.,
2015) allowed characterization of stress state, aseis-
mic slip, and the geochemical environment (Kozlowska
et al., 2015; Ziegler et al., 2015).

Further experiments that focussed on injection-
induced seismicity were initiated in the Underground
laboratory in Aspo (Kwiatek et al., 2018; Zang et al.,
2016), at the Grimsel Test Site, the Sanford Underground
Research Facility, the Underground research Labora-
tory Mizunami (Ishida et al., 2019), the Reiche Zeche
(Blanke et al., 2023; Boese et al., 2022; Renner et al.,
2021), the Mont Terri Rock Laboratory (Zappone et al.,
2021; De Barros et al., 2023), the Laboratoire a Bas Bruit
(Derode et al., 2015; Guglielmi et al., 2015a, 2021), and
the Laboratoire de Recherche Souterrain de Tourne-
mire (Guglielmi et al., 2015b). In particular the exper-
iments at the Laboratoire a Bas Bruit of 2015 demon-
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strated how direct on-fault observations can provide
the missing link between small-scale laboratory experi-
ments, and the larger, natural scale (Cappa et al., 2019).
They measured deformation directly on an activated
carbonate fault zone at a depth of 200-300 m (Guglielmi
et al., 2015a), with a SIMFIP probe (‘Step-rate Injection
Method for Fracture In situ Properties,” Guglielmi et al.,
2014), directly at the fluid injection point. This enabled
a characterisation of the interplay between seismicity,
aseismic deformation, and the controlled fluid pressure
increase: in the beginning of the injection, fault dilation
and aseismic shear slip would grow by approximately
equal amounts, until the dilation reached a maximum
at 0.5 mm, while the shear deformation kept accelerat-
ing for another 200 s. Microseismic activity would start
only when the aseismic slip zone exceeded the pressur-
ized zone.

These detailed observations show the potential value
of direct on-fault measurements from in situ experi-
ments. However, with the fault deformation measured
only at a single point, the actual distributed fault defor-
mation patterns, and the pore pressure evolution away
from the injection point, were still under-constrained.
Their inference of the fluid pressure and aseismic slip
fronts, and of fault frictional properties, therefore, re-
main model dependent (Larochelle et al., 2021). To ob-
servationally constrain how fluid pressure, strain and
stress fields evolve over time and space, across natural
fault zones, requires monitoring at a higher spatial reso-
lution and with multi-disciplinary monitoring systems.

1.5 The BedrettoLab and the FEAR project

The Bedretto Laboratory for Geosciences and Geoenergies
(BedrettoLab, or BULGG, Giardini et al., 2022; Ma et al.,
2022; Rast et al., 2022) facilitates such extensive instru-
mentation, because it provides direct access to natu-
ral fault zones in an in situ setting. For the ERC Syn-
ergy funded Fault Activation and Earthquake Rupture
(FEAR) project, we are in the process of instrument-
ing a carefully selected target fault zone (Achtziger-
Zupancic et al., 2024), to induce and study M,, ~1.0 dy-
namic earthquake ruptures. The goal is to advance
our understanding of earthquake physics and hydrome-
chanics, by monitoring earthquakes of substantial size
with high sensitivity and resolution directly where they
occur. In this paper, we describe the FEAR project plans
and goals, the testbed buildout status, and briefly de-
scribe the suite of already conducted preparatory exper-
iments. In Section 2 we describe the project goals, the
characteristics of the target fault zone, the experiment
control and the monitoring systems, and outline the al-
ready completed and planned experiments. In Section
3 we discuss the scientific insights the FEAR project can
potentially deliver.

2 The FEAR project

2.1 Project goal & overview

The BedrettoLab is located in the central section of
the Bedretto tunnel, a 5.2 kilometre long tunnel in the
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southern Swiss Alps, with an overburden of up to 1.5
km (Giardini et al., 2022; Ma et al., 2022). The tun-
nel initially crosscuts crystalline metamorphic units of
the Helvetic domain and then penetrates into the Ro-
tondo granite, a pre-Alpine granitic body (Ceccato et al.,
2023; Rast et al., 2022), for the remaining ca. 4 km (Fig-
ure 1). The underground laboratory currently contains
the ‘Geoenergies Testbed’ at 2,000 - 2,100 m into the tun-
nel, equipped with an extensive 3D multi-domain geo-
physical monitoring array (Plenkers et al., 2023) and a
fluid injection control system, which has been used for
various experiments since 2021.

Some 400 metres further into the Bedretto tunnel,
we are now building the interdisciplinary ‘Earthquake
Physics Testbed’ around the target fault zone of the
FEAR project: a steeply dipping, ~2 m wide granitic fault
zone, which has been selected with a multi-disciplinary
characterisation and selection procedure (Achtziger-
Zupancic et al., 2024) (Section 2.2). We are in the pro-
cess of building a remotely run experiment control sys-
tem and an extensive monitoring system (Section 2.3)
directly onto and around this natural fault zone. This
includes the 110 m long FEAR tunnel that runs parallel
to the fault zone at a lateral distance of 40 m. From both
the FEAR and Bedretto tunnels, we drill monitoring, in-
jection, and production boreholes through or towards
the fault zone, to place sensor and experiment control
equipment. In a sequence of fault activation experi-
ments (Section 2.4), we aim to monitor the major rele-
vant observables for coupled thermo-hydro-mechanical
earthquake processes, notably strain, ground motion,
fluid pressures, and temperature, along with other,
somewhat less conventional observables, such as hy-
drogeochemical and microbiological features of fault-
associated fluids.

With fluid injections at multiple injection points, we
will then attempt to re-activate the fault zone and to
induce 10-100 m long dynamic earthquake ruptures
(M,,~1.0). The multi-disciplinary and multi-scale mon-
itoring system should allow us to characterise complex
rupture processes from close distance.

As such, FEAR builds on the pioneering past fault ac-
tivation experiments, and attempts to scale them up sig-
nificantly in terms of i) greater depth: at 1.0-1.5 km
beneath the surface, we are reaching the seismogenic
depth range with stress and faulting conditions relevant
for natural earthquakes and with frictional properties
expected to change from stable to unstable; ii) the scale
of the target events: we attempt to trigger events with
M,,~1.0 and rupture lengths of 10-100 m, within our
monitoring arrays; iii) the extent to which the fault zone
and the surrounding host rock can be characterised,
because of the direct fault zone access the Bedretto-
Lab provides; iv) the level of experiment control: with
packer systems that enable targeted injections into nar-
row fault zone segments, and with simultaneous fluid
injections via multiple injection boreholes; v) the ex-
tensive multi-scale and multi-disciplinary instrumen-
tation, combining on-fault strain, borehole tilt, pres-
sure, and temperature measurements with an extensive
multi-scale seismic network; and vi) the integration of
in situ experiments, field geology, numerical modelling,
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Figurel TheEarthquake Physics Testbed atthe BedrettoLab is being built for the FEAR project, approximately 2.4 km along
the Bedretto tunnel (blue floor). The recently completed fault-parallel FEAR tunnel (pink floor) provides access to the steeply
dipping target fault zone ('MC fault'), and to the planned fault segments that will be targeted in a suite of fault activation
experiments (Section 2.4). The first experiment to the south-west of the Bedretto tunnel (bottom right segment) has already
been conducted in November and December of 2024. The remaining experiments are planned for2026 and 2027.

and accompanying rock mechanics laboratory experi-
ments.

