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Abstract

The Eastern Alps are subject to routine seismic monitoring by several national
and regional agencies. However, the station density of the permanent local
networks varies significantly, which has hindered the development of a high-
resolution uniformly processed regional earthquake catalogue. The recent de-
ployment of the temporary AlpArray Swath-D network has provided unparal-
leled station coverage for a two-year period, creating a unique opportunity for
the detailed analysis of the seismicity of the Eastern Alps.

By utilising data from this network, I established a highly effective workflow
for the detection, phase-picking, and localisation of low-magnitude seismicity us-
ing waveform based methods. This unique workflow yielded a high-resolution
regional earthquake catalogue comprising 6,053 events and a completeness mag-
nitude of M, -1.0. It is contingent on an efficient template matching code, which
enabled me to integrate and expand upon existing earthquake catalogues from the
well-established regional networks. Innovative picking methods were applied to
automatically pick phase-arrivals based on a selection of manually picked events.
These were then used to accurately localise the events within a recent local 3D
velocity model. As a consequence of the high population density and industrial-
isation of the Eastern Alps, a considerable amount of anthropogenic signals are
recorded continually in conjunction with the seismic events. I identified these
signals with high confidence through the analysis of temporal signatures and
satellite imagery. This is essential for an accurate interpretation of the spatial
and temporal distribution of the earthquakes in the catalogue.

The obtained distribution of the earthquakes is largely consistent with known de-
formation patterns in the region observed through long-term seismic monitoring.
A systematic variation of the b-values of the frequency-magnitude distribution
indicates high differential stress in the area where previous GPS studies have
identified the highest crustal deformation rates, and low differential stress in an
area that is characterised by high uplift rates. To further expand the analysis of
small-magnitude seismicity clusters, I applied techniques derived from graph the-
ory. This enabled me to differentiate closely located earthquakes into sub-clusters
associated with distinct faults. The relative relocalisation of events based on S-P
differential travel-time inversion then allowed me to resolve the orientations of
these faults, which exhibit a close correlation to fault plane solutions for moment
tensor inversions of individual events within these sub-clusters.

The methodology that I present in this thesis has been demonstrated to be very
effective for the detection of small earthquakes in low signal-to-noise recordings,
resulting in an unprecedented image of the seismicity in the Eastern Alps over
the two-year recording period of the AlpArray Swath-D network.
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Zusammenfassung

Die Ostalpen werden von verschiedenen nationalen und regionalen Institutio-
nen routineméfig seismisch tiberwacht. Die Stationsdichte der permanenten,
lokalen Netzwerke ist jedoch sehr variabel. Dies erschwert die Erstellung eines
hochauflésenden, einheitlich verarbeiteten regionalen Erdbebenkatalogs. Durch
die Installation des temporédren AlpArray Swath-D Netzwerks wurde eine einzi-
gartige Stationsabdeckung fiir einen Zeitraum von zwei Jahren geschaffen. Dies
ermoglicht eine detaillierte Analyse der Seismizitéat der Ostalpen.

Unter Verwendung der Daten dieses Netzwerks habe ich einen hocheffektiven
Arbeitsablauf fir die Detektion, die Identifikation seismischer Phasen und die
Lokalisierung von Seismizitdt niedriger Magnitude mittels wellenformbasierter
Methoden entwickelt. Dieser einzigartige Arbeitsablauf resultierte in einem hochau-
flésenden regionalen Erdbebenkatalog mit 6.053 Ereignissen und einer Vollstandig-
keitsmagnitude von M; — 1,0. Er basiert auf einem effizienten Template Match-
ing Algorithmus. Dieser ermdglichte es mir, bestehende Erdbebenkataloge aus
den etablierten regionalen Netzwerken zu integrieren und zu erweitern. Es wur-
den innovative Methoden angewandt, um auf der Grundlage einer Auswahl von
manuell identifizierten Phasen automatisch neue Phasenankiinfte zu ermitteln.
Diese wurden darauthin verwendet, um die Ereignisse innerhalb eines aktuellen
lokalen 3D-Geschwindigkeitsmodells genau zu lokalisieren. Infolge der hohen
Bevolkerungsdichte sowie der Industrialisierung der Ostalpen werden neben seis-
mischen Ereignissen viele anthropogene Signale aufgezeichnet. Durch die Analyse
von zeitlichen Signaturen und Satellitenbildern habe ich diese mit hoher Sicher-
heit identifiziert. Dieser Schritt ist eine wichtige Voraussetzung fiir die richtige
Interpretation der rdumlichen und zeitlichen Verteilung der Erdbeben im Kata-
log.

Die ermittelte Verteilung der Erdbeben stimmt weitgehend iiberein mit bekannten
Deformationsmustern in der Region, die durch langfristige seismische Uberwachung
beobachtet wurden. Eine systematische Variation der b-Werte der Magnituden-
Haufigskeitsverteilung deutet auf eine hohe differentielle Spannung in dem Gebiet
hin, in dem frithere GPS-Studien die hochsten Krustenverformungsraten fest-
gestellt haben. In einem Gebiet, das durch hohe Hebungsraten charakterisiert
ist, deutet sie dahingegen auf eine geringe differentielle Spannung hin. Um die
Analyse von Seismizitédtsclustern geringer Magnitude weiter auszubauen, habe
ich Methoden aus der Graphentheorie angewandt. Diese ermdglichten es mir,
nah beieinander liegende Erdbeben in Untergruppen zu unterteilen, die mit bes-
timmten Verwerfungen assoziiert werden konnen. Die relative Relokalisierung von
Ereignissen auf Grundlage der differentiellen S-P Laufzeitinversion erméglichte es
mir schliefslich, die Orientierungen dieser Verwerfungen zu bestimmen. Die Re-
sultate zeigen eine sehr gute Ubereinstimmung mit den Losungen der Momenten-
tensorinversionen einzelner Ereignisse innerhalb dieser Untergruppen.

11



Die Methodik, die ich in dieser Arbeit vorstelle, hat sich als sehr effektiv fiir
die Erkennung kleiner Erdbeben in Aufzeichnungen mit geringem Signal-Rausch-
Verhéltnis erwiesen. Das Resultat ist ein bislang einzigartiges Bild der Seismiz-
itdt in den Ostalpen wihrend der zweijahrigen Aufzeichnungszeit des AlpArray
Swath-D Netzwerks.
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CHAPTER 1

Introduction

1.1 Tectonic setting

The European Alps are embedded within the Alpine-Himalayan orogenic belt,
which extends from the Atlas Mountains in the west to the Himalayas in the
east. Mountain building started with the opening of the Atlantic Ocean during
the Mesozoic Era after the breakup of the supercontinent Pangaea. The north-
ward motion of the African, Arabian, and Indian plates relative to the Eurasian
plate facilitated the closure of the Tethys Ocean, as well as the formation of
mountain chains along the convergent plate interfaces. The existence of numer-
ous microcontinents situated between the larger plates caused the Tethys Ocean
to be divided into multiple oceanic basins. Continental crust from these micro-
continents was subsequently accreted onto the overriding plate during subduction
of the oceanic lithosphere. The more rigid crustal parts obstructed the north-
south compression of the larger plates, resulting in the formation of a complex
network of compressional, extensional, and transform plate interfaces (Dewey et
al., 1973).

In the Alps, the prevailing tectonic setting is largely controlled by the Adriatic
microplate, which exhibits a counter-clockwise rotation as it has been thrust
northward onto the Eurasian plate by Africa for the last 35 Ma (Handy, Schmid,
et al., 2010). As illustrated in the simplified tectonic map in Figure 1.1, there is
a notable difference between the geologic units of the Western and Eastern Alps.



In contrast to the Western Alps, which are predominantly composed of accreted
European crust and oceanic crust, the Eastern Alps are characterised by units
of Adriatic origin (Schmid, Fiigenschuh, et al., 2004). East of the transition
between these two regimes, which happens at about 10°15'E longitude, parts of
the underlying European plate are found mainly in two windows: the Engadine
Window and the Tauern Window. A large system of right lateral strike-slip
faults, collectively called the Periadriatic Line, crosses the central part of the
Alps. It is offset by the Giudicarie Line at around 11°F longitude. This line
marks the western and northern boundary of the Adriatic indenter — a rigid part
of the Adriatic microplate that shows little internal deformation. At its western
boundary, the Adriatic indenter caused NWN-driven thrust faulting, whereas
in the Eastern Alps, north-south convergence was compensated by continental
escape towards the east (Ratschbacher et al., 1989).
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Figure 1.1. Simplified tectonic map of the Alps showing the tectonic units
grouped by their origin, and the major Alpine faults. The tectonic units and
lineaments in this map were compiled by M.R. Handy and are based on maps
in Schmid, Fiigenschuh, et al. (2004), Schmid, Bernoulli, et al. (2008), Handy,
Schmid, et al. (2010), Handy, Ustaszewski, et al. (2015), Handy, Giese, et al.
(2019), Bigi et al. (1990), Froitzheim et al. (1996), and Bousquet et al. (2012).
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1.2 Recent geophysical studies

Several large scale geological-geophysical studies have been conducted along tran-
sects throughout the Alps. From west to east, these include CIFALPS (Malusa
et al., 2021); ECORS-CROP (Nicolas, Hirn, et al., 1990); NFP-20 (west and east)
(Pfiffner et al., 1990); TRANSALP (TRANSALP Working Group et al., 2002;
Schmid, Fiigenschuh, et al., 2004); EASI (AlpArray Working Group, 2014); and
ALP 2002 (Briickl et al., 2007). Interpretations from the transects in the West-
ern Alps between 6°E and 8°E (ECORS-CROP; Nicolas, Hirn, et al. (1990) and
NFP-20 west; Pfiffner et al. (1990)) agree on a subduction of the European litho-
sphere with subduction directions varying from ENE in the southern part of the
Western Alps, to ESE in the northern part of the Western Alps, with backthrust-
ing occurring within the European crust. The European Moho deepens towards
the central part of the Alps, whereas the Adriatic Moho rises. In the Central and
Eastern Alps (NFP-20 East (9.3°F); Pfiffner et al. (1990), TRANSALP (12°F);
TRANSALP Working Group et al. (2002) and Kummerow et al. (2004)) the Eu-
ropean Moho, and to a lesser degree the Adriatic Moho were found to be dipping
towards the centre of the orogen. Conclusions from studies based on the EASI
transect further east (13.3°F) vary from a northward subducting Adriatic crust
(Hetényi, Plomerova, et al., 2018) to a southwards subducting European crust
(Mroczek et al., 2023), to indecisive (Bianchi et al., 2021). The complexity of the
crustal structure beneath the Eastern Alps is also revealed by the variation in
results from local, teleseismic, and ambient-noise tomography studies (e.g. Piro-
mallo and Morelli, 2003; Lippitsch et al., 2003; Bleibinhaus and Gebrande, 2006;
Diehl et al., 2009; Zhao et al., 2015; Hua et al., 2017; Kissling and Schlunegger,
2018; Kastle, El-Sharkawy, et al., 2018; Kistle, Rosenberg, et al., 2020; Lu et
al., 2020; Qorbani et al., 2020; Nouibat et al., 2021; Paffrath et al., 2021; Jozi
Najafabadi, Haberland, Le Breton, et al., 2022; Paul, 2022). Ongoing discus-
sions surround the suggestion of a gap between the European and Adriatic Moho
(Bleibinhaus and Gebrande, 2006; Spada et al., 2013; Mroczek et al., 2023), and
the possibility of a northwards dipping Adriatic crust beneath the Eastern Alps,
which would imply a switch in the subduction polarity. These controversies arise
mainly from differences between receiver function studies and seismic tomogra-
phy (Lippitsch et al., 2003; Schmid, Fiigenschuh, et al., 2004; Handy, Schmid,
et al., 2010; Mitterbauer et al., 2011; Hetényi, Plomerova, et al., 2018; Mroczek
et al., 2023).

1.3 Historical and instrumental seismicity

The Friuli area, located at the north-eastern tip of the Adriatic indenter, is seis-
mically the most active region of the Alps (e.g. Slejko, 2018; Rovida et al., 2022;




Griinthal and Wahlstrom, 2012). The apex of the seismicity coincides with the
transition from a system of ENE-WSW striking thrust faults (i.e. the Montello-
Friuli thrust belt), to a system of NW-SE trending dextral stike-slip faults in
western Slovenia. A map showing the historical and instrumental seismicity in
the Eastern Alps is presented in Figure 1.2. The data in this map were compiled
by Rovida et al. (2022) from numerous macroseismic and instrumental catalogues.
It can be observed that all major earthquakes in the Eastern Alps within the last
millennium have occurred roughly on the southern border of the AlpArray Swath-
D network. These include the Veronese M,, 6.5 earthquake in 1117, the Alpi Giulie
M,, 6.6 earthquake in 1348 (Caracciolo et al., 2021), the 1511 M,, 6.3 earthquake
on the Friulian-Slovenian border, the 1690 M, 6.2 earthquake in Villach, the
1695 M, 6.4 Asolana earthquake, the Alpago-Cansiglio earthquakes (M, 6.3 in
1873 and M, 6.1 in 1936), the 1928 M, 6.0 earthquake in Carnia, and finally the
M., 6.4 Friuli earthquake on 6 May 1976. The 1976 earthquake was the last ma-
jor earthquake in the Alps. Two strong aftershocks occurred four months later,
resulting in in the loss of almost one-thousand lives and extensive structural dam-
age to numerous villages (Slejko, 2018, and references therein). In the wake of
these devastating earthquakes, awareness of the importance of seismic risk mit-
igation among the population and the local government was raised, and seismic
networks were developed and extended (Santulin et al., 2018). Cheloni et al.
(2014) estimate the maximum magnitude for an earthquake in the Eastern Alps
at M ~ 7.5, with the recurrence time for earthquakes with magnitude M, > 6.7
being larger than 1000 years.

