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Presenter Notes
Presentation Notes
Thank you and welcome to my talk. In the following 10 minutes I will talk about picoseismicity recorded during hydraulic stimulations in the Bedretto Underground laboratory, a hectometer scale lab located in the swiss alps



Motivation

Schatzalp Workshop Induced Seismicity – 19.03.2025 - Martina Rosskopf

Presenter Notes
Presentation Notes
- many already know this plot, shows the maximum observed magnitude against the injected volume- the more wate injected the higher magnitudes can be -> usually upper limit of mcgarr- actuall EGS projects shut down due to high magnitude events- McGarr line showing the maximum expected magnitude with the volume- gap at the hectameter scale -> need to learn more about this scale to upscale smaller experiments with detailed analysis -> BedrettoLab gives this possibility



Overview BedrettoLab – Mesoscale site
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Presenter Notes
Presentation Notes
- there are several natural fractures as seen in the figure and the tunnel has an overburden of about 1 km- the unique thing here is the overburden, giving conditions as found on reservoir scale geothermal projects, but at the same time have detailed knowledge about the volume and close monitoring in place during the stimulations- therefore able to better understand hydro-seismo-mechanical response of the surrounding rock mass



Boreholes and Sensor Network

Multi-parameter monitoring system:
Seismic (AE, ACC, geophone);
Hydromechanical (DTS, DSS, DAS, 
FBG, pore pressure sensor)

Stimulation borehole (ST1):
MultiPacker System dividing borehole 
into 14 Intervals

 Controlled meso-scale 
experiments in realistic stress 
conditions monitored by multi-

parameter network
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Plenkers, et al (2023). Multi-disciplinary monitoring 
networks for mesoscale underground experiments: Advances 
in the Bedretto Reservoir Project, Sensors.

Acoustic emission 
sensors

Presenter Notes
Presentation Notes
- in the testbed 7 monitoring an 2 stimulation boreholes were drilled here marked as … - before the monitoring boreholes were equipped with sensor the cores and boreholes were analysed and 4 different units identified. - dominant striking directoriesbad boy Large range of magnitudes (0 to -6) expected which can not be recorded by a single sensor typeMention (add partially on slide): �- challenges boreholes 400m long -> no individual boreholes for different sensor types possible due to costs- boreholes for joint monitoring system -> read again challenges in overview paper plus Katrins paper- high pressure in those boreholes -> sensors need to withstand that but not all sensors for such conditions available beforehand- mutlipacker system- below six other intervals but outside of network -> not part of this project but of another project with previous stimulations- mention units plus maybe add direction of bad boy- pre characterization available -> knowledge gained on structures within our network



Hydraulic stimulations
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17 injection experiments 
performed in 2021 to 2023 

divided in Phase 1 and Phase 2

Phase 1: Characterize hydromechanical properties

Seismic catalogue creation with python-based open source software 
Dugseis: Rosskopf et al. (2024) A Python package for real-time and post-
processing of picoseismicity, Journal of Open Source Software

Phase 2: Investigate rock behavior in terms of reservoir 
engineering with longer injection durations

Presenter Notes
Presentation Notes
Already talked about the stimualtions but what des that mean- we performed 17 stimualtions experiments- Divided in 2 phases- phase 1 goal … performed in all intervals- phase 2 goal … performed only in intervals xx



Creation of picoseismic catalogs and the challenges
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Assessment and workflow for our experiments described in: Rosskopf 
et al. Accuracy of picoseismic catalogs in hectometer-scale in-situ 
experiments, in review SRL

Real-time

 Quick catalog needed for 
hazard assessment

Post-processing

 Complete catalog essential 
for detailed seismic analysis

Meso-scale experiments

 High sampling rates (kHz-MHz) to 
detect events with magnitudes <-5

 High event rates (several per second)
 Short event times
 No typical 3 component seismometer
 3D coverage



Seismic event locations

• Seismicity aligns with the 
pre-known fractures

• Reactivation of faults 
with NE-SW striking 
direction

• Several structures can 
be reactivated within one 
stimulation

• Spatial extension 
between 7 and 130 m

Schatzalp Workshop Induced Seismicity – 19.03.2025 - Martina Rosskopf

Obermann, Rosskopf et al. (2024) Picoseismic response of hectometer – scale fracture 
systems to stimulation with cm-scale resolution under the Swiss Alps, in the Bedretto
Underground laboratory

Presenter Notes
Presentation Notes
- seismicity of all stimus- aligns and NE-SW striking mainly- several structures reactivated at once possiblespatial extentNow I will zoom into one interval with great sensor coverage to study processes in more detail



Seismicity of interval 12 stimulations
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Phase 1 Phase 2A Phase 2B

Rosskopf et al. Seismicity Migration, Cluster Interaction, and 
Focal Mechanisms During Hydraulic Stimulation in the 
BedrettoLab, to be submitted

Presenter Notes
Presentation Notes
Why INT12? -> tight interval close to large fault but not crossing it, showed high pressures but smaller seismicity and “normal max magnitudes of -2.3, seismicity concentrated on small area, but already different fractures activated plus great coverage of sensorsWe look at the time migration, clustering and focal mech.- phase on 2 fractures stimulated at similar times -> no seismicity in upper left area –fault not active yet- phase 2A first 2 fractures, then moving to lower end of one and one completely new one- phase 3B third structure stimulated again and lower one ony few events. Mid one rather many event where second phase a stimulated new events