The in situ experiments are accompanied by rock
deformation laboratory experiments on five different,
complementary machines at three experimental rock-
deformation laboratories, at the RPMLab of ETH Zurich
(LabQUAKE, Salazar Vasquez et al., 2024), the HPHT Lab
at INGV Rome (SHIVA, Aretusini et al., 2024; Corne-
lio et al., 2024; Di Toro et al., 2010; BRAVA, Collettini
etal., 2014; Pozzi et al., 2023; Volpe et al., 2023; MEERA,
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Spagnuolo et al., 2023), and at the GUT Lab of RWTH
Aachen (Osten et al., 2024). By combining extensive in
situ observations with laboratory experiments, numeri-
cal process models and geological studies, we aim to un-
derstand microphysical processes that drive earthquake
rupture dynamics.

2.2 Target fault zone

The selection and characterisation procedure of the
FEAR target fault zone (Achtziger-Zupancic et al., 2024)
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has combined geological characterisation at the field
and tunnel scale, borehole logging and core analy-
ses, geophysical investigations with ground-penetrating
radar (GPR, Figure 2), hydrogeological and stress char-
acterisation, mineralogical and petrographic analy-
ses, and rock deformation tests. The target struc-
ture, termed 'MC fault', was chosen because of: i) its
relatively simple geometry and sufficient spatial ex-
tent to host multiple M~1.0 ruptures; ii) its relatively
favourable orientation with respect to the in situ lo-
cal stress field; iii) the presence of gouge material on
some of the fault zone strands, indicative of localised
slip in the past; and iv) its limited fluid transmissivity,
as evidenced by relatively low fluid outflow compared
to other candidate structures.

The selected target fault is a tectonically immature
structure characterised by numerous discrete brittle
shear planes, confined in a volume of roughly 2 me-
tres width, in sharp contact with the relatively intact
host rock, the Rotondo granite (Figure 3). The main
shear strand (labelled ‘448.1" in Figure 3) is sub-parallel
to other, more minor strands, and dips 58° north-
west, striking almost perpendicular to the Bedretto tun-
nel. The dip of the macroscopic fault zone is some-
what steeper (~75°) than the main individual fault zone
strands. GPR measurements from the nascent FEAR
tunnel confirm the spatial extent and simple geometry
of the target fault zone for at least 80 m to the south-
west of the Bedretto tunnel (Figure 2). Remote sens-
ing investigations of deformation structures observed
at the ground surface suggest that such structures tend
to span >100 metres in length, being composed of sin-
gle fracture planes with an average length of 30-50 m
(Achtziger-Zupandic et al., 2024).

The fault is classified as immature, as it is character-
ized by a simple slip surface defined by a centimetre-
thick fault core and lacking a well-developed damage
zone at the metre scale. This suggests high degrees of
strain localisation within the main fault strand #48.1.
This strand presents far larger fluid outflow than the
fracture network, and thus it may be acting as a chan-
nelised conduit (Caine et al., 1996). The fault core and
slip plane are lined by an up to 5 cm thick, discontin-
uous layer of gouge and cataclasite (Figure 4), which
represent the natural fine-grained product of brittle
shearing through cataclasis of the fractured host rock
(Volpe et al., 2023). The geological evolution of the fault
includes an initial activation under high-temperature,
ductile deformation conditions with a thrust-reverse
shear sense (Ceccato et al., 2024), followed by strike-
slip reactivation at shallow crustal levels, as indicated
by sub-horizontal slickenlines and grooves on the fault
plane. Although direct field constraints on the total
displacement are lacking, the fault core thickness of
~0.01-0.1 m suggests a cumulative displacement on the
order of ~1 m during the shallow faulting activity, based
on scaling laws for similar faults in granitic rocks (Ship-
ton et al., 2006; Torabi and Berg, 2011). The spatial dis-
tribution and prevalence of gouge layers and bare-rock
contacts across the fault zone are not yet known, and it
is currently unclear if the gouge layers dictate the fric-
tional stability of the fault zone, or if they are merely a
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passive result of localised fault deformation.

In the estimated background stress field from near
the Geoenergies Testbed, the fault has an intermediate
slip tendency (shear stress divided by normal stress) of
~0.3, and is expected to slip in an oblique, right-lateral
dip-slip sense (Broker etal., 2024b; Broker and Ma, 2022;
Hamdi et al., 2025). More updated stress field char-
acterisations using observations from the Earthquake
Physics Testbed boreholes are under way. At 7 MPa,
the in situ pore pressures on and around the target
fault zone are below hydrostatic conditions (given the
~1 km overburden). This is common in the Bedretto-
Lab (Broker and Ma, 2022), presumably because of the
water drainage via the main tunnel since its creation in
1973. A small drainage conduit runs along the floor of
the tunnel, collecting water inflow from the rock mass
and fractures that transect the tunnel. It continuously
drains between 1,000 - 6,000 1/min, preventing the tun-
nel from flooding, and providing water for injection ex-
periments. Water physicochemical parameters mon-
itored at the drainage exhibit a temperature range of
16.5-17.5°C, a pH 0f 8.3-8.7, and an Electrical Conductiv-
ity (EC) of 80-95 uS/cm. In contrast, borehole groundwa-
ter sampled along the MC fault demonstrated a slightly
higher temperature range of 18.5-22.5 °C, a pH range of
8.4-9.0, and an EC range of 80-160 pS/cm. These differ-
ences facilitate the detection of water inflow into bore-
holes with DTS monitoring (Section 2.3), and into the
tunnel.

Laboratory experiment characterisation of fault
gouge material from where strand 48.1 intersects the
Bedretto tunnel (Volpe et al., 2023) suggest that the
natural fault gouge material is characterised by: i) an
intermediate friction coefficient (1 = 0.49), i.e. lower
than Byerlee’s friction of 0.85; ii) low cohesion (c <
0.2 MPa); iii) velocity strengthening friction (rate-and-
state a-b parameter of 0.0025); iv) moderate to high
healing rates (f = Ap/logl0(t) ~0.005); and v) moderate
shear-perpendicular permeability (1077 and 10® m?),
higher than in the host rock (10° m?2, Osten et al.,
2024). Despite the velocity strengthening friction,
laboratory fluid injection tests performed at in situ
conditions show that unstable reactivation with fast
slip on the experimental fault can be reached (Volpe
et al., 2023) because of competing effects of dilatancy,
stabilizing shear failure in rock (Aben and Brantut,
2021), and pressure build up by fluid injection and
shear compaction (e.g., Zhong et al., 2025).

Fault zone characterisation, and the compilation of a
detailed, observation-driven fault zone model, is a core
aspect of the FEAR project. The model is continuously
being improved, and it is informed by ongoing char-
acterization campaigns on various aspects of the fault
zone and host rocks, including fault zone structure, the
local stress field, hydraulic and hydro-mechanic prop-
erties, as well as fault surface roughness, mechanical
strength, and frictional characteristics.

2.3 The Earthquake Physics Testhed

Around this target fault zone, we are building the Earth-
quake Physics Testbed, a research infrastructure that
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Normalized GPR Amplitude (-)

Figure 2 Tunnels, boreholes, and GPR image of the FEAR target volume, acquired from the newly excavated FEAR tunnel.
The FEAR target fault zone (pointed at by pink arrows) is discernible as a relatively isolated, well defined structure, with some
geometrical complexity at 40m distance, parallel to the FEAR tunnel. The major strands of the target fault zone are highlighted
as ared and blue disk where they intersect the Bedretto tunnel. Places where boreholes cross the fault zone are marked with

a pink sphere. Geographic north is in the positive y-direction.

aims to facilitate fault activation and other fluid injec-
tion experiments, with exceptional experiment control
and process resolution. The monitoring system is de-
signed to facilitate the mapping of all observables that
are relevant for earthquake faulting processes, before,
during and after the main ruptures, across the experi-
mental volume, and across a wide range of scales (Fig-
ure 5).

