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Introduction A
. 216000 A
Balmatt Geothermal Plant Mol, Belgium
= Suspension of geothermal operation twice due to the occurrence of A -
large induced events (M, > 2) TE e
= Operational phase 2019 - 2018: M, 2.2 event — RN N
= Resumption of production in 2021-2022; suspended after the
occurrence M, 2.1 event during the 11™ injection phase A AT
= ~ 250 events recorded during the 2021 — 2022 operational phase B T L W W
= This raises the questions about seismic hazard and the associated risks .= " e
Detection sensitivity Cenozoic
. . for source at 3.8 km depth below station
Motivation 1

-1000 m

= Utilize very deep borehole seismometer s
(2052 m: MGTPB) for event detectionto ..

Westphalian

generate high quality seismic catalogue . 2
= Provide better insight on the spatio- : | E %
temporal and energetic evolution of = i& -

seismicity
® |Improve probabilistic forecasting and ] i
constrain hydromechanical reservoir T ot cectone ot [
behaviour S e g
Frequency [Hz] -5000m

*well MOL-GT-03 projected on the geological cross section




" Objectives

Seismic Catalogue Generation
Workflow

» Develop a probabilistic methodology for
event detection and localization using single
deep borehole seismometer

=>» Continuous data from th
installed at the dept
= Almost 2 years g

T ob

Probabilistic Multiparameter High quality catalogue
event detection

» Evaluate the contribution of (very) deep
sensors in seismic monitoring and seismic
hazard forecast

Post processing and cleaning

Seismic source location and @
characterisation @



» Continuous seismic data from a 3-component seismometer installed at the depth of 2052 m

» Almost 2 years of data from 2021 — 2022 production phase

Probabilistic Multiparameter Event Detection

PhaseNet:
Machine learning based Phase
detection

P(PNet)

T oot

Seismic Data
seconds

'T’_S'seconds
2 seconds
Template-Matching
(Cross-Correlation Coefficient)

P(Noise) P(CC)

Noise Identification
(Maximum Amplitude Ratio)

Combined Probability

Probabilistic event detection

» Our method combines machine
learning-based phase detection with
empirical parameters to improve
seismic event detection



» NonlLinLoc grid search based on the travel-time difference

» We use a constant travel-time error
» Cross-correlation with the locatable events at 2 different frequency bands

» For each grid we search the events within the given distance (e.g. 300 m) and
the grid is assigned the maximum CC value among the events
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Magnitude Estimation

» Magnitude estimation was
done using the approach from
Luckett et- al. 2019

M = log(amp) + 1.11log(r) + 0.00189r — 1.16e %" —2.09

» In general magnitude
estimation is done using
multiple station

» Our magnitude estimations
are based on single station



Number of Events

YV V

10290 events compared to around 250 events

Mc from -0.4 to -1.98

Reservoir was seismically active long before the detection

of the first locatable event

Migration of seismicity south beyond the production well

occurs much earlier than shown by the previous catalogue

Presence of highly localized (spatially and temporally) seismic
bursts
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» Similar cumulative seismic moment evolution trend for the
short-term injection phases (2 — 7)

Kaiser effect, pressure/volume memory?

Seismicity controlled by fluid pressure increase?

» Different trends for long-term production phases (8 — 10)

Seismic moment [Mo: Nm]

= Different mode of energy transfer?
= aseismic slip outpace the fluid/pressure migration?
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Old Catalogue

New Catalogue

Temporal b-value evolution

» A clear relationship between the change in the change in

injection parameters and the change in b-value

» The largest event occurs during the period where we
observe systematic decrease in the b-value
corresponding to the increase in the flow rate
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We are working on a way to integrate the new catalogue generation workflow in near-real time scenario at Balmatt

We are working on developing a predictive Traffic Light System protocol using the observations from the detailed
seismic catalogue (for example: b-value, cumulative seismic moment....)

