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Bedretto-Lab team:
The team involves more than 30 people from ETHZ as well as 10

research institutes and companies
(see http://www.bedrettolab.ethz.ch/en/home/)
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The SED national and BULGG permanent networks

- Surface broadband sensors
- Tunnel permanent SM, BB, SP sensors
- Borehole 100/10Hz geophones

Instrument types

Borehole 2000 sps short period geophone
Borehole 200,000 sps acoustic emission sensor
Borehole 200,000 sps accelerometer

Tiltmeter

Distributed acoustic sensing

Broadband seismometer

Short period seismometer

Strong motion accelerometer

2000 sps broadband seismometer
2000 sps short period seismometer
2000 sps strong motion accelerometer
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The SED national and BULGG permanent networks

- Surface broadband sensors

- Tunnel permanent SM, BB, SP sensors Instrument types

@ Broadband seismometer © Borehole 2000 sps short period geophone
- Borehole 100/10HZ geophones © Short period seismometer @ Borehole 200,000 sps acoustic emission sensor
@ Strong motion accelerometer © Borehole 200,000 sps accelerometer
@ 2000 sps broadband seismometer © Tiltmeter
@© 2000 sps short period seismometer @ Distributed acoustic sensing
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1; u.l.;H ”
O\
46°34'N
le tsch
()
46°33'N
<7}
Motto Barto b
46°32'N |5
(S
L,)\ .
[ ) Fontana
46°31'N \\
Jilla
Bedre tto
' N\
46°30'N 0 @ ARon
- 7 \
»
Al A
46°29'N
@] @
8°22°E 8°24'E 8°26'E 8°28'E 8°30°E BEHDF 8°34'E 8°3( 8°27E 8°27'36"E 8°28'12"E 8°28'48"E 8°2924"E

SGEB general assembly. June 12, 2026



\

The Geothermal Testbed
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The Earthquake Physics Testbed
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Instrumentation overview

Instrument types within the 8R network:

. Permanent stations
e Tunnel stations: Channel geometry coupling
Free-field Post-hole Free, anchored or sanded-in
*7 Sampling rate
. 250 to 2000 sps
m 2 ksps: main tunnel ) . -
2 1 o Sensors
Nanometrics Trillium Compact 120 s / Lennartz 3C
Nt 4 /STS2
*ﬂ/ [ Nanometrics Titan 4G / Kinemetrics Episensor
| 5 ksps.' DAS cemente d Datalogger
Nanometrics Centaur4
. ~——
in tunnel floor .

m 10 ksps: sanded
post-hole|stations - -
(high-freq. coupling)

3
o

e Borehole stations:

m 5 ksps: DAS cemented
in boreholes

m |10 ksps: Geophones

m 200 ksps: Piezo-(accelero)meters

Piezometer (acoustic emission sensors)

Network Channel geometry Coupling
39 stations Along-hole Side-hole NDD cemented, NDC clamped
Sampling rate
NDC 200°000 sps
Sensors

GMuG Blr 30-60 kRHz 76 mm
GMuG Blr 7-70 RHz 76 mm

Datalogger
D GMUG GMuG-ETHZ custom-built
Conti system
L
Piezo accelerometers
( Network Channel geometry Coupling
4 stations Along-hole Side-hole Glued
| o
G et " Sampling rate
A ‘7%"»\}/ 2 NNA 200°000 sps
AN : Sensors
'F PCB-Endevco 356B18 45A
N . NC NC Wilcoxon 736
Datalogger
GMUG GMuG-ETHZ custom-built
Conti system
L
Geophones
( Network Channel geometry Coupling )
11 stations Down hole vertical
1

Down hole oblique
KPZ

Cemented or sanded in

Sampling rate
2'000 sps
Sensors

Geospace GS100

Geospace GS14
Geospace GS14 RT Clark RTC-100

Datalogger

JHZ
~ JH2 H1
JG2* G1*
H2 1

Nanometrics Trillium Compact 120 s

Nanometrics Centaur 5 high gain
SED-RQUIP
Network Channel geometry Coupling )
15 stations Post-hole JHZ Sanded in
Jez* Sampling rate
10’000 sps
Sensors

