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Abstract We performed a series of hydraulic stimulations at 1.1 km depth in the Bedretto underground
laboratory, Switzerland, as part of an overall research strategy attempting to understand induced seismicity on
different scales. Using an ultra‐high frequency seismic network we detect seismic events as small asMw < − 4,
revealing intricate details of a complex fracture network extending over 100 m from the injection sites. Here, we
outline the experimental approach and present seismic catalogs as well as a comparative analysis of event
number per injection, magnitudes, b‐values, seismogenic index and reactivation pressures. In our first‐order
seismicity analysis, we could make the following observations: The rock volume impacted by the stimulations
in different intervals differs significantly with a lateral extent from a few meters to more than 150 m. In most
intervals multiple fractures were reactivated. The seismicity typically propagates upwards toward shallower
depth on parallel oriented planes that are consistent with the stress field and seem to a large extent associated
with preexisting open fractures. This experiment confirms the diversity in seismic behavior independent from
the injection protocol. The overall seismicity patterns demonstrate that multi‐stage stimulations using zonal
isolation allow developing an extended fracture network in a 3D rock volume, which is necessary for enhanced
geothermal systems. Our stimulations covering two orders of magnitude in terms of injected volume will give
insights into upscaling of induced seismicity from underground laboratory scale to field scale.

Plain Language Summary The Bedretto Underground Laboratory offers ideal conditions for studies
focusing on the behavior of the deep underground. In this unique research facility, we built a geothermal test
reservoir consisting of a set of injection/production boreholes with up to 400 m length drilled from the tunnel. In
2022 and 2023, we performed various stimulation experiments in packed off sections of this hectometer rock
volume. The stimulations were monitored by a newly developed densely spaced multiparameter seismic and
hydro‐mechanical monitoring system. The data show the activation of faults with linear dimensions
approaching and passing 100 m, yielding a clear impression of a hectometer fractured reservoir.

1. Introduction
Exploitation of geothermal energy from deep fractured reservoirs is suggested as an important player in future
energy productions across central Europe (Hirschberg et al., 2015). Developing such deep reservoirs (i.e.,
enhancing permeability and connectivity between boreholes) requires knowledge of the geometry of fracture
networks and fluid flow paths, along with their reaction to injection and production (e.g., Barbier, 2002; Gho-
lizadeh Doonechaly et al., 2023). Key challenges for geothermal power production are establishing sustainable
flow rates at sufficient fluid temperatures and, to a varying extent, controlling induced seismicity (e.g., Edwards
et al., 2015; Ellsworth et al., 2019; Kwiatek et al., 2019). Both topics are closely related to the fracture network of
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the reservoir in connection with the in situ stress field. An accurate analysis of injection induced micro‐seismicity
(e.g., Diehl et al., 2017) and monitoring of accompanying aseismic processes (e.g., Adelinet et al., 2016; Hillers
et al., 2015; Obermann et al., 2015; Sanchez‐Pastor et al., 2019, 2023; Taira et al., 2018; Toledo et al., 2022)
contribute to the detailed process understanding of the coupled seismo‐hydro‐mechanical processing during the
exploration and operation phases. This understanding is essential to reduce the high project risk and upstream
exploration costs that remain key barriers to scaling up of geothermal energy development, globally.

Extensive literature is dedicated to the hydro‐seismo‐mechanical processes taking place in single fractures
(Goodman, 1989; Jaeger et al., 2007; Ye & Ghassemi, 2018, and references therein). The fundamental mecha-
nisms have been understood as the interplay between stress, permeability and seismicity. However, it remains
challenging to understand the stimulation induced hydro‐seismo‐mechanical processes in fractured rock masses
(Amann et al., 2018, and references therein), specifically, the upscaling from the laboratory to the field scale. To
close the gap between laboratory experiments and natural, full‐scale observations, in situ injection experiments
have become a backbone of geo‐energy research (Amann et al., 2018; Boese et al., 2022; Gischig et al., 2020;
Manthei et al., 2001; Zang et al., 2017). In situ experiments in underground laboratories allow us to monitor the
rock volume with all its complexity in much greater detail than possible in full‐scale operation at great depths.
This provides us with the possibility to gain inherent process understanding given the better accessibility and
controllability for experimental work. Moreover, in situ experiments offer the possibility to develop new tech-
nologies at lower costs and risks, (e.g., innovative borehole completion and hydraulic stimulation approaches)
which can be transferred in the next step to full‐scale operations.

A key challenge in reservoir operations is the limited knowledge of the fracture network, which can often only be
illuminated with induced seismicity monitoring that benefits from the ability to detect and locate very weak
events. The potential of very‐broadband and ultra‐high‐frequency seismic networks to map out fracture networks
and gain process understanding has successfully been demonstrated in mines (Plenkers et al., 2022). Naoi
et al. (2011) outlined in this way the complex fault geometry (100 m × 80 m) and the interaction with the
neighboring fracture network of an M2 event in the Mponeng Gold mine, South Africa. The same data
set allowed, for example, to identify asperity weakening processes (Yabe et al., 2015), seismic energy partitioning
(Kwiatek et al., 2011), and estimation of radiated energies (Kwiatek & Ben‐Zion 2013; Naoi, Nakatani, Otsuki,
et al., 2015 used a similar network to map pre‐existing faults and newly developed shear zones in the context of a
migrating mining front in a rock volume of approx. 200 m × 250 m × 100 m. The data could be used to understand
quasi‐static slip and aseismic creep within the fracture network by the analysis of repeating events, focal
mechanisms and the temporal‐spatial evolution. They could also provide insights into the probability of inducing
a larger event by b‐value analysis (Naoi, Nakatani, Igarashi, et al., 2015; Naoi, Nakatani, Kgarume, et al., 2015).
Knowing that some of the existent shear zones are prone to violent failure (e.g., Gibowicz & Kijko, 1994;
McGarr, 1971; Van Aswegen, 2005) and therefore a risk in the mining operation, helps significantly in planning
the excavations. Ultra‐high frequency networks were also successfully used in decameter‐scale injection ex-
periments, where the activation of decameter‐scale fracture systems was successfully outlined (Boese et al., 2022;
Jalali et al., 2018; Manthei et al., 2001; Villiger et al., 2020; Zang et al., 2017).

Here, we apply the techniques developed in mines and underground laboratories, where experiments take place in
the rock volume that is accessible for people and sensor installations by galleries and stopes, to geoenergy
research at the Bedretto Underground Laboratory for Geoenergy and Geoscience (BULGG). This new, deep
underground experimental facility has been developed since 2018 in the Bedretto Tunnel in the Swiss Alps. The
laboratory has an average overburden of 1 km, providing an advantageous accessibility to a rock mass that is
comparable to shallow crystalline reservoirs in terms of stress conditions and structure. A geothermal test
reservoir (Bedretto Geothermal Testbed) was built consisting of a set of injection/production boreholes with up to
400 m length drilled from the tunnel.

The ultimate goal of the facility is to develop novel technologies and operational procedures to increase efficiency
and safety of geothermal exploration and production and thus, ultimately, supporting economic feasibility and
societal acceptance. BULGG continues the strategy of bridging the investigation scale from laboratory
centimeter‐scale and decameter in situ scale to the full operational scale (km), as well as from a pure focus on
process understanding to piloting strategies and technologies, which was initiated at the Grimsel Test Site
(Amann et al., 2018; Gischig et al., 2020) and various places world‐wide (STIMTEC, Boese et al., 2022; Aspö,
Kwiatek et al., 2018; EGS Collab, Kneafsey et al., 2018; FORGE, Allis et al., 2016).
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In the Bedretto Geothermal Testbed, we were able to characterize the host rock in large detail and systematically
develop the reservoir in separate phases under controlled conditions. The hectometer long boreholes were
characterized with georadar and wireline logging tools to reconstruct the fracture network along and beyond the
borehole side wall at distances of a few centimeters to decameters. While the fracture network characterization
using these techniques can easily be biased due to shadowing effects of strong reflectors, additional information
may be gained from mapping of seismicity recorded with a dense sensor network that yields small location
uncertainties, allowing observations at high resolution far into the rock volume.

In 2022 and 2023, we performed 13 stimulation experiments in 8 packed off sections of a hectometer rock volume
as part of the Bedretto Reservoir Project (BRP). The BRP encompasses three sub‐projects with complementary
targets for the development of a large‐scale deep reservoir for the circulation of water and the storage and
extraction of geothermal energy; VALTER (Validating of technologies for reservoir engineering, Giardini
et al., 2022), DESTRESS (Demonstration of soft stimulation treatments of geothermal reservoirs) and ZoDrEx
(zonal Isolation, Drilling and Exploitation of EGS projects, Meier & Christe, 2023; Meier et al., 2020). The
stimulations presented here were part of the VALTER project and monitored by a newly developed densely
spaced multiparameter seismic and hydro‐mechanical monitoring system (Plenkers et al., 2023). In particular, a
seismic network was built inside the boreholes allowing sensitive measurements in the near and far field over a
very wide range of frequencies (0.08 Hz–100 kHz). This project aims to understand the physical processes driving
hydraulic stimulations, enhance hydraulic conductivity and permeability withing a geothermal reservoir with
minimal seismic activity, optimize injection strategies, and develop effective sensor layouts for future deep
geothermal systems.

Our data show the activation of faults with linear dimensions approaching and passing 100 m, yielding a clear
impression of a hectometer fractured reservoir, allowing us to address questions associated with the variability of
the seismic response in relation with a distinct hydro‐mechanical characterization, the upscaling capabilities, as
well as the impact of different injection strategies.

2. Test Site and Experimental Setup
Since 2018, ETH has been developing the BedrettoLab, a new deep underground experimental facility in the
Swiss Alps, near the Gotthard pass region (Figure 1a). This region shows a low level of background seismicity,
which was considered advantageous in the sites' risk assessment (Gischig et al., 2019). The BedrettoLab is located
in the 5.2 km long Bedretto Tunnel that connects the Furka Base Tunnel in the northwest with the Bedretto valley
in the southeast (Figures 1a and 1b, modified after Ceccato et al. (2024)) and was originally used to facilitate
ventilation and drainage of the Furka Base Tunnel. Since its completion in 1982, the Bedretto Tunnel remained
largely unlined and unpaved, offering direct access to the rock volume, composed mainly by a granitic intrusion
known in literature as Rotondo Granite (Fritsch, 1873; Rutsch & Pruvost, 1966). In 2018, the owner, the Mat-
terhorn Gotthard Infrastructure (MGI), gave access to the tunnel to ETH Zürich for long‐term research, which
prompted the establishment of the BedrettoLab. The Bedretto Geothermal Testbed, where the here presented
experiments took place, is operated from a 6 m by 3 m by 100 m (width, height, length) niche at 2 km from the
southern tunnel entrance within the Rotondo Granite. The local overburden is 1,000 m (Figure 1b).