Since the onset of routine seismic monitoring, seismicity catalogues for the East-
ern Alps have been made publicly available by several national agencies (Istituto
Nazionale di Oceanografia e di Geofisica Sperimentale (OGS), 2016; INGV Seis-
mological Data Centre, 2006; Swiss Seismological Service (SED) at ETH Zurich,
1983; ZAMG-Zentralanstalt Fiir Meterologie Und Geodynamik, 1987). Recent
studies of the seismicity of the Alps include Nicolas, Bethoux, et al. (1998),
Bethoux et al. (1998), Reinecker and Lenhardt (1999), Chiarabba et al. (2005),
Ustaszewski and Pfiffner (2008), Anselmi et al. (2011), Bressan et al. (2012),
Vigano et al. (2015), Reiter et al. (2018), Beaucé et al. (2019), Jozi Najafabadi,
Haberland, Ryberg, et al. (2021), and Sarao et al. (2021). In general, seismicity
in the Eastern Alps is moderate (e.g. Slejko et al., 1998; Reiter et al., 2018), and
no M, > 6 earthquakes have occurred since the Friuli earthquake in 1976. Al-
though depth estimates are usually not available for macroseismic event locations,
instrumental seismicity shows that the earthquakes are strongly concentrated in
the upper crust.
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1.4 Motivation and outline

The analysis of the spatio-temporal distribution of seismicity offers valuable in-
sights into the deformation and stress patterns that characterise the region. De-
spite the fact that the region is subject to routine seismic monitoring by several
local agencies, a comprehensive, uniformly processed earthquake catalogue has
yet to be produced for the Eastern Alps. Also, the spacing of permanent seismic
stations in the region varies considerably. Because moderately sized earthquakes
are rare in the Eastern Alps, the detection threshold must be as low as possible to
include low-magnitude seismicity. This requires both a dense and uniform station
network, as well as highly specialised and fine-tuned methods.

The recent AlpArray Swath-D network, active from late 2017 to late 2019 (Chap-
ter 2), provided a unique opportunity to build a comprehensive seismicity cat-
alogue for the Eastern Alps. I developed a workflow for the waveform-based
detection and relocation of seismic events, which I describe in detail in Chapter
3. Anthropogenic events are frequently recorded in addition to seismic activ-
ity due to the high population density and heavy industrialisation in much of
the study area. For a correct interpretation of the seismicity, the anthropogenic
events (e.g. quarry and mine blasts) need to be identified. This is the focus of
Chapter 4, where I discuss two distinct approaches. In Chapter 5, I describe the
methods used to calculate magnitudes for the events in the earthquake catalogue
and analyse the results for different parts of the study area. The complete seis-
micity catalogue is presented in Chapter 6. Chapter 7 provides a detailed analysis
of the most active seismicity clusters in the catalogue. Finally, the conclusions of
this thesis and an outlook are presented in Chapters 8 and 9, respectively.




CHAPTER 2

The AlpArray initiative

2.1 The AlpArray backbone network

AlpArray is a dense array of temporary broadband seismological stations that
covers the wider alpine region (Hetényi, Molinari, et al., 2018). The array was
planned to fill the gaps between 352 existing permanent stations and thereby
achieve a homogeneous coverage with a spacing of around 50 km. In the period
from March 2015 to July 2017, a total of 276 temporary stations were installed
for this purpose. These temporary stations were active until the latter half of
2022. Data from the AlpArray seismic network is available through the European
Integrated Data Archive (EIDA). The temporary stations are identified by the
network code Z3, permanent stations included in the AlpArray network were not
renamed, but the complete collection of permanent and temporary stations can
be accessed through the virtual network code ~ALPARRAY. All stations from
the AlpArray network that were used in this work, are included on the map in
Figure 2.1. These comprise stations from the networks BW, operated by the
Department Of Earth And Environmental Sciences, Geophysical Observatory,
University Of Miinchen (2001); CH, operated by the Swiss Seismological Service
(SED) at ETH Zurich (1983); IV, NI (in collaboration with the OGS), RF, SI, and
ST, operated by the INGV Seismological Data Centre (2006); OE, operated by the
ZAMG-Zentralanstalt Fiir Meterologie Und Geodynamik (1987) (now GeoSphere
Austria); and OX, operated by Istituto Nazionale di Oceanografia e di Geofisica
Sperimentale (OGS) (2016) in collaboration with the INGV.
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2.2 The AlpArray Swath-D network

Beside the AlpArray backbone stations, additional experiments were carried out
on more local scales. The AlpArray Swath-D network (Heit et al., 2021) (Figure
2.1), which has been the main focus of my research, was one of these AlpArray
complementary experiments. Its main purpose was to further densify the station
coverage in a part of the Alps that is of particular geological and geophysical
interest. It is the location of the postulated Moho gap and subduction polarity
reversal. In addition, the Eastern Alps show some of the highest deformation
rates in the Alpine orogen, for example in the Montello-Friuli thrust belt in
north-eastern Italy, next to areas that show very little active deformation, such
as the Tauern Window. The AlpArray backbone network was expected to be too
sparse to resolve these relatively small-scale local structures.

Swath-D consists of a total of 163 broadband stations, with network code ZS. Its
station codes start with the letter D, followed by a three digit number from 001
to 163. The initial network consisted of 151 stations provided by the Geophys-
ical Instrument Pool Potsdam (GIPP) of the GeoForschungsZentrum Potsdam
(GFZ). The majority of these 147 stations were installed in the fall of 2017. Four
stations, D030 and D142 through 144, were added in the summer of 2018. In late
2018, the network was extended towards the east with ten additional stations pro-
vided by the Ludwig-Maximilians Universitdt Miinchen (LMU). These stations,
with station codes D154 though D163, are part of the Deutsches Seismologisches
Breitband Array (DSEBRA) (Schlomer et al., 2022). All Swath-D stations were
dismantled by the end of 2019.

2.2.1 Technical specifications

Three different configurations of equipment were used for the initial 151 stations
in the Swath-D network. About half of the stations (76 to be precise) were
transmitting data back in real-time. These stations were usually placed indoors
where they could be connected to mains in areas with cellular network reception,
preferably in a basement or outhouse. The seismometer on these stations was
a Giliralp CMG-3ESP 60s, combined with an EarthData EDR-210 datalogger.
A backup battery was installed in case of power outages. On locations without
access to mains or cellular network, stations were equipped autonomously. In this
case the sensor was usually buried while placed on a cemented marble plate, with
an inverted insulated bucket placed over the top for protection. These stations
used a Nanometric Trillium Compact 120s seismometer in combination with a
DiGOS Omnirecs DATA-CUBE type 2 datalogger. For power, they relied on two
zinc-air batteries that were either buried in a plastic bag or placed in a box on the
surface, in both cases allowing airflow using a hose. The third station setup was
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a solar-powered autonomous station. This setup was used on 14 stations where
there was no access to mains, but an unobstructed view of the sky towards the
south. These stations consisted of a Giiralp CMG-3ESP 60s, combined with an
EarthData PR6-24 datalogger. Two solar panels were erected at an angle close to
vertical on a simple metal frame to avoid the buildup of snow, and connected to a
pair of gel-batteries through a solar charger for power. Data from the autonomous
stations had to be collected manually from the hard-drives during service trips.
Examples of the deployment of each of the three station types in the field are
shown in Figure 2.2. The technical specifications are summarised in Table 2.1.
A map of the Swath-D network layout including the different station types is
presented in Figure 2.1.

Equipment | offline

solar |

Sensor Giiralp CMG-3ESP Nanometric Trillium Giiralp CMG-3ESP
60s Comp. 120s 60s
DiGOS Omnirecs
Datalogger EarthData EDR-210 DATA-CUBE 2 EarthData PR6-24
Power Mains = backup 2 9V zinc-air batteries 2 solar pait els +2
gel-battery gel-batteries
Real-time o o o
data Y

Table 2.1. Equipment used for the stations of the Swath-D network.

Figure 2.2. Examples of the deployment of different station types in the field.
Online station (left), offline station (center), solar-powered station (right). All
pictures were taken by me.

2.2.2 Station performance

An overview of the data availability for the period from 1 November 2017 to 1
November 2019 is shown in Figure 2.3. The DSEBRA stations are not included
in this figure because data from these stations were not used. During the first
year of deployment, a notable decline in the number of available stations was
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observed starting from mid-November 2017. By April 2018, approximately half
of the autonomous stations ceased to function due to loss of power. During the
service trips in the spring of 2018, we learned that the stations where the bat-
teries were left on the surface exhibited significantly longer battery performance
compared to stations with batteries buried in a plastic bag. It became evident
that the ventilation hoses were not functioning as anticipated, while low surface
temperatures turned out to be a less significant issue. In preparation for the
second winter, all batteries for the autonomous stations were left in boxes on the
surface, which resulted in a more reliable performance. The performance of the
real-time (online) stations was found to be quite stable during the entirety of the
experiment. However, in early August 2019, problems arose with data transmis-
sion. Due to a concurrent software issue, the data were not stored locally as is
normally the case. This unfortunate coincidence resulted in significant loss of
data on numerous online stations for a period of a few days.

704 —— ZS - online
", Ln_\f,\‘ 75 - offline
60 1 | AAT,
y

50
40 4

301

Stations available

201

104

0

2017-10 2018-01 2018-04 2018-07 2018-10 2019-01 2019-04 2019-07 2019-10

Figure 2.3. Station availability for the Swath-D network between 1 November
2017 and 1 November 2019. In this graph, a station is considered available for a
specific day if it has any amount of data on any number of channels. It should be
noted that this does not imply completeness of the data. The DSEBRA stations
(D154-D163) are not included.

An assessment of the data quality of the Swath-D stations, as well as the AlpArray
backbone stations was made by Petersen, Cesca, Kriegerowski, et al. (2019), pro-
viding relative gain factors, sensor orientation corrections, and reliable frequency
bands. A data example for the entire station selection for a relatively large earth-
quake of magnitude M, 3.7 that took place near the village of Tolmezzo in Friuli,
Italy on 14 June 2019 is shown in Figure 2.4. For the purpose of comparison,
appendix Figures A1-A3 show the same event using exclusively data from the
online Swath-D stations, data from the offline Swath-D stations, and data from
permanent stations respectively.
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CHAPTER 3

Waveform based methods

The following chapter presents the methods that I have used and developed for
the detection, phase-picking, and location of earthquakes using data from the
Swath-D network in the Eastern Alps (Section 2.2). The workflow is centred
on template matching (Section 3.1) and is illustrated in Figure 3.1. Template
matching is a technique that requires a-priori knowledge about the locations and
occurrence times of an initial subset of earthquakes in the region. This infor-
mation is publicly available thanks to the local earthquake services. However,
each of these catalogues covers only part of the region, and the station coverage
prior to the deployment of the Swath-D network was quite inhomogeneous. To
prevent a detection bias, I applied an energy-based detection algorithm to supple-
ment the catalogues with events detected using data from the Swath-D network.
These steps are described in Section 3.1.2. Finally, I developed an automated
workflow to pick and locate the events, which I present in Sections 3.2 and 3.3.
Precise phase-picks are essential for accurately locating the detected events. This
workflow was published in Hofman, Kummerow, and Cesca (2023). The resulting
seismicity catalogue including a classification of the detected events (Chapter 4)
and earthquake magnitudes (Chapter 5) is presented in Chapter 6.
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Figure 3.1. Schematic overview of the workflow presented in this chapter. The
three columns in this figure represent the three main sections in this chapter,
where the methods involved are explained in detail.

3.1 Template matching

3.1.1 Introduction

Template matching — also referred to as matched filter — is a signal processing
technique with the aim to detect patterns in data based on examples. The ex-
ample pattern is called the template, and can be either synthetic or a slice of
the actual data where a known signal occurs (see Section 3.1.2). This template
is then compared to longer sections of data in terms of waveform similarity. If
the template signal repeats itself in the data, the repeating occurrences will be
revealed by a high waveform similarity. The similarity of two time-signals can
be measured by cross-correlation using the correlation function. This function is
equivalent to convolution, but without the folding of one of both signals. The
cross-correlation of two real-valued, discrete time signals f(¢) and g¢(¢) can con-
ceptualised as sliding the two signals past one another and taking the area under
their product. The amount of offset between the signals is called lag and is often
expressed by the symbol 7. For two discrete, real-valued functions f(¢) and ¢(t),
the cross-covariance oy, as a function of lag 7 can be expressed as

2N1+ 1 D (o= 1) (G — o) (3.1)

0rg(T) = ]\}I_I}r(l,o

where /17 is the mean of f(t) , and p, is the mean of g(t). The cross-correlation
Tt s a function of 7 is then defined as
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_ 01(7)
ol = 071(0)44(0) (3:2)

where o7 and 0,4, are the variances of f(t) and ¢(¢). This means that the cross-
correlation is normalised by the standard deviations of both functions and remains
within the domain [-1, 1], where a value of 1 means that both functions are exactly
equal, and a value of -1 means that both functions are exactly opposite. In both
cases, however, they may also be a scalar multiple of each other as a result of the
normalisation term.

In the typical seismological use case, the template signal is a recorded earthquake
signal — either a single phase (e.g. Ross et al., 2019) or a complete earthquake
waveform (e.g. Beaucé et al., 2019), which is cross-correlated against a longer
section of data recorded by the same instrument. This way, a detection can
be thought of as a signal from an earthquake similar to the earthquake from
which the template signal originated in terms of hypocentre location, source-
time function, and mechanism. This method has demonstrated its effectiveness
in many studies, especially for the detection of low magnitude earthquakes (e.g.
Gibbons and Ringdal, 2006; Skoumal et al., 2015; Vuan et al., 2018; Ross et al.,
2019; Beaucé et al., 2019). Applying the correct normalisation is very important
for the application in seismology, as it implies that the amplitude of the data
signal does not have to be the same as the template amplitude. In fact, earthquake
signals vary over many orders of magnitude. Figure 3.2 shows an example of
earthquake signals detected with this method. Among the detections is a signal
with a maximum amplitude that is 50 times lower than the template amplitude,
as well as a signal with a maximum amplitude that is 160 times greater, though
both detections have roughly the same normalised correlation coefficient (0.66
and 0.64).

Because the cross-covariance is basically a convolution with one function folded
in time, the convolution theorem can be applied. This implies that the numerator
of the cross-correlation function can be calculated in the frequency domain as the
point-wise multiplication of the Fourier transform of the two signals. This is im-
portant because it allows for a faster computation using a fast Fourier transform
(FFT). If the two signals are not of equal length, which is typically the case with
template matching, the shorter signal has to be lengthened by appending zeros.

The implementation of the template matching method for my use case posed
three main challenges: (1) the relatively large data volume (198 stations, 100 Hz
sampling rate, 24 month-recording time), (2) the low magnitude of the seismic
events, and (3) variable data availability. I developed a highly efficient template-
matching code in Python, that was able to process the complete dataset in about
two weeks time without the use of high-performance computing power. The main
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master template —— self detection —— new event —— known event

Figure 3.2. Example of template detections from a single template waveform
from station D152. The first waveform is the template (orange), followed by
its detections sorted by similarity from high to low. The first detection is the
self-detection of the template waveform in the continuous data (blue), with a
maximum cross-correlation coefficient of 1. Other detections can be separated
into known events that can be found in the public catalogues (red), and unique
detections (green).

processing steps including the calculation of the cross-correlation functions, were
performed on a Nvidia GV100 graphics processing unit (GPU) with 8,192 cores.

