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Abstract seismic network sensitivity and event detection performance are critical for assessing earth-
quake risks, particularly in regions susceptible to induced seismicity. In seismically inactive zones, the net-
work monitoring presents unique challenges, even when using adapted automated detection and location
systems originally designed for active zones. In this study, we evaluate the capabilities of the seismic net-
work deployed in the Litoméfice region of the Czech Republic, where a geothermal project is underway; no
seismicity has been recorded in the area during years of monitoring. Using synthetic seismograms, we sim-
ulate potential earthquakes in the geothermal well to assess the network’s detection efficiency in the area
of interest. PEPiN (Polarization based Earthquake Plcker for Networks) is employed to analyze the synthetic
dataset with real background seismicity. Our results demonstrate that PEPiN detects and localizes 82% of the
synthetic events with magnitude of completeness M,-0.5, slightly above the value M,-0.7 predicted by our
previous research (Kaldy and Fischer, 2023). Overall, our findings provide valuable insights into the seismic
monitoring capabilities of the Litoméfice network, shedding light on the potential strengths and limitations
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of seismic surveillance systems in similar geothermal and underground operation settings.

1 Introduction

Induced or triggered seismicity stemming from various
industrial operations, such as geothermal power plants
(Deichmann and Giardini, 2009), CO, storage (White
and Foxall, 2016), mining activities (Dubinski et al.,
2019), and shale gas and oil extractions (Clarke et al.,
2014; Grigoli et al., 2018), has been observed to affect
public areas and private buildings, sometimes leading
to damage. Consequently, as a precautionary measure,
future projects are subjected to seismic monitoring in
order to enable adjustments to the underground oper-
ations in the event of escalating seismic activity (Ma-
jer et al., 2012; Kraft et al., 2020). Typically, long-term
monitoring entails the deployment of a network of sur-
face seismic stations surrounding the operational fa-
cility; shallow or deep borehole sensors are used in-
frequently. Analysis of the recorded seismograms al-
lows for the identification of ongoing seismicity (Fis-
cher, 2003b; Perol et al., 2018; Doubravova and Horalek,
2019). Detected earthquakes (seismic events) are then
located and assigned magnitudes. The resulting seis-
mic catalog offers insights into the spatial and tempo-
ral characteristics of the activity, and can be charac-
terized in terms of minimum and completeness mag-
nitudes, which are indicative of the network’s sensitiv-
ity (Wiemer and Wyss, 2000; K4dldy and Fischer, 2023).
The sensitivity of the network depends on factors such
as station network geometry, noise levels and coupling,
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underground geological conditions, depth and distance
of earthquakes, and the detection method used, even
in cases where the catalog has no events (Hallo, 2012;
Kaldy and Fischer, 2023).

Recently, automated detection methods have im-
proved with the integration of machine learning tech-
niques such as Convolutional Neural Networks (CNN)
(Giudicepietro et al., 2017; Magrini et al., 2020; Stepnov
et al., 2021). These detection systems now exceed the
capabilities of the more traditional detection methods,
such as matched filtering using both real (Janskd and
Eisner, 2012; Gibbons and Ringdal, 2006) and synthetic
templates (Chamberlain and Townend, 2018), as well as
comparisons of short-term and long-term STA/LTA ra-
tios (Allen, 1978, 1982; Velasco et al., 2016), enhanced
with polarity filters to identify P and S wave arrivals
(Fischer, 2003b, method PEPiN presented here), among
other techniques. Evaluation of the resulting detec-
tion catalogs can include metrics such as the magnitude
of completeness (M) that occurs as it deviates from
the Gutenberg-Richter law (Wiemer and Wyss, 2000;
Leptokaropoulos and Gkarlaouni, 2016), the minimal
detectable magnitude (M,,) (Kaldy and Fischer, 2023;
Yang et al., 2021), the false event ratio, and the accu-
racy of earthquake locations. M¢ (or M,,) can also be
simulated and presented as the seismic network sensi-
tivity, which depends on factors such as network size
(number of stations, distances, and geometry), distance
from the earthquake, noise levels, geological condi-
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Figure 1 GRSN local seismic network in Litoméfice, Czech Republic, Europe. (a) Topographic map with stations’ locations
noted by triangles and names; red triangles for surface stations, black for stations in wells. 4 surface stations are located at a
the base rock (KAM, RICC, SKAC, MHR - baserock stations) and lie within the brownish area above the 250 misoline. Stations
located atop horizontally layered sediments of the Bohemian Cretaceous Basin (LMP, GLT1, GLT2, GTCLT, NSNC, TER, PLO -
sedimentary stations) are in the greenish low-land area. The EGS is expected to take place at a borehole near station GLT1 at
a depth of 2 km. (b) Focal mechanism of the simulated seismic source below GLT1 station: strike 20, dip 85, rake 0, depth 2
km), My 1. (c) GRSN seismic network sensitivity, provided where 4 stations are required for the event detection. Horizontal
cross-section at depth 2 km in terms of magnitude completeness M. Figure (b) adopted from Kaldy and Fischer (2023).

tions, and the applied automated detection algorithms
(Kaldy and Fischer, 2023; D’Alessandro et al., 2011; Wil-
son et al., 2021). Simulated network sensitivity can be
compared to existing detection catalogs or tested using
synthetic earthquakes (L6pez-Comino etal., 2017) when
real earthquakes are not detected, as is the case pre-
sented here. The advantage of analyzing detector per-
formance on synthetic records is that the real complete-
ness of the M¢ and interpreted b-values can be debated
(Leptokaropoulos et al., 2018).