Seismicity described by three cluster planes (CP)
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CP 1

CP 2

CP 3 

Seismicity of all 
3 stimulations 



Seismicity migration and focal mechanisms of cluster plane 1
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• Mostly active during phase 1 and 
2A (beginning)

• Mixed mechanism between strike-
slip and normal faulting aligned 
with the cluster plane
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• Active through all phases with 
migration to NE and down in 
phase 2A/B

• Diffuse focal mechanism with no 
clear pattern

Seismicity migration and focal mechanism  of cluster plane 2



Seismicity migration and focal mechanism of cluster plane 3
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• Only activated during 
Phase 2A stimulation

• most event show strike-
slip mechanism aligning 
with the cluster plane



Activation of cluster plane 3 through connection of plane 2
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 Sudden activation of CP3 
during cycle 3 of phase 2A 
stimulation



Summary and Outlook

Next steps:
• Interpret seismicity together with hydromechanical response for the whole fracture network
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HQ seismic catalogs for all 
stimulations allowing 

detailed analysis of the 
rock response as shown 

for INT12

Presenter Notes
Presentation Notes
- spatio temporal evolution  plus alignment with fractures- firs order mechsNext steps



Thank you!

Martina Rosskopf
martina.rosskopf@eaps.ethz.ch

Rosskopf et al. 2024: DUGseis: A Python package for real-time and post-processing of picoseismicity
Obermann, Rosskopf et al. 2024: Picoseismic response of hectometer – scale fracture systems to 
stimulation with cm-scale resolution under the Swiss Alps, in the Bedretto Underground laboratory
Rosskopf et al. (subm): Accuracy of picoseismic catalogs in hectometer-scale in-situ experiments
Rosskopf et al. (to be subm.): Seismicity Migration, Cluster Interaction, and Focal Mechanisms During 
Hydraulic Stimulation in the BedrettoLab
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Seismic Network

Calibration through 
colocated 

accelerometersPlenkers et al. 2022; 2023

Plenkers et al. 2022

Need to cover frequency 
range between 0.01 Hz to 
50kHz to record seismicity 
down to Mw < -5

Installed sensors:
• Tunnel strong 

motion/broadband 
seismometers

• Downhole geophones
• High-frequency 

accelerometers
• Acoustic emission 

sensors

Broadband
seismometers

Geophones

Accelerometers

Acoustic 
emission sensors
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Presenter Notes
Presentation Notes
Here we focus on the seismicity occurring during the stimulation therefore I would like to introduce the seismic network in more detail- the goal was to cover a big frequency range going down to events with magnitude -5 but also being able to record higher magnitudes- therefore for the higher magnitudes with lower frequencies strong motion seismometer were installed along the tunnel, here the range- other sensors are downhole geophones at the end of each MB borehole with Hz- high frequency accelerometers with Hz- and acoustic emission sensors but these are not calibratedTherefore calibrated with collocated acc Here figure of one of these sensors and there amplifier fixed to the boreholes rod which is lowerd into the boreholes



Visualization of the profile perpendicular to ST1
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Zoom into seismicity of interval 9 + 10 phase 2

Spatio-temporal evolution of the seismicity along different fractures
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Presenter Notes
Presentation Notes
Zoom into one example- nicely see a temporal evolution outwards and especially upwards in this case



Zoom into seismicity of interval 9 + 10 phase 2

Spatio-temporal evolution of the seismicity along different fractures
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Presenter Notes
Presentation Notes
Here clearly visible that the align in the line shape -> corresponding to pre known fractures



Zoom into seismicity of interval 12
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Closing the gap
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Summary of seismic behavior with hydraulic data

Different behaviors of different 
intervals

e.g. Interval 12 - low injected 
volume, low number events and 
seismic cloud extension but 
highest measured pressure 
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Presenter Notes
Presentation Notes
Here a summary -> name all parts on x and y- interval 12 behavior



Seismicity during the stimulations
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Seismicity during the stimulations
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Interval behavior with increasing injected volume
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Presenter Notes
Presentation Notes
- Here we see something similar with different behave of the total events occurring and the injected volume- star shows the time or inject volume of max mag. -> Big changes in between 



Interval behavior with increasing injected volume
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Exemplary Stimulation protocol for fault preconditioning

Mix of flowrate and 
pressure controlled 

cycles + long 
pressurization of fault

[P
a]

Precondition

Shut-in over night

Interval 12 Phase 2A
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Moment Tensor Inversion - hybridMT

Uses clustered 
events assuming 

similar travel paths to 
suppress their 

influence

Based on key 
parameter omega

Omega is proportional to seismic 
moment observed at certain station 
plus it gives polarity information

 Software tries to suppress 
effects of erroneous stations 

Resampling of 
input data for 
uncertainty 
assessment

 Polarity resampling, 
amplitude resampling, 
station rejection resampling 
and takeoff angle 
resampling
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Summary of the stimulations
Injected 
Volume 
(m^3)

14.1

4.8

273.8

1.3

1.1

54.0

2.2

6.0

6.2

0.3

2.4

2.9

12.9
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