Instead of using individual-phase templates, I decided to use the full event wave-
forms including the first P- and S-wave arrivals. This greatly reduces the number
of false detections because the template windows that need to be matched are
much longer (10 seconds). It also limits the source volume for detected events,
by requiring the S-P traveltime to be very similar to the template event, reduc-
ing the need for stacking or beamforming of cross-correlation functions. This
choice also provides the opportunity to process the data channel-wise, instead of
template-wise, which allowed me to make the code much more efficient.
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3.1.2 Selection of template events

In order to compile a list of candidate templates, I used a combination of events
from the local earthquake monitoring agencies, and energy-based detections.
Events located at a distance of more than 50 km from the nearest Swath-D sta-
tion were excluded. Given the dense station spacing of the network, this affects
only events outside of the network that would otherwise be impossible to locate.
Double entries were removed by allowing only one event within a spatiotempo-
ral window of 50 km and 15s. In the case of overlapping events, the catalogued
events were given precedence over the energy-based detections.

Local earthquake catalogues

The area of the AlpArray Swath-D network is covered partly by several na-
tional and regional earthquake agencies and institutions. These are the Isti-
tuto Nazionale di Oceanografia e di Geofisica Sperimentale (OGS) (2016) and
INGYV Seismological Data Centre (2006), GeoSphere Austria (previously ZAMG-
Zentralanstalt Fiir Meterologie Und Geodynamik, 1987) and the Swiss Seismo-
logical Service (SED) at ETH Zurich (1983). Catalogues from these agencies
were downloaded using the FDSN-webservices for a period of two years from
November 2017 to October 2019. All events with a distance larger that 50 km to
the nearest Swath-D station were excluded. The events that were considered as
template candidates are shown in Figure 3.3.

Energy-based detection

A common method for detecting earthquakes involves examining data recordings
to search for transient signals. This is typically accomplished through the utili-
sation of a trigger function, such as the ratio of the short-term average (STA) to
the long-term average (LTA) of the signal’s energy within a sliding window. The
appearance of a transient signal will result in a rapid increase in the short-term
average, while the long-term average will remain relatively unaffected, leading to
an increase in the STA /LTA ratio. Other trigger functions use for example the
analytic envelope of the signal, or z-statistics. An overview of the classical trigger
functions is provided in Withers et al. (1998).

To distinguish a local noise signal from an earthquake signal, trigger functions
from multiple stations need to be combined. The simplest way is to define a
minimum number of stations within a network that need to be triggered simul-
taneously, a coincidence trigger. This reduces the chance of false positives, but
provides little information about the origin of the source. A more advanced ap-
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Figure 3.3. All publicly available earthquake catalogues used in this work
(INGV Seismological Data Centre (2006) and Istituto Nazionale di Oceanografia
e di Geofisica Sperimentale (OGS) (2016), the Swiss Seismological Service (SED)
at ETH Zurich (1983), and GeoSphere Austria (previously ZAMG-Zentralanstalt
Fiir Meterologie Und Geodynamik, 1987).) Whereas the SED catalogue covers
only the western part, the INGV, OGS, and ZAMG catalogues cover the entire
region.

proach is implemented in the earthquake detection algorithm Lassie (Heimann
et al., 2017). Here, the trigger functions are shifted along a predefined slowness
and backazimuth grid and stacked to create an image function — a technique
known as beamforming. If a seismic signal actuates the trigger functions, the
stack matching the node point that is closest to the actual source of the signal
is expected to have the highest peak value. This gives an approximate source
location and time of the signal. An example of such a detection is provided in
Figure 3.4.

In the original implementation, trigger functions from all stations in the network
contribute to the image at each node point. For the small magnitude seismicity
within the Swath-D network however, seismic energy reaches only a limited num-
ber of stations before it falls below the noise level. By stacking trigger functions
from all stations, the signal would therefore be completely outweighed by noise.
To overcome this problem, I developed a station weighting scheme that allows a
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Figure 3.4. Example of an event detected using Lassie (Heimann et al., 2017).
The upper left panel shows the image function (stacked trigger functions) at the
time of the detection. The upper right panel shows the approximate epicenter
location (red star), as well as the stations that contributed to the image function
at the corresponding grid node. The waveforms from these stations are shown in
the lower panel.

StationLimit to be set. The value of this parameter defines the number of stations
contributing to the stack. For each node, only the closest StationLimit stations
will be used. I implemented this option, that is available on the weighting branch
of the git page, together with Sebastian Heimann (GFZ), the main developer of
Lassie.

The entire dataset was scanned with Lassie to search for earthquakes and com-
pensate for a possible detection bias in the local earthquake catalogues. A two-
dimensional search grid of 360 km east-west and 240 km north-south, with 5km
node spacing was used. The source depth was fixed to 15km. The StationLimit
parameter was set to 15. Using these settings, 3,511 events were detected. The
vast majority of these detections could be correlated with earthquakes in the lo-
cal earthquake catalogues (see also Section 3.1.2). From the remaining part, 592
events could be located and were included in the final catalogue. 306 of these
events are classified as anthropogenic noise (see Chapter 4 for details on the clas-
sification), leaving 286 potential new earthquake detections. These events are
shown in Figure 3.5. The relatively low number of newly detected earthquakes
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using the energy-based method demonstrates the quality of the local earthquake
catalogues. These newly detected events are spread throughout the network, and
their distribution resembles the general event density patterns from the public
earthquake catalogues illustrated in Figure 3.3. The majority of the detections
are located in the Friuli region and the Engadine and in the Ortler Alps, but a
smaller amount of events have also been detected in the Dolomite Indenter and
Tauern Window regions.
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Figure 3.5. All energy-based event detections using Lassie (Heimann et al.,
2017) that were not found in any of the public earthquake catalogues (Figure
3.3) and were not marked as quarry blasts (see Chapter 4). This figure shows the
final locations of these events (see Section 3.3).

Template extraction

For the resulting set of events, template waveforms are extracted from the contin-
uous data on the vertical channel on the 15 stations closest to the event epicentre.
By assuming a constant seismic velocity and straight ray-path, the first P-wave
onset can be estimated accurately enough to define a 10s window that includes
both the first P-wave, as well as the S-wave onset. An example of the selection
windows for an event in the Swiss Alps is illustrated in Figure 3.6.

The signal to noise ratio (SNR) is calculated to ensure that a signal is captured
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Z5.D125 (37.9 km) A
Z5.D062 (35.8 km) -
CH.BERNI (34.7 km) -
Z5.D084 (34.2 km) -
Z5.D104 (33.5 km) -
Z5.D063 (32.6 km) -
Z5.D124 (28.3 km) A
Z5.D100 (26.4 km) -
Z5.D081 (25.5 km) -
Z5.D083 (19.7 km) -
Z5.D122 (19.3 km) -
Z5.D103 (18.6 km) -
Z5.D082 (16.9 km) -
Z5.D123 (16.8 km) -
ZS.D101 (14.8 km) A
CH.FUORN (14.0 km)
SI.MOSI (13.7 km) 1
IV.BRMO (12.0 km)
Z5.D102 (9.1 km) A

—— template traces
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Figure 3.6. This example illustrates the extraction of template waveforms for
an event occurring on 2 February 2019 at 17:22:38 (UTC) in the vicinity of the
Miinstertal valley in the Swiss Alps (in the north-western part of the Swath-D
network). Note that stations BRMO, D122, D084, D125, D105, and D043 have no
data available for the event. Nevertheless, 15 template waveforms with adequate
signal-to-noise ratios could be extracted for the remaining stations.
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within the window, where the root mean square (RMS) of a sliding .1s window
is required to exceed the RMS of an adjacent 1s window by more than 5 times
at least once. Once these template waveforms have been extracted, highly simi-
lar events are clustered and redundant templates are removed. This reduces the
computational load and prevents unnecessary duplicate detections. Events are
considered highly similar when the median of the three highest cross-correlation
values exceeds a threshold of 0.7. In this case, the event with the highest number
of matches among the template events is retained, whereas the other template
event is removed from the selection. This criterion is more stringent than the gen-
eral template matching criterion (see Section 3.1), thus ensuring that the removed
template event will be re-detected by the template event that is retained. Ulti-
mately, this yielded a list of 28,207 template waveforms for a selection of 2,036
template events (also referred to as master events in the subsequent chapters).

3.1.3 Technical implementation

The template matching code has been developed completely by me in the pro-
gramming language Python (Van Rossum and Drake Jr, 1995). Beside its broad
standard library, Python offers an enormous amount of third-party packages for
a wide range of applications, including scientific computing. The most important
packages that I have used include: ObsPy (Beyreuther et al., 2010) for reading,
writing and processing of seismological data; NumPy (Harris et al., 2020) for
efficient array operations; and CuPy (Okuta et al., 2017) for GPU processing.

The data is processed channel by channel. First, all template waveforms and
continuous data files are gathered for a specific channel. Depending on the size
of the GPU memory, the first Ny, template files and N4, continuous data
files (24-hour traces) are read and preprocessed in parallel on the CPU by using
a separate process for each file. Preprocessing includes detrending, band-pass-
filtering between 2—8 Hz, and downsampling to 50 Hz. Zeros are appended to the
template traces to match the length of the longest data trace, as well as to any
shorter data trace, while keeping track of the original lengths. The preprocessed
data is then moved to a template-array and a data-array on GPU. Whilst on the
GPU, I calculate the energy of the template waveforms, as well as the energy of the
data traces in a sliding window corresponding to the template length. This is done
efficiently using array operations. Next, all data is converted to the frequency
domain using the fast Fourier Transform (FFT) in Cupy. The cross-variances of
all template-data combinations are then calculated simultaneously with a single
matrix multiplication, converted back to the time-domain, and normalised using
the energy of the template traces and the windowed energy of the data traces to
obtain the fully normalised cross-correlation tensor (Equation 3.3). Now, we read
the next N, template files, while the first Nyq, data FFTs ares still loaded
on the GPU. Since the template waveforms are already preprocessed, we only
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have to calculate their energy, load them onto the GPU and convert them to the
frequency domain, before we can calculate the next Nyep, X Nyqiq cross-correlation
functions. Once we have looped through all of the template files for the channel,
we skip to the next Ny, continuous data files and start again with the first Nyep,
templates. For each iteration, I define the cross-correlation tensor R as

F e Fitemp }(—&) F{data;}(6)}
\/Zi\io temp S0 data?,

where R;;j, represents the fully normalised cross-correlation coefficient of template
¢ with data trace j shifted by k samples. The multiplication of k£ with the sampling
interval yields the time lag 7 from Equation 3.2. The vector R;; has a length of M
- N + 1 samples, M being number of samples in data trace j, and N the number
of samples in the template trace 7. Symbols F and F~! denote the Fast Fourier
Transform operator and its inverse, respectively. An efficient algorithm searches
for all peaks in the cross-correlation functions that are above the threshold (0.5),
which are appended to separate files for each template. Assuming that a potential
detection is co-located with the master event used for the template extraction,
the origin time of the detected event can be estimated by subtracting the time
difference between the master event origin and the start of the template window
from the cross-correlation lag time. This implies that the station travel-time for
the detected event is equal to the travel-time for the master event. After all
template waveforms are cross-correlated, the detections from individual template
waveforms are combined. A match is then defined when three template waveforms
belonging to the same master event exceed the cross-correlation threshold of 0.5,
and the estimated origin-times are within 5s distance. The detected event is
then incorporated into the template family of the master event. In case multiple
master events detect the same event, for the sake of further processing it is added
to the template family of the master event with which it has the highest degree of
similarity. The similarity is defined as the median of the three highest maximum
cross-correlation coefficients. An example of an event detection by combining
the matches from different template waveforms is shown in Figure 3.7. More
examples are shown in appendix Figures A4-A7.
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Child event: Mon Dec 10 20:29:48 2018

Z5.D040 (46.6 km) A
Z5.D105 (46.1 km) -
Z5.D041 (40.8 km) A
Z5.D064 (40.0 km)
Z3.A290A (39.3 km) 1
Z5.D061 (39.2 km)
ZS5.D125 (38.1 km)
Z5.D062 (35.5 km) 1
Z5.D084 (34.2 km) 1
CH.BERNI (34.2 km)
Z5.D104 (33.6 km) A
ZS5.D063 (32.4 km) 1
Z5.D124 (28.4 km) 1
Z5.D100 (25.9 km)
Z5.D081 (25.0 km)
Z5.D083 (19.5 km)
Z5.D122 (18.8 km) 1
Z5.D103 (18.7 km) 1
Z5.D123 (16.7 km) 1
Z5.D082 (16.5 km) -
ZS5.D101 (14.1 km) 1
SI.MOSI (13.6 km)
CH.FUORN (13.4 km)
IV.BRMO (11.4 km) A
75.D102 (8.4 km) -

—— template detections

Figure 3.7. Example of an event detection by template matching
stations. These events are closely co-located. The master event is of
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The template search yielded a total of 15,155 unique detections. This figure
incorporates the self-detections of the master events, as well as anthropogenic
noise signals (predominantly from quarry blasts). Lowering the threshold in-
creases the number of detections, but may also result in the introduction false
positives. While there is a potential for detecting more earthquakes, the SNR for
these additional events will most likely be insufficient for picking and localisation.
This is illustrated in Figure 3.8, which demonstrates that only a portion of the
detected seismicity could be relocated. Nevertheless, the final catalogue com-
prises extremely small earthquakes, down to a completeness magnitude of -1.0
M7, which is not typically achieved using conventional methods. This highlights
the effectiveness of the workflow.

2501 (5] template matching (15155)
—— earthquakes (6053)

% 200 —— master events (2036)
o (0]
V4
T 150 1
o
ey
£
3 100 -
>
‘©
0 50

0 -

2017-10 2018-01 2018-04 2018-07 2018-10 2019-01 2019-04 2019-07 2019-10
Date [year-month]

Figure 3.8. Daily event rate for the subset of master events (grey), all events
detected by template matching (purple), and all earthquakes in the final catalogue
(blue). Symbols A — F' mark event clusters with over 100 events in a single day.
The locations of these clusters are indicated in Figure 6.1. This Figure appeared
in Hofman, Kummerow, and Cesca (2023).