The seismically inactive Litoméfice region in the
Czech Republic presents an intriguing opportunity to
assess the applicability of an automated seismic detec-
tor and locator, PEPiN (Polarization based Earthquake
PlIcker for Networks), which was originally tailored for
the West Bohemia region (Fischer, 2003b), where it
demonstrated detection capabilities with M -0.7 ata 6
km depth and M¢ -0.3 at an 11 km depth (Kdldy and Fis-
cher, 2023) for 8 stations of the WEBNET seismic net-
work (Institute of Geophysics, Academy of Sciences of
the Czech Republic, 1991, epicentral distance 0 - 15 km).
Since 2019, the Litoméfice region has been monitored
by the Geothermal Research Seismic Network (GRSN)
(Safanda et al., 2020; Kaldy and Fischer, 2023, Fig. 1a),
primarily to ensure the safety of an emerging geother-
mal project (Safanda et al., 2020, project Ringen/Syn-
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ergys). This enhanced geothermal system (EGS) bene-
fits positively from the fact that no seismic events have
been detected in the region down to a magnitude of
completeness M, -0.7 at the depth 2 km at the well
site when using 8 surface stations (Kaldy and Fischer,
2023). The GRSN network, as of Autumn 2023, was
comprised of 11 stations, including 9 surface stations
(stations RICC and NSNC were in shallow underground
locations), and 2 located within wells (station GLT1 at
1500 m and station GLT2 at 190 m below the surface),
equipped with a mix of broad-band and short-period
receivers (broad-band receivers at stations KAM, RICC,
TER, PLO, and SKAC, short-period receivers at stations
LMP, MHR, NSNC, and GTCLT). The Litoméfice region
is geologically segmented (Safanda et al., 2020), with 7
stations situated amidst semi-horizontally layered sedi-
ments of the Bohemian Cretaceous Basin and 4 stations
atbedrock outcrops of older formations, predominantly
the Central Bohemian Volcanic Complex. Accordingly,
stations are categorized into sedimentary and baserock
groups, demarcated by the 250 m elevation contour line
(highlighted in red) in Fig. la.

This article extends the previous research on GRSN
network sensitivity (Kaldy and Fischer, 2023) by con-
ducting reliability tests using synthetic earthquakes
overlaid onto real seismic records. The theoretical net-
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work sensitivity from the preceding study is shown in
terms of the M variation at a depth of 2 km in Fig. 1c:
only the stations denoted by black triangles were con-
sidered for the detection, assuming an event is detected
when a minimum of 4 stations receive the S wave sig-
nal exceeding (3 times representative) noise. In Fig. 1c,
the light blue color west of the well location (white dia-
mond) represents the area of the greatest network sen-
sitivity at the depth where water is likely to be injected
during the EGS project; thus, the weakest earthquake
that can confidently be detected at a depth of 2 km is
Mp,-0.85, or M-0.7 at the well location.

To test the performance of the PEPiN detection and
location algorithm for potential EGS-induced seismicity
in Litoméfice, we created nearly-realistic daily seismo-
grams simulating earthquakes below one of the bore-
hole stations (GLT1). The aim is to provide PEPiN seis-
mograms including challenges such as noise increase
during the day, noise bursts, P and S arrivals not ex-
plainable by a homogeneous velocity model, the poten-
tial for false phase picking particularly on converted
waves, and the variation in polarities and amplitudes
among stations due to focal mechanisms. To achieve
this objective, recorded noise is overlaid by 2880 syn-
thetic seismograms of various magnitudes, but of sim-
ilar location and focal mechanism. Event magnitudes
were randomly distributed throughout the day, adher-
ing to the Gutenberg-Richter law with a b-value of 1.5.
This chosen b-value is consistent with the established
range of 1 < b < 2.1 for induced seismicity, as docu-
mented by Geffers et al. (2022) and Muntendam-Bos
and Grobbe (2022). Similar waveforms of the simulated
seismic activity are used to resemble the real case sce-
nario of induced events in Basel (Kraft and Deichmann,
2014). Changes in the underground geology (sediment
vs. hardrock) are incorporated via two 1D velocity mod-
elsin order to provide some variation in the expected ar-
rival times in an inhomogeneous environment. Finally,
the real records of all the GRSN stations are collected
during a typical working day, which provides the tem-
poral and typological variations in noise.

In the subsequent sections, we will delve into the
methodologies employed in generating synthetic seis-
mograms, introduce the automated detector and loca-
tor PEPIN, discuss the results obtained when detecting
synthetic events in real noise, and draw comparisons
with the simulated network sensitivity established by
Kéldy and Fischer (2023). Through this comprehensive
analysis, we aim to refine our understanding of PEPiN’s
applicability in the Litoméfice region and contribute to
the broader discourse on seismic monitoring in low-
seismicity regions.

2 Methodology:
Synthetic seismograms

Simplistic synthetic seismogram can consist of single P
and S wave peaks at expected arrival times. Realistic
variations and complexity in seismic waveforms appear
to be more suitable for assessing detection techniques
since detection-location engines may fail to recognize
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or match correct phases. Generating more advanced
synthetic seismograms is a complex process (Shearer,
2009) with its core being the Green’s functions (GF).
The GFs represent Earth’s response to unit impulsive
pointloads, covering all the elastic Earth properties and
boundary conditions. Initially, seismic source parame-
ters such as location, focal mechanism, and magnitude
are set to match the most likely scenario. Subsequently,
the seismic wave propagation is simulated using nu-
merical, ray tracing, homogeneous layer, normal-mode
or semi-analytical methods (Shearer, 2009; Wang et al.,
2017); each utilizes the best available Earth’s structural
model. The resulting space derivatives of Green’s func-
tions are then convolved with the seismic source time
function to produce synthetic seismograms at each sta-
tion. Additionally, the instrument response and site ef-
fects may be incorporated into the synthetic seismo-
grams to enhance their conformity to the observed data.
It is worth noting that the proximity of earthquakes in-
creases the frequency of the seismic record, necessitat-
ing detailed underground information for accurate sim-
ulation (Levin et al., 2010).

Seismogram modeling can address the variations in
the Earth’s elastic parameters and density in all three
dimensions, although modeling solely in one dimen-
sion reduces the processing time significantly. Given
that most of the seismic stations in Litoméfice are situ-
ated atop the sedimentary Bohemian Cretaceous Basin
(borehole: GLT1, GLT2; surface: GTCLT, LTM, NSNC,
PLO and TER,; Fig 1a), a predominantly horizontally lay-
ered media (Ulicny et al., 2009), a 1D velocity model is
adequate for these “sediment stations”.