2.1. Geology and In‐Situ Stress at the Bedretto Geothermal Testbed

The geology at the experiment location is dominated by the Rotondo granite, a late‐Variscan pluton
(294.3± 1.1Ma; Sergeev & Steiger, 1995) that intruded into the European polymetamorphic crust of the Gotthard
nappe (Figure 1a). The granite consists of two magmatic facies, equigranular (Figure 2a) and porphyritic, both
with the same mineralogical composition, but with different proportions between felsic minerals and phyllosi-
licates. Biotite and feldspar foliation occur only in the porphyritic granite (Lützenkirchen & Loew, 2011; Rast
et al., 2022). Aplitic and mafic dykes (290–285 Ma; Bussien et al., 2008) crosscut the granite heterogeneously.
Deformation throughout the Alpine orogenesis (Alpine metamorphic event) is manifested as a weak bulk foliation
in the porphyritic facies of the granite (Steck & Burri, 1971) and more commonly in narrow NE‐SW trending
ductile shear zones. According to Schmid et al. (1996) the Gotthard massif was backfolded about 20 Ma ago,
rotating the tectonic boundaries, the foliation and the shear zones into the actual subvertical setting. Ceccato
et al. (2024) identified a sequence of four deformation stages from 34 Ma to present: brittle faulting before the
Alpine peak metamorphism; reverse mylonitic shearing at amphibolite facies; brittle‐ductile strike‐slip shearing
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at greenschist‐facies; and brittle strike‐slip faulting at shallow conditions. The brittle structures of the first phase
controlled the localization of ductile mylonites of the second and following phases, resulting in a large percentage
of faults commonly NE‐SW oriented.

The brittle faults of the first phase (I) are cataclasites and breccias (Figure 2b) with angular clasts of undeformed
granite surrounded by a dark fine‐grained matrix. Quartz veins are often associated with these structures. The
following ductile shear phase II is manifested by fine grained mylonites with granitic porphyroclasts, sigmoidal
quartz and well‐developed Bt‐foliation (Figure 2c) forming a set of steep, NW‐dipping, reverse ductile shear
zones (Lützenkirchen & Loew, 2011). The subsequent ductile to brittle phase IIIs represented by sets of conjugate
brittle‐ductile strike slip and normal dip‐slip faults, N‐S or NW‐SE oriented, associated with tensional miner-
alized veins and tensional jogs. Vuggy altered granites (episyenites; Ceccato et al., 2024) are observed close to

Figure 1. (a) The location of the Bedretto Tunnel in Ticino, Southern Switzerland, a side tunnel of the Furka Railway tunnel.
(b) Cross‐section of the Bedretto Tunnel with location of the Geothermal Testbed volume, situated 2 km from the Southern
entrance of the tunnel, in Rotondo Granite (modified after Ceccato et al. (2024)). The shear zones are only indicative of
distribution and geometrical setting of the main structures, and do not correspond to mapped structures.
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these shear zones (Figures 2d and 2e). The latest deformation phase IVs represented by NE‐SW to E‐W brittle
faults (Figures 2f and 2g), characterized by zeolites and clay‐rich gouges (Ceccato et al., 2024; Lützenkirchen &
Loew, 2011). Multiscale remote sensing analyses and field investigations of lineament sets provided insights into
the spatial organization, geometry and lateral extent of the four deformation zones. In particular it revealed that
the brittle fault zones of phase IV are particularly important, as they are the most laterally continuous at the
regional scale. The phase IV brittle shear zones are organized into clusters, with across‐strike thicknesses ranging
from 2 to 10 m and lateral extents up to several hundred meters (Achtziger‐Zupančič et al., 2024). However, these
fault zones are composed of discrete and discontinuous shear surfaces and fracture planes, each typically around
50 m in length. Additionally, Type IV brittle fault zones feature zeolite‐bearing shear planes, fault mirrors, and
cataclasites. These zeolite‐bearing fault rocks are widespread in the crystalline basement units of the Alps and are
believed to result from past seismic activity associated with (hydrothermal) fluid injection (Ceccato & Pennac-
chioni, 2018; Dempsey et al., 2014).

Figure 2. Structures from cores illustrating the various aspects of the Rotondo granite: (a) equigranular undeformed Rotondo
granite, crosscut by a Qtz vein (b) breccia with angular clasts surrounded by a dark fine grained matrix, a mylonitic ductile
shear zone with highly deformed quartz ribbons; (c) fine grained mylonites with feldspar porphyroclasts, sigmoidal quartz
and well‐developed Bt‐foliation; (d, e) two aspects of vuggy granite with secondary porosity; (f, g) brittle fault plane,
characterized by zeolites (arrow in f) and elongated Qtz fibers along the latest movement direction (g).
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Ma et al. (2022) presented a multidisciplinary characterization of the in situ stress conditions and internal
structures of the hectometer‐scale rock volume, beneath the Geothermal Testbed niche. They found that the rock
volume features three distinct compartments, with the middle main fault zone, sandwiched by two relatively intact
units. This fault zone unit appears to be a representative feature of the site, as similar structures repeat every
several hundreds of meters along the tunnel. Bröker and Ma (2022) determined the far field stress orientations at
Bedretto as follows: The maximum principal stress component, S1, has a magnitude close to the overburden stress
(≈26.5 MPa) and a direction close to vertical (potentially up to 10° inclined). S2 or SHmax has a magnitude
between 20.4 and 27.9 MPa and is oriented between N100°–120°E (mean = N112°E). S3 or Shmin is oriented
N10°–30°E and has a magnitude between 11.2 and 16.4 MPa. The stress state is not critical at the existing
structures (Bröker & Ma, 2022). However, they observed a rotation of the stress field in a counter‐clockwise
direction by up to 37° in a group of three shallow (30 m) boreholes located inside the lab. This is very likely a
local perturbation, but shows that the stress field is very heterogeneous and likely influenced by fractures/fault
zones (Bröker, Ma, Zhang, et al., 2024). Through the borehole breakouts in the up to 400 m long monitoring and
stimulation boreholes, Zhang et al. (2023) inferred a rotation of the stress field. The rotation is clockwise around
the main fault zone and also the relative stress magnitudes change (i.e., the intermediate principal stress moves
from S1 toward S3). In addition, the occurrence of the breakouts around the major fault zone indicates a lower
rock strength. These observations manifest and highlight the importance of natural and complex rock volumes for
experiments aiming to represent natural conditions comparable to shallow (∼1 km) reservoirs.

From acoustic televiewer (ATV) and optical televiewer (OTV) logs, structures were picked with three main strike
directions, NE‐SW to E‐W, N‐S and NW‐SE, in line with the geological observations. Fractures can be found in
all of these 3 groups, while most fault zone cores are only found in the NE‐SW group dipping NW. The identified
orientation sets are not distributed equally in the rock volume and the rock volume can be divided in 4 units
following structure orientation. N‐S directions concentrate in the upper section of the boreholes near the tunnel
(Unit I in Figure 3). This is followed by a transition from NS to NE‐SW (Unit II, Figure 3) until NE‐SW oriented
fractures are dominant (Unit III, Figure 3). In Unit IV (Figure 3) the NE‐SW set is still dominant, but occurs
alongside the NW‐SE set. The major fault zone of the Geothermal Testbed marks the boundary between Units II
and III.

2.2. Overview of the Injection Intervals

The Bedretto Geothermal Testbed was optimized and conceptually designed to incorporate zone with varying
sensor coverage, ranging from high to intermediate and low, for optimal data acquisition. This allows to study
effects during reservoir stimulation at a highest resolution, learn to which extent these effects can be monitored
from greater distances and, ultimately, transfer this knowledge to full‐scale reservoir engineering projects, where
only limited resolution by predominantly surface‐based monitoring systems is possible. This study presents the
results of the uppermost 8 injection intervals of the injection borehole ST1 (Figure 3), located in the region of
highest sensitivity/coverage of the monitoring network. Deeper intervals at lower coverage have been stimulated
within the DESTRESS project and are partially documented by Giardini et al. (2022).

The ST1 borehole, dipping 49°, is equipped with a 14 interval multipacker system. The experiments described in
this manuscript took place in the top 8 intervals that are placed within a dense multi‐component monitoring
system at depths of 250–50 m below the tunnel (Figure 3). The stimulation intervals are between 7.5 and 54.8 m
long (Table 2). Each interval is hydraulically connected to the borehole mouth through sliding sleeve doors (SSD)
integrated into the string between the packers. The SSDs serve as injection points and are 1.1 m long. Each SSD is
positioned at a depth of 3–4 m below the upper packer of the respective interval. Prior to the deployment of the
multi‐packer system, a range of logging tools were run in the ST1 borehole to characterize the geological
structures therein. We use the acoustic televiewer (ATV) and optical televiewer (OTV) logs to distinguish be-
tween filled and non‐filled fractures. The latter show clear signatures on the acoustic amplitude and often also
travel time images. Note that the fractures that have been identified as non‐filled may narrow considerably or
terminate a few centimeters or meters away from the borehole. Therefore, it is not possible to assess the continuity
of these structures away from the borehole wall and the connection to other structures without constructing an
advanced geological model.

In the following, we briefly describe each interval. A complete summary of all technical parameters is given in
Table 2. For a full characterization of the intervals, please refer to Bröker, Ma, Doonechaly, et al. (2024).
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Interval 7 (bottom depth: 253.3, 35.1 m long). The interval contains many filled fractures, undifferentiated
fractures (unclear if fracture is filled or non‐filled), and two fracture zones from 219 to 221 m. The orientation of
these fracture zones is around 240°/60° (strike/dip, “right‐hand rule” or RHR) and they have a detectable outflow,
as evidenced in the logging data. Because of these structures, the interval is the second most transmissive in the
VALTER volume with transmissivity of 3.00E − 7 m2/s (transmissivities are given in Table 2 after Gholizadeh
Doonechaly, Bröker, Hertrich, Ma, et al. (2024)).

Interval 8 (bottom depth: 216.8, 30.1 m long). The interval has two prominent non‐filled fracture zones from 205
to 207.5 m depth that mark the boundary between Units III and IV (Figure 3). Fractures in this zone strike around
230° and dip between 43° and 60°. In addition, the interval contains many smaller filled fractures and undif-
ferentiated fractures. Despite the large fracture zones, the transmissivity is 3.3E − 8 m2/s and lower than in the
neighboring intervals.

Interval 9 (bottom depth: 185.2, 14.4 m long). The interval contains many non‐filled fractures with smaller
aperture, undifferentiated fractures and a large shear zone. The orientation of the non‐filled fractures varies, with
an average orientation of 227°/59°. Interval 9 crosscut a prominent ductile shear zone oriented 239°/39° with an
apparent thickness of 3 m, associated at the top with brittle fractures with high slip tendency, and at the bottom
with a brittle fracture with intermediate slip tendency. Interval 9 has an intermediate transmissivity of
4.1E − 8 m2/s and is more transmissive than its neighboring intervals.

Interval 10 (bottom depth: 169.3, 17.1 m long). The interval contains several smaller non‐filled fractures and
many undifferentiated fractures. The non‐filled fractures are distributed over the entire length of the interval and
with an orientation of 231°/69°. The transmissivity is 1.80E − 8 m2/s and relatively low.

Figure 3. Seismic Instrumentation in the VALTER volume, showing acoustic emission sensors (AE), accelerometers (ACC),
geophones, FBG and pore pressure sensors (PP) together with the seven relevant injection intervals. The thick gray line
represents the tunnel. In light gray, we roughly delineate the distribution of the main geological units divided by the dominant
fracture orientations after Castilla et al. (2022). The uppermost Unit I is dominated by fractures with NS orientations, in Unit
II a transition from NS to NE‐SW occurs. Unit III is dominated by NE‐SW oriented fractures. Toward the bottom of the
explored volume NE‐SW are still dominant but NW‐SE structures are found (Unit IV). The main fracture zone is between
Units II and III.
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Interval 11 (bottom depth: 150.5, 18.3 m long). The interval has multiple non‐filled fractures and two fracture
zones with an orientation of 233°/58°. The transmissivity is 5.60E − 08 m2/s and higher than in the adjacent
intervals.