*with Nanometrics Titan 4G

Datalogger
Nanometrics Centaur5-35-02

Distributed acoustic sensing
Network Channel geometry Coupling )
Along-hole Tunnel floor Cemented
Sampling rate
=3

5’000 sps, gauge length 3.2 m,
channel spacing 1.0635 m
Sensors
Solifos V13
E18*: Fibrasens 0S2

Datalogger
Sintela Ony Peta




Data overview

Data volume of the 8R network, 2 TB per day since FEAR-2:

® 1to 1.5 TB per day from borehole sensors:

m ~150 GB per day from timing channels

®|1TB per day from DAS since FEAR2

® <200 TB per day from tunnel stations

FDSN access points

Daily channel count
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permanent

Background monitoring SeisComP data, which contains the events detected using surface stations, tunnel stations and frontshoe geophones. This
data is continuously updated (e.g. new automatic detections and subsequent manual event revisions).

experiment

Experiment SeisComP data, which contains the automatic events detected during the experiments using the acoustic emission sensors. This datais

continuously updated.

acquisition

Station Inventory and Waveform data for all stations (no events)

Volume (TB)
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Completeness and Precision in Experiment Catalogues

The magnitude completeness is a function of hypocentral distance

Normalised number of events per distance bin
20 40 60 80 100

o

Magnitude

Distance to 4 phase arrivals (m, hypo.)

SGEB general assembly. June 12, 2026



Alerting and response
Polygons for Ml alerts

SED

Bedretto RED
MLhc >= 2.5 (0-3km)
MLhc >= 3.5 (3-6km)

Bedretto ORANGE

1.0 =< MLhc < 1.5 (0-1km)
1.5 =< MLhc < 2.5 (1-3km);
2.5 =< MLhc < 3.5 (3-6km)

Bedretto YELLOW

-0.5 =< MLhc < 1.0 (0-1km)
0.5 =< MLhc < 1.5 (1-3km)
1.5 =< MLhc < 2.5 (3-6km)
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Alerting and response
Polygons for Ml alerts

SED

Bedretto RED
MLhc >= 2.5 (0-3km)
MLhc >= 3.5 (3-6km)

Bedretto ORANGE

1.0 =< MLhc < 1.5 (0-1km)
1.5 =< MLhc < 2.5 (1-3km);
2.5 =< MLhc < 3.5 (3-6km)

Bedretto YELLOW

-0.5 =< MLhc < 1.0 (0-1km)
0.5 =< MLhc < 1.5 (1-3km)
1.5 =< MLhc < 2.5 (3-6km)

BULGG

RED: MLc >=1.3
ORANGE: MLc >=0.5
YELLOW: MLc >=-0.5




Instrument types
A Broadband seismometer Borehole 2000 sps short period geophone
(Bedretto] Short period seismometer Borehole 200,000 sps acoustic emission sensor
\ Lab A Strong motion accelerometer Borehole 200,000 sps accelerometer
- 2000 sps broadband seismometer Tiltmeter

2000 sps short period seismometer
2000 sps strong motion accelerometer

Distributed acoustic sensing

Alerting and response
QD-TLS for the ETB and GTB

46°30'50.4"N

» 3 Centaur-Episensor accelerographs,

e Accelerographs not useful for monitoring,
. . . . . . 46°30'46.8'N
e Email and SMS notifications impossible in absence of ETHZ
connectivity, the monitor display is really standalone
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Mw vs Mlc comparison across datasets

Edwards et al. (2015):
Mw = Mic - 0.3

Magn itu d e Meth OdS Huber fit, fixed slope (2/3), excl Mic < 0.5:

Mw = 0.667 * Mic + -0.213

Swiss National Earthquake Catalogue:
e Mlhc: Swiss Local Magnitude with station
corrections ( ). , |
e MwSpec: Swiss Moment Magnitude with station
corrections (automatic).