In contrast, four of the eleven seismic stations in the
Litomérice area (KAM, MHR, RICC and SKAC; Fig. 1a)
are located atop the baserocks of the Central Bohemian
Volcanic Complex (Cajz et al., 2009; Myslivecek et al.,
2018), bordering the Bohemian Cretaceous Basin. Such
a geological setting makes the use of a single 1D earth
model unjustifiable, and if realistic synthetic seismo-
grams can be calculated, a 3D model would be more
beneficial. For testing the detection reliability it is
sufficient that the synthetic waveforms vary not just
in wave arrival times but also in waveform shape and
complexity, referring to different geological basements.
An additional 1D baserock velocity model, reflecting
Earth parameters encountered by seismic rays arriving
at the “baserock stations”, provides the required wave-
form variation and, as such, also provides a 3D effect
to the study. While the representation of this base-
rock model is limited, the resulting synthetic seismo-
grams provide variations in the waveforms and phase
arrival times suitable for testing the performance of a
detection-location engine.

2.1 1D velocity models

Creating synthetic seismograms necessitates a robust
velocity model. In the Litoméfice region, a particular
attention is given to depths up to 3 km; the EGS project
will likely inject the water to a depth of 2 km. To ac-
count for the major geological features of the area, two
velocity models were compiled for this study: sedimen-
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Formation depth | V, Vs P QW | Qs
km km/s | km/s | g/cm?
Surface -0.171 | 1.2 0.7 1.8 30 13
sediments 0.025 2.0 12 1.8 30 13
Cretaceous 0.025 2.2 13 2.3 58 26
siltstone 0.19 23 | 14 | 23 58 | 26
Permocarbon | 0.19 2.5 15 2.46 70 31
siltstone 0.78 41 2.4 261 150 | 67
Permocarbon | 0.78 4.6 2.7 2.81 500 | 222
porphyr 095 | 46 | 27 281 500 | 222
Proterozoic 0.95 6.0 35 2.82 500 @ 222
gneiss 2.7 6.1 3.6 2.82 500 @ 222
Granite 2.7 6.2 3.6 2.66 1000 444
8.0 6.3 3.7 2.82 1100 489

Table 1 Layered sedimentary 1D velocity model rep-
resenting the Bohemian Cretaceous Basin in Litoméfice,
Czech Republic.

tary velocity model for the Bohemian Cretaceous Basin
(sedimentary area) and baserock velocity model for the
stations located atop the hardrock of a volcanic body or
a limestone (baserock area).

The sedimentary velocity model is an outcome of this
study and comprises six layers, with two layers exhibit-
ing a significant gradient increase in parameters. Tab. 1
gives a detailed list of all parameters in the Litoméfice
sedimentary velocity model. Additionally, Fig. 2a illus-
trates the corresponding velocity profile, providing fur-
ther insights into its structure and composition. Fig. 2b
shows the level of uncertainties in the sedimentary ve-
locity model based on the available measurements and
considered velocity profiles. And there is a ray-path
through the sentimental layers drawn in blue in Fig. 3.

The velocities of the sedimentary model down to a
depth of 2 km are derived from geological profiles and
core descriptions obtained from the 2111 m deep pi-
lot well PVGT-LT1 (Burda et al., 2008). Velocities for
greater depths are extrapolated from the reinterpreted
north-south section of the borehole and the Litoméfice
geothermal structure (Myslil et al., 2012). Bedrock den-
sities are determined from geophysical interpretations
of the geological profile Cinovec - Mélnik (Myslil et al.,
2007), while attenuation factors Q, and Q are based on
publicly available data and values utilized in West Bo-
hemia, Czech Republic (Bachura, 2017). The resulting
P wave velocity model is calibrated to align with verti-
cal seismic profile (VSP) measurements down to 1500 m
(measured in July 2019, personal communication with J.
Vilhelm), acoustic logs at depths of 850 to 1050 m (Kasza
et al., 2007), and laboratory velocity measurements on
gneiss samples from a depth of 1100 m (T. Lokajicek,
personal communication). The standard 1.7 ratio be-
tween P and S wave velocities is maintained throughout
the profile, validated by previously conducted labora-
tory measurements (T. Lokajicek, personal communi-
cation). The velocity model uncertainties are not quan-
tified but the variations in experienced and tested veloc-
ities are shown in Fig. 2b.

For seismic stations situated on baserock, the base-
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Figure 2 Velocity profile at the EGS location. (a) 1D P and
S wave velocity profile of Bohemian Cretaceous Basin (sedi-
mentary area) in Litoméfice. V,, [km/s] in red, V, [km/s] in
blue, corresponding to Tab. 1. (b) Various P wave veloci-
ties from local measurements (VSP, sonic log and labora-
tory) utilized for creating the final 1D earth model (red line -
similar to V,, in (a)). Gray lines represent some of the tested
velocity profiles.
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Figure 3 Sketch of the geological structure in the Lito-
méfice region. The sedimentary area, shown on the left, is
separated from the baserock area on the right by a regional
fault. The seismic source (yellow) is located at a depth of
2 km within Proterozoic gneiss. The red line with arrows
depicts the seismic ray path from the source to a seismic
station atop the baserock formation, corresponding to the
1D baserock velocity model outlined in Tab. 2 The blue line
represents the seismic ray path from the source to a station
above the sedimentary layers, corresponding to the veloc-
ity model described in Tab. 1.

rock 1D velocity model represents velocities and den-
sities along the expected ray path from the synthetic
source to the baserock stations. It is based on the previ-
ously described sedimentary velocity model, optimized
for the seismic source at a depth of 2 km. It is antic-
ipated that the seismic wave originates at a depth of
2 km in the Proterozoic gneiss, where it travels hori-
zontally, encounters the brittle Litoméfice Fault Zone
(Safanda et al., 2020), passes through the high velocities
of a volcanic body or limestone, and finally traverses
an eroded layer, volcaniclastic material, and upper sed-
imentary layers (Cajz et al., 2009, https://mapy.geol-
ogy.cz/geocr50/), see the red ray-path in Fig. 3. The un-
certainty associated with seismic rays encountering vol-
canic structures is addressed by incorporating parame-
ters that exhibit gradient increases with depth for base-
rock and that are decreasing with depth for the fault
zone (Tab. 2). Although this baserock velocity model is
a reasonable approximation of the geology likely to be
encountered by the seismic signal between the source
at GLT1 at 2 km and receivers at baserocks, it does not
represent any real vertical geological profile (no basalts
over sediments in the Litoméfice region). While this
1D baserock model serves as a valuable tool for test-
ing detection-location algorithms by adding variation in
waveform shape and complexity, its applicability is pri-
marily within the scope of this project.