Interval 12 (bottom depth: 131, 7.5 m long). The interval contains three prominent fracture zones with similar
strikes (231°–251°), but different dip angles (49°–80°). The transmissivity is comparably lowwith 1.90E − 8m2/s,
despite these prominent fracture zones and the proximity to the main fracture zone (interval 13).

Interval 13 (bottom depth: 121.7, 18.3 m long). The interval contains the largest fault zone of the experimental
volume that represents the boundary between Units II and III (Figure 3). The major fracture zone in the center of
this fault zone extends from around 107.5 m until 113.5 m and is oriented around 240°/69°. Above and below this
central fracture zone, several more non‐filled fractures, some with a large aperture, are observed. The trans-
missivity of this interval is by far the highest (8.40E − 7 m2/s).

Interval 14 (bottom depth: 101.9, 54.8 m long). The interval only contains two non‐filled fractures, oriented 237°/
63°, and is mostly intact rock with many filled fractures. The transmissivity is low with 2.30E − 9 m2/s.

2.3. Multi‐Parameter Monitoring Network

We encountered various challenges in the design of a high‐resolution multi‐component monitoring network for
meso‐scale experiments. One challenge regards the substantial deviation in borehole drilling for 400 m long
boreholes (for details see Plenkers et al., 2023). The exact design of the network could only be finalized, once the
final trajectories were known. Since drilling long boreholes was expensive, the total number of boreholes was
limited and each of them needed to accommodate various types of sensors. Water and pressure at depth in the
boreholes were an additional challenge, in particular for electronic parts such as preamplifiers. The extensive
development efforts and final sensor types are described in detail in Plenkers et al. (2023). An additional challenge
for the seismic monitoring system during the VALTER stimulations was that we aimed to cover a wide range of
seismic signals. We wanted to record induced seismic events down to Mw < − 4 (pico seismicity), with fre-
quencies up to 100 kHz and at the same time record low‐frequency signals (0.08–100 Hz) observed in previous in
situ stimulation experiments (Boese et al., 2022; Zang et al., 2017) that are speculated to represent aseismic,
pressure‐driven deformation. Since no seismic monitoring system covers the recording of this wide range of
seismic signals, we installed three different seismic systems using (a) strong motion/broadband seismometers
along the tunnel; (b) geophones; (c) high‐frequency 3‐component accelerometers (ACC) and acoustic emission
(AE) sensors in the boreholes (Figure 3). For the observations reported in this article the borehole ACC and AE
sensors are the most relevant, and are referred to from here on as ultra‐high frequency network.

Instrumenting the experiment volume was challenging and followed a sophisticated installation concept (Plenkers
et al., 2023). As expected, due to the risks involved in instrumenting a multi‐sensor network in such an envi-
ronment on meso‐scale, sensor failure occurred. The ultra‐sensitive AE sensors and accelerometers that come
with internal electronics in the sensor's preamplifiers were especially affected. A prolonged exposure to borehole
water in between installation and cementation (MB1 and MB4), was identified as a risk factor. For later in-
stallations, the installation procedure was revisited and the exposure time in the open boreholes was reduced to a
minimum, which successfully reduced the number of failed sensors.

For VALTER, we used the following sensors installed in six 100–300 m long monitoring boreholes (MB1, 3, 4, 5,
6, 7, Figure 3): 5 triaxial geophones type IMS‐GS‐100 Hz, an ultra‐high frequency network that incorporates 5
triaxial accelerometers (ACCs) type IMS‐3A25 and IMS45A19, 34 Acoustic emission (AE) sensors type GMuG‐
Ma‐Blc‐30‐35, 12 ultrasonic transmitters GMuG‐Blc‐Tr50 and GMuG‐Blc‐Tr70. Further we have 4 cementable
tube pore pressure (PP) sensors, 58 FBG sensors and optical fibers for the measurements of temperature, strain
and acoustic emissions in all boreholes. More detailed specifications of the sensors can be found in Plenkers
et al. (2023).

The ACCs were collocated with AE sensors to allow for their cross‐calibration (briefly outlined in Section 3.3).
We used two types of ACC, a Wilcoxon sensor with a flat response between 2 Hz and 25,000 Hz (±3 dB) and an
Endevco sensor with a narrower flat response but higher sensitivity, between 0.5 and 3,000 Hz. AE sensors used
were tailored toward a reduced resonance and optimized for the frequency range 1–50 kHz. Above 50 kHz the
sensor’s sensitivity is reduced, but signals are recorded. The upper limit of high‐frequency recording at 100 kHz is
defined in this project by the sampling frequency. The sensor's directivity is highest in borehole direction and
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slightly reduced but constant in radial direction. The six monitoring boreholes were all sealed on their full length
with a fit‐to‐purpose cementation (Gholizadeh Doonechaly, Reinicke, et al., 2024; Plenkers et al., 2023) to
minimize their impact on fluid pathways and hydrogeological conditions of the experimental volume. Addi-
tionally, we have a 222 m long open monitoring borehole (MB2) equipped with a classical multi‐packer that
isolates 7 intervals between depths of 125 and 222 m, ranging in length from 1.5 to 22 m. The uphole pressure can
be read for the corresponding intervals at the surface. For injection and production, we have a 404m long injection
borehole (ST1) with a 14 interval multipacker system (the intervals are described in Section 3.1 and in detail in
Bröker, Ma, Doonechaly, et al. (2024)) and ST2, a 351 m long borehole that shall be used for fluid circulation
(production) at a later stage.

2.4. A‐Priori Risk Study, TLS, and ATLS

For the BedrettoLab, we performed an a‐priori probabilistic risk assessment to assess potential hazard and damage
in the Bedretto and Furka tunnels, as well as for infrastructures and buildings on the ground surface. Such a risk
study is a common and useful practice to manage and mitigate induced seismicity linked to injection activities in
the underground (Broccardo et al., 2020; Grigoli et al., 2017). The analysis was performed for a range of possible
injection volumes, ranging from 1 to 1,000 m3. Since the specific site response was unknown prior to the injection
activities, we relied on a range of models and model parameters available in literature. Prior information from
other representative sites, including some at industrial scale, for example, Basel and St. Gallen in Switzerland
(Diehl et al., 2017; Häring et al., 2008), Pohang in South Korea (Grigoli et al., 2017), Soultz‐sous‐Forêt in France
(Horálek et al., 2010), as well as other underground laboratories (Grimsel in Switzerland (Villiger et al., 2020,
2021), Äspö in Sweden (Zang et al., 2020)), was accounted for via expert rating (Gischig et al., 2019). The a‐priori
analysis was updated as new data from the stimulations became available.

The a‐priori analysis also describes the thresholds for a traffic light system (TLS) and the actions to be taken (from
bleed‐off to tunnel evacuation) if a given alert level is reached. We implemented two completely independent
monitoring systems for the TLS to monitor the safety of the operations, (i.e., with stations that do not share data
and network). The first system (vibration‐based TLS or TLS‐V) is based on direct ground motion recording at
three surface accelerometers located in the tunnel niche of the Bedretto Geothermal Testbed (few tens of m from
the injection borehole head). The thresholds for ground motion are fixed at 0.5, 2.5, and 15 mm/s for yellow,
orange, and red alerts, respectively. The second system is based on recorded earthquake magnitudes (TLS‐M).
The thresholds are based on potential median ground motion and hence also dependent on injection depth and the
distance between the earthquake location and the stimulated reservoir. For the injection activities described in the
current work, TLS magnitudes were taken from the AE detections during active injection operations, and from a
geophone‐based background network for all other periods. For the shallowest interval 14 at about 50 m distance
from the Bedretto Tunnel, the magnitude thresholds are as low asMw − 1,Mw0, andMw1 for yellow, orange, and
red alerts, respectively. For the deepest intervals with a distance of more than 300 m from the Bedretto Tunnel, the
thresholds areMw0.5,Mw1.5, andMw2.5 for yellow, orange, and red alerts, respectively. Details for the magnitude
thresholds for the injection activities can be found in Table 1. During the simulations, the yellow TLS alert
was reached two times: the first during the joined stimulation of Intervals 9/10 in Phase 2A, and a second
time—intentionally—for the Interval 10 Phase 2B stimulation. A posteriori analysis of the data, however,
showed that the real‐time Ml magnitude was overestimated compared to the Mw of the event triggering the
threshold level.

For research purposes, we recursively tested an Advanced Traffic Light System (ATLS) in real time, referred to as
RT‐RAMSIS (Real Time Risk Assessment and Mitigation for Induced Seismicity, https://gitlab.seismo.ethz.ch/
indu/rt‐ramsis). Both real‐time seismic and hydraulic data (injection flow rate and pressure) feed the software,
which forecasts the seismicity rates for the next activities. Seismicity rates were computed following a simplified
model (Broccardo et al., 2017; Mignan et al., 2017). Potentially hazardous conditions could then be estimated
from the simulated seismicity rates following standard approaches (e.g., OpenQuake, Pagani et al., 2014). Given
the probabilistic‐based approach, the thresholds for an ATLS are reported as the probability of exceeding a
30 mm/s peak ground velocity, with values at 1/1,000, 1/100, and 1/10 for yellow, orange, and red alert,
respectively.
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2.5. Stimulation Concept

We applied a two‐phase approach for the development of the model geothermal reservoir, that is, a “charac-
terization phase” followed by a “reservoir engineering phase.”

In the first phase (phase 1), the characterization phase, we visited each interval with a standardized injection
protocol to compare the influence of the targeted geological structures to the seismo‐hydromechanical response
(Figure 4a). This characterization phase ties into the strategy applied at the Grimsel Test Site, where standardized
stimulation protocols (including nearly constant volume) were employed to observe the interval‐specific response
and its geology‐dependent variability (Krietsch et al., 2020; Villiger et al., 2020). The response of the different
intervals provides essential information to decide on further stimulation approaches in the second phase.

Table 2
Overview of the Hydraulic Stimulation Experiments Sorted by Interval and Injection Phase

Interval/
Phase

Interval
length
(m)

Injection depth below
tunnel (m)/Local

coordinates
Date (DD/
MM/YY)

Total
injection
time (hr)

Injected
volume
(m3)

Reactivation pressure
(MPa) (cycle 1, cycle 2)

Transmissivity before
stimulation (E − 8 m2/s)

Transmissivity after
stimulation
(E − 8 m2/s)

7/1 35.1 236.36/1,312 17/11/21 ∼4 14.1 10.5, 11.5 30 23

8/1 30.1 203.56/1,337 09/02/22 ∼3 4.8 13.4 3.30 23

8/2A 30.1 203.56/1,337 22‐23/
06/22

∼32 273.8 14.5, 15.4 28 110

9/1 14.4 180.35/1,355 16/02/22 ∼6 1.3 14.2, 13.1 4.10 2.3

10/1 17.3 161.17/1,369 02/03/22 ∼4 1.1 11.7, 13.2 1.80 1.5

9‐10/2A 31.7 170.76/1,362 15‐16/
03/23

∼16 54.0 13.0, 14.1 7.6 15

11/1 18.3 142.88/1,382 09/03/22 ∼8 2.2 15.3, 13.3 5.60 4

11/2A 18.3 142.88/1,382 19/04/23 ∼10 6.0 14.7 9.3 12

11/2B 18.3 142.88/1,382 12/07/23 ∼5.5 6.2 – 13 21

12/1 7.5 128.61/1,393 16/03/22 ∼3.5 0.3 – 1.90 1.2

12/2A 7.5 128.61/1,393 6‐7/07/22 ∼10 2.4 16.4, 18.0 – 9.7

12/2B 7.5 128.61/1,393 28/02‐02/
03/23

∼7 2.9 17.6, 18.0

13/1 18.2 112.91/1,404 23/03/22 ∼3 12.9 – 84 78

14/1 54.8 75.87/1,431 03/22 ∼3.5 1 10.2, 9.6 0.23 5.6

Note. We shaded Phase 1 stimulations in gray. Reactivation pressure and transmissivities are taken from Bröker et al. (2023), Bröker et al. (2024), Gholizadeh
Doonechaly et al. (2023), Gholizadeh Doonechaly, Bröker, Hertrich, Ma, et al. (2024), and Gholizadeh Doonechaly, Bröker, Hertrich, Rosskopf, et al. (2024).