BedrettoLab Permanent Reference Earthquake

Catalogue:
e MLc: Local magnitude from Wood-Anderson 20
amp. ( ).

e Mw preliminary: Seismic moment, corner
frequency, and radiated energy inversion from
displacement spectra (SourceSpec [rapid
analysis] and SPAR [final analysis] softwares). =21

® GTB Mw SourceSpec (grey rejected)
GTB Mw SPAR (grey rejected)
A SED dataset (grey rejected)

Borehole Arrays in Experiment Testbeds:

e MwA automatic: Magnitude regression based on -3 TR LT
. . . . wSpec dataset
amplitude ratios, calibrated against FEAR2 Mw dataset
—— Modified from Edwards et al. (2015)
accelerometers and Mw. —— Huber fit, fixed slope (2/3)
—4 A ——=- Edwards et al. (2015)
Mic = -1 Mic = 0.5 1:1 line
=4 -2 (IJ 2 4

Mic



Magnitude (MLc)
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The Permanent Reference earthquake Catalogue
https://doi.org/10.3929/ethz-c-000789415

GTB ETB-FEAR1 ETB-FEAR2
Induced earthquakes 108’493 13’440 19604
MlLc > -1 4 5 9
Max. MLc -0.5 -0.1 -0.1 A 4
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The Permanent Reference earthquake Catalogue

https://doi.org/10.3929/ethz-c-000789415

Latitude
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SGEB general assembly. June 12,2026

Latest 3 months




GTB-24 v1.dd (58464 no type / 60594 total) [~
| Doubledifi. | il sunnei

The GTB earthquake Catalogue LT

- . ., 2 = : 5 .‘.:j ® o0 ."””‘
https://doi.org/10.3929/ethz-c-000789401 . 4
Borehole sensors are used for operational 1 GTB-24 vidd _
real-time monitoring, in complement of . ‘
the Permanent catalogue. . Interactive

Once finalised, experiment data are
integrated within an optimal experiment
earthquake catalogue:

Optimization: Optimized picking,
location methods and velocity models.

(woh) w0

Time
2024-09-03

Precision: Fully repicked waveforms

(incl. DAS), and double-difference | YA \
relocations. - : ‘
Completeness: Mc < -4.
Distribution: FDSN-compliant data
access for the community.

A(’ﬁﬂs (?Vf, 2024-08-26

eneral assembly. June 12,2026



Mainshock B

FEAR-1.24 v1.dd (10204 other events, no type / 15799 total) Mainshock A

)

2 »% Anthropogenic events

1N Double diff. |

=10

4 Tunnel

Depth
below -1482.93 m

10

U
N}

The ETB-FEAR1 earthquake
Catalogue |
https://doi.org/10.3929/ethz-b-000743181 ] AN i ow

S e .
1 10 100 1k 2024-11-29 2024-12-01 2024-12-05 2024-12-09 2024-12-13
Cum. sum Week 49 Week 50

Borehole sensors are used for operational ™™
real-time monitoring, in complement of
the Permanent catalogue.
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Once finalised, experiment data are
integrated within an optimal experiment. Geoph.
earthquake catalogue: (shorty)

9v

Sq_ﬁé

Optimization: Optimized picking,

location methods and velocity models.
. Piezo.

Precision: Fully repicked waveforms 'Precode
(incl. DAS), and double-difference
relocations. DAS

Mainshocks

Time
2024-12-16

°
2024-12-12

Completeness: Mc < -4, include both / — Piezo. Interactive

MwA and MLc in FEAR catalogues, FEAR-1.24 [m]
. . Tunnel T

bridging the gap between experiment

arrays and the Permanent network.

&0
1.5

N il

2024-12-03

2024-11-29

Distribution: FDSN-compliant data ;
access for the community.