Further analyse in detail the spatio-temporal and energetic evolution to characterise the triggering mechanisms
Build conceptual/predictive relationship between geothermal production and seismicity

Combining machine learning based event detection with emperical parameters ensures that detections are
supported by multiple independent criteria rather than relying solely on a single method

We have developed a robust methodology to create a detailed seismic catalogue using a single deep seismometer
It has a potential to be used for near-real time monitoring purpose (on the process of being implemented)

The new catalogue provides much detailed information on the subtle changes on the reservoir
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b 1 <|M - M| - AM’C+2AM>

= n ——
2AMIn(10) |M — Mcl — AM{
|M — MC| = mean absolute deviation from the magnitude of completeness (M)

AM = the binning interval

AM - = small shifted completeness threshold

b
Op = ——

VN

N is the number of magnitudes considered (M = M)

https://doi.org/10.1093/qji/
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Challenges

Event Low frequency electronic noise spikes

W Constant noise at 50 Hz
w" acquisition noise
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» unusually large numbers of false
detections during the period where low
frequency electronic noise is dominant
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Trustful? Since trained based on different sensors
and different scale , tool performance not fully

Probabilistic Multiparameter Event Detection

understood with respect to induced seismicity and

using deep borehole sensor

PhaseNet!:

Machine learning based Phase detection
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1Zhu, Weigiang, and Gregory C. Beroza. "PhaseNet: a deep-neural-network-based seismic arrival-time picking method." Geophysical Journal International 216.1 (2019): 261-273


Presenter Notes
Presentation Notes
All the calculations were done  5 seconds gliding window with 3 seconds overlap  
Even though PhaseNet is widely used and proven its usefulness 
Phase net with empirical probability to
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Noise Identification 2 seconds
(Maximum Amplitude Ratio)

Measuring presence of electronic noise => Based on amplitude ratio 60-180 Hz/1-10Hz

Seismic signal above sensor frequency Electronic noise dominant below
(15 Hz) and acquisition noise (50 Hz) sensor frequency
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- Template-Matching
(Cross-Correlation Coefficient)

Identifying the repetitive and similar induced events |
5 seconds

——
Pe—f
=1 5seconds

=> In total 64 templates: best waveforms in terms of signal to
noise ratio from the list of all the locatable events

=>» based on two frequency band: 15 — 45 Hz and 60 — 180 Hz 2 seconds
Component EL1 [15 - 45 Hz] Component EL1 [60 - 180 Hz]
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Data and Methods

Probabilistic Multiparameter Event Detection

» To quantify the likelihood of the test events relative to the overall data distribution ( based on amplitude ratio or CC-coeficient), we
employ a probabilistic approach based on empirical cumulative distribution functions (ECDFs)
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» We calculate the event probability for each component based on the
amplitude ratio and cc-coefficient I ; i ; ; R “log10 Amiitude Ratio. ’ )

log10 Amplitude Ratio

» The resultant event (P(Noise)) probability based on the maximum : _ Event Probability
Cross-Correlation Coefficient

amplitude ratio is the maximum out of the three components

» In case of template matching probability, we take the mean of the event Py — e | o m

—— Events

probability from two frequency bands (P(CC)) 0.008 1

» Since PhaseNet already provides probability for P- and S-pick. The
PhaseNet probability (P(PNet) for the given window if it contains an
event with P- and/or S-pick is the mean between the P-and S-pick
probability otherwise its 0.
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Presenter Notes
Presentation Notes
Currently the geothermal plant is operating at minimum capacity  
Location and Importance
Thanks to the network extension and wealth of seismic data, we aim to enhance the present understanding of the geothermal reservoir , investigate in detail the main structural features and the relation between geothermal activity and seismicity

Understand to charecterise the seismicity to deal with potential seismic hazard 
In order to better the thydro-thermical reseponse of reservoir to predction of seismicity 
Characterisation of -0.5 magnitude of completeness 

Detection of smaller events allows us to better understand the 



Performance

» For probability of 40 % (0.4) noise decreases significantly and most events detected
» Everything above 40 % probability is potential event
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Presenter Notes
Presentation Notes
Performance check 
Manually checked training set
Identfiying threshold for event detection 



Spatio-temporal Evolution of Seismicity

Migration/evolution of seismicity

Are all the failures seismic and are controlled by fluid pressure increase?
Does aseismic slip outpace the fluid/pressure migration?
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