3.2 Semi automated phase-picking

Perhaps even more challenging than the detection of low SNR seismicity in a
large dataset is the accurate detection of phase onsets needed for locating the
detected events. Because the master event list is compiled from mixed sources
(Section 3.1.2), my first step was to hand-pick these events and perform a first
location iteration. This homogenises the starting catalogue and provides a basis
for the automated picking method described in Section 3.2.2. The final set of P-
and S- picks is then used to determine the hypocenter locations and origin times
in a 3-D model of the seismic velocity.
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3.2.1 Manual phase picking of master events

Using ObsPyck, a seismic phase picker from the developers of ObsPy (Beyreuther
et al., 2010), I picked the onsets of the first P-wave and S-wave arrivals for all
master events. For the purpose of picking, the waveforms were band-pass-filtered
between 1 — 20Hz. The P-wave onsets were picked preferably on the vertical
channel, whereas the S-wave onsets were usually picked on either of the horizontal
channels, when available. This resulted in a set of 23, 426 picks, that I refer to as
master picks in the next section. Using these picks, I performed a first location
search using the probabilistic NonLinLoc software (Lomax et al., 2000). The
origin times and locations of these master events then provided a starting point
for the automated picks of the detected seismicity.

3.2.2 Automated phase-picking methods

The assumption that underlies my template matching approach is that the de-
tected events are approximately co-located to their respective master events. This
is enforced by requiring simultaneous detections on three different stations that
imply a similar S-P differential travel-time. Building on this assumption, we can
roughly predict the time windows for the phase arrivals of the detected events
within each event cluster, by adding the travel-times from the master events to
the estimated origin times of each of the detected events.

Cross-correlation of the master picks with data windows around the estimated
phase arrivals for a detected event allows for a similarity-based automatic picking.
However, this method has a few downsides. Firstly, only channels and phases with
a master pick can be picked. Due to the variable station availability over time
(see Section 2.2.2), it often happens that the subset of operational stations is
different between the detected event and the master event. Secondly, the cross-
correlation function is quite sensitive to noise, especially when a short wavelet
is used. As a result of the normalisation (Equation 3.2), the side-lobes of the
cross-correlation function are amplified, potentially causing an inaccurate phase-
pick. This is illustrated in Figure 3.9. A classical STA/LTA trigger is very
useful for roughly detecting a phase onset, but lacks the precision required for the
subsequent localisation of the event. Combining the strength of both the cross-
correlation function and the STA/LTA trigger, I developed a picking algorithm
that uses a multiplication of these two functions, the maximum of which is used
to determine the final pick. An example of this method is depicted in Figure 3.9.

The STA/LTA trigger is defined as in Earle and Shearer (1994), where the short-
term average is calculated from the current sample forward in time, and the long-
term average is calculated from a time window up to the current sample. Using
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Figure 3.9. Example of the automated picking algorithm using a master pick.
The final pick is based on the maximum of the product of the cross-correlation
function, and an STA/LTA trigger. Note that the maximum of the cross-
correlation is misaligned, and would lead to an inaccurate pick.

this definition, the maximum of the STA /LTA ratio forms a high plateau around
the onset of the phase arrival, given that the window lengths are chosen correctly.
When multiplied, the STA /LTA suppresses the side-lobes of the cross-correlation
function and this yields a trigger function with a clear maximum, that is much
less noisy than the original cross-correlation function. I use the index of this peak
to evaluate the original cross-correlation function, to which the threshold (0.4) is
then applied. Figure 3.9 illustrates this method, showing that the maximum of
the original cross-correlation does not align with the phase-arrival. In the case
of a very noisy search window, the influence of the STA /LTA diminishes because
the function becomes flat. For channels without a master pick, the maximum of
the STA/LTA is used as a standalone trigger. In that case, a threshold is set for
the absolute value of the STA /LTA ratio. All important parameters used in this
method are shown in Table 3.1. Three more examples to illustrate the method
are shown in appendix Figures A8-A10.

Parameter P-phase S-phase
Band-pass filter window [1Hz, 20 Hz| [1Hz, 12 Hz|
STA & LTA length 0.2s / 0.6s 0.2s / 0.8s
STA /LTA threshold 10 10
Cross-correlation threshold 0.4 0.4
Correlation window relative to pick [-0.2s, 0.3 5] [-0.2s, 1.3 5]

Table 3.1. Parameter settings for the automated phase-picking.
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The application of this workflow to the events detected by template-matching
yielded an additional 95-thousand automated picks for 9-thousand events, not
including events with fewer than 6 picks. Figure 3.10 illustrates the distributions
of the picks in relation to the methods outlined in this section, the seismic network
contributions (number of picks within each network), and the ratio of P- versus S-
picks. The ratio of automated picks to manual picks is arguably dependent on the
extent of the dataset. It is likely to increase when a longer time period is analysed
by increasing the size of the template families, or when a smaller spatial volume
is used by reducing the number of template families. Nevertheless, the number
of automated picks is considerable, and manual picking such a large number
of traces would be extremely time consuming for any seismologist, particularly
given the low SNR of the majority of the data. The network contributions chart
emphasises the importance of the Swath-D stations in the establishment of the
event catalogue. Finally, the ratio of P-picks to S-picks demonstrates that the
workflow is optimised for both P- and S-phase processing.

zs

manual picks STA/LTA picks
N
= sT
S BW
~ RF
’ CH
v v
OE
Z3
phase-correlated picks Sl oX
P-picks

S-picks

Figure 3.10. Number of picks made using the different methods outlined in this
section (top left), number of picks attributed to each of the contributing networks
(see Chapter 2) (top right), and the number of P- versus S-picks (lower).

Additional statistics for each individual station including the number of event con-
tributions as well as the number of P- and S-picks with the associated errors are
provided in appendix Table A1l. An illustrative example is also provided in Fig-
ure 3.11, where my workflow using a combination of manual picks and automated
picks is demonstrated for an event pair in the Engadine Alps in Switzerland.
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3.2.3 Correlation based pick refinement

To further improve the precision of both the P- and S-picks, I implemented a
technique described by Shearer (1997). It uses cross-correlation based differential
times as well as absolute picks to invert for an optimised set of picks. Because
a combination of picking methods was used, this eliminates systematic picking
biases from the final set of picks. Whereas Shearer (1997) uses 3s windows for
both P- and S-picks and a 10 Hz low-pass filter, I decided to use the windows
and band-pass filters shown in 3.1. The waveforms are resampled at 500 Hz to
allow for a sub-sample precision of the cross-correlation function. Instead of
cross-correlating all combinations of events, I used only onsets that were already
picked.

Differential travel-times obtained from the cross-correlation lag times dt;; and
absolute phase-picks t; within each template family are used to find an optimal
set of picks T;. The principle behind the optimisation is that for two phase-
onsets 177 and 75, ideally we want T} to equal t;, T5 to equal t5, and we also
want dtio to equal T, — T;. This is an over-determined problem, because we have
three equations to solve for two variables. For an event family with N events (if
N > 3), we can rewrite the set of linear equations in the form of d = Gm for
each station-phase combination (Equation 3.4).

" 1 0 0 0
to 0 1 0
t3 0 0 1
T
tr 0 1 T
weera dt1a weelz  —wecere 0 e 0 T3
weers di13 weers 0 —wcers
TN-1
weery dty N weeLn 0 —weel N Tn
weees diog 0 weezs  —wcecss 0
wee(N—1)N db(N—1)N 0 WCCN_1)N —WCC(N_1)N
(3.4)

Where wce;; is a weighting factor. The least-squares solution to this set of equa-
tions can be approximated using an iterative solver, such as implemented in SciPy
(Virtanen et al., 2020). After a solution has been found, the absolute phase-picks
t; are substituted by 7;. This changes the cross-correlation windows and hence
the lag times. By iterating this process, t; and T; converge. I used a maximum of
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15 iterations, exiting when the difference between ¢; and T; falls below the sample
interval. To avoid using large numbers in the inversion, the absolute picks t; are
measured relative to the origin time of event i, and the cross-correlation lag times
dt;; are corrected for the origin time difference between event ¢ and j.

P picks for ZS.D041..HHZ stack of normalised traces
1.01 X . . 10 iteration 0
initial picks
0.5 A | \ |
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Figure 3.12. Demonstration of the pick-optimisation method described in this
section. Waveforms in the upper panel are aligned by the original P-picks ¢;,
waveforms in the lower panel are aligned by the optimal set of P-picks 7;. The
improvement can be seen visually and will result in more precise and consistent
event locations.

The use of cross-correlation lag times for poorly correlated phases should be
avoided. I therefore implemented a weighting factor wece;; that is either 1 if
cci; > 0.7 or else 0.

For each event family, station and seismic phase (both P- and S), we repeat
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the inversion for a maximum of 15 times, or until the solution converges, and
obtain collectively a more consistent set of P- & S-arrival time picks. The effect
of the method is illustrated exemplarily for one event family and one station in
Figure 3.12. Examples of event waveforms with picks are provided in appendix
Figures A11-A14, where Figures A1l and A13 are examples of relatively large
earthquakes within the studied time window (magnitudes 1.3 M and 1.1 M
respectively), and Figures A12 and A14 show very small magnitude earthquakes
near the detection limit (both have a magnitude of -1.1 M,).

3.3 Event localisation

3.3.1 Location inversion

The final set of P- and S-picks is then inverted for event locations and origin
times within a local 3-D seismic velocity model by Jozi Najafabadi, Haberland,
Le Breton, et al. (2022) using NonLinLoc (Lomax et al., 2000). Three longitudinal
profiles of the velocity model are shown in Figure 3.13.

11°E

7.5

12°E

0
6.5

10

20
30 6.0

40

47.5 47.0 46.5 46.0 45.5 45.0 7.0
47.5 47.0 6.0 45.5 45.0

P-wave velocity [km/s]

46.5 4
13°E

0
10 5.0
20

30

40
47.5 47.0 46.5 46.0 45.5 45.0

Figure 3.13. Three longitudinal profiles of the 3-D seismic P-wave velocity
model by Jozi Najafabadi, Haberland, Le Breton, et al. (2022) that was used for
the location inversion.
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Figure 3.14. Residuals for all picks in the final catalogue.

To achieve optimal results, the inversion process is carried out in multiple de-
cisive steps. Anomalous picks are promptly removed from the catalogue based
on the residuals after each step. A maximum absolute residual of 300 ms with
respect to the mean station residual is allowed for each individual pick. For an
event, the RMS of the residuals is limited to 250 ms, and a minimum of 6 picks
is required. These criteria reduce the number of events in the catalogue, but
improve the quality of the locations. The final catalogue contains 93,576 picks
for 7,756 events. The residuals (shown in Figure 3.14) are normally distributed
with standard deviations of 0.07s and 0.10s for P- and S-picks respectively.

For each template family, I calculated the horizontal and vertical distance from
the master event hypocentre to all other hypocentres. The result is shown as
a function of the cross-correlation coefficient (CC') in Figure 3.15, where C'C' is
defined as the median of the three highest cross-correlation coefficients of the
event pair.

This result confirms the assumption that the waveform similarity is inversely
related to the inter-event distance within template families. Whereas event pairs
with CC > 0.5 may have horizontal inter-event distances of up to 10 km, event
pairs with C'C' > 0.9 are located mostly within 1 km horizontal and 1.5 km vertical
distance from the master events. Appendix Figures A5 and A6 show examples of
both cases: the event pair in Figure A5 (CC = 0.53) has an inter-event distance
of 5.91km, whereas the event pair in Figure A6 (CC = 0.99) has an inter-event
distance of 0.05km. If we assert that all CC > 0.9 event pairs should in fact be
exactly co-located, we can interpret the upper bound for the location uncertainty
to be about 1km horizontally and 1.5km vertically.

To further assess the location uncertainties, I analysed the directionality of all
of the event offsets with respect to the master events. Figure 3.16 depicts a
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Hofman, Kummerow, and Cesca (2023).
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histogram in polar coordinates illustrating the azimuth and hypocentral distance
of the detected events relative to the master events. This result shows that
there is no preferential direction of scattering, which could indicate a bias in
the localisation workflow. The events scatter equally in all directions, and the
majority of the events are located within a 1km radius from the master event.
Events located farther than 5 km from their master event are very rare, and events
farther than 10 km are most probably erroneously located.
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CHAPTER 4

Event classification

A known challenge with the detection of low magnitude seismicity is the concur-
rent recording of anthropogenic signals. If such events are mistaken for earth-
quakes, this could lead to wrong interpretations of the seismicity. One common
example is that anthropogenic events skew the magnitude frequency distribution.
Because the signals are often repetitive and of the same (low) magnitude, the b-
value of the Gutenberg-Richter relation (Gutenberg and Richter, 1944) will be
overestimated. The Eastern Alps are especially sensitive to this problem because
of the high population density and industrial activity, in combination with the
shallow, low-magnitude seismicity (Peruzza et al., 2015).

The differentiation of anthropogenic signals from earthquakes is not trivial, as
explosion signals such as quarry and mine blasts can be hard to distinguish from
earthquake signals. In theory, explosion signals can be recognised from their
waveform recordings because they show a positive P-phase onset in all azimuthal
directions. In practice, however, the signal to noise ratio is often insufficient
to clearly determine the first onset, and the station availability does not always
allow a complete azimuthal coverage. Automatic classification of seismic events
or even discrimination into two groups based on waveform attributes proves to be
a difficult challenge to date (e.g. Mousavi et al., 2016; Reynen and Audet, 2017).
I performed a feasibility study on the automatic classification of events based on
waveform attributes and principal component analysis (PCA), which I describe
in Section 4.1. I finally adopted a more straightforward method using the origin
time distributions as described in Section 4.2.
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4.1 Classification based on waveform attributes

Several studies have shown the applicability of machine learning based classifiers
to discriminate between small earthquakes and quarry blasts (e.g. Kuyuk et al.,
2011; Mousavi et al., 2016; Reynen and Audet, 2017; Shang et al., 2017). To
test the feasibility of applying such an approach, I created three small labelled
datasets containing tectonic earthquakes and quarry blasts. For a selection of
events, three-component waveforms with a length of 10 s were extracted on nearby
stations. A number of attributes (also features) were calculated from these wave-
forms both in the time-domain, as well as using the continuous wavelet transform
(CWT) as defined in Kristekova et al. (2009). A selection of the features tested
can be found in Table 4.1. The three datasets are defined as follows: dataset 1
contains events from a single earthquake cluster and events from a single quarry.
Waveforms are extracted for a single station in each of the two event classes;
dataset 2 contains events from a single earthquake cluster and events from a
single quarry. Waveforms are extracted for multiple stations in each of the two
event classes; dataset 3 contains events from multiple earthquake clusters and
events from multiple quarries. Waveforms are extracted for multiple stations in
each of the two event classes.