The Earthquake Physics Testbed is facilitated by the
fault-parallel FEAR tunnel (Figures 1, 2 & 5). It allows
placing sensors and injection packers on and near the
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fault with relatively short (ca. 50 m) boreholes. Tun-
nel construction was completed in June 2025 and is now
followed by a buildout and instrumentation campaign
thatincludes a total of 40 monitoring and injection bore-
holes. The boreholes are designed to provide a large
array aperture vertically (+40 m) and laterally (ca. 200
m), good spatial coverage of the entire experiment vol-
ume, and high process sensitivity and resolution, es-
pecially near the fault. Different boreholes can host a
wide range of sensors (Table 1, Figure 6), as described
in more detail below. Additionally, monitoring equip-
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Figure 3 Target fault zone of the FEAR project. (a) Conceptual fault zone model with 5 distinct facies, and (b) expected,
qualitative fluid permeability. (c) Photograph of the intersection of the target fault zone with the Bedretto tunnel (bottom);
rotated close-up view of the main strand (#48.1, top) which hosts the gouge material studied in Volpe et al. (2023) and across
which a DORSA strain probe is installed; and stereonet (top right) of the main strand (black line) and secondary structures
(yellow lines), shown as great circles and their poles. The shear indications on strand #48.1 reflect the deformation sense
during the early stages of fault zone evolution (see text), rather than the expected shear sense in the current stress field. (d)
Acoustic televiewer logging image of the target fault zone in two fault-crossing boreholes (BFE_A05 and BFE_A07) across the
first 100 m of the borehole (bottom), and close-up views where the borehole intersects the target fault zone.

Figure4 (a) Close-up view of the target fault plane on the NE tunnel wall (strand #48.1, sampling site of the gouge analysed
in Volpe et al., 2023). (b) Detail of the microstructures of the man slip plane of the target fault zone showing the thin layer of
gouge developed along the main slip plane, and the damaged host rock that is observed only in a few places along the fault.

ment is also placed along the walls and floors of the two 2.3.1 Experiment control
tunnels, as well as at the topographic surface. The tar-
get fault zone to the north-east of the Bedretto tunnel
was already instrumented in June-November 2024, be-
fore the FEAR tunnel was completed, and has hosted the
FEAR-1 experiment (Section 2.4).

Fluid injections into the target fault zone can be made
via up to four stimulation boreholes in the south-west
segment of the Earthquake Physics Testbed, and two in
the north-east segment. To overcome the in-site pres-
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Figure 5 Earthquake Physics testbed setup and monitoring system, with completed boreholes and planned sensor instal-
lations, around the MC target fault (grey surface). The labelled experiments are described in Section 2.4. An animated 3D

version of this figure is provided as electronic supplement.

sure and stresses acting on the fault zone, injection
pressures of some 20-30 MPa are required. To achieve
such pressure, high flow rates may be necessary, de-
pending on the local hydraulic properties at the indi-
vidual injection points. For this purpose, we have de-
signed a modular flowline and injection scheme, where
we can run arbitrary combinations of pumps in paral-
lel and in series to the different injection boreholes. A
total of six pumps (Speck triplex pump P45_320 with Hi-
tachi SJ-P1 controller) with up to 45 1/min at 32 MPa are
available. Each group of pumps can be individually con-
trolled, which facilitates simultaneous injection at all
boreholes, and complex injection strategies with alter-
nating or asymmetric injections, with individual injec-
tion protocols per borehole.

For safety reasons, attendance in the tunnel is not
allowed during high-rate injections. All experiment
control and monitoring systems are remote-controlled
from the command centre on the ETH Zurich main
campus in Zurich. The system includes fail-safe proce-
dures to shut down pumps and vent the injection bore-
holes for scenarios of unexpected behaviour (see Sec-
tion 2.5), communication problems, discontinued water
supply, etc. Moreover, injection protocols can be pre-
programmed, and longer-term injections can be run
largely autonomously and in a highly repeatable fash-
ion.
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2.3.2 Dataflow

Data from the experiment control and monitoring sys-
tem is live-streamed (10 Gbps network capacity), pro-
cessed, and archived in real-time at a dedicated Bedret-
toLab computational facility hosted in server rooms of
ETH Zurich. The facility consists of several massive-
multicore shared memory machines on which virtual
server entities can be flexibly assigned to analysis tasks
as needed.

2.3.3 Pressure and strain monitoring

For controlled fluid injections to stimulate faults or frac-
tures into narrow target intervals, we use high-pressure
steel-reinforced rubber straddle packer systems, and,
in some cases, SIMFIP probes (Guglielmi et al., 2014).
The latter combine measurements of fluid pressure
within the injection intervals, with a co-located fibre
optic sensing array to measure 3D displacement (Fig-
ure 6). Borehole axial and radial displacement range
are +0.7mm and +3.5mm and resolution is 0.1um. A
compass allows orientation of the three-dimensional
measurements in magnetic or geographic coordinates.
The displacement sensor also measures the rotations
around the three orthogonal axes with a range of 0.04
radians and a resolution of 0.1 yradians.

In specific fault-crossing monitoring boreholes that
are not used for injection, as well as on the target fault
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Figure 6 Selected elements of the FEAR integrated monitoring system described in the text.

outcrop of the Bedretto tunnel wall (Figure 3c), we place
DORSA probes (‘Downhole Robotic Strain Analyzer’).
DORSAs are advanced, passive versions of the SIMFIP
injection probes, with the same 0.1 pm resolution but
an increased displacement range (+2.5 mm axial and
+25.0 mm radial). Furthermore, DORSAs monitor ro-
tations with a 0.17 radians range and 0.1 pradians res-
olution. These on-fault probes can reveal the temporal
evolution of fault shearing, dilation, and compaction at
or near the injection point.

In addition to the pressure monitoring via the strad-
dle packer systems, tube pore pressure sensors (CTPP,
Plenkers et al., 2023) are installed in cemented monitor-
ing boreholes. These sensors are co-located with Fibre
Bragg Grating sensors with the goal of complementing
the understanding of the poroelastic responses (Dutler
et al., 2021). The CTPP sensors measure fluid pressure
in a hydraulic setting that is expected to evolve both
during individual experiments and between subsequent
injections (Krietsch et al., 2020). At locations where
these sensors are surrounded by hydraulically tight
rock, their response can be seen as nearly undrained be-
cause the pore water volume remains nearly constant.
Atlocations where they are installed across a fracture, a
drained response is possible, because of the enhanced
hydraulic conductivity. In addition, we install borehole
tilt meters in sub-vertical boreholes that lie in the vicin-
ity of the fault (Figure 5). We use the self-levelling Lily
500 series, which can achieve a resolution of up to 5
nanoradians.
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2.3.4 Distributed fibre optic sensing