Table 1
TLS‐V and TLS‐M Thresholds During Stimulation Activities

Depth (m) Green (less than) Yellow (greater equal) Orange (greater equal) Red (greater equal) Comments

TLS‐V 0.5 mm/s 0.5 mm/s 2.5 mm/s 15 mm/s

TLS‐M >50 − 1 − 1 0 1 Interval 14

>100 − 0.5 − 0.5 0.5 1.5 Intervals 11‐13

>150 − 0.15 − 0.15 0.85 2 Intervals 9‐10

>200 0.15 0.15 1.1 2.15 Intervals 7‐8

>250 0.35 0.35 1.3 2.35 Interval 6

>300 0.5 0.5 1.5 2.5 Intervals 1‐5

Note. Mw corresponds to the median ground motions of 0.5, 2.5, and 15 mm/s at the given distance/depth to the interval.
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The injection protocol consisted of two injection cycles (C1, C2, Figure 4a), in which either the injection pressure
(interval 8, 9, 10, 11, 12, 14) or flow rate (interval 7, 13) was increased in a stepwise manner after quasi‐steady
state conditions, that is, constant pressure and flow rate, were reached. In C1, we determined the approximate
range for the reactivation pressure, which was refined in C2 using smaller increments in pressure/flow rate. The
reactivation pressures are determined from pressure versus flow rate (P‐Q) plots, as detailed in Bröker, Ma,
Doonechaly, et al. (2024).

In most cycles, the last injection step was extended, followed by a shut‐in phase, where injection was stopped, and
a venting phase, in which the pressure in the injection‐interval was bled off. In between the two cycles, we also

Figure 4. (a) A representative injection protocol for the characterization phase (phase 1 stimulations) showing two pressure‐
controlled injection cycles. (b) An exemplary injection protocol for the reservoir engineering (phase 2 stimulations). (c) An
exemplary constant rate pumping test in interval 12. Shown are the pressure change profile and its derivative.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB029836

OBERMANN ET AL. 11 of 32

 21699356, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

029836, W
iley O

nline L
ibrary on [18/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



shut‐in. Between 0.3 and 14.1 m3 of fluid volume were injected during this phase (Table 2). Prior to each
stimulation experiment, we performed a hydrotest, during which typically no seismicity was recorded. Depending
on the transmissivity of the interval, different types of hydrotests were carried out, including constant rate
pumping test, constant head test, or pulse test (Figure 4c). The hydrotests were designed to have a maximum
pressure change in the interval in the order of 1 MPa. The constant flow hydrotests were analyzed with the Hytool
software (Renard, 2017) based on Papadopulos and Cooper (1967). The results were used to estimate the in-
fluence of the stimulations on the transmissivity of the intervals of interest.

In a second phase (phase 2), the reservoir engineering phase, we revisited intervals once (phase 2A) or twice
(phase 2B) to explore effects of upscaling in terms of injection volume or of different stimulation approaches (an
example is shown in Figure 4b for the joint stimulation of intervals 9+ 10). A future third phase (phase 3) shall be
dedicated to circulation experiments (fluid, heat) in the context of reservoir management. Injection protocols for
all stimulations can be found in Supporting Information S1 (phase 1), S2 (phase 2A), S3 (phase 2B).

Interval 8 was stimulated with nearly two orders of magnitude larger volume (274 m3 compared to 4.8 m3 in phase
1) to investigate how stimulation reaches beyond the previously stimulated zone and if it connects with the
fracture network stimulated from other intervals of phase 1 or to the other boreholes. Interval 8 was chosen for this
as it showed abundant seismicity that expanded laterally for over 50 m in phase 1. Also, the transmissivity was
substantially changed by the phase 1 stimulation. With similar objectives, the intervals 9 and 10 were jointly
stimulated with much larger volume (54 m3 compared to 1.1–1.3 m3 in phase 1). Interval 9 and 10 seemed to show
a fluid pathway connection in phase 1, with seismicity occurring in the exact same volume and pressure reacting
strongly in the respective other interval. In Interval 11 and 12 the effect of preconditioning prior to stimulation, as
well as cyclic stimulation was tested. The idea was to modify the driving stresses around the injection borehole
above the clamping stresses to induce seismic slip in the form of a single, larger event (Ellsworth, 2013). For this
purpose, two scenarios were tested: In phase 2A, the fluid pressure was increased by injecting several hours close
but below the reactivation pressure. In phase 2B, we manipulated shear stresses via cycles of depletion and rapid
injection. Further, the effect of stimulation on microbial and geochemical observations was tested in the Interval
11B experiment. Additionally, these phase 2 injections in the intervals 11 and 12 at similar volumes as in phase 1
allowed investigating the repeatability of seismic patterns in terms of reactivation pressure and spatial distri-
bution. Injection protocols for all stimulations can be found in Figures S1–S3 of the Supporting Information S1.

3. Seismic Data Processing
3.1. Data Acquisition With DUGseis in Pseudo Real‐Time

With sensors of the ultra‐high frequency network, we recorded passive ground motion in the frequency range
from 50 Hz to 100 kHz. Continuous waveforms were recorded from 34 AE sensors and for 12 ACC components at
a sampling rate of 200 kHz. The recording typically started a few hours prior to the experiments and was kept
running for a handful of days afterward. Data was directly streamed to a server at ETH Zurich. One seismic
acquisition system (DAQ) with 32 channels at 200 kHz sampling rate and the conversion to the compressed
Adaptive Seismic Data Format (ASDF; Krischer et al., 2016; Villiger et al., 2020) produced about 470 GB data
per day. For accurate timing in the sub‐microsecond range of the different seismic recording system we relied on
GPS controlled triggering and clocking. At peak times, when we had 4 recording systems, ultrasonic transmitters
and all other sensors/fiber recordings running, we streamed 1.5 TB per day, which is a logistical challenge. The
ASDF format allows for flexible and fast access to the data and is integrated in an open‐source Python library for
seismology (ObsPy) that is also used for event detection. We perform a first‐order processing in pseudo real‐time
using the python‐based Dugseis software (Rosskopf et al., 2024a) that was developed locally for the processing of
pico‐seismicity. We call it “pseudo real‐time,” since the ASDF files need to be written first, before they are
accessed for processing. This adds a delay in the order of the file length, in this case 10 s. For the processing, we
used a homogeneous velocity model with a P‐wave velocity of Vp = 5.4 km/s and an S‐wave velocity of
Vs = 3.1 km/s. These values were obtained averaging cross‐hole seismic data and could be confirmed with time‐
distance plots from pico‐seismic data (Figure 5a). The seismic events exhibit clear P‐ and S‐wave arrivals
(Figure 5a). Depending on the station location, medium to strongly scattering P‐ and S‐coda wave trains can be
observed (Figure 5a). Local attenuation effects are likely also responsible for the delayed S‐waves at some station
locations. In Figures 5b and 5c, we plot the power spectral densities for various events ranging fromMw− 4.87 to
− 2.29 at a close distance of 16 m (B) and at a larger distance of 80 m (C). All signals are clearly above the noise
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(gray line in Figures 5b and 5c). We observe the loss of high frequencies >5 kHz due to intrinsic damping at
distances of 80 m for all event magnitudes.

3.2. Seismic Event Detection and Location

We process the data in three individual processing runs: (a) a quick real‐time processing using the STA/LTA
method including a coincidence trigger associator on the five stations closest to the stimulation interval to monitor
the generated seismicity during the stimulation to be able to raise an alert if the magnitude of an event exceeds a
given threshold (determined in advance for each stimulation interval, see the adaptive traffic light system
described in Section 2.4) and give the operator the possibility to react. (b) A more precise fully automatic pseudo‐
real‐time processing using a multi‐frequency bands kurtosis (FBKT) picker (Poiata et al., 2016). A filter‐bank of 5
logarithmically spaced filters in the range of 2, 25–100 kHz was used to compute the characteristic Kurtosis
function. This step refines the locations and the magnitudes of the events during the ongoing stimulation to have a
better image of the spatio‐temporal evolution of the seismicity. (c) A post‐stimulation processing to extract a very
precise seismicity catalog (HQ, for high quality) that is used for more in‐depth analysis. Here, the STA/LTA
picker is again applied to the 5 closest stations to the stimulation interval detecting potential event candidates. At
the times of event candidates, an FBKT picker is applied to all recorded AE sensor waveforms. Additionally, we

Figure 5. (a) An exemplary seismic record from aM − 2.57 shows clear recordings of P‐ and S‐phases and velocities of 5.4 and 3.1 km/s, respectively. (b) Power spectral
plots in Volt uncorrected for instrument response, radial spreading and intrinsic damping for various events ranging fromMw − 4.87 to − 2.29 at a close distance of 16 m
and (c) a larger distance of 80 m. We can clearly observe the loss of high frequency energy at larger distances.
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apply an autoregressive–Akaike information criteria (AR‐AIC) picker
(Bagagli, 2021; Leonard & Kennett, 1999; Maeda, 1985) that substantially
improves the picking quality. For the presented catalogs, only P‐picks were
used. S‐picks in general increase the accuracy but have no significant effect in
this setting due to the three‐dimensional coverage with sensors (Rosskopf
et al., 2024b).

Events were located in an absolute way using a homogeneous background
medium with Vp= 5.4 km/s (Section 3.1). Uncertainties in the absolute event
location can arise from uncertainties in the borehole trajectories (Plenkers
et al., 2023), and the picking of the P‐arrival times. To reduce these un-
certainties, a relative relocation was performed using a double difference
event relocation method, applied directly to the catalog picks without cross‐
correlation (Scarabello & Diehl, 2021; Waldhauser & Ellsworth, 2000). The
double difference relocation reduces the number of outliers and improves the
clustering, while losing less than 3% of the events. As a last step, the largest
events in the HQ catalogs are manually revised, repicked if necessary, and
relocated. A more detailed description of the processing and challenges
encountered can be found in Rosskopf et al. (2024b), and final HQ catalogs
with and without relative relocation in Rosskopf et al. (2024c).