2.2 Generating synthetic seismograms

A synthetic seismogram depicts a theoretical ground
motion at a specific location corresponding to a theoret-
ical earthquake, defined by its focal mechanism, mag-
nitude, and location. Seismograms for all stations in

5

Formation depth | V, A P QW | Q
km km/s | km/s | g/cm®
Base rock -0.31 4.0 2.4 2.0 500 | 222
Fractured 0.95 6.4 3.8 3.0 500 222
Proterozoic 1.1 6.0 35 2.82 500 222
gneiss 2.7 6.1 3.6 2.82 500 @ 222
) 2.7 6.2 3.6 2.66 1000 444
Granite
8.0 6.3 3.7 2.82 1100 489

Table 2 The baserock 1D velocity model represents the
velocities encountered by the seismic ray originating at a
depth of 2 km in the Bohemian Cretaceous Basin (sedimen-
tary area) and arriving at a station located atop the Central
Bohemian Volcanic Complex (baserock area). Refer to the
red ray path in Fig. 3.

the GRSN network in Litoméfice are simulated using the
open-source seismology toolbox and library Pyrocko by
Heimann et al. (2017, 2019, 2020).

Fomosto, the manager for Pyrocko’s Green’s func-
tions (GF), offers multiple backends suitable for dif-
ferent scales and expected outcomes. We calculated
the GF using the numerical QSEIS backend given by
Wang (1999), based on a layered viscoelastic half-space
velocity models. Grid parameters and sampling rates
were carefully chosen to avoid aliasing in both time and
space. A large number of reflected, converted, P and S
phases are tabulated to enhance the complexity of the
produced seismogram. The resulting GFs for surface
receivers atop the sedimentary basin is one of the out-
comes of this paper and the Green’s function store is
available.

Using these GFs, Pyrocko allows the simulation of
multiple types of point and finite seismic sources and
various source time functions. For scaling the ampli-
tude, the moment magnitude

Mw = (log MO — 91) (l)

[SCRR )

(Hanks and Kanamori, 1979, M, in Nm) is used. The
corresponding ground motion can be delivered either
in terms of displacement or velocity. Using a double-
couple point source to describe the shear ruptures, the
source time function of a unit pulse response is repre-
sentative of an induced shallow event in the Litoméfice
region; the focal mechanism and event location is de-
picted in Fig. 1b. Waveforms in ground velocity are gen-
erated to match the recorded velocigrams.

3 Methodology: PEPIN - detection and
location algorithm

The PEPiN detection and location algorithm (Polariza-
tion based Earthquake Plcker for Networks) was devel-
oped with the aim of detecting earthquakes recorded by
the WEBNET seismic network (Institute of Geophysics,
Academy of Sciences of the Czech Republic, 1991) in the
earthquake swarm region of West Bohemia in Czechia.
This algorithm stems from the automatic picker and lo-
cator (Fischer, 2003b) applied on the data of the 2000
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Figure 4 Picking process in PEPIN. A noisy three-component seismogram (station LMP, filtered 7-30 Hz) of a small local
earthquake (top) with corresponding characteristic functions (CF) used for phase detection and picking (bottom).

swarm in this area (Fischer, 2003a) and is coded in Mat-
lab. PEPiN now operates in near-real time at the WEB-
NET and GRSN seismic network and it has also been suc-
cessfully applied to the continuous data from the Reyk-
janet seismic network deployed on the Reykjanes Penin-
sula in Iceland (Fischer et al., 2022).

PEPIN consists of two independent components, a
phase picker and a phase associator, which also pro-
vides preliminary locations of the detected events.

The picker produces a large number of candidate ar-
rival times, which enables a broad choice of suitable
data for the phase associator. The picker works on
three component waveforms, which are converted to
the characteristic function (CF) that amplifies the co-
herent signal (Allen, 1978). To this purpose, we use
polarization-based CF in terms of the maximum eigen-
value of the signal covariance matrix; this highlights the
signal, which is correlated among components (Mago-
tra et al., 1987). The characteristic function

Oaa + Obb + \/(Uaa — o)’ + 402,
2\/ Oaa + Opp

is computed for each pair of components (a,b) in a
moving window where a and b stands for the North,
East and vertical components and ¢ is the covariance.
In this way, the horizontal eigenvalue CFg and the
vertical eigenvalue CF;ng = 1/2(CFzny + CFzE) are
obtained. Local maxima for the CFyg and CFzyE
are then identified with mutual time intervals above a
specified threshold and are then passed to the STA/LTA
detector with non-overlapping time windows (Fischer,
2003b) to obtain the arrival time pick that precedes the
relevant maximum. In parallel, the maximum vec-
tor amplitude of horizontal components, the STA/LTA
ratio and the halfwidth of the envelope of the three-
component signal are recorded. Fig. 4 shows the three-
component seismogram of a small earthquake and the
characteristic function series in the horizontal and ver-

[CF}ab =

6

tical plane; a dominant pick is identified and recognized
as an S wave.