Furthermore, fault-crossing and fault-parallel ce-
mented boreholes are equipped with tight buffered and
loose tube fibre-optic sensing (FOS) cables with both
single-mode and multi-mode fibres, allowing for simul-
taneous Distributed Acoustic (DAS), Strain (DSS) and
Temperature (DTS) sensing. For DAS we will be using
newly developed interrogators that can provide data
with a small (4 m or below) gauge length up to 10 kHz
sampling (depending on final interrogation length),
with spatial sampling as low as tens of centimetres
and with a sensitivity of ~10 nano-strain rate. For DSS,
we will be using both Rayleigh- and Brillouin-based
interrogation units that provide relative and absolute
strain with smallest spatial resolution of 5 and 50 cm,
respectively. The accuracy, measured in the field, is
0.1 micro-strain for the Rayleigh relative measurement
and 5-10 micro-strain for Brillouin absolute values.
Depending on the final layout and optimization, mea-
surements for DSS are usually taken every minute.
For DTS, we rely on both Raman- and Brillouin-based
interrogators, with spatial sampling of 25/50 cm and
accuracy of 0.01/0.1°C, respectively. Depending on
the final setup, a single measurements can be done
within few seconds to several minutes. The distributed
sensing systems are designed to allow determination
of the spatial distribution and evolution of strain and
temperature across the multi-strand fault zone. This
may allow us to determine, for example, if pre-seismic
deformation is distributed across multiple strands,
or dominated by a single one. It also allows us to di-
rectly measure co-seismic heat anomalies, if a rupture
propagates through a fault-crossing cable, up to the
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Sensor tvpe Number Number
yp installed planned

Triple-packer with flow & 0 3
pressure control
Double-packer with flow & 1
pressure control
CTPP  borehole pressure

3 5
probes
SIMFIP 2 2
DORSA 2 2
FBG 20 44
DAS 1 borehole 5 boreholes
DSS 1 borehole 5 boreholes
DTS 1 borehole 5 boreholes
Tiltmetres 3 8
Broadband seismometers 11 26
Short period seismometers 3 3
Broadband accelerometer 8 13
Geophones 2 11
Piezo-accelerometers 2 7
Acoustic emission sensors 25 72
Acoustic emission transmit-

0 4
ters
Seismic sparker 0 1
Infrared camera 1 1
Radon - Rad8 0 2
MiniRuedi 0 1
pH meter 0 1
Electric conductivity meter 0 1

Sampling rate

Placement Data acquisition

(sps)

1 Borehole 5stack / MQTT

1 Borehole 5stack / MQTT

1 Borehole 5stack / MQTT

1k Borehole HYPERION si255

1K Borehole and tun- NIDAQ
nel wall

1k Borehole HYPERION si255
Borehole and tun- Febus Al/Sintela

4k
nel floor Onyx

0.016 Borehole and tun- g e e 185020
nel floor

0.0016 Borehole and tun- g5 xr-oTs
nel floor

1 Borehole Raspberry Pi

500 - 10k Tunnel floor, post- Nanometrics Cen-
hole and surface taur

500 - 10k Tunnel floor, post- Nanometrics Cen-
hole and surface taur

500 - 10k Tunnel floor, post- Nanometrics Cen-
hole and surface taur

k- 10k Borehole Nanometrics Cen-

taur

200k Borehole GMuG

200k Borehole GMuG

- Borehole -

- Borehole -

- Tunnel -

minutes Tunnel -

10 minutes Tunnel SRS RGA200

discrete  measure- Portable CHAUVIN  ARNOUX

ment CA10101

discrete  measure- Portable CHAUVIN  ARNOUX

ment CA10141

Table 1 Overview of sensor types installed at the Earthquake Physics Testbed, with already installed (as of 9 December
2025) and planned (March 2026) sensor counts. See text for details.

point where the cable might break. Furthermore, the
DAS monitoring complements and extends the seismic
monitoring with the very high-frequency AE sensors
(Figure 7b).

A second fibre optic sensing cable employs linear ar-
rays of Fibre Bragg Grating (FBG) sensors. This sensing
solution can measure strain with 1 micro-strain accu-
racy and temperature with up to 0.1 °C resolution at 1
kHz sampling frequency. Down-sampling the data to
1 Hz further enhances strain sensitivity to 0.1 micro-
strain.

2.3.5 Passive seismic monitoring

The 3D seismic monitoring system is designed to cover
an extremely broad range of frequencies and ampli-
tudes, and serves multiple purposes, including i) the
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detailed characterisation of mainshock events, ii) the
characterisation of femto- to micro-seismicity (Table 2),
iii) the systematic monitoring of seismicity in the wider
Bedretto region, and iv) informing the traffic light sys-
tem that we operate during experiments (Section 2.5).
To achieve this, we combine various types of seismome-
ters, accelerometers, geophones, and acoustic emission
sensors and transmitters (Figures 5 & 8, Table 2). Specif-
ically, the system combines i) low frequency (0 - 200 Hz)
monitoring with standard high sensitivity and strong
motion seismometers, to complement the BedrettoLab
permanent monitoring system (Mesimeri et al., 2024);
ii) mid frequency (100 Hz - 25 kHz) monitoring with
borehole geophones and accelerometers, that can be
placed close to the fault, and which can record larger
amplitude signals on scale; and iii) high frequency (1
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kHz- 100 kHz) acoustic emission monitoring, which can
detect and characterise femto- to nano-seismicity.

During experiments performed in the Geoenergies
Testbed (Section 2.4), we established that with such
a monitoring setup we can reliably detect seismic-
ity down to at least Mw -4 across the experimen-
tal volume (Obermann et al., 2024), and with relative
hypocentre location accuracies on the order of decime-
tres (Rosskopf et al., 2025). The resulting seismicity
patterns reveal intricate seismogenic structures (Fig-
ure 7a), which resemble the fault zone structures tran-
secting the Bedretto tunnel, and those observed in sur-
face outcrops (Ceccato et al., 2024). For Mw -4.0 events,
the very high frequency seismic signals recorded by
the AE sensors remain above the noise level in the fre-
quency range of 1k - 10k Hz out to 20 - 40 m (Figure 7c),
and to well over 100 m for Mw -2.5 events.

We operate three overlapping but separate seismic
monitoring systems, which serve different purposes,
and which are described in more detail below:

1. The experimental seismic monitoring system for
monitoring of the experimental target volumes
during stimulation experiments, based on instru-
mentation that may change between experiments.

2. The permanent seismic monitoring system based
on the BedrettoLab permanent network, to contin-
uously monitor and characterise seismicity in the
larger Bedretto area (Figure 8).

3. The continuous standard 24/7 seismic monitoring
system of the Swiss Seismological Service (SED)
based on the Swiss national network.

The three systems differ in which instruments they
draw data from, how closely they are monitored by hu-
man analysts, and in the parameters used for their pro-
cessing. All systems are built on mutually compatible
SeisComp workflows to ensure consistency and conti-
nuity between experimental and long-term monitoring
datasets.

The experimental monitoring system is operated dur-
ing seismogenic fluid-injection experiments. It in-
cludes temporary experiment-specific sensors, such as
GMuG acoustic emission sensors configured for 200,000
samples per second data acquisition. Compared to the
Geoenergies Testbed instrumentation, where seismic
sensors are mostly in cemented boreholes (Plenkers
etal., 2023), the Earthquake Physics Testbed instrumen-
tation includes a larger number of upgoing boreholes,
with retrievable sensors (Figure 5). In both testbeds,
the data is processed automatically without manual re-
view, enabling rapid detection and characterization of
induced femto- to microseismicity. We use standard
phase picking, phase association and hypocentre loca-
tion workflows to compute automated seismicity cata-
logues. Following experiments, the catalogues undergo
dedicated post-processing, including picker and locator
tuning, to refine event detections and improve location
accuracy.