3.3. Magnitude Computation

In experiments producing pico‐seismicity, one key challenge is to compute magnitudes from the highly sensitive,
but uncalibrated, AE sensor recordings (e.g., Manthei & Plenkers, 2018). The lack of calibration means that no
instrument response is available to correct the recorded signals from the complex instrumental response and
compute an absolute moment magnitude (Mw). Following the procedure from Plenkers (2010) and Kwiatek
et al. (2011), we used two ACCs located in the central part of the stimulated volume and collocated AE sensors
(marked in blue in Figure 3) to extract by deconvolution a calibration function for all AE sensors (Figure S4 in
Supporting Information S1) and gain instrument corrected velocity spectra. We use a grid search approach
following Kwiatek et al. (2011) to fit theoretical spectra assuming the source model of Boatwright (1978) to
estimate the source parameters; seismic moment, corner frequency and quality factor Qc of events with a corner
frequency within the accelerometer range below 20 kHz. This enables us to use the standard relation from Hanks
and Kanamori (1979) to estimate absolute moment magnitudes Mw. We gain magnitudes for smaller events by
calculating relative amplitude magnitudes Mr. We then use the absolute Mw to adjust the relative amplitude
magnitudes Mr to a realistic magnitude level. Following the procedure from Kwiatek et al. (2011) we obtain

Mw = − 2.25 + 0.66Mr (1)

This relationship holds over at least three orders of magnitude, and is considered robust (Figure 6).

We estimated source parameters for 468 events. The absolute spectra‐derived moment magnitudes of these events
ranged from Mw − 3.2 to Mw − 1.6. Assuming the circular source model of Madariaga (1976), the estimated
corner frequencies suggest source radii of cm‐size and a static stress drop around 1 MPa. Amplitude based
moment magnitudes Mw could be derived by regression analysis for the entire catalog and incorporate smaller
magnitudes ranging from Mw − 4.5 to Mw − 1.6.

4. Results
In this section, we show the results from the seismic analysis. We first discuss the network performance, and then
focus on geometric features, the relationship of seismicity to injection volume and pressure, and statistical
properties. We also summarize relevant observations from other sensors of our multi‐component monitoring
network, such as pressure and strain. Details on the processing of these data sets can be found in Bröker, Ma,
Doonechaly, et al. (2024) and Gholizadeh Doonechaly, Reinicke, et al. (2024).

Figure 6. Relationship between the relative magnitudes Mr and the moment
magnitudes estimated from the fit of the velocity spectra. The black dots are
for the events recorded both on accelerometer ACC and acoustic emission
AE sensors. The gray dots are the best events recorded on AE acoustic
emission sensors, located with a high number of P‐arrival times (Picks) and a
small time residual (RMS).
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4.1. Seismic Network Performance

To gain an understanding of the spatial variability of our network sensitivity, we looked at the sensor magnitude
with event‐sensor distance (Figure 7a), the station travel time residuals (Figure 7b) and the distance of a specific
location in the volume to the nearest sensors as a direct proxy of the detection sensitivity (Figure 8).

The single sensor magnitude follows a linear relationship with event‐sensor distance for distances larger than
15 m (Figure 7a). As an example, at distances of 15 m, we can detect magnitudes ofMw − 4.95 and at distances of
50 m Mw − 4.3. The very near field (<15 m) seems to follow a slightly steeper slope. We computed the location
residuals for individual sensors for the 27 largest events recorded during the phase 2 stimulation in int9/10, at a
central location in the monitoring volume. They are well centered around 0 (Figure 7b). However, there is a slight
residual increase for sensor positions above 1,400 m in MB3, MB7, and MB8, as well as for deep sensor positions
in MB1 andMB4. The residual increase at shallow depth is likely linked to the crossing of the main fault zone that
increases rock anisotropy. The larger residuals for sensors at depth could be linked to uncertainties of the borehole
trajectory that increases with depth and can reach as much as 1 m at the bottom of the boreholes.

To evaluate the network sensitivity, we divided the stimulation volume in grid cells of 1 m × 1 m × 1 m and
computed the distance from each grid cell to the 5th nearest sensor (Figure 8a). We chose the 5th sensor since an
event needs five detections to be considered a candidate for the HQ catalog. In the central part of the volume
around injection intervals 9, 10, 11, and 12, the 5th sensor is within less than 10 m. Here, we expected the highest

Figure 7. (a) Detected magnitudes on single sensors with event‐sensor distance for events from all stimulation intervals show
a linear trend for distances larger than 15 m. (b) Station residuals for the 27 largest events recorded during the phase 2
stimulation in int9/10, at a central location in the monitoring volume. The sensor residuals are sorted by borehole and color‐
coded by sensor depth.

Figure 8. (a) Network sensitivity expressed as the distance to the 5th sensor for the functional network (green). (b) Difference
in distance to the 5th sensor between the planned (green and red sensors) and functional network (green). An increase of up to
40 m is noticeable in the lower northern part of the volume, reducing the detection capacity of small events in this region. The
injection intervals are color‐coded as in Figure 3.
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sensitivity to events as small asMw − 5 (Figure 7a). At distances of 50 m to the 5th sensor (intervals 7, 8, 13), we
can still expect a sensitivity to events ofMw − 4.3. Toward the outer parts of the volume of interest, at distances of
70–80 m (interval 14), we are sensitive to Mw− 3.8. A comparison between the originally planned network
(Plenkers et al., 2023) with the functional network reveals that we have reduced coverage at depth, toward the
north (Figure 8b). Due to the sensor failures, especially in borehole MB1, the distance to the 5th sensor is
increased by up to 40 m, which results in a reduction in detection sensitivity of about 0.5 magnitude points.
Determined by the network geometry, events occurring outside of the central volume have a limited azimuthal
coverage.

For large events, the AE sensors clip amplitudes for Mw − 3.0 at distances closer than 20 m and for Mw − 2.4 at
distances closer than 40 m. Since the seismic network extends over 150 m, we have still had more than 10
unclipped recordings for our largest events withMw > − 2.0. To be able to record and locate even larger events, we
have the borehole bottom geophones in place that recorded about 850 events during all stimulations. The smallest
events recorded on the geophones have roughly estimated magnitude of Mw − 3 at a distance of 30 m.

4.2. Spatio‐Temporal Properties of Seismic Clouds

In the following, we describe the spatio‐temporal patterns of the seismic clouds for the individual intervals for
phase 1 and 2. The key numbers are also summarized in Tables 2 and 3. In Figures 8–11, we show the spatio‐
temporal evolution of the seismicity for the various stimulations on a plan view (for details on the view, see
Figure S5 in Supporting Information S1). The Figures are arranged to allow discussions of interesting features and
by interval number. An animated 3D representation for each experiment is embedded in the online version of this
article.

Interval 7 (phase 1: 398 detected events, 254 HQ events). Seismicity was quite scattered with a lateral extent of
90 m and no clear alignment along planes (Figure 12a). Sensor coverage in this interval is reduced.

Interval 8 (phase 1: 2,080 detections, 1289 HQ events; phase 2A: 12,776 detections, 9369 HQ events). Seismicity
in phase 1 extended over 55 m and was mainly located at the upper part of the interval, moving toward ST2
(Figure 9a). Interval 8 showed a strong mechanical connection to deeper parts of MB1 and MB5 during the
characterization phase. We observed a seven‐fold increase in transmissivity, reaching 23 × 10− 8 m2/s. During the

Table 3
Overview of the Seismic Responses to the Hydraulic Stimulation Experiments Sorted by Interval and Injection Phase

Interval/
Phase

Number
detections

Number
of HQ
events

N of
events
above
Mc

N events
after shut‐
in (>Mc)

Max
Mw

Lateral extent of
seismically activated

volume (m)

(Concentric)
growth of
seismicity

Seismic activation
pressure (first 5%

of events) Mc

a‐value
of

GR law

b‐value
of

GR law
Seismogenic
index (afb)

7/1 398 254 179 22 (12%) − 2.6 90 No 9.82 − 4.20 − 2.57 1.15 − 3.85

8/1 2,080 1,289 563 32 (6%) − 2.84 55 Yes 13.82 − 4.04 − 7.15 2.45 − 7.88

8/2A 12,776 9,369 5,678 201 (3.5%) − 1.64 130 Yes 15.06 − 4.14 − 0.80 1.10 − 3.28

9/1 832 567 243 17 (7%) − 2.98 30 No 15.46 − 4.48 − 8.14 2.35 − 8.33

10/1 922 611 434 17 (4%) − 3.48 30 No 12.63 − 4.58 − 7.58 2.23 − 7.48

9‐10/2A 7,086 6,002 3,867 233 (6%) − 2.29 55 Yes 15.24 − 4.19 − 2.40 1.43 − 4.20

11/1 99 98 63 4 (6%) − 2.75 30 No 13.49 − 4.25 − 4.70 1.53 − 5.08

11/2A 4,087 3,848 2,174 62 (3%) − 2.39 35 15.24 − 4.29 − 3.31 1.55 − 4.18

11/2B 5,310 4,615 2,741 243 (9%) − 2.24 40 18.64 − 4.14 − 2.07 1.33 − 2.93

12/1 241 233 164 1 − 2.42 7 No 10.33 − 4.42 − 1.98 0.95 − 1.55

12/2A 500 420 236 0 − 2.27 15 Yes 17.99 − 4.37 − 3.43 1.33 − 3.80

12/2B 683 599 299 2 − 2.55 8 17.52 − 4.35 − 4.83 1.68 − 5.30

13/1 5,146 2,417 1,295 85 (6.5%) − 2.31 40 Yes 6.17 − 4.11 − 1.82 1.20 − 2.98

14/1 460 204 87 0 − 4.02 25 No 10.93 − 4.42 − 10.57 2.83 − 10.55

Note. We shaded Phase 1 stimulations in gray.
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Figure 9. Spatio‐temporal evolution of seismicity in selected intervals. (a) interval 8 phase 1, (b) interval 8 phase 2A, (c) interval 11 phase 1, (d) interval 11 phase 2A. For
stimulations that lasted more than a day, we used two color‐scales to differentiate the cycles. See Figure S5 in Supporting Information S1 for the profile location.
Rotating 3D animations of the seismicity can be found in Movies S1–S4 of the Supporting Information S2.

Figure 10. Spatio‐temporal evolution of seismicity in selected intervals that showed hydraulic connectivity and activated the same structures. (a) interval 9 phase 1,
(b) interval 10 phase 1, (c) intervals 9/10 phase 2A, (d) interval 11 phase 2B. See Figure S5 in Supporting Information S1 for the profile location. Rotating 3D animations
of the seismicity can be found in Movies S5–S8 of the Supporting Information S2.
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larger injection in the reservoir engineering phase, more than 12,000 seismic events were detected and the spatial
extent of the seismic cloud exceeded 130 m. Several fractures were activated, covering different depth levels
(Figure 9b). Seismicity moved from deeper to shallower sections of the volume, activating structures around
interval 9 (Figure 9b). This second stimulation resulted in an additional almost four‐fold increase in interval
transmissivity.

Intervals 9 and 10 (phase 1: 832/922 detected events, 567/611 HQ events, phase 2A: 7,086 detected events, 6002
HQ events). The event locations for the phase 1 stimulations in both intervals were similar, indicating that the
same fractures were stimulated (Figures 13a and 13b). The lateral extent of the seismicity cloud reached 30 mwith
no clear spatio‐temporal evolution. The events highlighted two very small, but clearly differentiated planes in the
upper part of interval 10. Seismicity in the lower part of interval 10 is more diffuse. During both phase 1
stimulations, no seismicity is observed around interval 9. The hydraulic data shows a strong hydraulic connection
between interval 9 and 10 that was observed at about 11 MPa injection pressure during the first injection cycle in
interval 9. During the reservoir engineering in phase 2A, the intervals were jointly stimulated. At the very
beginning of this stimulation, the seismic events occurred again at two small fractures that were observed in phase
1 (Figure 12c). Then, seismicity was observed further upwards, activating larger fractures of about 50 m lateral

Figure 11. Spatio‐temporal evolution of seismicity in selected intervals: (a) interval 13 phase 1, (b) interval 12 phase 1, (c) interval 12 phase 2A, (d) interval 12 phase 2B.
For stimulations that lasted more than a day, we used two color‐scales to differentiate the cycles. See Figure S5 in Supporting Information S1 for the profile location.
Rotating 3D animations of the seismicity can be found in Movies S9–12 of the Supporting Information S3.

