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Presenter Notes
Presentation Notes
Good morning! In this talk I’d like to present some learnings of a particalur experiment series that we conducted in the Bedretto underground laboratory (below this mountain here). Specifically I’d like to give some answers  to the question if we can modify induced seismicity by choosing certain injection procedures… 
It is connected to of a series of projects hosted Bedretto underground laboratory, why it is important to acknowledge that many poeple have been involved…. 



Overview of Mzero experiments, injection protocol

The goal was to induce a Mw0.0 event. If only volume controls induced seismicity, estimated required volumes
would have been 1000 – 10’000 m3. Can we modify injection such that larger events become more probable?

543 m3 84 m3 137 m3

MzeroA: 4 days of preconditioning, i.e. injection close but below jacking / reactivation pressure, then rapid increase to 20 MPa 

MzeroB: pressure directly increased to maximum pressure of 20 MPa  

Presenter Notes
Presentation Notes
The experiment procedure is shown here: On top you see the injection sequence of two experiments one conducted in April and one in August  2024. The experiment were part of the project FEAR which has the goal of studying fault reactivation and earthquake physics in great detail….. So what we aimed for was to produce a magntiude 0 event, which can then be osberved with many instruments. (see pressure and outflow from some surrounding boreholes below here. 
We focus here on the red parts here: During the first attempt we used a preconditioin protocol, which basically means we injected for about 4 days at a pressure close to jacking pressure or reactivations pressure. Then we rapidly increased pressure to 20 Mpa. In the second attempt we skipped preconditioning, but instead increased pressure diretly to 20 Mpa and stinulated during more than 4 days… 
Also noteworthy are the yellow phases: these are step pressure tests that we could preforme in highly repeatbly manner, dur to a remotly controllable pump system. 



Stimulation interval and monitoring network
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Presentation Notes
Here we see the test intervals as seen by an acoustic and an optical televiewer, and to the right is the borehole configuration with the deformation and pressure monitoring systems 



Temporal evolution of seismicity

Steady state flow rates: 
MzeroA ~25 l/min
MzeroB ~32 l/min

Seismicity rates: 
MzeroA >7’000 in 16 hours
MzeroB >70’000 in 70 hours
i.e. average seismicity rates 
more than twice as larger 
during MzeroB compared to 
MzeroA.

(Also if referenced to volume 
instead of time)

59 m3 25 m3 137 m3

Mw-0.7Mw-0.9Mw-0.41

Presenter Notes
Presentation Notes
Here are the different outcomes of the two experiments: first of all we did not reach our experiment goal of inducing a M0 event, but we came pretty close with a magnitude -0.41 that occured already during the first experiment sequence.  This was a quite special event, because it was two magnitude levels above the second largeste event. It also trigered a myriad of aftershocks, which occured so fast that the autmatic locator could not pick it up quickly enough.  I will come to this event in minute, but here I’d like to highlight how different the two experiment were. The steady state flow rate reached at 20 Mpa level was quite a but higher during the second experiments. But even more impressive is that the seismicity rate was much higher during the second experiment especially during the first few hours, but also on average, seismicity rate was about double the amount ….

Also the magnitude distrbution seem to have changed: there was this one larger event during the first experiment. In the 2nd experiment no event had such a magnitude but we had several ones that at least came into tha trange. 
 





Spatial evolution of seismicity

Seismicity pattern: propagation pattern during MzeroA less clear
than during MzeroB (first 25 m3). Extend of seismicity cloud much
larger during MzeroB.

Main stimulation of MzeroA, 25 m3

MzeroB stimulation, entire sequenceMzeroB stimulation up to 25 m3
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Presentation Notes
Also if we look at the seismicity pattern and compare the two experiment for the first 25 m3 injected, we observe that different seismicity patches were reactivated and that during the second experiment we had more structured propagation pattern. After reaching 25 m3 the seismicity propagated far beyoned the boundaries of the seismicityi cloud before. 





