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“Big blast followed by a long 10-second echo.” Helsinki, 2018-07-08 20:37

Motivation

- Consistent reports of felt and heard
disturbances associated with the weeks-long
stimulation of a 6-km-deep geothermal
system in 2018 below the Otaniemi district of

Espoo, Helsinki ~

- Thousands of induced earthquakes, none
exceeded threshold magnitude (Kwiatek et

al., 2019; Galis et al., 2017)

- Nuisance effects of geo-energy projects on
local communities may be considered in 2
future legislation or permitting processes
(discomfort maps)

SH-wave radiation pattern of the largest induced event,

filled/open circles are 83 reported felt/heard disturbances
(Hillers et al., 2020)




“Big blast followed by a long 10-second echo.” Helsinki, 2018-07-08 20:37

Motivation

Ground shaking and audible disturbances
reports collected in ISUH questionnaires

Pamaus ja térind, epailin ukkosta tai kalliorajaytysté. -ESPOO (21.06.2018 klo 02.30)
A bang and shakingl/vibrating, | suspected thunder or rock blasting.

En tieda mista johtuu, mutta munkkivuoren alueella asukkaan herdavat usein disin téllaisiin réjaytyksiin, joissa ikkunat
helisevét ja maa jysahtéé. -HELSINKI (21.06.2018 klo 03.00)

1 do not know why, but people living in the Munkkivuori area often wake up at night because of these kind of
blasts where the windows and the ground shakes.

Todenndkdisesti kyseessa on joko l&nsimetron jatkeen réjahdys tai veden pumppaus Otaniemessé. Havaintoja tullut jo
taté ennen eri aikoina, jotka on ajateltu liittyvén Lansimetron 2-vaiheeseen, mutta ei ole varmuutta. -ESPOO (29.06.2018
klo 12:43)

It is likely to be either an explosion of the western metro line extension or water pumping in Otaniemi. Multiple
observations has been made even before this one which were thought to be related to the 2nd stage of the metro
project. (but were not sure of)

Liittynee Otaniemen ST-1 deep-heat projektiin, tdma oli kaikista voimakkain kuulunut taring, tanéaankin on kuulunut
joitakuita jarinoita. Naita kuuluu paivittain. -ESPOO (08.07.2018 klo 20.38)

This was the most strongest heard shaking and | reckon it was connected to the Otaniemi ST-1 deep-heat project.
Today there has been multiple quakes and they happen on daily basis.

Kova jyséhdys jonka perdén kuului pitkdhko 10 sekuntia kestéva kaiku. -HELSINKI (08.07.2018 klo 20.37)
Big blast followed by a long 10-second echo.

Tarahdys tuntui koko talossa, parvekkeella tavarat liikahtivat. Koira alkoi murisemaan sisélla. -ESPOO (08.07.2018 klo
20.35)
The blast was felt in the whole house and the furniture on the balcony moved. The dog started to growl.

Aiemmin samana péivana ja aiempina paiviné jo todella héiritsevén runsaasti vastaavia jysayksia. Koko talo taréhtaa,
joskus ikkunan lasi heiluu niin etté lasiin nojaava esine kolisee. Epdilen ettei maapera kauaa kestaa téllaista taristelya,
harmeja on tulossa. -ESPOO (19.07.2018 klo 14.05)

There has been similar blasts earlier on the same day and in previous days with bothersome rate of occurrence.
The whole house shakes and sometimes the window shakes so much that objects leaning into it also move/rattle.
| suspect that the ground doesn't handle well with this kind of shaking for long and there's going to be trouble in
the future.




Multi-physics HPC empowered SeisSol model

Seismo-acoustic simulations of wave
propagation in solid earth and
atmosphere to assess the sensitivity
of ground shaking and audible noise
patterns to various parameters on the
loudness of the synthetic waves at
frequencies reaching the limit of
human sound sensitivity
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Open, source high-order accurate
ADER Discontinuous Galerkin
method - SeisSol (www. seissol.org),
enhanced by local time-stepping
(Krenz et al., SC'21)
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Unstructured tetrahedral spatially adaptive SeisSol mesh.

65 million elements including the air layer, 2.6 million elements
without air.



Multi-physics HPC empowered SeisSol model

Time: 0.000000 s

Point source moment tensors
(Hillers et al., 2020)

3D setup, real topo-bathymetry

Fully-coupled elastic (Earth) -
acoustic (air) model

Loudness computed from pressure
perturbations in the acoustic layer

Need to resolve at least 20Hz,
preferably more, requires
supercomputing

Simulation resolving up to 25 Hz requiring
30 node hours without air, 7000 node hours with air.




Source and path effects

4 sources:

e l|argest induced event, M, 1.8 'z o>
e strike +90 € 60f —
e rake +90 — ‘
e dip+90 8 5.5 K
Q
3 velocity models: % 5ol
e STI(2020): (Kwiatek, et al, 2019) &
e STI(2021): (Leonhardtetal,2021) 2 4.5 :gﬁ 83%‘1’;
e Sisprobe, full waveform inversion, a_ —— Sisprobe (2021)
currently 1D (not published) 4.0
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Source and path effects

4 sources:

largest induced event, M, 1.8
strike + 90
rake + 90
dip + 90
4 sources

3 velocity models:

ST1 (2020): (Kwiatek, et al., 2019)
ST1 (2021): (Leonhardt et al., 2021)
Sisprobe, full waveform inversion,
currently 1D (not published)
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Source and path effects

2 velocity models

Original - Sisprobe (2021) @ 2.2 1e6 Original - ST1 (2021) @ 2.2
8.455
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Loudness Map

* loudness = peak pressure
perturbation at 0.5m elevation within
the acoustic layer

* good agreement with reported noise
disturbances

* we find (so far) that topography has
little effect on nuisance patterns
(peak loudness), focal mechanism is
the largest controlling factor and
velocity models modulate loudness
pattern and amplitude
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gabriel@geophysik.uni-muenchen.de

twitter @INnSeismoland

Summary

3D elastic-acoustic fully coupled wave
simulations to model the loudness of
small, induced earthquakes towards
discomfort assessment and mitigation

parameter study reveals significant
source & path effects (but less so of
topography)
Outlook: Higher frequency (higher
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resolution simulations), e.g., required
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Compute resources were provided by Gauss Centre for Supercomputing e.V.\ (www.gauss-
centre.eu) on SuperMUC-NG at the Leibniz Supercomputing Centre (www.lrz.de, project
pn68fi) & CSC -- IT Center for Science, Finland (project 2003841) on Mahti
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Loudness Map - Outlook: Frequency Weighting

°* Human hearing frequency
dependent, low frequencies are
quieter than expected, use frequency »
weighting (“A-weighting”) Bas0

°* applying A-weighting (perceived
loudness) filter

°* Simulation does not accurately
resolve very high frequencies, lower
frequencies get weighted down 0
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°* VYellow area corresponds roughly to
finely refined zone in mesh a43s e

(%

8430

peak A-weighted SPL [dB A]