Feature # | Description Components
[1,5,9] Maximum absolute amplitude [N, Z, E]
[2,6,10] Peak frequency [N, Z, E|
[3,7,11] Spectral width (sum of normalised spectrum) [N, Z, E]

[13] N. of sidelobes in the autocorrelation function [Z]

[14] Skewness of the autocorrelation function [Z]

[15] Incidence angle, first motion polarisation [N+ Z + E]

Table 4.1. Selection of waveform attributes calculated for each dataset. The
attributes for all waveforms in dataset 1 are shown in Figure 4.1.

A scatter matrix of a selection of waveform attributes for dataset 1 is shown in Fig-
ure 4.1. The attributes listed in Table 4.1 are represented as rows and columns, so
that each off-diagonal subfigure shows the values of one attribute plotted against
one other attribute. The diagonal shows the distribution of the values for each in-
dividual attribute. This representation helps to identify attributes that work well
to separate the classes, as well as to recognise the dependencies of attributes. For
example the features numbered 5 and 9 show a clear linear dependency, which is
not surprising because the maximum amplitude on the different channels are ob-
viously not completely independent. It can also be seen that multiple attributes,
for example 2, 10, and 13, separate the classes very well.

One can imagine looking at this feature space and finding the combination of
the two attributes that separates the data best. This information could then
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be used to classify events. Unfortunately, this would require dismissing a lot
of attributes, and losing valuable information. A more optimal strategy is to
reduce the dimensionality of the feature space, also known as principal component
analysis (PCA). Rather than creating 15 x 15 subfigures, imagine combining all
attributes into a single point cloud with 15 dimensions. We then search for the
vector within this space, along which our cloud is best separated. Mathematically,
this vector is an eigenvector of the covariance matrix that corresponds to the
largest eigenvalue. This vector will be the first principal component. We can
search for the next best vector that is orthogonal to the previous one to find any
number of principal components up to the initial number of dimensions. As in
most machine learning applications, all attributes must be scaled beforehand to
ensure that they are weighed more or less equally. This is done by removing
the mean and normalising to unit variance. Both the scaling and the PCA are
conveniently implemented in Python using the Scikit-Learn package (Pedregosa
et al., 2011).
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Figure 4.1. Scatter matrix of a selection of waveform attributes for a labelled
set of seismic events. On the off-diagonal subfigures, the row attribute 7 is plotted
against the column attribute j, the diagonal subfigures show a histogram of the
distribution for attribute i. The attribute numbers are explained in Table 4.1.
Tectonic earthquakes are shown in blue, quarry blasts are shown in orange.
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Figure 4.2 shows the results of the PCA for the three datasets described in this
section. It can be seen that for dataset 1, the first principal component perfectly
separates the two classes, confirming that the selected attributes are very well
suited to discriminate between the two event types. In dataset 2, part of this
effect remains, as the centre of mass for both classes are still separated, but
there is a significant overlap. In dataset 3, the first two principal components do
not separate the classes at all. The result from dataset 1 shows that there is a
potential for using this technique to classify seismic events based on waveform
attributes. As the complexity of the dataset is increased by introducing multiple
stations (dataset 2), and multiple sources (dataset 3), the separation effect fades.
This indicates that the difference in the selected waveform attributes between
both classes is not a first order effect, and that the variation between stations
and source locations is greater. These principal components can be used as input
variables to train an artificial neural network (ANN) to distinguish between the
classes, as shown for example by Reynen and Audet (2017) and Shang et al.
(2017). However, this would require much larger labelled datasets that can be
split into training and test data, implying that some other method has to be
applied to classify the events before the model can be trained.

3 ® earthquake L] @ earthquake L] @ earthquake
quarry blast 8 quarry blast quarry blast
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Figure 4.2. Reduced feature space of the principal component analysis (PCA)
of waveform attribute for three different labelled dataset of tectonic earthquakes
(blue) and quarry blasts (orange). The left panel shows the result for dataset
1, the middle panel show the result for dataset 2, and the right panel shows the
result for dataset 3.

4.2 Spatio-temporal event classification

A completely different way of identifying quarry and mine blasts in a seismicity
catalogue was proposed by Wiemer and Baer (2000). The authors identify areas
that suffer from quarry contamination by mapping the ratio of daytime to night-
time events. This makes use of the fact that explosions are set off during daytime
hours, whereas tectonic earthquakes should be equally distributed over day- and
nighttime hours. The authors then proceed to remove all daytime events in areas
that have a high probability of quarry contamination. Although very effective,
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this method has a few downsides: (1) all tectonic earthquakes during daytime
hours in the affected area are removed; (2) aftershock series or earthquake swarms
during daytime hours can lead to false positives; and (3) the sensitivity depends
on the background seismic rate.

My workflow for the detection of quarry and mine blasts makes use of the ad-
ditional information that is provided by the template matching algorithm (see
Section 3.1). Because detections are co-located with their template event and
also have a similar source mechanism, they are very likely to be of the same
event type. If a quarry blast event is used as a template, its detections will
also be quarry blasts. By analysing the temporal patterns within each template
family, these can easily be identified. Most indicative is the distribution of event
origin times over the days of the week, as well as their distribution over the
hours of the day. Quarry blasts set off exclusively during daytime hours, mostly
on weekdays —never on Sundays. In most quarries, explosions are detonated at
predetermined times, often twice per day, once around noon and once in the after-
noon. One example of such a template family is shown in Figure 4.3. The origin
times should be converted to the local time zone to correctly interpret daytime
and nighttime hours. I also analysed the dates of all events in each template
family. If all events occur on a single day, the possibility of an earthquake swarm
or aftershock series should be considered. Finally, since accurate event locations
are available for the catalogue, I plotted the event locations over a satellite image
to see if the presence of a quarry or mine could be confirmed.

Although some manual work was required, this workflow allowed me to accurately
classify the events in the seismicity catalogue. Figure 4.4 shows the temporal
patterns for all anthropogenic events, as well as for the remaining set of tectonic
events. A clear anti-correlation can be seen between both sets, indicating that the
sensitivity to small magnitude earthquakes decreases during the daytime hours
as noise levels from anthropogenic activity increase. This effect can also be seen
when comparing the weekdays to weekend days. Despite the majority of quarries
performing detonations at predefined hours, such as in the example in Figure 4.3,
there is no discernible pattern of increased explosions at either full or half-hour
intervals. The monthly rate of anthropogenic events shows a seasonal variation,
with slightly more activity in the summer months compared to the winter months.
The monthly earthquake rate is mainly dominated by a few large earthquake
clusters, as can also bee seen in Figure 3.8.
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Figure 4.3. Example of a positive identification of quarry blast events in the
Trentino Porphyry Quarry District in Albiano, Italy. The upper half of the figure
shows a map view of the event locations with an overview of the area (upper
left), and a zoomed-in view with a satellite image as background (Google, (©)2023
Maxar Technologies) (upper right). The lower half of the figure is dedicated to
the most important temporal signatures, showing histograms of the weekdays,
time of day, and a monthly event rate over the entire recording period.
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(anthropogenic noise) in orange, and the remaining catalogue of tectonic earth-
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CHAPTER D

Event magnitudes

5.1 Introduction

Historically, the size of an earthquake was measured in intensities. The intensity
of an earthquake is based on macroseismic observations such as reports by peo-
ple, and damage to buildings and landscapes. This method is still used today
to estimate the size of historical earthquakes (see also Section 1.3). The magni-
tude scale was proposed by Richter (1935) to be able to quantitatively compare
earthquake sizes at different locations. Instead of relying on observations of the
effects of an earthquake at a particular location, the energy of the earthquake
at its source is estimated based on the maximum amplitude of the seismograph
recording and the distance. This magnitude type is still used today and known
as the local magnitude M.

A multitude of magnitude types were introduced in the following decades to
extend the applicability to more general cases. The methods of calculation are
all similar to the local magnitude, but the amplitude is derived from specific
seismic phases. Because the phases that arrive at a seismograph vary with source
distance and depth, and phase amplitudes saturate at a certain magnitude, these
methods all have different use cases. Today, the preferable method for measuring
the size of an earthquake is the moment magnitude M, (Hanks and Kanamori,
1979). This magnitude is calculated from the seismic moment rather than from
the amplitudes of specific phase-arrivals. However, local earthquake agencies do

45



46

not routinely calculate M, for earthquakes smaller than M, 3.5 due to technical
challenges. Petersen, Cesca, Heimann, et al. (2021) calculated moment tensor
inversions for the wider Alpine region using data from the Swath-D network. Only
13 events overlap between our datasets, all in the magnitude range of M, 3.3 to
M, 3.8, which are the largest events in my catalogue.

5.2 Calculation of local magnitudes

I calculated magnitudes for all of the relocated events in the local magnitude
(M) scale (Richter, 1935) using the equation proposed by Bakun and Joyner
(1984):

My, =log,,(A) + nlog,,(R/100) + k(R — 100) + 3+ S (5.1)

where R is the distance from the earthquake hypocentre to the seismograph in
km, n is a parameter characterising the geometrical spreading, k is a parameter
characterising the elastic attenuation of S-waves, and S is a station correction
term. Finally, A is the geometric mean in millimetres of the zero-to-peak S-
wave amplitudes on the horizontal channels of a Wood-Anderson seismograph
(the original seismograph used by Richter, 1935). To calculate the amplitudes,
I removed the original instrument response from the data and simulated the
instrument response of the Wood-Anderson seismograph. Values for n and k for

northeastern Italy were calculated by Bragato and Tento (2005), as shown in
Table 5.1.

Distance [km] n k

10-40 1 0.0169
40-80 1 0.0064
80-120 0.5 0.0000
120-170 1 0.0009
170-250 1 0.0027

Table 5.1. Parameters n and k for north eastern Italy as determined by Bragato
and Tento (2005).

Firstly, I calculated local magnitudes using equation 5.1 for the subset of master
events without the station correction term S. This allows me to get an estimate
of the earthquake magnitude for each station that has an S-pick. I refer to these
magnitude estimates as the station magnitudes. The event magnitude is then
defined as the median of the station magnitudes. Station correction terms are
then applied to compensate for the average deviation from the event magnitudes.
Using the master event subset ensures a more uniform spatial sampling, thereby
minimising the potential for bias caused by large event clusters. Using these
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station corrections, I calculated magnitudes for all earthquakes.

Standard deviations are calculated from all station magnitudes corresponding to
an event magnitude within 0.2-sized bins. Figure 5.1 shows that the average stan-
dard deviation of the station magnitudes is about 0.25, and decreases slightly for
magnitudes above M 2.0. All station magnitudes are plotted in the background
in light grey. The interference between ambient noise and earthquake signals in-
creases as the magnitude decreases below My, 0.0, resulting in the appearance of
large outliers among the station magnitudes. The small standard deviations give
the impression that the event magnitudes are still reliable. I use the median of
the station magnitudes to calculate the event magnitude to reduce the sensitivity
to outliers. Nonetheless, I expect that the lower end of the magnitude spectrum
is slightly biased and that the magnitudes of the smallest events in the catalogue
might be overestimated. I further discuss this topic in Appendix B.
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Figure 5.1. Average standard deviation of the station magnitudes (M) within
each bin (of size 0.2). The binning is applied to the event magnitudes. The
station magnitudes are plotted in light grey.
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5.3 Magnitude frequency distribution and
scaling with M,

The magnitude frequency distribution (FMD) of earthquake catalogues can be
described by the Gutenberg-Richter relation (Gutenberg and Richter, 1944):

log N =a+bM (5.2)

where N is the number of earthquakes with magnitude M or greater. Parameters
a and b are estimated by fitting a line through the part of the frequency magni-
tude distribution above the completeness magnitude M., where the distribution
becomes a log-linear. I achieved the most satisfying fit using the least-squares
method, which I justify in more detail in Appendix B. To increase the statistical
stability of the estimated parameters, es well as provide standard deviations, I
performed a bootstrapping approach. For each FMD, I create an ensemble of 100
bootstrapped subsets by replacing 10% of the event magnitudes with randomly
sampled magnitudes from the remaining distribution. From the ensemble, I cal-
culate the mean values for a, b, and M, and their standard deviations. Whereas
a depends mainly on the number of earthquakes sampled, the b-value typically
appoaches 1 when a large enough volume is sampled, where local deviations from
this value are often attributed to physical characteristics such as stress conditions
(Scholz, 2015), faulting style (Schorlemmer et al., 2005), the fractal dimension
of fault planes (Hirata, 1989), and rock type (Scholz, 1968). An analysis of the
earthquake magnitudes using the Gutenberg-Richter relation is shown in Figure
5.2. In this case, I expect the b-value to be close to one because a large area is
sampled. I therefore attribute the low b-value of 0.70 to an underestimation of
the seismic moment by the local magnitude scale. Other authors that studied
magnitude frequency distributions in a similar range of extremely low magni-
tudes have observed this before (e.g. Deichmann, 2006; Bethmann et al., 2011,
Munafo et al., 2016). To correct for this scaling problem, I estimated the moment
magnitude M, using the scaling relation proposed by Munafo et al. (2016), given
by

M, =2/3M,+15 (5.3)

Applying Equation 5.3, produces a more common b-value of 1.05.
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Figure 5.2. Magnitude frequency distribution of the input catalogue (grey
squares) and the final earthquake catalogue (blue squares) in the local magnitude
scale (Mp), as well the estimated moment magnitude (M,,) using the scaling
relation (Equation 5.3) by Munafo et al. (2016) (blue circles). Using a least-
squares fit based on the estimated M,,, I obtain the values a = 4.70 + 0.10 and
b = 1.05%0.06 for the Gutenberg-Richter relation (Gutenberg and Richter, 1944).
The completeness magnitude M. based on the maximum curvature of the FMD
(Wiemer and Wyss, 2000) is M — 1.0 (M, 0.9).
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CHAPTER 0

A seismicity catalogue for the Eastern Alps

In this Chapter, I present the final seismicity catalogue for the Eastern Alps,
combining the results from Chapters 3, 4, and 5. The spatial distribution of events
is displayed in Figure 6.1. The classification of earthquakes and anthropogenic
events that is indicated by the blue and orange colours is described in Chapter
4. Chapter 5 describes the methods for calculating the local event magnitudes.
Figure 6.2 presents depth profiles through key parts of the study area.