The permanent seismic monitoring system uses all
surface and tunnel stations with up to 2,000 Hz sam-
pling rate for continuous automatic monitoring, and
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manual earthquake location. During high-pressure or
flow-rate injections, this system is monitored by a hu-
man analyst around the clock; when no injections are
being conducted, events are revised manually after they
occur. The system also uses data from selected borehole
instruments from the experimental system to improve
the 3D network coverage. Furthermore, all instruments
from the experimental monitoring system can be im-
ported manually, to improve manual earthquake loca-
tions.

For the continuous standard seismic monitoring, the
SED has continuously densified the broadband seismic
network in and around the BedrettoLab, and developed
the BULGG seismic network (Figure 8a, network code
‘8R’, Mesimeri et al., 2024; Swiss Seismological Service
(SED) at ETH Zurich, 2018). As of September 2025, the
network consists of 7 surface stations within 10 km
of the BedrettoLab, and 12 stations installed on the
Bedretto tunnel floor. All the 8R surface stations are
also used by the SED for 24/7 national monitoring. As
a result of this regional densification, the magnitude
of completeness of the SED national seismicity cata-
logue in the Bedretto region has been reduced from ap-
proximately 1.4 (Diehl et al., 2021) to 1.1 (Diehl et al.,
2025). Earthquakes with Myy,.~0.5 can often be detected
as far as 8 km from the main tunnel. This network
densification enables the more systematic detection of
small events and better characterization of seismic se-
quences from the underground laboratory to regional
scales. The resulting seismicity catalogue is integrated
into the Swiss national database and disseminated as an
open public service.

2.3.6 Active seismics

For active seismics, we conducted a comprehensive
cross-hole survey around the MC fault, with 1 m spac-
ing of both sources and receivers to ensure sufficient
ray coverage for a meaningful velocity model. This
dataset also provides the potential to analyse additional
wavefield properties, such as attenuation, reflections
from the fault zone, and possible seismic anisotropy.
In addition, we integrate 3D arrays of AE transmit-
ters with dominant frequencies in the range of 30-40
kHz (Schwarz et al., 2025). Their seismic signals re-
main above the ambient noise levels of the BedrettoLab
across several tens of metres (Plenkers et al., 2023), sup-
plementing the active seismic surveys and enabling in-
ference of seismic velocity changes (Boese et al., 2022;
Schwarz et al., 2025). This may allow us to map out seis-
mic transmissivity changes across the target fault struc-
ture (e.g. from fault healing after a mainshock), and to
distinguish changes on discrete interfaces from poro-
elastic and other volumetric effects.

2.3.7 Infrared optical monitoring

Infrared (IR) imaging of the outcrop where the fault in-
tersects the Bedretto tunnel (Figures 2 & 3c) facilitates
the measurement of temperature variations in the fault
zone, especially following significant seismic events.
This approach allows us to observe thermal anoma-
lies that may arise due to frictional heating, changes in

SEISMICA | volume 5.1| 2026



SEISMICA | RESEARCH ARTICLE | Activating a Natural Fault Zone in the Swiss Alps

Magnitude range Name Approx. source dimensions
2to4 Small 0.1-1km

Oto2 Micro 10-100m

-2t00 Nano 1-10m

-4to-2 Pico 0.1-1m

-6to-4 Femto 1-10cm

Approx corner frequencies Sensor types

1-10Hz BBS, SPS, BBA, DAS

10-100 Hz BBS, SPS, BBA, GPH, PAS, DAS
0.1-1kHz GPH, PAS, AES, DAS

1-10kHz GPH, PAS, AES

10 - 100 kHz AES

Table 2 Earthquake naming nomenclature after Ellsworth et al. (2007) and Bohnhoff et al. (2009), including most impor-
tant monitoring sensor types: broadband seismometers (BBS), short period seismometers (SPS), broadband accelerome-
ters (BBA), geophones (GPH), piezo-accelerometers (PAS), acoustic emission sensors (AES), and distributed acoustic sensing
(DAS). Approximate source lengths and corner frequencies are computed with the model of Brune (1970) with 3 MPa stress

drop and 3.4 km/s rupture speed, and rounded for simplicity.

a)
1420 ® MzeroB
® MzeroA
1410 | 2 iz
® VALTER
1400
E 1300
[
el
2
= 1380 -
1370 -
1360
1350 -
-20

Northing [m]

Easting [m]

b) Lk a7
145 =5
£ 150 l‘ o4
4 3 Fo4
‘h::ﬂ \ ‘ F18
& 1554 = .
E L2 : e S
o
£ 1604 20k g
2 g
g 1651 - ., &
k7 = E
o 1701 AR I Diyar O
i ‘ T 2
557 ) BT TR TN = 3
0.03 0.04 0.05 0.06 0.07 0.08
Time after origin [s]
c)
10M 1
. Mag -4.5 to -4.0
N 1M Mag -4.0 to -3.5
I Mag -3.5 to -3.0
; — Mag -3.0to-2.5
€ 100k . Mag -2.5 to -2.0
S — - Noise
o y NN Highpass freq. (200 Hz)
% 10k e, e Nyquist freq. (10 Hz)
s /
2 1k
£
< 100
10

100 Hz 1kHz 10 kHz 100 kHz
Frequency

Figure 7 Geoenergies Testbed seismicity. (a) Spatial distribution of well-constrained events induced in the experiments at
the Geoenergies Testbed described in the text. (b) Example records of a My, -0.7 event recorded both on AE sensors and on a
cemented DAS cable. (c) Median amplitude spectra for acoustic emission recordings in 5 separate magnitude bins, recorded

at 20-40 m distance, and for ambient noise.

stress, or fluid flow triggered by seismic activity. Simi-
larly, temperature sensors in the drainage conduit along
the tunnel measure inflow into the tunnel from the frac-
ture system.

2.3.8 Hydro-bio-chemical monitoring

In order to study the hydro-bio-chemical dynamics of
the activated fault zone, we continuously monitor a
wide range of hydro-chemical and microbial parame-
ters in the water outflow at all stages of the stimula-
tions. This includes fluid pressure and water tempera-
ture, electrical conductivity, oxidation-reduction poten-
tial, and pH, as well as discrete measurements of major
anions and cations, stable water isotopes, dissolved in-
organic carbon (e.g. *C-DIC), dissolved organic carbon
(e.g. C-DOC) and biological data (cell counts, DNA,
and protein analyses). Furthermore, gas-geochemistry
monitoring is performed with an online portable mass
spectrometer (‘MiniRuedi’, Brennwald et al., 2016). This
device monitors key gas species such as helium (He),
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argon (Ar), krypton (Kr), carbon dioxide (CO,), oxygen
(0,), and nitrogen (N,). A portable radon detector uses
a Rad8 sensor to measure radon (Rn). With this compre-
hensive outflow monitoring, we can study fluid-gas in-
teractions, and gas species release from the rock volume
(e.g. He, Rn) during stimulation. Furthermore, the bio-
chemical observations may reveal microbial commu-
nity shifts—changes in abundance, diversity, composi-
tion, and functional potential—during stimulations. By
coupling these data with subsequent microbial DNA and
protein high-throughput sequencing, quantitative PCR
of functional genes, and isotopic analysis (e.g. stable
isotope ratios of groundwater sulphate 3*S/*?S), we can
evaluate microbial metabolic activity and community
structure, and how they are linked to fault zone defor-
mation processes.