Mw-0.41 event seems to be an «outlier» considering Gutenberg-
Richter statistics. However, the temporal evolution and, even more, 
the spatial evolution of b-values make the event more expected.

By M.-A. Meier

By L. Mizrahi

Magnitude statistics of MzeroA

Presenter Notes
Presentation Notes
Let’s quickly go back to the main shock of the MzeroA expeirment, so this single larger Mw-0,41 event. If we look at the magnitude frequency distribution, we observe that this event is really quite an «outliner» in th sense that it’s magnitude was two magnitude levels larger then the second larger event. So it’s quite a special event that we further analyzed, but if we look at the spatial and temporal statistics, we see that the b-value dropped over the course of the experiment, but more important in occure in a region of the seismicity cloud that was characterized with a low b-value. Considering this b-value distribution the event may have not been that unexpected. 



Poroelastic effects of Mw-0.41 event

Injection interval: Flowrate
dropped and interval pressure
increased, i.e. resistance to flow
increased.

Pressure monitoring: Several
intervals showed a drop in pressure
followed by a change in rate.

Transmissivity: a slight decrease
of transmissivity confirmed these
observations.

Deformation monitoring (FBG 
sensors): co-seismic deformation of
a few 10th of microstrain was 
observed. 

>> Can be used to infer stress 
redistrbution

Presenter Notes
Presentation Notes
One noteworthy observations is that at many pressure monitoring locations and deformation monitoring locations co-seismic effects were registered. 
Let’s look at the injection rate and the injection pressure here at the bottom. Right after the event there was a short drop of pressure, but then an increase in pressure. Remember that the experiment was done with pressure-controlled system. Also other pressure monitoring intervals in the rock volume showed a change in the pressure evolution so there has been some subtle change in the hydraulic system. 

But also a deformation associated with this event has been observed, which is shown here at the left. Many FBG sensors around the hypocenter showed a permanent co-seismic deformation 
 
So these observations made us wonder if perhaps the stress changes related to this event changed conditions such that the second event following this event had different seismicity characteristics. 



Stress redistribution by Mw-0.41 event

Stress changes > 0.05 MPa are mostly focussed 5-10 m around the main shock, most of MzeroB seismicity cloud has seen <0.05 MPa 

Linear stress and volumetric stress observed in deformation and pressure monitoring, respectively, are only in the range of <0.01 MPa 

>> May not explain (alone) the different seismogenic responses of MzeroA and MzeroB

By A. Lambiase 
(see also her poster)

Presenter Notes
Presentation Notes
To elaborate on this Aurora Lambiase has calibrated a source model that was able to reproduce these deformation recordings reasonably well. With this we can translate the observed deformaiton into stress changes. And we found that they translate into linear stress of <10 kPa and volumetric stresses on the range of 5 Kpa similar to what has been observed in the pressure monitroing intervals. 
Looking at the coulomb failure stress  resolved on the events of the second expeirment, we see that the range for which the stress changes are sufficiently high to  induced more seismicity is really quite limited to around 10 m around the hypocenter… 
So we believe that the occurane of this event is not sufficient to explain why the second experiment was more seismogenic…. 



Seasonal pressure changes around the Bedretto tunnel

Production test

TM1750 

TM2000 
(Depth 278 m)

TM2000
(Depth 266 m)

SPTs

MzeroA MzeroB

Ambient pressure (represented by sensors at >100 m 
from injection interval) shows changes of >0.1 MPa 

Presenter Notes
Presentation Notes
But we were looking for more possibel reasons. One could be that the background pressure level in this mountain has been different for the two expeirments. And indeed if we look at the long-term evolution of pressure we see a clear annual signal. We also see the production test that was done here, it is strongly reflected in these time series, and we see that timing of the SPT tests. The MzeroA expeirment did occur at the lower ambient pressure level, than MzeroB, whic ocured in summer, where snowmelt produces the largest pressure level. 

We also see here the timing of the SPT tests, which I mentioned earlier. These were a standardized experiment that were used to keep track of the rock mass response.  