6.1 Spatial and temporal patterns in seismicity

The spatial distribution of the small magnitude seismicity that I detected between
late 2017 and late 2019 mainly follows the patterns of larger sized earthquakes
known from previous studies over longer time periods (e.g. Slejko et al., 1998;
Reiter et al., 2018). The depth of the events is limited to about 20 km, with a
strong concentration of seismicity between 8 km and 12km. This shallow nature
of the seismicity in the Eastern Alps is also described by other authors (e.g.
Reinecker and Lenhardt, 1999; Vigano et al., 2015; Reiter et al., 2018; Jozi
Najafabadi, Haberland, Ryberg, et al., 2021). A slight deepening of the seismicity
can be observed towards the south beneath the Po-plain (profiles A, C, D in Figure
6.2), and towards the north-west beneath the Engadine and Ortler Alps (profile
B in Figure 6.2).
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Figure 6.1. Seismicity in the Eastern Alps between late 2017 and late 2019. Symbols A — F' mark the locations
of mmHﬁT@CQWQ sequences indicated in H&%CH@ 3.8. Major faults from Schmid, Fiigenschuh, et al. (2004) (red lines) are BF: Brenner Fault, FSF:
Fella-Sava Fault, GF: Giudicarie Fault, KF: Katschberg Fault, MO-FR: Montello-Friuli thrust belt, MF: Mélltal Fault, PGF: Pustertal-Gailtal Fault, SEMP: Salzach-
Enns-Mariazell-Puchberg Fault, VF: Valsugana Fault. Tectonic units after Reiter et al. (2018) are DI: Dolomite Indenter, EA: Engadine and Ortler Alps, FR: Friuli,
GL: Giudicarie-Lessini region, SA: Stubai Alps, TM: Texel Group and Meran-Passeier area, TW: Tauern Window.
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Figure 6.2. Depth profiles of the seismicity catalogue in A: the Giudicarie-
Lessini region, B: the Engadine and Ortler Alps, C: the central Dolomites, D: the
Fruili region, E: along the Pustertal-Gailtal Fault. The colours help to differenti-
ate the profiles, and indicate which events are used. Intersecting faults are shown
as red arrows on the profiles. Topography (4x exaggerated) was extracted from
the ETOPO 2022 global relief model (NOAA National Centers for Environmental
Information, 2022).
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Friuli region

The Montello-Friuli fold- and thrust belt in the Friuli region exhibits the highest
seismicity rates of the study area (Romano et al., 2019; Bragato, Comelli, et
al., 2021). This region is known to absorb most of the NNW movement of the
Adriatic plate with respect to the European plate and marks the southern border
of the Dolomite indenter — the part of the Adriatic crust with little internal
deformation (Castellarin et al., 2006; Cheloni et al., 2014; Serpelloni et al., 2016;
Reiter et al., 2018; Petersen, Cesca, Heimann, et al., 2021). This area also
produced the largest recent earthquake in the wider Alpine region, the 1976
M,,6.4 Friuli earthquake (e.g. Slejko, 2018; Aoudia et al., 2000), as well as other
historical M > 6 earthquakes (see Section 1.3 for an overview of the historical
seismicity). Known focal mechanisms for the larger events in this region show
mainly ENE-WSW striking thrust faulting, with a smaller number of strike-slip
events (Petersen, Cesca, Heimann, et al., 2021).
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Figure 6.3. Detailed view of the seismicity in the Friuli region (blue circles). The
historical earthquakes shown on this map are from Rovida et al. (2022). Major
faults from Schmid, Figenschuh, et al. (2004) (red lines) are FSF: Fella-Sava
Fault, MO-FR: Montello-Friuli thrust belt, MF: Mélltal Fault, PGF: Pustertal-
Gailtal Fault, VF: Valsugana Fault. Tectonic units after Reiter et al. (2018) are
DI: Dolomite Indenter, FR: Friuli.
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Profile D in Figure 6.2 shows that seismicity within the fold- and thrust belt
reaches from a depth of about 20km all the way to the surface. The event
density abruptly drops at the transition to the Po-plain towards the south, where
the depth of seismicity is limited to the depth range of 10-20km, and more
shallow events are absent. Towards the north, seismic activity is truncated by
the Valsugana and Fella-Sava faults. Seismicity in the Friuli region is strongly
clustered, the largest of which are indicated in Figure 6.1 with symbols B, D,
and E. These clusters are discussed in more detail in Chapter 7. A detailed map
of the seismicity catalogue of this area is presented in Figure 6.3.

Dolomite indenter

Within the Dolomite indenter, seismic activity is very sparse. This absence of
seismicity in this area coincides with high Rayleigh wave velocities at seismogenic
depths of 10 to 20km (Sadeghi-Bagherabadi et al., 2021; Késtle, Molinari, et
al., 2021). Jozi Najafabadi, Haberland, Handy, et al. (2023) found that the
Dolomite indenter is characterised by an exceptionally low P-wave attenuation.
This supports the notion that the crust is especially dense and rigid in this
area. Nevertheless, I was able to relocate about 100 events thanks to the dense
station configuration of the Swath-D network. The magnitude of these events is
generally below M1, with the exception of two events along the Fella-Sava Fault.
A detailed map of the seismicity catalogue of this area is presented in Figure 6.4.
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Figure 6.4. Detailed view of the seismicity in the Dolomite indenter region (blue
circles). The historical earthquakes shown on this map are from Rovida et al.
(2022). Major faults from Schmid, Fiigenschuh, et al. (2004) (red lines) are FSF:
Fella-Sava Fault, GF: Giudicarie Fault, PGF: Pustertal-Gailtal Fault. Tectonic
units after Reiter et al. (2018) are DI: Dolomite Indenter, TW: Tauern Window.
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Pustertal-Gailtal Fault and Tauern Window

Caporali et al. (2013) found through modelling of GPS velocities that the Pustertal-
Gailtal Fault plays a major role in accommodating the indentation of the Adri-
atic plate into the European plate by dextral strike-slip motion. Due to its great
length, the fault has the largest moment rate within the study area. However,
the Pustertal-Gailtal Fault is not known to be very seismically active. I was able
to relocate earthquakes along a 100 km section of the fault between 12.0° E and
13.0° E longitude. These events, as shown in profile E of Figure 6.2, occur at
shallow depths from 5 to 10km. A detailed map of the seismicity catalogue of
along the fault is presented in Figure 6.5.

Similar to the Dolomite indenter, seismicity within the Tauern Window is sparse
and has only few events with magnitudes greater than M 1. The catalogue con-
tains about 200 events in this region. Especially in the eastern part of the Tauern
Window, clustered seismicity can be observed at depths between 5 —12km in the
vicinity of the Molltal and Katschberg faults. At its northern edge, the Tauern
Window is bounded by the Salzach-Enns-Mariazell-Puchberg Fault, above which
the seismicity rates as well as magnitudes increase again. However, this area lies
outside the Swath-D network, severely decreasing the location accuracy for these
events. A detailed map of the seismicity catalogue of this area is presented in
Figure 6.5.
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Figure 6.5. Detailed view of the seismicity in the Tauern Window region (blue
circles), including the Pustertal-Gailtal Fault (in the southern part of the map
view). The historical earthquakes shown on this map are from Rovida et al.
(2022). Major faults from Schmid, Fiigenschuh, et al. (2004) (red lines) are BF:
Brenner Fault, KF: Katschberg Fault, MF: Molltal Fault, PGF: Pustertal-Gailtal
Fault. Tectonic units after Reiter et al. (2018) are DI: Dolomite Indenter, TW:
Tauern Window.
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Giudicarie-Lessini region

Seismicity in the Giudicarie-Lessini region is scattered and follows a more con-
stant rate compared to the Friuli region. The area features frequent My > 1
earthquakes and multiple M, > 2 events, especially around the lake Garda area.
A single M}, 3 event was also recorded. As shown in Profile A of Figure 6.2, events
occur mainly within a depth range of 5 — 15 km, gradually deepening towards the
Po-plain in the southeast. A detailed map of the seismicity catalogue of this area
is presented in Figure 6.6.

10°E 15'
e
.

10' 10"
46°N 46°N
50' 50"
40' 40'
30' p 0° . ° S 30'
*: 43 macroseismic instrumental

m
P . * M, =6
.~ % My=55 O Mu=55
20" 8 k¢ M,=45 ) My=4.5 20"
10°E 15' 30' 45' 11°E 15'

Figure 6.6. Detailed view of the seismicity in the Giudicarie-Lessini indenter
region (blue circles). The historical earthquakes shown on this map are from
Rovida et al. (2022). Major faults and tectonic units after Schmid, Fiigenschuh,
et al. (2004) and Reiter et al. (2018) are GF: Giudicarie Fault, and GL: Giudicarie-

Lessini region.

Engadine and Ortler Alps

The Engadine and Ortler Alps demonstrate the second highest seismicity rate
of the study area after the Friuli region. The seismicity is strongly clustered
and occurs mainly above a depth of 10 km, with deeper earthquakes occurring
towards the northwestern part of the region. This can be observed in Profile B of




98

Figure 6.2. The earthquakes in this region do not exceed magnitude M 2. The
largest clusters in this region are indicated with symbols C' and F' in Figure 6.1,
a more detailed analysis of these is provided in Chapter 7. A detailed map of the
seismicity catalogue of this area is presented in Figure 6.7.
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Figure 6.7. Detailed view of the seismicity in the Engadine Alps and Ortler
Alps region (blue circles). The historical earthquakes shown on this map are from
Rovida et al. (2022). Major faults and tectonic units after Schmid, Fiigenschuh,
et al. (2004) and Reiter et al. (2018) are GF: Giudicarie Fault, and EA: Engadine
and Ortler Alps.
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6.2 Spatial variation of the b-value

To investigate the spatial variation of the b-value of the Gutenberg-Richter re-
lation (Gutenberg and Richter, 1944), I separated the study area into 5 seismo-
tectonic domains: the Friuli region, the Giudicarie-Lessini region, the Engadine
and Ortler Alps, the Dolomite indenter, and the Tauern Window. The domains
are loosely based on the tectonic units described by Reiter et al. (2018), avoiding
areas that are too small to provide a statistically stable result, as well as areas
outside the Swath-D network. Figure 6.8 shows the events attributed to each of
the different domains, and the magnitude frequency distribution for each domain.

Figure 6.8 reveals a significant variation in the b-value of the Gutenberg-Richter
relation for the different seismo-tectonic domains with values ranging from 1.02
in the Friuli region to 1.73 in the Tauern Window. Due to the limited sample size
and range of magnitudes in certain regions, I employed a bootstrapping approach
to estimate the uncertainties and test the statistical significance of the results, as
detailed in Section 5.3.

The values for a, b, and M, and their standard deviations derived by bootstrap-
ping are shown in Table 6.1.

Domain a b M, N events
Dolomite indenter (DI) 292+0.28 1.07+0.19 1.13+0.12 93
Engadine & Ortler Alps (EA) | 4.38 £0.14 1.424+0.10 0.81+£0.03 1453
Friuli (FR) 4.01+£0.18 1.02+£0.11 0.86£0.06 2667
Giudicarie-Lessini (GL) 3.93+£0.22 1.07+0.12 1.33+0.16 417
Tauern Window (TW) 401+£030 1.73£0.22 1.16£0.11 163

Table 6.1. Parameters a and b and M, and their standard deviations derived
by bootstrapping for each seismo-tectonic domain.

By comparing b-values from many different areas around the world, Scholz (2015)
found that the b-value appears to be inversely related to the differential stress
(o1 — 03), confirming earlier results from laboratory experiments (Scholz, 1968;
Amitrano, 2003). The b-values I found for the seismo-tectonic domains nicely fit
into this picture, with the smallest b-values along the southern deformation front.
The smallest b-value in the Friuli region coincides with the largest deformation
rates from Global Navigation Satellite Systems (GNSS) studies (Caporali et al.,
2013; Métois et al., 2015; Sanchez et al., 2018), followed by the second smallest b-
value in the Giudicarie-Lessini region. The seismicity in the Engadine and Ortler
Alps is characterised by an elevated b-value, coinciding with a low horizontal
deformation rate. The high seismicity rate in this area could be related to uplift,
as the Engadine and Ortler Alps show one of the highest uplift rates in the Alps
(Sanchez et al., 2018), most likely due to postglacial isostatic rebound (Mey et al.,
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Figure 6.8. The upper panel shows the earthquakes selected for each of the
seismo-tectonic domains: the Friuli region (FR, green), the Giudicarie-Lessini re-
gion (GL, red), the Engadine and Ortler Alps (EA, orange), the Dolomite indenter
(DI, blue), and the Tauern Window (TW, purple). Magnitude frequency distri-
butions for each of the seismo-tectonic domains are shown in the same colours in
the lower panel. Magnitudes are in the moment magnitude scale (M,,), estimated
using the scaling relation (Equation 5.3) by Munafo et al. (2016).
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2016). The b-value in the Dolomite indenter is close to 1, but this is mainly due
to contributing events on the Fella-Sava and Valsugana Faults along its southern
margin. The north eastern part of the Dolomite indenter is almost completely
aseismic. Recent crustal tomography studies show anomalously high surface wave
phase velocities at seismogenic depths in this area (Sadeghi-Bagherabadi et al.,
2021; Késtle, Molinari, et al., 2021), suggesting that this part of the crust is
exceptionally dense and rigid. The Tauern Window displays a high b-value and
lacks moderate magnitude seismicity. This could be related to the high-grade
metamorphic lithology. Reiter et al. (2018) attributes the lack of seismicity in
this region to the unfavourable orientation of existing faults with respect to the
current stress field.