2024-11-26

SGEB general assembly. June 12,2026
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The ETB-FEAR2 earthquake Catalogue

Event catalogues based on the 8R network:

BPREC:

® 200+ staff hours
24h, 6 days (3.5 red)
2 full team 7h days

e 350 induced eq.
>M-0.5 3eq
>M-1 ~12 eq
>M-1.5 ~30 eq
>M-2  ~150 eq (Mc)

FEAR-2:

e ~15k induced eq.
from M-0.2 to -5

e |Issues:
22-23rd: [Timing & gap
<23rd: stations adjusted

Magnitude (MLc)

R
-0.5 1 .
_10 4
15 P o ©
-2.0 [ J
[ J
_25 B
L]
-3.0 1 [ ]
-3.5
e

-4.0

T — T T T T T T

1 10 100 04-23 00 04-2312 04-24 00 04-24 12 04-25 00 04-25 12

Cum. sum Wednesday Thursday Friday Saturday

Magnitude (MwA, MLc)

BPREC (BedrettoLab Permanent Reference Catalog manual review only)

Permanent (350 induced or triggered events / 350 total)

um.
over magnitude

-2

—54

EN
,F(_E)AR-Z.ZG vl.dd (14762 no type / 20575 total)

FEAR-2 (reprocessed double difference with gap filling)

1

10 100 1k 10k 04-23 00 04-2312 04-24 00 04-24 12 04-25 00

cum. sum Wednesday Thursday Friday
over magnitude

04-25 12
Saturday

Depth

@ below -1478.22 m

epth
belo£1484.82 m

- 10

r 100

- —10

r 300

r 200

Cum. sum
over time

r—-10

- 10

L 10k

Cum. sum
over time



The ETB-FEAR2 earthquake Catalogue
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Peak Ground Acceleration vs Magnitude and Distance O .5 g
BPREC Peak Ground motions “ oo leoome looe
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http://mercalli.ethz.ch/~fmassin/BULGG/peak_motions/
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Peak Ground Velocity vs Magnitude and Distance 2 mm / S
BPREC Peak Ground motions o R P
| ® @
Using only unclipped records manually | s pelland 100
revised events from the permanent catalog: | . B '8 e § ..,{.: m.-."'.'... ,'
=
. $00% 0@ 2 co “~M ‘.". .
e PG-Accelerations: : s 0 °,
Max ~0.5 g for M>-1.5 and dist < 100m ;
e PG-Velocities: = T
Max ~2 mm/s for M>-1and dist < 70m S o
g
-3 5
10

Peak Ground velocity (m/s)
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http://mercalli.ethz.ch/~fmassin/BULGG/peak_motions/

The main event
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MLc -0.1 on 2026-04-24 (at 17:28:45) 90 m below tunnel (1.39 km above sea level)

e Manual review with MLc, MWA &
focal mechanism

' BPREC manual MLc -0.1 MwA -0.6

F3401 B8R
F3101 B8R

FT106 B8R

FT110 8R

F3307 R
FT095 &R
F2801 &R
"ﬂ.‘ﬂ 8R
M 8R
r201 R
F2401 R
Froas R
FT040 &R
"70‘. 8R
Fro1s 8R
FT000 &R
T2440 2R
T2460 B8R
T2400 2R
F1901 &R
2390 R
Fa201 o1
12370 88
T2501 B8R
F4003 B8R
12347 R
2575 o

T2330 R
Fa101 8R

T2300 8R
T2260 8R
T226 81
T2700 3R
V0701 8R
V0101 8R
V0801 8R

amax: 11.0 m/s**2
“mean: 4.8 nm/s*™;

% 2

l A T
-amax; 5.9 m/s*+2.
‘mean: -89.8 mm/s*+2

‘mean: 19.6 um/s**2

mean: -21.7 nmjs*+2
. amax: 1.4 mis=2

amax: 3.8 mys*2

‘mean: -284.0 pm/s**2

-amax: 2.3 m/s**2.
mean: 42.1 mm/s**2
: 240. Js22

mean: 1.2 um/s**2
amax: 2.8

mis=r2

Toean: 33510 profsee2

l _amax: 565.3 mmy/s**2
nVi“?