Together, all these elements form an extensive, in-
tegrated monitoring system that should facilitate ac-
curate process characterisations from subtle potential
precursory signals, to M,,~1.0 'main shock' events, and
from slow fault dilation and shear transients to rapid

SEISMICA | volume 5.1| 2026



SEISMICA | RESEARCH ARTICLE | Activating a Natural Fault Zone in the Swiss Alps

Instrument types

@ Broadband seismometer © Borehole 2000 sps short period geophone
@ Short period seismometer @ Borehole 200,000 sps acoustic emission sensor
@ Strong motion accelerometer © Borehole 200,000 sps accelerometer
@ 2000 sps broadband seismometer @ Tiltmeter
@ 2000 sps short period seismometer @ Distributed acoustic sensing
@ 2000 sps strong motion seismometer
T @
o =
46°34'N s
()
46°33'N
()
S Matle Barto b
46°32'N fors o
Q e

@,
46°31'N _§\
(Ll |
B Villa
-~ IL.,, > Bedretto
< @

°2(Y] < . onco
46°30'N = N

46°29'N

Fontana

8°22°E 8°24'E 8°26'E 8°28'E 8°30°E 8°32°E

8°34'E

Figure8 Overview of the seismic monitoring systems in and around the BedrettoLab. (a) Distribution of surface and tunnel
stations forming the BULGG permanent network. (b) Seismic monitoring network around the two testbeds, including the
selected borehole instruments that are included in the permanent monitoring system (see text for details). This figure has
been made with Matplotlib (Hunter, 2007) and cartopy (Elson et al., 2024).

dynamic main shock slip episodes. The Earthquake
Physics testbed infrastructure will facilitate fault acti-
vation and other fluid injection experiments during and
beyond the FEAR project.

2.4 Experiments

The core of the FEAR project is a series of fault activa-
tion experiments where we simultaneously inject into
the fault zone at multiple injection points, to activate
specific fault segments (Figure 1). The core experi-
ments began in November 2024 and are scheduled to
run until August 2027.

2.4.1 Preparatory experiments (prior to FEAR)

Since July 2022, we have been conducting a series of
preparatory test experiments, both at the target fault
zone in the nascent Earthquake Physics Testbed, and
at the Geoenergies Testbed, which is located approxi-
mately 400 metres to the South-East (Figure 1).

In the course of the Validating of Technologies for
Reservoir Engineering (VALTER) project (Broker et al.,
2024a; Giardini et al., 2022; Ma et al., 2022; Plenkers
et al., 2023), a series of 14 fluid injection experiments
was performed in the Geoenergies Testbed. These tests
utilized a multi-packer zonal isolation system that fa-
cilitates the injection of fluids into 8 different intervals
of a single borehole at pressures ranging from 9.6 to
24.4 MPa and flow rates between 3 and 200 1/min. In-
jections with volumes between 1 m? to ~274 m? led to
the seismic activation of a distributed fault and frac-
ture systems, with over 40,000 locatable seismic events
of magnitudes M,, -5.0 to -1.6 (Obermann et al., 2024).
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Seismic clouds highlighted activated structures reach-
ing up to 100 metres in length. They are sub-parallel to
the FEAR target fault zone (Figure 3c), which is ~400 m
to the North West, in the Earthquake Physics Testbed,
as well as to dominant structures mapped at the ex-
posed on outcrop surfaces above the BedrettoLab (Cec-
cato et al., 2023). Selected experiments in the VALTER
project were designed to test injection protocol ideas
for FEAR (internally referred to as “VALTER-for-FEAR”,
and labelled as “V4F” in Figure 7). The technologi-
cal developments in VALTER, specifically related to the
multi-disciplinary and multi-scale monitoring systems
(Plenkers et al., 2023), are directly transferable to the de-
ployment of sensors in the Earthquake Physics Testbed
(Figure 5).

During the Stress Profiling in Enhanced Geother-
mal Systems (SPINE) campaign conducted in December
2022 (Broker et al., 2025b,a), we performed first small
volume (0.14-0.60 m?) injections into the FEAR target
fault zone, on the north-west side of the Bedretto tun-
nel (Figures 1 & 5), using a SIMFIP probe. These ex-
periments confirmed that we can induce at least small
amplitude aseismic slip (up to 0.07 mm) on the target
structure with fluid injections. Furthermore, stress in-
versions of SIMFIP injection experiments in separate
borehole intervals above, inside, and below the MC
fault zone suggest that up to 20 m from the target fault,
principal stress axes are rotated by approximately 50°
(Broker et al., 2025b,a). Similar stress rotations have
been hypothesized to occur approaching fault struc-
tures in larger tectonic settings due fractured damage
zone surrounding faults (Faulkner et al., 2006).

During the excavation of the 110 m long FEAR tunnel
between July 2024 and May 2025, an 11 m long tunnel
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section (between tunnel metres 10 - 21) was excavated
using the “Line Drilling and Rock Breaking” method
(referred to informally as “soft excavation”), instead of
the more conventional drill-and-blast method. This in-
volved drilling a series of boreholes along the tunnel
perimeter and removing the inner section by breaking
the rock with a rock splitter. The objective was to in-
vestigate the development of the Excavation Damage
Zone (EDZ) purely as a result of stress redistribution,
while minimizing construction-induced damage typi-
cally caused by drill-and-blast techniques (Hamdi et al.,
2024). The MC fault zone was monitored with a DORSA
system during part of the soft-excavation (12.5 m-21 m)
and subsequent drill-and-blast (21 m to 110 m), and it
did not show any measurable slip due to the excavation.
This project, termed PreCode, offers insights into fault
zone activation by tunnelling.

2.4.2 Mzero experiments

In the “Mzero” experiments we used the existing exper-
iment infrastructure of the Geoenergies Testbed and at-
tempted to trigger M,,~0.0 quakes (Meier et al., 2025).
This is substantially smaller than the FEAR target mag-
nitude (M,,~1.0), but a significant step towards it, in that
it is much higher than the largest events so far trig-
gered in the VALTER experiments (M, -1.6). We per-
formed two major injection experiments in which we
re-stimulated volumes which had already been stimu-
lated in the VALTER project (Obermann et al., 2024).
These were the first experiments at the BedrettoLab
where we used the remote experiment control system
(Section 2.3). Without the need for any personnel in the
tunnel, this system enabled injections with higher flow
rates, pressure, and injected volumes. The primary goal
of the experiments was to investigate if we can amplify
the seismogenic response of the rock mass using tai-
lored injection protocols to increase the probability of
a M, ~ 0.0 event.

During the “MzeroA” experiment in April-May 2024,
we injected a total of 84 m® of water over the course
of 16 h, to hydraulically pre-condition major fractures
in the volume. This strategy consisted of a first stage
with an injection at a constant, intermediate injection
pressure of 15.0 MPa for 4.5 days (59 m® injected vol-
ume) which was slightly below the jacking pressure
(15.5MPa) as determined from previous Hydraulic Tests
on Pre-existing Fractures (HTPF). This sequence pro-
duced low levels of seismicity, averaging rates of only
3-4 detected events per hour. In the second stage, we
raised injection pressures to 20 MPa, and in response
seismicity rates increased to > 400 events per hour on
average.

During the “MzeroB” experiment in August 2024, we
began with a repetition of the high-pressure injection
stage of the MzeroA experiment within the same inter-
val, but without a pre-conditioning stage. The resulting
seismicity rate was 4-5 times as high (80-100 events/min)
as in the MzeroA experiment. Here, we upheld the 20
MPa stimulation for a total of 70 hours, injecting a total
of 147 m®.