In Figure 6.9, I show the event rates and local magnitudes for each domain, with
an additional time-dependent b-value for the Engadine and Ortler Alps and the
Friuli regions. The b-values are based on the moment magnitude estimates (M),
as described in Section 5.3, and calculated within a 150-event sliding window.
Note that in both the Engadine and Ortler Alps and the Friuli regions, the
seismicity is strongly clustered temporally, with a vast majority of the events
occurring within a few sequences. Interestingly, in the Engadine and Ortler Alps,
the b-value remains elevated throughout the observation period, independent of
these sequences, whereas in the Friuli region, the low b-value increases within each
of the sequences. This might be an indication that the Engadine and Ortler Alps
host more swarm-type sequences, and the Friuli region shows typical mainshock-
aftershock sequences. One exception is the 1 February 2019 sequence, which I
discuss in more detail in Chapter 7. Due to the small number of events used
for the b-value calculation, the absolute values should not be given too much
credit. The temporal patterns, however, are significant and hint at different
seismic mechanisms in both areas.
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Figure 6.9. Event rate and local magnitudes for the different seismo-tectonic
domains. A time dependent b-value is shown additionally for the Engadine and
Ortler Alps and the Friuli regions. The b-values are calculated from the estimated
M,, (see Section 5.3) in a 150-event sliding window and smoothed out by taking
the mean b-value for each day. Bootstrapping was applied to each time step to
estimate the errors as in Section 5.3.
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6.3 Sensitivity of template matching to
low-magnitude seismicity

The effectiveness of the template matching method for detecting small-magnitude
earthquakes is illustrated in Figure 6.10. The figure displays the variation in
units of local magnitude between all of the detected earthquakes and correspond-
ing master events for three different cross-correlation thresholds. I define the
cross-correlation value (C'C') as the median of the three highest maximum cross-
correlation coefficients on the 15 stations closest to the event pair. Each cross-
correlation is based on two 10s event waveforms on the vertical channel. For the
subset where C'C' > 0.9, the maximum difference is limited to two units of mag-
nitude, whereas for CC > 0.5, earthquakes with a difference of up to four units
of magnitude are detected. I show an example of such a detection in appendix
Figure A7. The asymmetric shape of the histogram is caused by the skewness of
the master event magnitudes. This can be inferred from Figure 5.2: almost all
of the events with magnitude M > 1.0 are used as master events. The majority
of the seismic activity I detected ranges from zero to two units of magnitude
below the known seismic activity in the region, demonstrating that my workflow
is exceptionally sensitive to low-magnitude seismicity.
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Figure 6.10. Difference in local event magnitude between each event and its
corresponding master event. The C'C' values refer to the median of the three
highest maximum cross-correlation coefficients, where 15 stations are considered.
Each cross-correlation is performed on a 10s event waveform on the vertical
channel. This figure appeared in Hofman, Kummerow, and Cesca (2023).
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CHAPTER 7

Analysis of seismicity clusters

Within the two-year recording period of the Swath-D network, the average seis-
micity rate is approximately 20 events per day. However, as can be seen in
Figure 3.8, several short bursts of seismic activity have occurred throughout the
recording period, with daily rates exceeding 100 events on six occasions. These
sequences are indicated in Figure 3.8 by the symbols A-F', which also appear on
the map in Figure 6.1 to indicate their locations. The first event sequence (A)
occurred on 3 November 2017 in the Stubai Alps south of Innsbruck, Austria.
This area is known to be seismically active (e.g. Reiter et al., 2018). The largest
magnitude recorded within this sequence is 3.02 M. However, this earthquake
cluster is located outside the Swath-D network, and the station distribution is
therefore unfavourable for the precise relocation of these events. The peak in
April 2019 originates from two separate smaller event sequences coincidentally
occurring on the same day. I will therefore not discuss these earthquake clusters
any further in this thesis.

In Section 7.1, I demonstrate the successful application of graph theory to sep-
arate the seismicity clusters into distinct sequences that can be attributed to
individual segments of complex fault systems. Based on these sub-clusters, in
Section 7.2, I present a method of precise relative relocalisation using S-P differ-
ential travel-time inversion that allows me to find the orientations of individual
fault planes.

After applying these methods to the clusters B-F, I provide a detailed analysis of
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the earthquake sequences in terms of the spatial and temporal distribution of the
events within each sequence, as well as their frequency magnitude distributions
in Section 7.3. Three of these sequences are located in the Friuli region (B, D,
and E, as indicated in Figure 6.3) and will be discussed in Section 7.3.1. The
other two sequences are located in the Engadine and Ortler Alps region (C' and
F, as indicate in Figure 6.7) and will be discussed in Section 7.3.2.

7.1 Application of Graph Theory

Graph theory, also referred to as network theory, is a mathematical concept used
to describe and analyse relations between objects. In graph theory, the objects
are referred to as the graph’s nodes or vertices, whereas their relation to one
another is represented by edges connecting them. Edges may or may not have
a weight describing the strength of the connection, and a direction, the latter of
which makes the graph a directed graph. Redefining a problem as a graph can
be very useful, because it allows us to apply algorithms to analyse properties of
the graph. Albert and Barabasi (2002) give an overview of the recent advances
in graph theory. Downey (2018) provides an introduction to graph theory and
programming in Python, making use of the NetworkX package (Hagberg et al.,
2008).

The abstract nature of graph theory allows for its application across numerous
scientific disciplines. Phillips et al. (2015) provide an overview of the applications
of graph theory in geosciences. In seismology, examples of applications include
seismic ray path calculation (Nakanishi and Yamaguchi, 1986), identification of
multiplets in microseismic data (Arrowsmith and Eisner, 2006), phase association
(McBrearty et al., 2019), and complex earthquake networks (Abe and Suzuki,
2012). Abe and Suzuki (2012) used vertices to represent volumes on a spatial
grid, and added edges between all subsequent events above a certain magnitude
threshold. They then studied how the properties of the graph changed due to the
occurrence of large earthquakes.

This section presents a very different approach to the application of graph the-
ory, which is based on the waveform-based similarity clustering of earthquakes.
In order to characterise the seismicity cluster as a graph, I define vertices for all
individual earthquakes, and edges represent the waveform similarity between the
connected earthquakes. An edge is established between two earthquakes when
the median of the three highest maximum cross-correlation coefficients exceeds
a threshold of 0.85. The cross-correlation coefficients are calculated using a 10-
second event waveform on the vertical channel of the seismograph. The edge is
weighted with the cross-correlation value and has no direction. Arrowsmith and
Eisner (2006) also used waveform similarity to create graphs, but the event clus-
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ters that they end up with could have more easily been calculated using classical
single-linkage hierarchical algorithms. An example of the graph representation of
an earthquake cluster is illustrated in Figure 7.1, where the left panel shows the
spatial distribution of the earthquakes in the cluster, and the right panel shows
the graph representation of the cluster, with the vertices coloured by their degree
(the number of edges connecting to it).

It should be noted that there are infinite ways to draw a graph in terms of the
positioning of the vertices. For the purpose of showing the event similarity as
in Figure 7.1, it is useful to use a force directed graph layout. In such a layout,
the vertices are placed in a position, as if held together by springs with forces
proportional to the weights of the edges. These positions can be approximated
using an algorithm such as the Kamada-Kawai algorithm (Kamada and Kawai,
1989). In this representation, events with high waveform similarity will be drawn
closer, while events less similar will be placed further apart. In this representation,
it can easily be seen that two sub-clusters emerge from the earthquake cluster
in Figure 7.1. Although there are numerous edges interconnecting the two main
sub-clusters, the events within the sub-clusters are more strongly connected.
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Figure 7.1. Example of the event locations of an earthquake cluster in the
Ortler Alps (sequence F in Figure 6.1) (left), and the graph representation of the
earthquake cluster (right) with the vertices coloured by their degree (number of
connected edges).

A useful property of the graph in the context of sub-clusters is its modularity
(Newman, 2006). This is a measure of the graph’s tendency to form strongly
connected groups of vertices with more sparse connections between those groups.
These groups are referred to as communities or partitions in graph theory. In
the context of earthquake clusters, I refer to those groups as sub-clusters. The
modularity is expressed by Newman (2006) as
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Q=5 (A — )i ) ()

where m is the total number of edges in the graph, A;; is the weight of the edge
between vertices ¢ and j. k; and k; are the total number of edges connected to
vertices ¢ and j, respectively, also referred to as the degree of vertices ¢ and j.
Finally, ¢; and ¢; are the sub-clusters that vertices ¢ and j belong to, and §(c;, ¢;)
is 1 if both vertices are in the same sub-cluster, or 0 otherwise. It should be noted
that to calculate the modularity, a separation into sub-clusters is already implied.
The goal is therefore to find the configuration of sub-clusters that maximises the
modularity. Blondel et al. (2008) proposed an algorithm for approximating the
optimal modularity and sub-cluster configuration. Their method, often referred
to as the Louvain method for community detection, avoids calculating all possible
configurations of any number of sub-clusters, which would be computationally
expensive.

Applying the Louvain method for community detection to the earthquake cluster
from Figure 7.1 yields 3 sub-clusters as illustrated in Figure 7.2. By colouring the
events by their associated sub-cluster in the map view, a clear spatial separation
can be observed.
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Figure 7.2. Earthquake cluster from Figure 7.1 split into 3 sub-clusters that
optimise the modularity of the graph. The events are coloured by their associated
sub-clusters in a map view (left), and in the graph representation of the cluster
(right).
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7.2 High precision relative relocalisation

To further improve the precision of earthquake hypocenters locally, relative relo-
calisation methods can be applied. Rather than locating each event individually
using independent phase-arrival picks as described in Section 3.3, relative relo-
calisation depends on differential travel-times between closely located events. A
requirement for such methods is that the inter-event distances are small compared
to the source-receiver distances. If this condition is satisfied, and we assume a
constant seismic velocity between the event locations, we can relate the differen-
tial P-wave travel time for an event pair to their inter-event distance, following

Got and Okubo (2003):
ATPZ = At” + AI'Z']‘ : Spk (72)

where ATpfj is the differential P-wave travel-time for station k between events
i and j, At,; is their difference in origin time, Ar;; is the vector between their
locations, and sp” is the P-wave slowness vector pointing from the source location
to station k, which is assumed to be equal for both events. Similarly, for S-waves,
we can write:

ATSZ = Atij + Arij . Ssk (73)

If we assume that sp® and sg® are parallel, which can be assumed if vp/vg is
constant along the ray-path, subtracting Equation 7.2 from 7.3 yields:

ATS_PZ- = Ary; - [ss" —sp"] = % el Ar;; (7.4)

establishing an elegant relation between the differential S - P travel time of the
event pair ij and their inter-event distance (Jérn Kummerow, pers. comm.).
Assuming that sg* and sp”® are parallel, e* is the unit vector pointing in the
shared direction of the P- and S-wave takeoff direction. The origin times of both
events are conveniently eliminated by the substraction. A schematic illustration
of the method is provided in Figure 7.3.

We can write a system of equations of the form d = G- m based on Equation 7.4.
This allows us to solve for the relative locations of N co-located events using the
differential S - P travel time delays for M stations as a linear inverse problem.
Vector d is contains all M - N(N — 1)/2 differential travel time delays ATg_pfj.
Matrix G contains the three Cartesian coordinates of the e* vectors, which can be
computed by ray-tracing. The model vector m has 3 - N elements that represent
Cartesian coordinates of the event locations relative to a fixed reference point.
This reference point can be any of the events, that will subsequently be used as
an origin of the coordinate system.
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Figure 7.3. Schematic illustration of the relative relocalisation method using
S-P differential travel times. The relative position vector Ar;; determines the
locations of the two events, ¢ and j, that are recorded by stations k, [, and
m. The inter-event distance should be small compared to the source-receiver
distances, and the slowness vectors sp and sg are assumed to be identical for the
two events.

k

2y Tepresent the elements of the slowness vector from the

In Equation 7.5, s

Up—Us

— .-e". The location vector Ar;; between events
p*Us

source region to station k, s¥ =
i and j is represented by the Cartesian coordinates (z;;, yij, 2;;). In this example,
the first event defines the origin of the relative coordinate system (0,0,0). Tt
therefore follows that Ar;; = Ary; — Ary,.
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In order to evaluate the method, I constructed a synthetic set of events through
the forward modelling of travel-times on a real location within the network, util-
ising the actual station configuration illustrated in Figure 7.4. The synthetic
events are arranged on a 5 by 5 rectangular plane with a strike of 90° and a
45° dip towards the south. The location of the central event was fixed in the
inversion. The differential travel-times ATs.p were calculated from the synthetic
P- and S-wave travel-times. The result of the inversion is shown in Figure 7.5.

10°E 10" 20" 30' 40' 50' 11°E 10'

46°50'N |-
46°40'N
46°30'N |
46°20'N |

46°10'N |

Figure 7.4. Station configuration of the synthetic test shown in Figure 7.5. The
location of the synthetic events is indicated by the blue dot in the centre of the
map. The filled triangles indicate the selection of seismic stations used in the
synthetic test.
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Figure 7.5. Result of the synthetic differential travel-time inversion. The syn-
thetic event locations are arranged on a 5 by 5 rectangular plane with a strike of
90° and a 45° dip towards the south (blue dots). In general, the event locations
are accurately reconstructed. The geometry of the plane is precisely resolved,
with the horizontal dimensions slightly underestimated and the vertical dimen-
sions slightly overestimated. This results in an overestimation of the plane dip
by 8°. The strike of the relocated fault plane is reconstructed with a precision of
1° in comparison to the synthetic model.
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When real data are are used, the differential travel-times ATp, ATg, and conse-
quently ATs_p, can be calculated from the cross-correlation of the corresponding
phase windows. To ensure that the locations are well constrained, I select only
events with at least 4 stations containing both a P- and an S-pick. An example of
the differential travel-time inversion using data from the northernmost sub-cluster
of the event cluster illustrated in Figure 7.2 is shown in Figure 7.6. Whereas the
original locations scatter quite significantly, the relocated events are located on
a planar geometry striking roughly north-south, and steeply dipping towards the
west at an almost vertical angle.
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Figure 7.6. Result of the travel-time inversion of a real data example. The
events in this example are from the northernmost sub-cluster of the event cluster
illustrated in Figure 7.2. Note that only a selection of the sub-cluster is shown
here, as the events are required to have at least 4 stations containing both a P-
and an S-pick for the inversion.

I estimate the orientation of the geometry described by the relocated events by
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I0)

calculating the eigenvectors of the covariance matrix using singular value de-
composition. The application of this method yields a plane with a strike of 352°,
dipping west at a steep angle of 86°. Moment tensors calculated for events within
this set align within a few degrees strike and about 10 degrees dip (Gesa Petersen,

pers. comm.) as shown in Figure 7.7.
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Figure 7.7. 3-D plot of the relocated events from Figure 7.6 and the plane
described by the eigenvectors of the covariance matrix (left), and moment tensors
from this set of events calculated by Gesa Petersen (pers. comm.).
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7.3 Spatio-temporal analysis of clustered
seismicity

The seismicity clusters described in this section have been identified based on
the event detection rate in in Figure 3.8. For each of the six peaks where the
event rate exceeds 100 events per day , I determined the location of the sequence
by analysing the locations of all events on that particular day. I then applied
a spatial filter to extract only the events that are spatially clustered. Finally, I
included the template families of each of the events into the cluster (see Section
3.1). This allows me to analyse the evolution of each cluster before and after its
main event sequence.