The phase associator aims to assign phase detections
at different stations to a single event, working primar-
ily with P or S waves depending on their signal strength
in the region. To achieve this, the PEPiN associator
employs kinematic criteria related to the seismic net-
work geometry (assuming similar station altitude) to
choose the correct phases and to form a seismic event.
The input of the associator works with phase times and
amplitudes and the weight of being a P or S phase,
which is based on the polarization incidence angle co-
sine (Rosenberger, 2010). The associator searches for
the consistent combination of arrival times using the
criterion of the maximum permitted time difference
between the chosen master phase (P or S) at stations
and the maximum event depth that constrains the max-
imum difference between the S and P arrival times.
Phases of all stations are joined in a single time series
and events are defined as phase groups with time differ-
ences of consecutive master phases lower than the max-
imum permitted master phase time difference between
stations. Because the above-defined phase groups may
contain more master phases per station, time consis-
tency measures are applied to choose the most suit-
able master phase for each station. Then, further phase
types (S or P) are searched for, either after or prior
to each valid master phase in a time window derived
from the network aperture. A Wadati diagram is ap-
plied to find the most suitable further phase in the case
where multiple candidate further phases exist and to
exclude possible outliers. Preliminary locations of de-
tected earthquakes are obtained using a non-linear grid-
search optimization (Fischer, 2003a). Outliers are also
removed during the location procedure by iteratively
skipping phase picks with the highest residuals until the
location RMS decreases below a specified threshold.

In the case of locally induced earthquakes in the Lito-

SEISMICA | volume 4.1| 2025



SEISMICA | RESEARCH ARTICLE | Performance of an Automatic Detector and Locator Tested: Case Study from Litoméfice in Czech Republic

station | SKAC RICC NSNC MHR TER

PLO LMP KAM GTCLT GLT1 GLT2

Ci

-0.346 0.2 0.398

-0.508 0.083 0.093 0.196 0.017 0.067 0.95 0.82

Table 3 Station correction C; for stations of the local seismic Litoméfice network GRSN, derived from regional earthquakes

(extended table to Kaldy and Fischer, 2023).

méfice region, the master phase is the S wave since the
GRSN network is expected to record stronger S waves
than P waves. Therefore, PEPIN is set up to declare an
event when at least 4 S waves coincide; the number four
being rather conservative. A single additional P wave is
then required for the event to be assigned the prelim-
inary location; consequently, the number of detected
and located events might vary slightly. Location is per-
formed with a homogeneous velocity model of P wave
velocity 5.9 m/s and V,/V, 1.7. Prior PEPIN is executed,
the seismograms are band-pass filtered at 7-30 Hz.

3.1 Local vs. moment magnitude

The basis of this project is that every synthetic event
detected (and located) is characterized by two distinct
magnitude scales (My and My). My is assigned when
generating synthetic seismograms. M, is determined
by PEPiN from its hypocentral distance and the maxi-
mum S wave amplitude according to Jakoubkova (2018),
utilizing the station corrections given in Tab. 3. There
is an empirical relationship between M}, and the seis-
mic moment My: log My = 1.12M;, + 9.78 (Horalek
and Sileny, 2013) derived for the West Bohemia region,
where a similar M, formula is applied. A combination
of the above and Equation 1 by Hanks and Kanamori
(1979) leads to a theoretical relationship:

My =1.34Mw — 0.61 (3)

This relationship is later compared to the experimental
data, resulting in an updated relationship between My,
and M, see below. This new relationship is then used
to convert the My, of synthetic seismograms to the M,
in order to represent the results in a consistent manner.

4 Results: Performance test on syn-
thetic seismograms

The performance of the PEPIN algorithm is tested on
real noise records overlaid by 2880 synthetic events at
similar locations and focal mechanisms (Fig. 1), but at
various magnitudes. PEPiN is evaluated in terms of de-
tection and location efficiency.

Initially, the efficiency of the PEPiN detection algo-
rithm was tested on 8 surface GRSN stations to com-
pare with the predicted network sensitivity as outlined
by Kaldy and Fischer (2023), which refers to similar 8
stations. Furthermore, the performance of PEPiN, in-
cluding all 9 surface and 2 borehole receivers, was eval-
uated in a subsequent analysis phase. If the need arises,
the performance of PEPiN might also be tested on more
station subsets, as was done in the previous study by
Kaldy and Fischer (2023), but this is not currently within
the scope of this work.
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Figure 5 Synthetic seismograms. East (E), North (N) and
vertical (Z) components of synthetic ground velocity seis-
mograms for all seismic stations of the GRSN seismic net-
work. Blue represents borehole receivers, red the surface
receivers at the sedimentary basin, black for receivers on
top of a base rock formation. The origin time is indicated
by the black dashed line. The hypocentral distance is given
on the right. No real seismic data (noise) is added in this
display, no filter is applied, and the individual scale is per
station.

4.1 Synthetic seismograms

A synthetic seismogram was created for this study, rep-
resenting a potentially induced seismic event occurring
during EGS at a 2 km depth at the GLT1 location. The
methods used are described in the section Generating
synthetic seismograms; the focal mechanism is visual-
ized in Fig. 1b. The resulting synthetic seismograms
(Fig. 5) show mostly clear P and S wave arrivals, occa-
sionally accompanied by reflected and converted waves
as well as numerical noise. The synthetic seismogram
record at the borehole receiver GLT1 (located in the
same velocity layer as the source, only 678 m away)
shows a single S wave peak at the expected time; the
P wave amplitude is present but negligible due to the
proximity of the nodal plane. Similar results are seen at
the second borehole receiver GLT2 (Fig. 5). More distant
surface stations at the sedimentary basin, such as NSNC
or TER, exhibit two significant P wave arrivals, the sec-
ond being recognized as an upward S wave converted
to a P wave at the deeper porphyric interface. The SP
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wave shows a reverse polarity compared to the direct P
wave arrival, due to transmission from the higher to the
lower velocity medium (Kennett and Furumura, 2019;
Nolte and Tsoflias, 2021). Overall, the synthetic seismo-
grams representing a potential induced earthquake in
the Litoméfice region exhibit sufficient complexity to
pose challenges for automatic detection and location al-
gorithms.