The two Mzero experiments were much larger than
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any of the previous injection experiments at the Geoen-
ergies Testbed: a total of 270 m® was injected. This is al-
most 20 times the previously injected volumes (14.4 m®)
ininterval 11 (Obermann etal., 2024). These tests offer a
first perspective on how injection protocols may be used
to trigger larger magnitude events on a natural fault and
fracture network. In addition, the experiments also re-
vealed the full potential of the experimental setup. The
ultra-broadband seismic network in the Geoenergies
Testbed located ~54,000 seismic events with M,, -4.9 to
-0.5. Because of the relatively short source-receiver dis-
tances, the seismic waveforms are almost unaffected by
anelastic attenuation, which facilitates kinematic char-
acterisations of the largest events through probabilistic
spectral inversions (Supino et al., 2019). The observa-
tions made in the Mzero experiments played a crucial
role in the design of the core FEAR experiments at the
Earthquake Physics Testbed, in which we inject directly
into the target fault, via multiple injection points simul-
taneously, to trigger and study the M,, ~1.0 target events.

2.4.3 Experiments on the target fault zone

In the “FEAR-1” experiment (November-December
2024), we performed the first large injection into the tar-
get fault zone, on the north-east side of the Bedretto
tunnel (Figures 1 & 5), before the FEAR tunnel and the
Earthquake Physics Testbed were completed. The goal
was to induce aseismic slip on the order of a few mil-
limetres, without triggering a larger dynamic rupture.
A primary aim was to characterise the hydraulic, hy-
dromechanical, and seismic response of the target fault
zone to stimulation in a safe manner.

In a series of 14 injection tests, we injected a to-
tal of ~1,000 m® of water. In this experiment, two
SIMFIP probes were deployed in two separated fault-
crossing boreholes. We triggered and located 9,000 seis-
mic events both on and off the main fault structures.
The SIMFIP measurements at the injection points, as
well as the off-fault strain observations, suggest that
the target fault was indeed aseismically activated, along
with prominent intersecting secondary structures.

2.4.4 Planned experiments

Upon completion of the experimental setup, the main
FEAR experiments will be performed on the south-west
part of the Earthquake Physics Testbed where the new
FEAR tunnel is located (Figure 1). We will likely uti-
lize a staggered fluid injection approach, via the injec-
tion boreholes, in an attempt to trigger a dynamic main
shock rupture with a target size of My~1.0. If we are
successful in triggering a rupture of substantial size, we
will attempt to activate adjacent fault zone segments,
to study how they have been affected by the first rup-
ture. That is, after a potential additional drilling and
instrumentation campaign to densify the monitoring,
we will attempt to trigger more My~1.0 sized events
directly where co- and post-seismic deformation may
have raised stresses, but where the first rupture had
for some reason stopped. With the experience gained
from these experiments we may then attempt to actively
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condition individual fault zone segments, e.g. with ad-
vanced injection protocols, in order to promote or pre-
vent dynamic ruptures of particular segments, and to
influence the rupture style, e.g. from seismic to more
aseismic deformation.

2.5 Safety and risk

A principal risk associated with this project, and with
stimulation experiments in the Bedretto tunnel more
broadly, arises from ground motions generated by in-
duced seismicity. Even low-magnitude events (My~1.0)
that are not perceptible at the ground surface above the
tunnel can produce large near-field peak ground accel-
erations (PGA) within tens of metres of the hypocentre,
potentially sufficient to damage the tunnel walls. In the
FEAR experimental design, we deliberately selected a
fault considered reactivatable. The fault zone extent has
been traced to at least 200 metres (Section 2.2). Fur-
thermore, we will attempt to pre-condition it to promote
rupture. While our target scenario is a dynamic main-
shock of approximately My, 1.0, the present uncertain-
ties in rupture nucleation, propagation, and arrest—the
very motivation for FEAR—imply a distinct probability
that the rupture could continue to propagate and grow
to My, 2 1. Accordingly, quantitative seismic risk as-
sessment and mitigation measures are critical require-
ments, and informed the design at all stages of the ex-
periment. This includes not only technical aspects but
also a team culture with respect to risk, as well as the
understanding that good risk management is a dynamic
process and it should rely on several layers of safety.

Similar to hydraulic stimulation operations in large-
scale geo-energy projects (e.g. Broccardo et al., 2020),
induced-seismicity hazard analyses are performed
prior to all hydraulic stimulation experiments at
the BedrettoLab, following the procedure outlined
by Gischig et al. (2025). As a first step, we compile
an inventory of exposed elements (objects at risk),
including:

i. Personnel, equipment, and the tunnel infrastruc-
ture within the experimental cavern and along the
Bedretto tunnel (standoff distances ~10-300 m)

ii. Machinery in the machine room at the junction
where the Bedretto tunnel branches from the Furka
tunnel, as well as the MGB railway, associated in-
frastructure, travellers, and workers in the Furka
tunnel (distance from the experiments ~2.5 km)

iii. Settlements and individuals in the Bedretto valley
(surface impact; distances ~2-25 km)

The seismic hazard and risk assessment integrates
seismicity datasets from prior BedrettoLab stimulations
at the Geoenergies Testbed with global compilations.
Specifically, the seismogenic index (or feedback) ag,-
value and Gutenberg-Richter b-values of various Bedret-
toLab and global datasets were used to extrapolate to-
wards larger magnitudes. Greater weight was assigned
to the site-specific BedrettoLab data. The ground-
motion model calibrated to past BedrettoLab events is
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shown in Figure 9a, and probabilistic magnitude esti-
mates are shown in Figure 9b. In general, peak ground
velocities (PGV) > 30 mm/s are expected to produce lo-
calized damage to the tunnel and installations (e.g. frac-
turing, rockfall), a level that can be attained by an event
of M,,~1.0 at a distance of ~30 m. Ground motions are
typically felt above 1 mmy/s. Considering the calibrated
ground-motion relations, we conclude that the highest
risk pertains to personnel and equipment within the
tunnel, since this shaking level is achievable for My~1
at near-field distances. In contrast, generating damage-
level shaking at distances >2 km would require an event
on the order of My~4, subject to model uncertainty.

As shown by Gischig et al. (2025), achieving a con-
vergent a priori estimate of the probability of reach-
ing a given magnitude (e.g. the FEAR target of My, 1.0)
is difficult in the absence of site-specific data on the
seismogenic response within the Earthquake Physics
Testbed volume. The probability estimate and its un-
certainty shown in Figure 9b indicates that this prob-
ability cannot be tightly constrained. The grey shad-
ing denotes epistemic uncertainty (model and param-
eter uncertainty) and aleatory variability (natural ran-
domness) in the probability estimates. This was de-
rived using the weighted ag,- and b-values derived from
past Bedretto stimulations and global datasets (epis-
temic uncertainty), as well as the uncertainty associ-
ated with these parameters (aleatory uncertainty) in 10°
realisations. The result of these realisations was con-
verted into a probability density function represented
by the grey shading. From this, the median and per-
centiles were derived. Given this uncertainty, we gen-
erally adopt a conservative risk procedure. To reduce
personnel exposure, we implemented a fully remote-
operation capability (Section 2.3), enabling stimulation
and post-stimulation activities without personnel in the
tunnel. A traffic-light system based on both event mag-
nitude and ground motion is deployed. For example,
for the experiments in the Geoenergies Testbed, upon
exceeding either My, > 0.0 or a peak ground velocity
(PGV) of 2.5 mm/s (orange alert), the experiment was
temporarily suspended and subjected to reassessment
before resumption. These values were chosen to stop
well below a damaging magnitude (My~1.0) and ground
motion. The combination of the traffic-light system
and the remote-operated pump circuit ensure residual
risks within acceptable bounds despite uncertainties
in seismic hazard forecasts. Subsequent experiments
will adopt the same framework. The probabilistic haz-
ard and risk analysis will be updated iteratively as ad-
ditional site-specific datasets from experiments at the
Earthquake Physics Testbed become available, with cor-
responding recalibration of models and adjustment of
operational thresholds and procedures as warranted.