‘mean: 3.3
_amax; 2.8

‘mean: -16.9 nmls"z

-amax: 3.3 m/s*+2
mean: 1.0 m/s**2
amax: 34.3 um/s*e2

mean: -1.7 pm/s**2

amax: 898.8 mm/s**2
‘mean: mm/s*¥2

l amax: l7mls"'2
“mean: 3.8 um/s**2

: 252,9 mm/s*2.

mean: 79.9 nm/s**2

amax: 158.5 mm/s+2
‘mean: 590.7 nm/s**2

_amax: 110.2 mm/s**2
‘mean: 266.1 nm/s**2

~amax: 190.6 mm/s**2
‘mean: 1.7 nm/s**2

-amax: 342.7 mm/s**2
‘mean: 77.0 nm/s**2

amax: 596.4 m%g"z
‘mean: 17.5 nr 2

2

_amax; 383.0 mm/s**;
mean: -1.4 pm/s*+2

*‘Tﬁl mm/s*2

e 234 g
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A NP A oA e ot AN A et

m-.znslm-n
mean: -25.5 nm/s**2
l amax: 1981 mins==2

-iﬂal‘-igﬁ
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‘mean: zs s nmIS"Z

i nmls"z
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l amax; 103.1 mm/s**2
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amax: 68.1 +02
Thean: 0654 pﬁs“z
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The main event
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MLc -0.1 on 2026-04-24 (at 17:28:45) 90 m below tunnel (1.39 km above sea level)

e Manual review with MLc, MwA

focal mechanism

 Preliminary source inversion
from spectral analysis

evid: 2026abfvamxzo

lon: 8.472 lat: 46.513 depth: -1.4 km time: 2026-04-24T17:28:45.068

¢ oo | © ooo . —— Inverted spectra (16) | [0->
~05 —0.4 03 —0.2 —01 0.0 01 02 = Summary parameters
L Summary parameters,
no attenuation
— :
0 200 400 600 800 1000
Corner Frequency (Hz)
I (@ .::. OO O |—.—.. +
~0.0005 0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
t-star (s)
e | e
LLIC 1) 000 O 0-00 L] L]
. i e
0 5 10 15 20 25
Source Radius (m)
: CLX0) ) ) ) .|~(+ o L]
10! 100 10! 102 10°
Static Stress Drop (MPa)
- - - W
~100 —50 0 50 100 150 200 0 0.5 1
Quality Factor
. . 10°4  Summary parameters:
p——e—e— N - — . Mo: 6.06.+08 [ 2.1e+08, + 3.1e+08] N-m
10° 10 105 106 Mw: -0.21 [- 0.12, + 0.12] —-3.0
Radiated Energy (N-m) fc: 138.99 [- 49.84, + 77.71] Hz
t*: 0.00 [- 0.00, + 0.00] s
b o | oo . . « | 1044 Er1l.4e+04[-1.2e+04, + 8.5e+04] N:m
: . : : : ; 1 3.5
102 10-1 10° 10! 102 102

Apparent Stress (MPa)

Frequency (Hz)

Magnitude



Distance from origin (m)
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The main event

MLc -0.1 on 2026-04-24 (at 17:28:45) 90 m below tunnel (1.39 km above sea level)

e Manual review with MLc, MwA & focal mechanism

—— F34
e Preliminary source inversion from spectral —— F24
. ] — F07
analysis 100 — f2s
e Excellent data coverage for further analysis = 1201
<
o
- S 140 A
FEAR-1 main event MLc -0.5 -—-—a_ £
— F16 ™~ \O ggg H
145 4 - sl 100 n A
o S 160 <
150 A s % 9
—— FO06 4(7; ()
s 0 £
—— o 180 0 =
160 A 60k Q
40k Y S
165 20k 2 DAS <
0 S 200 - = = r;U
170 - ook === -100n £
= = = - n
" S S3BEE G SRS 3007
: S a— ; . =88k < 0.0l 0.02 0.03 004 0.05 006 0.07 008 0.09
0.03 0.04 0.05 0.06 0.07 0.08 B

i iai EB . 12, 202
Time after origin (s) Time after origin (s) SGEB general assembly. June 026
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Achievements

We have doing a lot:

e Quality control for all sensors, within a tunnel.

e Consistent real-time processing for ~2 TB data per day with national and on-site alert.
e Overlapping magnitude types (Mw, MLc and MwA).

e Stable DAS streaming with quality timing, similar volume to acoustic emission data.

e Dynamic range for on-scale recording up to M1 (while detecting M-5).

SGEB general assembly. June 12,2026
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