Figure 12. Spatio‐temporal evolution of seismicity in selected intervals. (a) interval 7 phase 1, (b) interval 14 phase 1. See Figure S5 in Supporting Information S1 for the
profile location. Rotating 3D animations of the seismicity can be found in Movies S13 and S14 of the Supporting Information S4.
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extent, mostly parallel to the fracture planes stimulated in interval 8. Again, no seismicity was observed around
interval 9, despite their reactivation during stimulations of interval 8.

Interval 11 (phase 1: 99 detected events, 98 HQ events, phase 2A: 4,087 detected events, 3848 HQ event, phase
2B: 5,310 detected events, 4615 HQ events). This interval showed rather low seismicity during the phase 1
stimulation (Figure 9c). When revisiting the interval during reservoir engineering (phase 2 A, B), the seismicity
increased significantly to more than 4,000 and 5,000 events, respectively (Figures 9d and 10d). In the phase 2A
stimulation, the seismicity initiated along two separate planes, at the middle and upper section of the interval.
With time, the seismicity extended further outwards along the planes and additional parallel fractures were
activated crossing into interval 12, and also in the lower part of the interval (Figure 9d). This trend was continued
during the third stimulation (phase 2B), reaching 40 m of lateral extent (Figure 10d). Interestingly, it seems that
extensions of two large fractures activated during the reservoir engineering in interval 11 had already been
activated during the joint stimulation of interval 9 and 10 (Figure 10c).

Interval 12 (phase 1: 241 detected events, 233 HQ events, phase 2A: 500 detected events, 420 HQ events, phase
2B: 683 detected events, 599 HQ events). The lateral extent of seismicity was constrained to 10–20 m distance
from the injection point, for all three stimulations (Figures 11b–11d). Nevertheless, the seismic cloud showed two
clear clusters for phase 1 and three clusters for phase 2A, B. Additionally, the temporal evolution of the seismicity
during stimulation 2A showed clearly that first the two fractures from phase 1 were activated, and at a later stage a
third new fracture appeared (Figure 11c). During the third stimulation (phase 2B), we see seismicity in all three
clusters during cycle 1 and cycle 2 (Figure 11d). This third structure coincides with the fracture crossing into
interval 12 from the later interval 11 phase 2A stimulation. The transmissivity during the phase 2A stimulation
increased approximately four‐fold.

Figure 13. Overview of the HQ seismic events observed during stimulations in the various intervals. The largest events of
each stimulation experiment are marked with a star.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB029836

OBERMANN ET AL. 19 of 32

 21699356, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

029836, W
iley O

nline L
ibrary on [18/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Interval 13 (phase 1: 5,146 detected events, 2417 HQ events). The majority of the 5,000 events detected during
the stimulation showed a clear alignment with the main fracture zone in the volume with a lateral extent of about
40 m (Figure 11a). At the beginning, the seismicity occurred in the vicinity of the injection interval but quickly
moved outwards along the fracture plane.

Interval 14 (phase 1: 460 detected events, 204 HQ events). Similar to the stimulation in interval 7, seismicity was
diffusive with no clear alignment (Figure 12b). This shallowest interval is located at the edge of the dense seismic
monitoring network.

Examples of the DTS, FBG, and DSS recordings for the Interval 9/10 Phase 2A stimulation are shown in Sup-
porting Information S1 (Figures S6–S8).

In Figure 13, we plot the HQ catalog events for all stimulations. For displaying purposes, to have a clearer image
of the activated structures, we removed the remaining scattered seismicity applying more restricting conditions.
We plotted only the events with a minimum of 8 picks and more than 40 neighboring events. The search radius for
neighboring events, lies within geophysically meaningful values; that is, the hypocentral separation between two
events should be small compared to the event‐station distance (Waldhauser, 2001). The first prominent obser-
vation is that most seismicity delineates fracture planes, with a predominant NE‐SW direction of strike, dipping
70–80°, which coincides with the direction of known pre‐existing fault structures obtained from the geological
characterization (Bröker, Ma, Zhang, et al., 2024; Ma et al., 2022). The seismic events highlight decameter‐long
fractures, with interval 8 exceeding 130 m, yielding a clear impression of a hectometer‐scale fractured reservoir.
Several experiments showed (concentric) growth of seismicity (Phase 1 Intervals 8, 13; Phase 2 Intervals 8, 9/10,
12), while for other intervals (Phase 1 Intervals 7, 9, 10, 11, 12, 14) seismicity of subsequent cycles occurred at the
same location, suggesting that the same fracture zones are reactivated (Figures 10 and 11). The spatial extent of
the seismic clouds showed different behaviors for different intervals, ranging from 7 to 130 m (Table 3). With the
exception of the stimulations in intervals 7 and 8, the largest event occurred in the vicinity of the injection points
(Figure 13).

4.3. Seismicity Versus Injected Volume and Pressure

To better understand the relation between the induced seismicity (maximummagnitude, number of events, spatial
extent) and the injection parameters (injection volume, pressure), we look at the data from different angles. We
compare the maximum observed magnitude with the injected volume (Figure 14) and look at the number of
detected events versus the cumulative injected volume (Figures 15a–15c) and the cumulative seismic energy (a
proxy for active fracture area) versus the hydraulic energy (pressure × volume) (Figures 15d–15f). All key pa-
rameters can also be found in Tables 2 and 3. A summary of the observations from the individual intervals can be
found in Supporting Information S1.

A hydraulic analysis (Gholizadeh Doonechaly, Bröker, Hertrich, Ma, et al., 2024) shows a major increase in
transmissivity of intervals 8 (from 3.3 × 10− 8 to 2.3 × 10− 7 m2/s) and 14 (from 5.4 × 10− 9 to 1.3 × 10− 7 m2/s)
after the phase 1 stimulation. Intervals 9, 10, 11 showed a strong hydraulic connection at elevated injection
pressures, which is likely due to the presence of a conducting fracture in the direct vicinity of the borehole.
Interval 13 was the most transmissive structure among the stimulated intervals. With >5,000 events (Table 3), we
recorded most events in interval 13, followed by interval 8 (>2,000 events). The largest magnitudes per interval
ranged from Mw − 2.3 (interval 13) to Mw − 4.0 (interval 14).

Most seismic events occurred during injection, only a handful were observed during shut‐in (0%–12%, Table 3).
Two remarkably large events with magnitudes Mw − 2.0 and − 2.25 occurred in interval 8, phase 2A 5 hr after
shut‐in. These are the only events with M > − 3 that occurred post‐shut‐in.

We compare the injected volume versus the maximum observed magnitude, using the approach from
McGarr (2014) and Van Der Elst et al. (2016). McGarr (2014) proposes a model to estimate the maximum
magnitude possible during injection activities. Assuming a b‐value equal to one, the maximum scalar seismic
moment released is simply the total injected volume (in m3) multiplied by the shear modulus (in Pa). According to
van Der Elst et al. (2016), the maximum magnitude is instead only what is statistically possible. So given an
injected volume, one can estimate the total number of events expected above a certain magnitude of completeness
by using the so‐called seismogenic index (e.g., Shapiro et al., 2010). Given then a b‐value and the total number of
expected events, the maximum magnitude is simply the extrapolation of the frequency‐magnitude distribution at
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the unity value. Our observations are about two magnitude scales below the postulated slope fromMcGarr (2014)
for the maximum possible magnitude (Figure 14a). This is true both for the case of using a b‐value 1 as well as a b‐
value of 1.3 (average of Phase 2 stimulation). However, when using the approach proposed by van der Elst
et al. (2016), the recorded magnitude nicely aligns with the maximum magnitude based on the statistics of the
large injections during the VALTER experiments (Phase 2, average b‐value 1.3 and seismogenic index − 3.7).

Most of the stimulations expose a near linear increase in maximummagnitude with injected volume (Figure 14b).
Only the first two stimulations in interval 12, neighboring the main fault zone, show a substantially higher
magnitude for low injection volumes, which is likely related to the hydraulic fracturing, that is, sudden pressure
Figuincreases to break the fractures rather than the step‐wise pressure/flowrate increases used in the other
stimulations (Figures 14b and 15a). Variations in response can be observed for the different intervals. For
instance, interval 9 and 14 in phase 1 have seen very similar injection volumes, but show a maximum magnitude

Figure 14. (a) Injected fluid volume versus maximum observed magnitude of seismicity at different scales, along with
McGarr (2014) estimate of the maximum possible seismic magnitude with respect to the injected volume for a theoretical b‐
value of 1 (blue) and b‐value of 1.3 (green), which is the average value from the Phase 2 stimulations. The figure also
includes the maximummagnitude estimates by using the van der Elst et al. (2016) approach (violet), with the average b‐value
and an average seismogenic index of − 3.7. The magnitudes for the Grimsel experiments have been recomputed using
Equation 1. (b) Zoom into the Bedretto stimulations highlighting changes of the observed magnitude with injection cycle.
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difference of one order of magnitude (Figure 14b). For the reservoir engineering stimulations in phase 2A and 2B,
the intervals responded as expected from the characterization stimulations. For interval 8, 9/10, and 11 an increase
in the maximum magnitude with higher injected volume was observed, whereas interval 12 did not show such a
behavior. Here, the seismicity during all three stimulations was limited to a small area around the interval.
Additionally, by the time the maximummagnitude occurred the flow rate was rather at a low level but the pressure
increased fast for all interval 12 stimulations (Figure 15b).

Figures 15a–15c, show that seismicity started rapidly once a certain, interval dependent injection volume was
reached. The threshold remained similar for repeated injections in phase 2 A, B. For most intervals, the cumu-
lative seismic moment reached its maximum with the largest magnitude and did not increase further with
increased injection volumes (Figures 15d–15f). This effect is likely related to the limited pump capacity. Due to
the high injectivity/transmissivity of interval 7 and 13, pressure and flow rate increased linearly.