Reservoir changes from SPT tests: seismicity

Number of seismic events per experiment correlates with 
ambient pore pressure (ST1-2 as proxy). Onset of seismicity 
(first 10 events as proxy) occurred at lower pressure levels. 

>>Are the different seismogenic responses of MzeroA and 
MzeroB driven by ambient conditions?

Presenter Notes
Presentation Notes
Here are these tests: The are step pressure tests, which could thanks to the controlled pump system be done in a highly repeatable manner. There are actually 7 curves on top of each other and here are the flow rate curves and her ethe seismicity  

The number of seismic events per SPT test is shown here: the red diamonds. The seimsicity went down after the first expeirmnet and gradually increased beyond MzeroA and was actually the highest befor and after MzeroB. We also included the pressure of one represenatative monitoring interval here and we find that it very nicely follows the seismogenic response per SPT test. And also the onset of seismicity changes. Around MzeroB, seismicity kicked i quite a bit earlier than before. So perhaps it is the ambient pressure level that may have led to a stronger seismogenic response of MzeroB, 



Conclusion
 Difficult to compare different injection strategies (e.g. success of preconditioning), because subsequent 

tests may find altered reservoir conditions. 

 Mechanisms that may have led to changes in reservoir and thus change in seismogenic response: 

 Stress redistribution due to main shock (< 0.01 MPa)
 Ambient pressure change: order of 0.1 MPa 
 Time-dependent stress relaxation / “resetting” through aseismic processes

 BUT perhaps preconditioning DID do the trick – after all it is not a minor change in injection strategy.  

 Understanding the details of the poroelastic and rupture dynamic effects that may lead to a change in 
response depending on injection strategy is work in progress . 

Key implication for induced seismic hazard: if two subsequent hydraulic stimulations 
in the same rock mass deviate so strongly from each other, even if partly owed to a 
different injection protocol, how do we do a priori seismic hazard analyses?

Presenter Notes
Presentation Notes
And with this I’d like to cinclude: the expierment sequence shows a problem in experimentally investigating different injection protocols. If you do the test different injection protocols in the same interval, you may find changed conditions for each of the tested protocol. Changes may be related to the seismicity and stress relaxation of the previous expeirment, there may have been aseismic processes in between experiments that change conditions, but also the ambient pressure levels may changes. In our case this has been quite a bit larger than then the stress redistribution of a larger event. 

BUT in our case, we may also argue that the different protocols have indeed been the reason for the different responses and we are currentl in the process of investating the poroelastic effects that may be at work to produced this changes…. 

But the story here also has a key message for induced seismic hazard analysis: it will be quite challenging to estimate hazard prior to an experiment, if even in the same rock mass the response cna be quite different…. And more work is needed to improve that situation. 





Stress redistribution of main shock

Stress redistribution related to 
the Mw-0.41 has been observed 
on from FBG time series, DAS 
and evidently lead to changes in 
hydraulic connections. 

Have the stress redistribution 
been responsible for the 
different response of MzeroB?

What is missing?

Where do the differences 
between FBG and DAS 
strain come from?



Reservoir changes from SPT tests: Hydromechanical properties

Increase of injectivity 
after MzeroB.

Drop in transmissivity 
(from 4e-7 m2/s. to 
1.7-1.8e-7 m2/s) not 
reflected in injectivity
measurements 

Signs of deviatoric 
stress relaxation 
after MzeroB?

What is missing?

Transmissivity values after MzeroB

Are different hydraulic conditions reflected in noble 
gas / geochemistry / microbiology monitoring?



Shut-in and bleed-off related effects (work in progress, another paper?)



Shut-in and bleed-off related effects (work in progress, another paper?)



Production related poroelastic effects (work in progress)

543 m3 

produced



Observations on deformation field



Interpretation of different deformation responses

(What is missing?)

(Numerical models would 
be better suitable to 
explain the poroelastic 
effects)

Is the initial phase of
compression defining for
the seismogenic response? 

Has the initial phase of
compression been less
prononuced for
preconditioning explaining
the different seismogenic
response?
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