Synthetic events of similar waveforms (Fig. 5) but dif-
ferent magnitudes were introduced into the real seismic
records at intervals of every half-minute, resulting in a
total of 2880 events per day. The amplitudes of these
synthetic events were adjusted to correspond to magni-
tudes respecting the Gutenberg-Richter distribution law
with a b-value of 1.5; event magnitudes were randomly
distributed throughout the day. The span of magnitudes
is also set to conveniently represent the detection re-
sultsin terms of minimal detectable magnitude, varying
for tests on 8 or 11 stations. Consequently, two sets of
daily seismograms are used - similar in terms of noise,
varying in terms of overlaid synthetic events.

4.2 Magnitude conversionto )/}

Verification of the theoretical relationship between My
and M7, (Eq. 3) is conducted by comparing the My, pre-
scribed to synthetics and the M, measured by PEPIN
(Fig. 6a), resulting in the best fit equation of

M =1.41My —0.78 (4)

which is closely aligned with the theoretical scaling
(Eq. 3). This best-fit relation (Eq. 4) is used to convert
My to My, for transparent result presentation. It also
ensures consistency with previous studies (Kaldy and
Fischer, 2023; Jakoubkovd, 2018) and is more suitable
since Myy is typically not used for smaller earthquakes,
despite Horalek and Sileny (2013) assertion of the lack
of a straightforward link between WEBNET M, and mo-
ment magnitude My, . As a consequence of the My, to
M, conversion, the magnitude range of the synthetic
seismogram shifts and the b-value is perturbed as well:
from 1.44 to 1.04 (Fig. 6b).

4.3 Detection efficiency

The PEPIN detection efficiency in the GRSN network
is tested on a real seismic record overlaid with thou-
sands of synthetic seismograms varying in magnitude
but constant in waveform shape. The events detected by
PEPiN are associated with the synthetic ones and only
the My, derived from My, (Eq. 4) is published. The syn-
thetic dataset varies in magnitude for tests conducted
with either 8 or 11 GRSN stations, while maintaining
a similar background seismic signal. Results of PEPIN
the detection efficiency with 8 surface and 9 surface + 2
borehole stations are discussed.

It is noteworthy that all the recognized wave arrivals
are associated with the correct phases, with a single ex-
ception observed on KAM due to an unusual S wave ar-
rival. Also note that the P and S arrivals in Fig. 10 do not
fully correlate with the epicentral distance: the wave ar-
rivals at sedimentary stations (red waveforms) are later
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Figure 6 Local magnitude M and moment magnitude
My of events detected by PEPIN at 8 surface stations. (a)
Theoretical (magenta, Eq. 3) vs. best fit relationship (red,
Eq. 4) for all the events (blue points) detected and located
by PEPIN at 8 stations. (b) Gutenberg-Richter magnitude -
frequency distribution - in the prescribed My, of synthetics
(orange) and in M, derived by PEPiN (blue). The maximum
of the distribution (first filled point from left) is interpreted
asthe magnitude of completeness M¢: My -0.4, My ¢ 0.3.
Linear fitting of filled points gives the b-value: 1.04 for M,
1.44 for My, .
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PEPiN detected 1317 of 2880 synthetic events
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Figure 7 Detection results using 8 surface GRSN stations (left) Magnitude-time plot of all 2880 synthetic events (blue) and
the 1317 detected by PEPIN (red) during a single day record with -0.8 < M, <2.0. The dashed black line indicates M -0.5. At
least 4 S wave triggers were required; the M, was converted from My, using Eq. 4. (right) Gutenberg-Richter distribution of

the eventsin (a).
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Figure 8 Efficiency of GRSN surface seismic stations, when 4 S waves are required to trigger: The rate at which individual
stations contribute to event detection, when PEPIN utilizes 8 surface GRSN stations (a) or all 11 GRSN stations (b).

to wave arrivals on baserock stations (black waveforms).
It is due to the greater velocities in the baserock veloc-
ity model which is used to create the synthetic seismo-
grams of baserock stations.

4.3.1 Detection results: 8 surface stations

In the scenario involving 8 GRSN surface stations,
PEPiN successfully detected 1317 out of 2880 synthetic
earthquakes simulated with magnitudes ranging from
My, -0.8 to My, 2.0, with no false triggers or duplicate
detections of a single synthetic event observed. Analy-
sis of the detection results, depicted in Fig. 7a, reveals
a detection cutoff at magnitudes near M -0.55, with
a few smaller events still being detected, and multiple
stronger events (M, < 0.5) remaining undetected dur-
ing working hours (6:00 - 15:00). Magnitude complete-
ness, estimated as M¢ -0.5 (Fig. 7b), at which deviations
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from the Gutenberg-Richter law are observed, is deter-
mined using the maximum curvature method (Wiemer
and Wyss, 2000; Pavlenko and Zavyalov, 2022), which is
akin to the approach employed in the study of network
sensitivity (Kdldy and Fischer, 2023).

Additionally, the test highlights the detection effi-
ciency, revealing 0% detections missing above M, 0.5,
12% at My, 0.0, 24% at My, -0.3 and 45% at M. The
overall detection efficiency above magnitude of com-
pleteness M -0.5 is calculated to be 82%.

Upon closer examination of the GRSN efficiency, it be-
comes evident that all events (1303 out of 1317) would
still be detected even if only the SKAC, NSNC, MHR, and
KAM stations were available, as illustrated in Fig. 8a.
Notably, these stations emerge as the most beneficial
ones based on individual station sensitivity, as given in
Kaldy and Fischer (2023, Fig. in the supplement). In
contrast, the other 4 stations - GTCLT, TER, PLO, and
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PEPiN detected 1190 of 2880 synthetic events

PEPiN effectivity

&

@ ®

-15 :
00:00:00 12:00:00

Time

06:00:00

18:00:00

-15
00:00:00 10 102
nr. of synthetic events

Figure9 Detection results, similar to Fig. 7 using 11 GRSN stations. In this case, PEPiN detected 1190 earthquakes during a
single day record of the total 2880 synthetic earthquakes with -1.05 < M, <1.6. Dashed black line points out M -0.7.

LMP - exhibit varying degrees of contribution, ranging
from 60 to 267 event detections.

