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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
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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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- 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
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in the Bedretto Reservoir Project, Sensors.
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- 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 directories
bad boy
 Large range of magnitudes (0 to -6) expected which can not be recorded by a single sensor type



Mention (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
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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
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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

Real-time

- Quick catalog needed for meso-scale experiments \
hazard assessment

\ / - High sampling rates (kHz-MHz) to
detect events with magnitudes <-5
- High event rates (several per second)

4 _ ) —> Short event times
Post-processing - No typical 3 component seismometer
- 3D coverage
- Complete catalog essential
for detailed seismic analysis K /
- /

Assessment and workflow for our experiments described in: Rosskopf
et al. Accuracy of picoseismic catalogs in hectometer-scale in-situ
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- seismicity of all stimus
- aligns and NE-SW striking mainly
- several structures reactivated at once possible
spatial extent
Now 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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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 sensors
We 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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Seismicity migration and focal mechanisms of cluster plane 1

- CP1
—— Events MT orientation

® EventsPhasel

~

* 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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Seismicity migration and focal mechanism of cluster plane 2
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—— Events MT orientation
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Seismicity migration and focal mechanism of cluster plane 3
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Activation of cluster plane 3 through connection of plane 2
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Summary and Outlook
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Interpret seismicity together with hydromechanical response for the whole fracture network
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- spatio temporal evolution  plus alignment with fractures
- firs order mechs

Next steps


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
Hydraullc Stlmulatlon in the BedrettoLab

Martina Rosskopf
martina.rosskopf@eaps.ethz.ch

Bel‘_’:l’)“ ETHz(irich Schatzalp Workshop Induced Seismicity — 19.03.2025 - Martina Rosskopf




References

Broker, K., & Ma, X. (2022). Estimating the least principal stress in a granitic rock mass: systematic mini-frac tests and elaborated pressure transient analysis. Rock
Mechanics and Rock Engineering, 55(4), 1931-1954. https://doi.org/10.1007/s00603-021-02743-1

Broker, K., Ma, X., Doonechaly, N. G., Obermann, A., Rosskopf, M., Rinaldi, A. P., Hertrich, M., Serbeto, F., Maurer, H., Wiemer, S., Giardini, D., Bedretto Lab Team
(2024). Hydromechanical characterization of a fractured crystalline rock during multistage hydraulic stimulations at the BedrettoLab. Manuscript in preparation.

Gischig, V., Hertrich, M., Krietsch, H., Villiger, L., Doetsch, J., Ma, X., Gholizadeh Doonechaly, N., Jalali, M., Obermann, A., Dutler, N., Valley, B., Meier, P., Saar, M. O.,
Driesner, T., Maurer, H., Wiemer, S., Amann, F., Loew, S., & Giardini, D. (2020). Hydraulic stimulation and fluid circulation experiments in underground laboratories:
stepping up the scale towards engineered geothermal systems. Geomechanics for Energy and Environment.

Kwiatek, G., Martinez-Garzon, P. & Bohnhoff, M., (2016). HybridMT: a MATLAB/shell environment package for seismic moment tensor inversionand refinement, Seismol.
Res. Lett., 87(4), 964-976.

Kwiatek, G., Martinez-Garzén, P., Plenkers, K., Leonhardt, M., Zang, A., von Specht, S., Dresen, G., and Bohnhoff, M. (2018). Insights Into Complex Subdecimeter
Fracturing Processes Occurring During a Water Injection Experiment at Depth in Aspd Hard Rock Laboratory, Sweden. Journal of Geophysical Research: Solid Earth,
123(8):6616-6635.

Obermann, A., Rosskopf, M ., Durand, V., Plenkers, K., Broker, K., Doonechaly, N. G., Gischig, V., Hertrich, M., Kastli, P., Ma, X., Maurer, H., Rinaldi, A. P., Villiger, L.,
Wiemer, S., Zappone, A., Giardini, D. (2024). Picoseismic response of hectometer —scale fracture systems to stimulation with cm-scale resolution under the Swiss Alps, in
the Bedretto Underground laboratory. Journal of Geophysical Research. Manuscript submitted for publication.

Plenkers, K., Manthei, G., and Kwiatek, G. (2022). Underground In-situ Acoustic Emission in Study of RockStability and Earthquake Physics. In Springer Tracts in Civil
Engineering, pages 403-476. Springer Scienceand Business Media Deutschland GmbH.

Plenkers, K., Reinicke, A., Obermann, A., Gholizadeh Doonechaly, N., Krietsch, H., Fechner, T., ... & Wiemer, S. (2023) Multi-Disciplinary Monitoring Networks for
Mesoscale Underground Experiments: Advances in the Bedretto Reservoir Project. Sensors , 23(6), 3315.

Rosskopf, M ., Durand, V., Villiger, L., Doetsch, J., Obermann, A., Krischer, L. (2024). DUGseis: A Python package for real-time and post-processing of picoseismicity.
Journal for Open Source Software. Manuscript submitted for publication.

Bef:;“ ETHzirich Schatzalp Workshop Induced Seismicity — 19.03.2025 - Martina Rosskopf



Seismic Network

~

Need to cover frequency
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50kHz to record seismicity
down to Mw < -5
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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 calibrated
Therefore 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
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[ Spatio-temporal evolution of the seismicity along different fractures ]
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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

1410

1400+

1390+

£ 1380
N [ ]

1370y

1360+

135
65
Ti Distance along Profile (m)
Ime on
L | . .
03/14 15700 1424 16.48 19:12 21:36 00:00 02:24

[ Spatio-temporal evolution of the seismicity along different fractures ]

Bef:l’)“ ETHz(irich Schatzalp Workshop Induced Seismicity — 19.03.2025 - Martina Rosskopf


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
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Here a summary -> name all parts on x and y
- interval 12 behavior
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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

Phase 1 stimulations
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Magnitude MwA

Exemplary Stimulation protocol for fault preconditioning
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Moment Tensor Inversion - hybridMT

PwEve
{1\ amplitude

u(t)

Q=Drsgn(u(t,..)
(area of riangle)

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

- Software tries to suppress
effects of erroneous stations
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Lab

—> Polarity resampling,
amplitude resampling,
station rejection resampling
and takeoff angle
resampling



Summary of the stimulations
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lateral
extent of

Injected

Interval/ Nurnber Mumber of .
] Max Mwa seismically Volume
Phase detections HQ events ) A3
activated (m*3)
volume [m]
7/1 398 254 -2.6 90 14.1
8/1 2080 1289 -2.84 55 4.8
8/2A 12776 9369 -1.64 130 273.8
9/1 832 567 -2.98 30 1.3
10/1 922 611 -3.48 30 1.1
9-10/2A 7086 6002 -2.29 55 54.0
11/1 99 98 -2.75 30 2.2
11/2A 4087 3848 -2.39 35 6.0
11/28B 5310 4615 -2.24 40 6.2
12/1 241 233 -2.42 7 0.3
12/2A 500 420 -2.27 15 24
12/28B 683 599 -2.55 8 2.9
13/1 5146 2417 -2.31 40 12.9
ko;l,f‘lfl 460 204 -4.02 25 1
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