4.4. Statistical Properties

We compute the Gutenberg‐Richter b‐value for all stimulations by fitting the observed seismicity rate and its
evolution in dependence of the injection flow rate. Such a model, originally developed by Shapiro et al. (2007)
and updated by Mignan et al. (2017), simulates the observed piecewise evolution of the seismicity rate λ during
active injection and after shut‐in:

Figure 15. (a–c) Normalized cumulative fraction of detected events as a function of cumulative injected volume for the different phases. The maximum magnitude is
marked by the star. (d–f) Cumulative seismic moment versus injected volume/cumulative seismic energy for the different phases. The largest events are marked with a
star.
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λ(t, m > Mc) =
⎧⎨

⎩

10a fb − bMc V̇(t) if t< = ts

10a fb − bMc V̇(ts) exp(
t − ts
T
) if t > ts

(2)

V(t) is the injection flow rate as a function of time t and the model parameters afb, b, and τ are the activation factor
or seismogenic index, the Gutenberg‐Richter b‐value and the mean relaxation time of the medium after the in-
jection ends, respectively. Mc is the magnitude of completeness, estimated using maximum curvature method
(Wiemer, 2000), and ts is the shut‐in time. For injection activities with multiple stages, the decay is considered
only for the latest one. The model in Equation 2 assumes that the seismicity rate λ is modulated by the injected
flow rate during the operational phase and that such rate decays exponentially as the injection stops. Following
Broccardo et al. (2017), the model above can be fitted to the data through a Maximum Likelihood Estimation
method or via a full Bayesian hierarchical approach, assuming that the seismicity rate λ can be well approximated
by a Non‐Homogeneous Poisson Process (NHPP). Figures 16a and 16b show the frequency‐magnitude distri-
bution and the model fit for several injections in Phase 1 and Phase 2. The estimated b‐value is overall larger than
2 for all injections in the central region (Intervals 8, 9, 10), while it is close to 1 for larger volume injections in
Phase 1 (Intervals 7 and 13) and Interval 12. For Phase 1, the fit is not shown for Interval 11 and 14, for which a
very small number of events were detected with magnitudes above completeness (Table 3). In Phase 2 the
estimated b‐value is smaller on average, ranging from a value of 1.1 (Interval 8) to 1.55 (Interval 11).

Figures 17a and 17b show that the confidence intervals (5th to 95th percentile) for both, b‐values and activation
feedback, is quite large for all injections in Phase 1, except for Interval 13, where a large number of events was

Figure 16. Frequency Magnitude distribution for Phase 1 (a) and Phase 2 (b). The Gutenberg‐Richter b‐value estimate was
obtained through a Bayesian hierarchical model accounting for the injection flow rate and for the activation feedback
parameters afb (seismogenic index).

Figure 17. Estimated Gutenberg‐Richter b‐values and activation feedback (seismogenic index) with confidence interval
(5th–95th percentile) for all injections in Phase 1 and Phase 2.
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detected. All injections in Phase 2, in particular the ones with large volumes, show a very constrained estimate of
the b‐value and the activation feedback (seismogenic index), with the average b‐value between 1.1 and 1.5 and a
seismogenic index around a value of − 4.

5. Discussion
5.1. Network Sensitivity

With a covered frequency range of 50 Hz–100 kHz, the ultra‐high frequency AE network is optimal for the
analysis of pico‐ to microseismic events withM < − 2 that have a dominant frequency content above 1 kHz. For
source analysis of events M > − 3 the recordings of the VALTER geophones and broadband stations should be
taken into account in addition, which cover the frequency range 0.08 Hz–1 kHz. The ultra‐high frequency network
is limited by the fast decay of high‐frequency signals in the attenuating rock mass, as shown in Figures 5b and 5c.
While we succeed in creating high‐resolution monitoring in the rock volume adjacent to the injection borehole
and directly affected by the stimulation, we are not able to monitor the same small magnitudes in more distant
regions, where picoseismicity was potentially also directly or indirectly triggered by the stimulation.

Thanks to collocated ACC and AE sensors, AE sensors could be calibrated in this study in situ, and adjusted
moment magnitudes could be implemented into the seismic catalog. Nonetheless, the remaining limitation in AE
sensor calibration to 20 kHz leaves room for uncertainties. To have a comparative assessment of the network
sensitivity, we recomputed the magnitudes from the decameter injection experiments in Grimsel (Villiger
et al., 2020) using Equation 1. In Grimsel, the network consisted of clamped AE sensors GMuG‐Ma‐Blw‐7‐70 in
open decameter boreholes and AE sensors GMuG‐Ma‐Bls‐7‐70 along the tunnel wall at distances of at least 15 m
from the events (Jalali et al., 2018). For distances larger than 15 m, we observe an improved sensitivity of the
VALTER network of about 0.3 magnitude points. The improvement can be attributed, besides small differences
in seismic damping Q, to the VALTER AE sensors, which have a smaller bandwidth than the sensors used in
Grimsel, but an increased sensitivity in the frequency range in the lower kHz range. In the very near‐field
(<15 m), the sensitivity of the Grimsel network seems larger due to the more broadband AE sensor used that
is better suited for the recording of frequencies above 50 kHz. The sensitivity then rapidly decays with distance,
causing a break in the slope. This observation highlights our current limits in the magnitude estimation methods,
as well as limitations in the AE sensor calibration. Only dedicated calibration experiments of AE sensors focusing
on the <100 kHz range can help to answer whether this observation hints at an intrinsic breakdown of failure in
the scaling laws of the seismic events, or is simply related to the magnitude estimation methods.

5.2. Illumination of a Fracture Network

The studied rock volume is characterized by sub‐parallel continuous fractures, a feature observed both in surface
outcrops (Ceccato et al., 2024) and within the tunnel (Bröker, Ma, Zhang, et al., 2024; Rast et al., 2022). The
dominating strike direction of the largest structures is NE‐SW to ENE‐WSW. This pervasive geometry is
consistent with the orientation of the seismogenic features resulting from the distribution of recorded events
(Figure 13). The brittle fault zones described in Phase IV of Ceccato et al. (2024) share the same NE‐SW to ENE‐
WSW orientation as these subparallel fractures. These zones correspond to brittle shear zones organized into
clusters, with lateral extents reaching several hundred meters and spacings of tens of meters along the strike
direction. A detailed correlation of mapped fracture planes from geological characterization based on logging data
and cores with the seismogenic features highlighted in this work is beyond the scope of this paper and will be
addressed in future studies.

In terms of slip tendency, steeply dipping (60–70°) and ENE‐WSW striking fractures are optimally oriented for
shear reactivation, if we assume a far field SHmax direction of around N112°E (Bröker, Ma, Zhang, et al., 2024).
However, studies of borehole breakouts along the stimulation and monitoring boreholes showed strong stress
field rotations and variability (Zhang et al., 2023) that are difficult to resolve throughout the stimulated volume.
Therefore, the slip tendency of fractures varies spatially, especially around the large fault zone intersected in
interval 13.

A common feature of most stimulations is that in most intervals (except in interval 13) several transmissive
structures were stimulated, and not only a single most transmissive fracture. In deep reservoir stimulation it is
often interpreted that only very few fractures were reactivated during large open‐hole stimulation (e.g., Baisch
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et al., 2006; Evans, Genter, & Sausse, 2005; Evans, Moriya, et al., 2005; Kraft & Deichmann, 2014). In our case,
through the simultaneous stimulation of several fractures in each interval, a 3D network of fractures reactivated at
least in the decameters around the boreholes as made visible from the high‐resolution seismicity clouds. This is
not only the case for the more extended stimulation in Interval 8 and 9 + 10 during phase 2 but also for the
smaller‐volume stimulations. Thus, the data set allows now to analyze the influence of the small‐scale fracture
network on the stimulation, which might be a poorly understood parameter in full‐scale experiments. The
interval‐specific stimulated 3D fracture networks in combination with the capability of selectively stimulating
individual intervals (i.e., zonal isolation) showed that an extended 3D reservoir can be developed, giving con-
fidence that the zonal isolation techniques may lead to improved reservoir geometry on the full‐scale.

Throughout all stimulations, seismicity occurred in confined patches, that is, concentration of seismicity with
seismically “quiet” zones around. Similar patterns have been observed during the stimulation experiments at the
Grimsel Test Site (Villiger et al., 2020), where they have been interpreted as asperities bounding flow channels. It
was argued that this conceptual model agrees with those proposed by Rutledge et al. (2004), Evans, Genter, and
Sausse (2005), and Evans, Moriya, et al. (2005). The inferred strongly channelized flow characteristics imply that,
although a 3D network was stimulated, the flow may be strongly heterogeneous, which has implications for the
operation of full‐scale operations. Further work toward integrating strain and pressure observations in this well‐
instrumented rock volume will give further insights into the flow field during stimulations and allow deriving
implications for geothermal projects in crystalline rock.

Apart from these similarities in the overall spatial seismicity characteristics, the details of the seismicity cloud
evolution are distinct for each interval. For instance, the seismicity around interval 13 remains confined to the
dominant shear zone, while the stimulations of interval 9, 10 and 11 connect to the same fracture network and
produce seismicity extending over various depths levels.

5.3. Variability of Seismic Responses

The variability in the spatio‐temporal evolution of seismicity is also reflected in other seismicity characteristics as
seen in Figure 18. In Figure 18, we visually summarize some of the stimulations' key parameters from Tables 2
and 3, such as injected volume, number of detected events, Mmax, afb and b‐values, seismic activation pressure,
interval reactivation pressure and the extent of the seismic cloud. The reactivation pressure PR is computed from
pressure‐flow rate plots (Bröker, Ma, Doonechaly, et al., 2024). If available, we here differentiate between the
pressures needed in the individual cycles (C1, C2) of the injection protocol. The seismic reactivation pressure, PS,
is the average pressure prevailing during the occurrence of the first 5% of seismic events.

The number of seismic events (>Mc) ranges from <100 to >5,000. While this variability may partially be
explained by the varying injection volumes, the afb and b‐value gives largely volume‐independent information on
seismic productivity. We observe a large scatter in b‐ (0.95–2.83) and afb‐ (− 1.55 to − 10.55) values that seems to
reduce for larger injected volumes (>7 m3) with b‐values around 1.35 + − 0.2 and afb around − 3.9 + − 0.2. The
large scatter might correspond to the significant variations of the hydrological and mechanical properties already
observed during the rock volume characterization (Ma et al., 2022). In Grimsel, where the maximal injected
volume reached only 1.45 m3, a similarly large scatter of the statistical properties was observed, with values
fluctuating in the same range (b: 1.0 to 2.6, afb: − 2.4 to − 9.0). However, increased seismic responses (low b‐
values and high afb values) could be attributed to stimulations performed in highly conductive brittle–ductile shear
zones (Villiger et al., 2020). A physical explanation for the large variability could be that with smaller injected
volumes, we sample a smaller rock volume so that local fracture properties and stress conditions govern seis-
micity. For larger injected volumes, larger rock volumes are accessed and smear the local properties. The few
experiments with volume >10 m3 (Figure 17) may support that injections at larger volume led to a more similar
seismic response in terms of magnitude statistics. Evidently the larger volume injections in interval 8 and 9 + 10
(and also interval 11) during phase 2 accessed a similar fracture network making a similar seismic response
conceivable. A second order effect could also arise from the different injection pattern between Phase 1 (small
injections) and Phase 2 (large injections), however a full analysis of the spatio‐temporal evolution is necessary to
fully evaluate these effects.

During the smaller volume injection in phase 1, we observe that the seismic response is “most intense” (i.e.,
highest afb‐value, lowest b‐value) in the transmissive interval 7 as well as in interval 13 (including interval 12,
which may have connected with shear zone of interval 13). It is noteworthy (although not able to stand up to a
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statistical test) that the seismic reactivation pressure Ps seems to roughly follow a similar pattern: low reactivation
pressure is associated with a more intense seismic response at interval 7 and 13, which may be interpreted that
both reflect more critically stressed conditions around these zones. At the same time, these intervals have been the
most transmissive ones. Looking only at the key observables from the characterization stimulations (Phase 1), we
observe a pattern like a hyperbola, seemingly sandwiched between the main shear zone in interval 13 and the two
unfilled fractures in interval 8. We speculate that the diversity we see in seismic response correlates first order to
the distance to the dominant shear zones in the volume.