4.3.2 Detectionresults: 9 surface + 2 well stations

When PEPiN is configured to utilize all 11 GRSN sta-
tions, it successfully detected 1190 out of 2880 events
with M, from -1 to 2, achieving a magnitude of detec-
tion completeness M¢ -0.7 (Fig. 9). Notably, two events
with magnitudes My, 1.5 and My, 0.8 were missed by
PEPiN, while the strongest synthetic event with a mag-
nitude of M, 1.76 was recognized by PEPiN as two sepa-
rate events. Additionally, PEPiIN generated a single false
trigger during the detection process. The reason for two
detections instead of a single strong event is that the
first, stronger detection consisted of 11 correct picks on
6 stations, while the second, smaller detection incorpo-
rated 4 correct picks on 2 different stations plus 3 noise-
triggers recognized as S picks (one at GLT1).

The detection patterns confirm the effect of the in-
creased noise during working hours, but unexpectedly
the strongest missed events occurred during the night
(Fig. 9a). Overall, PEPiN utilizing 11 stations is missing
0% at My, 0.5, 7% at My, 0.0, 33% at My, -0.5 and 40% at
M. The overall efficiency of detection above M¢ -0.7
is calculated to be 78%.

Closer examination of the station efficiency with all
11 GRSN stations utilized by PEPiN (Fig. 8b), it becomes
evident that 3 stations (SKAC, RICC, and MHR) con-
tribute significantly to all the detections, accounting for
1179 out of 1190 events. Additionally, the other 2 most
beneficial stations, NSNC and KAM, play substantial but
interchangeable roles by contributing to 70% and 55%
of detections, respectively; which is a decline to their ir-
replaceable contribution in the 8 station setup, where
they had to fully contribute to the requirement of 4 trig-
gers. Interestingly, it is the shallower borehole stations
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Figure 10 Waveforms of an event M 0.8 where all the
synthetic signals exceed the real noise level. PEPiN P picks
are shownin magenta, S picksin cyan and interpreted origin
time by the green line. Seismograms in velocity, filter 7-30
Hz, individual scale per component. This eventis located at
x-0.75,y 0.61 and z 2.48 km.

GLT2 that are picked by PEPIN in 23% of the detected
events. In contrast, the remaining 4 surface and the
deep borehole stations contribute minimally to the de-
tection process.

Furthermore, it is important to note that it is not
the high noise levels that prevent PEPiN from assign-
ing more picks to a single event. Fig. 10 shows a rel-
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Figure1ll 3Dview ofeventlocationsusingatleast1P waveand4Swave picks at 8 surface stations. PEPiN detected 1317 out
of 2880 events, located 1276 of them and 1253 locations are displayed here (the remaining are outside the displayed volume).
Eventsin (a) are colored by magnitude, median location shown by the red star, and original location of the synthetic event by
a black diamond. Point color in (b) identifies the events that were located using a similar set of picks; black points represent
all groups with less than 10 events (mostly a single event). Origin [0, 0] of local coordinates is 50.5345N, 14.1535E, which is

similar to synthetic event horizontal coordinates.

atively strong synthetic event with M}, 0.8, featuring 7
P picks and 9 S picks - the maximum number of picks
across all detections. The reason for omitting clearly
visible wave arrivals is related to the phase associator,
which derives the maximum permitted time difference
between S phases by assuming similar station altitude;
this is not fulfilled in our case. Specifically, the down-
hole stations GLT1, GLT2 (blue waveforms in Fig. 10)
and the surface station GTCLT are separated 200 m hori-
zontally, but up to 1500 m vertically. Therefore only one
of them is allowed in an event.

4.4 Location efficiency

Over a thousand events were detected by PEPiN in both
8 and 11 station scenarios. If the station providing P
and S picks surrounded the well of the planned EGS, the
PEPiN location of detected events would be expected
to cluster around the zero (local) coordinate and 2 km
depth, because the synthetic events represent a single
event in terms of waveform shape and arrival time. In
this section, the locations of PEPiN with 8 surface and 9
surface + 2 borehole stations are discussed further.
Note that PEPiN detects both P and S signals (Fig. 8ab)
on stations with favorable station correction (SKAC,
MHR, Tab. 3), low noise level station (RICC is in an old
underground mine) and on stations where the P wave
signal is comparable to the S wave signal due to the fo-
cal mechanism (NSNC, TER, PLO and LMP, Fig. 5). Only
the latter is expected to change in the real case scenario,
which should not prevent PEPiN from making a location
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due to lack of a P wave pick.

4.4.1 Location results: 8 surface stations

When utilizing only the 8 surface stations, the major-
ity of detected events (1276 out of 1317) contain at least
1 P wave pick. Despite identical synthetic waveforms
as the input, scaled and perturbed by real seismic back-
ground noise, the preliminary locations (Fig. 11) exhibit
a fracture-like pattern. The median PEPIN location (de-
picted by the red star in Fig. 11) differs from the location
of the synthetic earthquake (depicted by the black dia-
mond) by 170 m in depth and 1.1 km horizontally.

Coloring the locations by event magnitude M
(Fig. 11a) illustrates the relationship between magni-
tude and location, with each cluster in space exhibiting
different magnitudes. Additionally, the clustersin space
are differentiated by the set of picks used for their lo-
cation (15 significant out of 63 groups colored, the rest
remain black, Fig. 11b): Most events are located using a
similar set of 4 stations - SKAC, NSNC, MHR, and KAM
- varying in the station(s) at which the P wave is iden-
tified, primarily at NSNC and SKAC (Fig. 8a). All these
contributing stations are located in NNW half space
from the synthesized event, MHR being the closest to
it, but not providing the P pick. The P-S pair is usually
provided by stations of epicentral distance 1.5 - 4 km.
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Figure 12 3D view of event locations, similar to Fig. 11 but PEPiN uses all 11 GRSN seismic stations: 1190 detected events,
850 of them located and 755 locations are displayed here (remaining are outside the area).