3 Discussion

One key motivation for the FEAR project is that state-
of-the-art understanding of earthquake processes is
strongly observation-limited. From strain localisation
to fault dilation and to fault healing mechanisms, there
are numerous aspects of earthquake mechanics that
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Figure9 (a) Ground motion model calibrated against seismicity data from the BedrettoLab Geoenergies Testbed including
uncertainty in grey shading. Solid blue line is the median and dashed blue lines the 90% percentiles. (b) Probability of ex-
ceeding a certain magnitude for an anticipated injected volume of 300 m3. Grey shading is the probability density function
(PDF) representing the aleatory and epistemic uncertainty of the predictions based on the Bedretto-specific and world-wide
datasets. Green lines are the median and the percentiles derived from all possible predictions.

we cannot resolve with surface sensor networks, or
even with near-fault observatories. To understand such
first order phenomena in all their complexity, it may
be necessary to build larger scale facilities that pro-
vide experimental control and extensive monitoring at
very shortrecording distances, under in situ conditions.
The Earthquake Physics Testbed we are building at the
BedrettoLab is an attempt to build such a facility, where
we can induce earthquakes of substantial size in the
midst of monitoring arrays with high sensitivity and res-
olution. The Earthquake Physics Testbed may allow us
to address a wide range of fundamental science and
practical questions.

3.1 Science potential

One important example phenomenon that can profit
from this larger scale in situ approach is precursory
and rupture nucleation processes (Garagash and Ger-
manovich, 2012; Ohnaka, 1992): small foreshock cas-
cades and slow strain transients are often near—and
possibly below—the detection limit of standard moni-
toring networks (e.g. Bletery and Nocquet, 2023; Obara
and Kato, 2016; Socquet et al., 2017; Kato and Ben-Zion,
2020). While in laboratory experiments, precursory
phenomena such as aseismic transients, localized fore-
shocks, and accelerated deformation prior to stick-slip
or catastrophic brittle failure are commonly observed
(Dieterich, 1979; McLaskey, 2019; Ohnaka, 2003; Sel-
vadurai and Glaser, 2015; Xu et al., 2023), they are of-
ten absent in the data from before natural major earth-
quakes (Brodsky and Lay, 2014; Martinez-Garzén and
Poli, 2024). Itis unclear if these observations are ubiqui-
tous to earthquakes, or are affected by the sparse cover-
age and distance in real tectonic settings or limitations
of the sensing systems (Tullis, 1996).
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3.2 Controlling induced seismicity

In order to understand how to prevent potentially dam-
aging induced earthquakes during hydraulic stimula-
tion, it may be helpful to first understand how we can
trigger them. With the remote experiment control sys-
tem and the BedrettoLab safety concept, we can study
what it takes to trigger larger earthquakes, with some-
what bolder injection strategies than is usually possi-
ble in fluid injection experiments. This will provide
the seismological community with rich datasets that are
currently missing. With this, we can meaningfully test
and compare the various proposed models for maxi-
mum earthquake size (Galis et al., 2017; McGarr, 2014,
van der Elst et al., 2016). Furthermore, in some of the
FEAR experiments we will attempt to directly condi-
tion different fault segments to either encourage or in-
hibit dynamic rupture. What are the relevant mecha-
nisms for inducing fault slip, and can they be discerned
(Moein et al., 2023)? For example, can we discern be-
tween triggered or driven induced events (Schultz et al.,
2025)? Can we raise the critical nucleation size across
the fault zone with slow, prolonged, and low-amplitude
pressurisation, and thereby shift the total seismic mo-
ment balance from seismic to aseismic (Bentz et al.,
2020)? Can we observe slower fault slip styles that are
indicative of this transition? Can we effectively influ-
ence i) the fault area that is activated by seismicity; ii)
the overall level of seismicity; iii) the size of the largest
events; or iv) the relative proportion of small and large
events? Can we hydro-mechanically clamp and shut
down an individual fault segment that was previously
slipping (Schultz, 2025)? Can we adequately anticipate
the amount of trailing post-injection seismicity? Fi-
nally, are there practical ways to integrate these learn-
ings into risk management strategies?
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3.3 Predictability

The FEAR experiments are also a formidable opportu-
nity to test the predictability of seismicity. In most natu-
ral seismic sequences, purely statistical models such as
ETAS tend to outperform physics-based seismicity mod-
els. However, the Earthquake Physics Testbed setup
provides much more information on the physical state
of the target fault system than is usually available. Un-
der such circumstances, can we construct a seismic-
ity model which—contrary to standard models—makes
higher probability gain statements on the location of in-
dividual events, or even on event magnitudes? Which
attributes can we reliably forecast (e.g. seismicity rates,
the spatial extent of the seismicity cloud, etc.), and
which ones remain unpredictable? Furthermore, the
experiments will also serve to test recent successful re-
sults from predictions of laboratory earthquakes at the
in situ scale (Rouet-Leduc et al., 2017).

Ideally, we would be able to recognise the presence
of loaded faults or fault segments prior to stimulation,
e.g. in deep geothermal energy projects. If such faults
were present, one could stay away from them, or care-
fully pressurize them to induce slow, aseismic slip that
would relax the stresses that might otherwise lead to
fast, damaging ruptures. An important practical ques-
tion is therefore whether—given the level of observation
and characterisation—we can recognise loaded, ‘activat-
able’ fault strands a priori. This could, for example,
be possible because they would show diagnostic, ob-
servable patterns upon minor perturbations, such as
systematic b-value variations (Gulia et al., 2016; Gulia
and Wiemer, 2019; Tormann et al., 2014, 2015), or a de-
crease in the fraction of non-clustered seismicity (Ben-
Zion and Zaliapin, 2020). The FEAR monitoring system
will allow us to systematically search for diagnostic pat-
terns, that may be unnoticeable with today’s standard
observatories.

4 Conclusions

The FEAR project is a bold initiative to advance our un-
derstanding of earthquake physics, by activating a nat-
ural fault zone in the Swiss Alps, in an experimental
testbed that facilitates exceptional experiment control
and monitoring. The project is designed i) to bridge
the gap between the laboratory and natural scales: our
monitoring conditions are similar to those in a rock me-
chanics laboratory, but we experiment in a natural set-
ting, with real fault zone structures and corresponding
natural stress fields; ii) to bridge scientific domains, by
combining all major observables that are relevant for
earthquake faulting processes, including geology, seis-
mology and hydromechanics; and iii) to bridge scien-
tific approaches, via the integration of in situ exper-
iments, accompanying rock mechanics laboratory ex-
periments, and numerical process models. With the
direct fault zone access the BedrettoLab provides, the
FEAR project may be able to advance our understand-
ing of what it takes to trigger—and, more importantly, to
prevent—larger quakes in fluid injection experiments.
It may also shed new light on a wide range of questions
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on earthquake precursors, predictability, and rupture
dynamics, and on how to effectively manage seismic
risk.
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