Variability is also reflected in the number of post‐shut‐in events. While seismicity correlates dominantly with
active stimulation phases (80%–100%) or occurs within <5 hr after shut‐in (Table 3, Figures S1–S3 in Supporting
Information S1), interval 8, Phase 2, saw two remarkably large events with magnitudesMw − 2.0 and − 2.25 5 hr
after shut‐in. A similarly low number of post‐shut‐in events was observed in other decameter stimulation ex-
periments (Boese et al., 2022; Kwiatek et al., 2018; Villiger et al., 2020). The percentage of post‐shut‐in events to
total events tends to be lower than in many full‐scale geothermal projects that have seen up 30% event occurring
after shut‐ in (Basel: Catalli et al., 2013, Mukuhira et al., 2017; Pohang: Yeo et al., 2020; Soultz‐sous‐forêt, Evans,
Genter, & Sausse, 2005; Evans, Moriya, et al., 2005). The difference to full scale observations might be site
dependent, or might demonstrate the limitations in process understanding when studying the ongoing processes
on a smaller scale.

Additionally to the geometric argument, also a comparison of the reactivation pressures (Figure 18, PQ and the
seismic activation pressure) with the estimated stress field, indicate hydraulic shearing as the dominant process
for the stimulations in the Geothermal Testbed.

5.4. Implications for Upscaling

Activities at the BULGG are part of the strategy to investigate hydraulic stimulation and induced seismicity
processes at different scales, and thus lie half‐way between the decameter‐scale of experiments at the Grimsel
Test Site (Villiger et al., 2020), Aspö (Kwiatek et al., 2018), STIMTEC (Boese et al., 2022), EGS collab (Fu
et al., 2021), on the one hand, and the full‐scale like the multi‐stage stimulations done by Norbeck and Lat-
imer (2023) and the planned EGS project in Haute‐Sorne, Switzerland (Meier et al., 2015), on the other hand.
While the decameter‐scale stimulations at the Grimsel Test Site were at roughly 1 m3 scale, the characterization

Figure 18. Visual representation of key observables from the stimulation intervals given by their injection point depth from Tables 1 and 2 and color‐coded by
stimulation phase. From left to right, we plot the injection volume, the number of HQ events, the Maximum Magnitude, the afb and b value, the seismicity activation
pressure PS (first 5% of seismicity), the reactivation pressure PR and the lateral extent of the seismic cloud. The gray zones mark the main shear zone in interval 13 and
the two non‐filled fractures in interval 8. The points belonging to Phase 1 (Ph1) are connected to highlight the hyperbola‐like pattern with distance from the fault zones.
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stimulations of phase 1 in BULGG range from 0.3 to 14 m3. At this scale, the enormous variability in seismicity
characteristics in terms of afb‐ and b‐values (Figure 17) as well as the trailing effect is comparable to what has
been found at Grimsel Test Site. The large variability, likely associated with local geological and geomechanical
conditions, has far‐reaching implications for the use of small‐volume injections to calibrate seismic hazard
forecasts. For instance, intervals 14 and 13, despite lying close to each other, show very distinct seismic re-
sponses, which renders the predictability of the seismic response from one interval to the next questionable. Note
that small injection volumes produce fewer seismic events and hence less stable estimates of b and afb, which is
reflected in the larger errors of the b and afb values (Figure 17). In contrast, the more extended stimulations of
phase 2, with volumes ranging from 5 to 274 m3, show less variability compared to the phase 1 stimulations with
b‐values ranging from 1.1 to 1.68 and afb‐values from − 5.3 to − 2.9. The reduction in variability may be related to
the large rock volume that is accessed with larger volume thus averaging the more local‐scale response to one that
is more representative of the rock volume. Thus, injections with >10 m3 may be necessary to obtain seismicity
characteristics that allow upscaling of seismic hazard to neighboring volumes or larger injection volumes.
However, additional observations are necessary to conclude whether a minimum injected volume is necessary to
converge to stable a and b values.

5.5. Implications for Reservoir Development

While the goal of decameter‐scale experiments has so far been focused on process understanding of hydraulic
stimulation and induced seismicity, the experimental approach at the BULGG aimed at testing reservoir devel-
opment technologies, namely zonal isolation and multistage stimulation as key technology developments for
EGS. Zonal isolation techniques may include cemented casing perforated with shot‐guns (Norbeck & Lat-
imer, 2023) or micro‐drilling, or sliding‐sleeves accessing to packed‐off intervals, as tested in ST1. Generally,
advantages of zonal isolation are (a) a more extended and three‐dimensional volume can be stimulated, (b)
because stimulation of each interval tend to be smaller in volume and may individually be controlled in terms of
seismic hazard (e.g., ATLS), (c) disadvantageous intervals in terms of suboptimal flow characteristics (too high
transmissivity and connectivity leading to short‐cuts) and or seismic response can be avoided in favor of more
advantageous intervals.

The tested volume at BULGG has ideal conditions to assess some of these aspects; with the different compart-
ments with distinct flow characteristics as well as a large transmissive shear zone fault (Interval 13) that can easily
be reactivated and is potentially seismogenic, the rock volume can be seen as an analog to conditions that may be
found in deep reservoir (e.g., in the crystalline rock targeted in Haute‐Sorne, Switzerland). Thus, our seismicity
data sets can provide insights into the impact of zonal isolation with sliding‐sleeves on induced seismicity and
reservoir development. We observed that indeed an extended 3D fracture network has been stimulated. A hy-
pothetical massive open‐hole stimulation instead of the multi‐stage stimulation would have likely led to the
stimulation of the most transmissive intervals (e.g., intervals 7, 13) alone. Consequently leading to very limited
transmissivity increase and restricted accessed reservoir volume. However, we also observe that some intervals
may connect to the same rock volume (e.g., intervals 8, 9, 10). Although the individual stimulations of each of
these intervals showed slightly different spatial characteristics, it is questionable if stimulating all three intervals
at the same time would have led to more much different spatial characteristics.

Future work may also compare the sliding‐sleeves techniques with zonal isolation with cemented boreholes.
Although the fact that several transmissive fractures per interval were reactivated is advantageous regarding
reservoir and flow geometry, even more targeted and controllable stimulations may be achieved from perforated
cemented boreholes. After stimulation, some intervals showed decreased or unchanged transmissivity. This
variability underscores the influence of geological factors and stimulation methods on reservoir performance in
Enhanced Geothermal Systems, highlighting the need for further study to optimize future developments.

6. Conclusions
6.1. Observations

With the hectometer‐scale hydraulic stimulation experiments in the BedrettoLab, we anticipated to fill the gap
between decameter experiments in underground laboratories and the km scale of engineering projects. We
succeeded in stimulating a complex 100 m+ fracture network imaged by pico‐seismic events. Overall, more than
40,500 seismic events were located with magnitudes down to Mw − 5. The maximum observed magnitude was
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Mw − 1.64 during the stimulation in interval 8, while injecting with the largest volumes. Besides the triggered
seismic catalogs, continuous waveform data at 200 kHz sampling rate was recorded for all stimulations. We
started the seismic analysis by comparing the different injection intervals.

The volume impacted by the stimulations in different intervals differs significantly with a lateral extent from a few
meters to more than 150 m. Most intervals activated multiple fractures with seismicity typically propagating
upwards toward more permeable, shallow depth (intervals 8, 9, 10, 11). Seismicity occurs on parallel dipping
planes that are consistent with the stress field and seem to a large extent associated with preexisting open
fractures.

The experiments confirm the diversity in seismic behavior independent of the injection protocol. Some intervals
showed rapidly increasing seismicity that is spatially restricted to the volume in direct vicinity of the injection
point (e.g., interval 12, phase 1), while others have seismicity extending as far as 150 m away from the injection
point (e.g. interval 8, phase 2). The reactivation pressures hint at hydraulic shearing as the dominant process for
the stimulations in the Geothermal Testbed, since the elastic fracture opening appears to be mostly aseismic
(Bröker, Ma, Doonechaly, et al., 2024; Bröker et al., 2023).

We see substantial variability in seismogenic index, b‐value, number andmagnitude of seismic events. The scatter
in b‐value ranges from 0.95 to 2.83 and in afb from − 1.55 to − 10.55. The values seem to reduce for larger injected
volumes (>7 m3) with b‐values around 1.3 + − 0.2 and afb around − 3.7 + − 0.2. The magnitude distributions of
seismicity show so far no distinct deviation from typical Gutenberg‐Richter distribution. While we evaluated only
the first‐order effect, a full analysis of clustering would potentially highlight the spatio‐temporal pattern of the
statistical properties and would help shed light on the role of injection strategy on seismicity.

6.2. Lessons Learned for Upscaling

Since seismicity occurs mainly on preexisting fractures, activating dominantly the ones well‐oriented within the
stress field for hydroshearing, a hydromechanical characterization based on the classification of filled/non‐filled
fractures at the borehole wall from initial borehole logging and core analysis is essential for a prior understanding
of the seismic potential. In the presence of several boreholes, the volumetric extent of the mapped fractures can
already give us an understanding of the optimally aligned surfaces that are likely to be activated.

Multistage stimulations prove to be very important to effectively increase transmissivity. Hydraulic stimulations
with small injection volume (>10 m3) helps identify transmissive structures and characterize the seismic response
that can be used for seismic hazard estimations prior to large‐scale stimulations. Even though the granite appeared
relatively homogeneous in the Geothermal Testbed volume (e.g., Lützenkirchen & Loew, 2011), fractures and
shear zones that crosscut the granite create substantial localized inhomogeneities that are reflected in a large
variability of the seismic response and possibility to increase transmissivity.

6.3. Outlook

We have the opportunity to analyze the seismic data jointly with a multitude of other geophysical observables,
such as strain and pressure, to allow more insights into the correlation of slow fracture opening and aseismic
deformation processes. In future studies, the existence of these multi‐disciplinary observations will allow us to put
more constraints on the processes responsible for the diversity observed in seismicity.

Understanding the reasons for the variability in seismicity and the influence of geological features, stress field,
and pore pressure on hectometer scale would be an important step toward understanding the variability of induced
seismicity and improving the controllability of full‐scale operational sites. It will be interesting to investigate
further the role of shear zones and the spatial extent of their influence.

Since seismicity is the only data set able to cover the full rock volume and even address features on cm–scale, in
the future, more advanced full waveform analysis of the picoseismic events will give a more complete picture on
the rock volume with regard to stress, fracture composition and fracture response to stimulation. Accordingly,
studies are currently in progress using both active transmission signals of the ultrasonic transmitters and the
picoseismic events to gain in‐depth knowledge. Methods like moment tensor inversion for fault plane orienta-
tions, stress inversion for spatial‐temporal evolution of stress conditions, coda‐wave inversion will be applied.
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While more detailed source properties are yet to be computed, we already see that the source sizes are on the dm to
cm‐scale. Seismic events with source sizes of tens of meters were not recorded. Seismicity is therefore not able to
account for the dimension of the fracture network observed and we can conclude that the fracture network was
pre‐existing as imaged by picoseismic events occurring on or in the vicinity of these pre‐existing faults. To which
extent aseismic processes interact with the fault system is unknown at the moment, but might be approachable in
future studies by a joint analysis with the geomechanical data collected in VALTER.

Data Availability Statement
The seismic catalogs were produced using the DugSeis software package (Rosskopf et al., 2024d) that is open
source and freely available on GitHub. The software release associated with this paper can be found on zenodo
under Rosskopf et al. (2024a). The seismic catalogs are accessible in the ETH research collection under Rosskopf
et al. (2024c).
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