4.4.2 Location results: 9 surface + 2 well stations

When PEPIN utilizes all 11 stations, 805 out of 1190 de-
tected events contain at least a single P wave pick. The
preliminary locations (as shown in Fig. 12) exhibit sig-
nificant clustering, overlapping the correct location in
the case of one cluster. The median PEPiN location (de-
picted by the red star in Fig. 12) varies from the location
of the synthetic earthquake (depicted by the black dia-
mond) by 70 m in depth and 0.8 km horizontally.

Coloring the locations by event magnitude M
(Fig. 12a) reveals that the strongest events are mostly lo-
cated outside the major groups. Furthermore, the clus-
ters in space are differentiated by the set of picks used
for their location (18 significant out of 91 groups col-
ored, while the rest remain black, Fig. 12b): The clus-
ter of 349 events near the synthetic earthquake location
(light blue in Fig. 12) is primarily located using the 4
baserock stations (only approx. 60 deg azimuthal cov-
erage), with S wave picks from the deep borehole GLT1
station contributing to only 28 cases (Fig. 8b).

5 Summary and discussion

This study aimed to assess the theoretical sensitivity of
the seismic network GRSN established in the seismi-
cally inactive Litoméfice region (Czech Republic), par-
ticularly in light of the increase in geothermal projects
near urban areas. Since no local earthquakes were de-
tected during years of monitoring, we created realistic
synthetic seismograms of potential local earthquakes
originating from one location near the planned geother-
mal well and merged them with real background noise.
This way we simulated thousands of events per day to
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evaluate the performance of the automated earthquake
picker and locator PEPiN at the GRSN seismic network.

The theoretical sensitivity of the GRSN seismic net-
work was already estimated by Kdldy and Fischer (2023)
using the mean seismic noise levels and seismic waves
attenuation and it showed that noise and station cor-
rection plays a crucial role in a station‘s contribution
to the overall sensitivity of the network, exceeding the
role of distance from the source. In this paper we cre-
ated nearly realistic synthetic seismograms of a local
earthquake potentially occurring in the vicinity of the
planned geothermal well to empirically test the net-
work sensitivity on magnitude detection. Note that
the complexity of synthetic seismograms is enhanced
by using two different velocity models, simulating the
stations located on either sedimentary layers or base-
rock. We scaled the seismograms to represent differ-
ent earthquake magnitudes and merged them with real
background noise seismograms, realistically simulat-
ing thousands of non-overlapping events per day. When
the automated earthquake picker and locator PEPiN
used seismograms from the same 8 stations as a chal-
lenge study (Kdldy and Fischer, 2023), the resulting de-
tection efficiency in terms of magnitude completeness
was M7y, -0.5, being M, 0.2 less optimistic than the simu-
lated sensitivity. Such a difference is considered a proof
of the previous theoretical study, especially when it is in
the range of the magnitude uncertainty My, 0.2 derived
by Cermdkovd and Hordlek (2015). Drawing such a con-
clusion from a single source mechanism and location
has its limitations, even if this point is of the greatest
importance. The poor geometry of the most efficient
stations plays a significant role in that case where the
focal mechanism causes the S wave signal to be weak in
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the NN-W location; more extensive study could be con-
ducted should the need arises.

When the detector used data for all of the GRSN sta-
tions, including 2 borehole ones, the network sensitivity
rose to M¢ -0.7, mostly due to the RICC station, which
is located in an old underground limestone mine, cur-
rently used as a repository. The station has, in general,
very low noise, except for occasional periods of con-
struction activity in the repository, making the station’s
effect on the network sensitivity unstable. Surprisingly,
the borehole seismic stations GLT1 and GLT2 (Fig. 8b)
have a minimal effect for improving the detection or lo-
cation capability. This is because the PEPiN associator
is designed for surface seismic networks where there
is no difference in the station altitudes. This effect is
further amplified by the fact that the GLT1, GLT2 and
GTCLT stations are located within a 200 m horizontal
aperture but vary in depth significantly (1500, 190 and
0 m). The associator also missed strong events, which
had an effect on the detection rate success - it decreased
when 11 instead of 8 stations were used. This points to
the need for modifying the PEPiN associator in future
so that it accounts for the three-dimensional distance
among the seismic stations, when there is significant
variation in station altitudes.

Despite the similarity of synthetic events, the prelim-
inary locations of both 8 and 11 station setups deviate
by up to 1.5 km horizontally and 1 km in depth from the
synthetic source, occasionally elongated in a form of a
fault system (this should be considered for future seis-
mic monitoring to avoid confusion between real fault
and false fault system). Correct picks are generally ob-
tained by PEPIN, albeit with occasional exceptions like
the unusual S wave arrival at KAM (Fig. 10). Events are
predominantly detected and located using arrival times
at the baserock stations in the northwest and 1 station
in the east, leading to an azimuthal gap resulting in sys-
tematic shifts in event locations and grouping epicen-
ters in clusters with similar station sets used. There-
fore we conclude that the location inaccuracies arise
mainly from the insufficient azimuthal coverage of the
contributing stations, being less from variations in sta-
tion subsets utilized for localization, from noise inter-
ference, and from the different uniform velocity models
applied.

We determined the magnitude of completeness M
using the maximum curvature method (as published by
Pavlenko and Zavyalov, 2022). The detector missed 40
(45%) of synthetic events at M + 0.05 and 24 (32%) at
0.2 above M¢. Overall, if the PEPiIN picker and locator
is applied, the GRSN seismic network has a 60% chance
of detecting a potential induced earthquake of My, -0.7
at a depth of 2 km, and a 97% chance it detects an earth-
quake of My, 0.0 at the similar location. The sensitivity
of seismic monitoring of the geothermal project in Lito-
méftice will be further improved by installing additional
borehole sensors and by updating the phase associator.

Besides testing PEPIN efficiency and therefore the
GRSN network sensitivity, this study has three other
practical outputs: First, Green’s functions and synthetic
seismograms of local earthquakes were obtained. Sec-
ond, we derived a 1D velocity model of sedimentary lay-
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ers at the EGS site. Third, the table of station correc-
tions, which now includes all GRSN stations, was ex-
tended.

The PEPiN algorithm has proved itself to be a valuable
automated detector and locator of microseismic events,
especially when the altitude of the stations is similar.
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