7.3.1 Friuli region

The seismicity in the Friuli region is strongly clustered, and three of the largest
seismicity clusters recorded by the Swath-D network (B, D, and E in Figures 6.1
and 6.3) are located in this region.

Sequence B (25 February 2018)

The first sequence (B) occurred on 25 February 2018. A total of 411 events could
be located for this sequence, which occurred north of the village of Cimolais, on
the border to Veneto. The largest magnitudes in this sequence are 3.05 M and
2.88 My. The graph representation of this cluster yields a very high modular-
ity value, indicating that it can be split into several sub-clusters. The Louvain
method for community detection as described in Section 7.1 suggests a split into
8 different sub-clusters, the 4 largest of which could be sucessfully relocated using
the method described in Section 7.2. The graph representation of this cluster,
as well as the spatial distribution of the relocated events coloured by their sub-
cluster association, is depicted in Figure 7.8. A comparison of the relocated events
to the original event locations is made in appendix Figure A17.

Based on the eigenvectors of the covariance matrix, I estimated fault plane ori-
entations for the largest 4 sub-clusters of sequence B, as illustrated in Figure
7.9. The orientations are indicated in the figure. For comparison, the moment
tensor solutions of individual events within the largest 2 of the sub-clusters (Gesa
Petersen, pers. comm.) are presented alongside in the same colours.

The strike of the estimated fault plane for the first sub-cluster (in blue colour)
fits very well with the moment tensor solutions, as both indicate a possible fault
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Figure 7.8. Earthquake cluster B split into 8 sub-clusters that optimise the
modularity of the graph. The relocated event locations are coloured by their
associated sub-clusters in a map view (left), and in the graph representation of

the cluster (right).

plane within 10°. For the second fault plane, the strike shows a difference of 37°.
Both faults are near vertical and the moment tensors indicate mainly strike-slip
faulting, although one of the moment tensor solutions for the first fault indicates
a slight reverse-faulting component. No moment tensor solutions are available
for the third and fourth sub-clusters (in green and red colour), which appear to
have very different orientation. Based on the orientation of these faults within
the prevailing stress field, they should have normal- or thrust-fault mechanisms.
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Figure 7.9. Estimated fault plane orientations for the 4 largest sub-clusters of
sequence B, and moment tensor solutions of individual faults within the largest
2 sub-clusters by Gesa Petersen (pers. comm.)
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Figure 7.10 illustrates the distribution of the event magnitudes over time, which
exhibits typical mainshock-aftershock characteristics. The largest event occurs at
the start of the main sequence on 25 Februrary 2018, with no significant foreshock
activity recorded. There is a typical gap of one unit of magnitude between the
largest two events and the rest of the aftershock series, and the activity decays
over the period of about 4 months. The first two faults (in blue and orange
colour) from Figure 7.9 are activated simultaneously and remain active for an
extended period of times, whereas the other sub-clusters seem to be activated
later in the sequence and comprise only aftershock events.
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Figure 7.10. Temporal magnitude distribution of all events in sequence B over
a period of 4 months (upper panel), and within the first 5 days from the main
sequence (lower panel). The events are coloured by their associated sub-clusters.
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Sequence D (11 August 2018)

The second sequence in the Friuli region (D) took place on 11 August 2018
and comprises a total of 202 relocated events. The events in this sequence are
located just south of the municipality of Tolmezzo. The largest magnitude in this
sequence is 2.91 M. The graph representation of this cluster yields an elevated
modularity value, indicating that it can be split into several sub-clusters. The
Louvain method for community detection as described in Section 7.1 suggests a
split into 4 different sub-clusters. A relative relocalisation of the events based on
the S-P differential travel times (see Section 7.2) was possible for all 4 sub-clusters.
The graph representation of this cluster, as well as the spatial distribution of the
relocated event locations coloured by their sub-cluster association, is depicted in
Figure 7.11. A comparison of the relocated events to the original event locations
is made in appendix Figure A18.

13°36"E 13°1'48"E 13°3'E Modularity: 0.30

46°20'42"N
46°20'24"N |

46°20'6"N
46°19'48"N
46°19'30"N
46°19'12"N

46°18'54"N

Figure 7.11. Relocated events for earthquake cluster D (left) and the graph
representation of the cluster (right).

Apart from the second sub-cluster (in orange colour), all relocated sub-clusters
concentrate on planar geometries, as illustrated in Figure 7.12. The orientations
of the estimated fault planes are indicated on the figure. For comparison, the
moment tensor solution of a single event from the largest of the sub-clusters
(Gesa Petersen, pers. comm.) is presented alongside. The strike of the estimated
fault for this sub-cluster (in blue colour) fits within 3° from the moment tensor
solution, although the dip is found to be shallower. The focal mechanism implies
a thrust-faulting event with a strike slip component. No moment tensor solutions
are available for the third and fourth sub-clusters (in green and red colour).

Figure 7.13 illustrates the distribution of the event magnitudes over time, which
exhibits foreshock-mainshock-aftershock characteristics. The foreshock series on
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Figure 7.12. Estimated fault plane orientations for the two largest sub-clusters
of sequence D, and the moment tensor solution for an event within the first sub-
cluster by Gesa Petersen (pers. comm.).

10 August 2018 is part of the largest sub-cluster (in blue colour), while the largest
mainshock occurs at the start of the second sequence on 11 August 2018. The
second sub-cluster (in orange colour) is activated after the mainshock, and has
a magnitude 2.2 My, event. The third and fourth sub-clusters (in green and red
colour) are part of the aftershock series. There is a typical gap between the
magnitudes of the largest event and the rest of the aftershock series of about one
unit of magnitude, and the activity decays very quickly within two days, with
sporadic events up to one year after the main sequence.
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Figure 7.13. Temporal magnitude distribution of all events in sequence D over
a period of one year (upper panel), and within the first 4 days from the main
sequence (lower panel). Events are coloured by their associated sub-clusters.
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Sequence E (1 February 2019)

The third and final earthquake sequence in the Friuli region (F) occurred on 1
February 2019. This sequence comprises 178 events that are located west of the
village of Chievolis. The magnitudes in this sequence are extremely low, with
the largest event being 0.35 M. As illustrated in Figure 7.22, the estimated
b-value for this sequence is extremely high due to the limited magnitude range,
and the complete absence of larger events, which is very atypical for this region.
Due to the low magnitudes, and hence low SNR of the events in this sequence,
the number of phase-picks was insufficient for a relative relocation using S-P
differential travel-times.

Figure 7.14 shows the original event locations, as well as the graph representation
of the cluster, which has a very low maximum modularity (0.11) and shows no
indication of sub-clustering. The cluster was therefore not separated into sub-
clusters.
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Figure 7.14. Relocated events for earthquake cluster £ (left) and the graph
representation of the cluster (right).

The temporal distribution of the event magnitudes in the sequence is illustrated
in Figure 7.15 and exhibits swarm type characteristics, which is atypical for the
region. The entire sequence last a few days with a relatively constant rate. Only
3 events have magnitudes exceeding -0.2 M. The timing of the events make
them unlikely to be related to industrial activities. However, the locations of the
events scatter over an area of about 2.5 km between two hydroelectric reservoirs,
suggesting the possibility that they are related to poroelastic stress changes.
This would explain most of the unusual characteristics, but is of course highly
speculative. The depth of the events is poorly constrained but seems to focus at
approximately 11 km.
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Figure 7.15. Temporal magnitude distribution of all events in sequence E over
a period of 6 days.




7. Analysis of seismicity clusters 85

7.3.2 Engadine and Ortler Alps

Sequence C' (25 April 2018)

The seismicity in the Engadine and Ortler Alps is more scattered compared to
the Friuli region. Nonetheless, two strong earthquake sequences were recorded
by the Swath-D network. The first sequence (C') occurred on 25 April 2018. It
comprises 173 events that have a maximum magnitude of 2.13 M. The events
in this sequence are located in the Miinstertal valley in Switzerland, close to
the Swiss-Italian border. The graph representation of the cluster yields a max-
imum modularity of 0.14, and is well connected. A separation of the cluster
into sub-clusters was therefore not applied. The relative relocalisation using S-P
differential travel-time inversion as described in Section 7.2 was successfully ap-
plied. The relocated events, as well as the graph representation of the cluster are
illustrated in Figure 7.16. A comparison of the relocated events to the original
event locations is made in appendix Figure A19.
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Figure 7.16. Relocated events for earthquake cluster C' (left) and the graph
representation of the cluster (right).

Based on the eigenvectors of the covariance matrix, I estimated to orientation of a
possible fault plane, which fits well with moment tensor inversions for two events
within this cluster (Gesa Petersen, pers. comm.). The orientation of the plane
is presented in Figure 7.17 together with the moment tensor solutions. These fit
very well and indicate left lateral strike-slip faulting on a north-south striking
vertical fault.

The temporal distribution of the event magnitudes in the cluster is illustrated
in Figure 7.18. This upper panel of this shows that the fault was activated in 4
distinct phases in April 2018, June 2018, July 2018, and again in November 2018,
although the last activation caused only a few, very small events. In the lower
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Figure 7.17. Estimated fault plane orientation for clusters C', and the moment
tensor solutions for 2 events from this cluster by Gesa Petersen (pers. comm.)

panel of Figure 7.18, a detailed view of the first activation phase is illustrated,
revealing 4 bursts of high activity, 3 of which are on 25 April 2018, and one on the
next day. These burst of activity are not preceded by a main shock, nor do they
exhibit significant aftershock activity. This leads to the conclusion that these are

very short-lived swarm sequences.
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event sequence (lower panel).
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Sequence F' (9 February 2019)

The second sequence (F) occurred on 9 February 2019 in the Suldental valley,
about 15km south-east of the first sequence. The maximum magnitude within
this cluster is 1.24 M. By applying the Louvain method for community de-
tection as described in Section 7.1, I separated the events of this cluster into
3 sub-clusters in a way that optimises the modularity of the graph. A relative
relocalisation of the events was possible for each of the three sub-clusters. The
graph representation of this cluster, as well as the spatial distribution of the relo-
cated events coloured by their sub-cluster association, is depicted in Figure 7.19.
A comparison of the relocated events to the original event locations is made in
appendix Figure A20.
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Figure 7.19. Earthquake cluster F' split into 3 sub-clusters that optimise the
modularity of the graph. The relocated event locations are coloured by their
associated sub-clusters in a map view (left), and in the graph representation of
the cluster (right).

The orientations of the estimated fault planes for each of the three sub-clusters
are illustrated in Figure 7.20. For comparison, the moment tensor solutions of
individual events within each of the sub-clusters (Gesa Petersen, pers. comm.)
are presented alongside in the same colours. The first and largest sub-cluster (in
blue colour) exhibits normal faulting with a varying amount of strike-slip. The
second sub-cluster (in orange colour) has a slightly more pronounced strike-slip
component and the fault-plane is rotated with respect to the first sub-cluster.
The third sub-cluster (in green colour) exhibits pure left-lateral strike-slip on a
vertical, north-south striking fault.

The temporal distribution of the event magnitudes in this cluster is illustrated in
Figure 7.21. This upper panel of this shows that the faults were activated multiple
times between February 2019 and April 2019. In the lower panel of Figure 7.21,
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Figure 7.20. Estimated fault plane orientations for the three sub-clusters of
sequence F', and moment tensor solutions of individual faults within these sub-

clusters by Gesa Petersen (pers. comm.).

it can be observed that the different faults are activated one after another. While
most of the activity before and after the main sequence is attributed to the
first (normal faulting) sub-cluster (in blue colour), the main sequence has three
different phases. The first and longest phase is attributed to the third sub-cluster
(strike-slip, in green colour), whereas the second and third phase are attributed
to the second sub-cluster (normal faulting with strike-slip component, in orange
colour). None of the sequences contain clear main-shocks, making it more of a

swarm-type cluster.
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Figure 7.21. Temporal magnitude distribution of all events in sequence F' over
a period of 7 months (upper panel), and within the 4 days surrounding the main
event sequence (lower panel). Events are coloured by their associated sub-clusters.
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7.3.3 Comparison of the b-values

In the Friuli region, clusters B and D yield relatively low b-values as illustrated
in Figure 7.22, which signifies high differential stress in the crust. This fits well
with the regional b-value as shown in Figure 6.8. These clusters comprise typical
mainshock-aftershock sequences. The b-value for cluster E is abnormally high
and atypical for the region. This could be caused by changes in the poroelastic
stress conditions caused by two nearby hydroelectric reservoirs between which
the seismicity occurred. However, this possibility would have to be studied in
much more detail.
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Figure 7.22. Frequency magnitude distributions for the three earthquake se-
quences (B, D, and E) in the Friuli region with estimated b-values.

The earthquake clusters in the Engadine and Ortler Alps show elevated b-values
(7.23). This fits to the overall b-value for the region as shown in Figure 6.8.
Both are swarm-type sequences, as they lack the typical mainshock-aftershock
characteristics seen in the Friuli region. The high seismicity rate in this region is
most likely linked to the high uplift rate caused by glacial isostatic rebound.

The methods that I presented in this chapter, and in particular their combination
into a systematic workflow, have allowed a dramatic increase in the local reso-
lution of the seismicity catalogue. Whereas the events in the original catalogue
have horizontal uncertainties of about 1km, the relative relocalisation based on
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Figure 7.23. Frequency magnitude distributions for the two earthquake se-
quences (C' and F') in the Engadine and Ortler Alps region with estimated b-
values.

S-P differential travel times reduced these by about two orders of magnitude.
This result could only be achieved by the inventive application of graph theory,
which I used to break down seismicity clusters into sub-clusters. This workflow
allowed me to relocate closely located events to individual segments within com-
plex fault systems. The orientation of these fault segments generally agreed well
with moment tensor inversions for individual events within the sub-clusters.




CHAPTER 8

Conclusions

The objective of this thesis was to analyse the spatio-temporal distribution of
seismicity in the Eastern Alps. Despite routine seismic monitoring being con-
ducted by a number of local agencies across different parts of the region, the
station density of the local permanent networks varies. This obstructs a uni-
form approach to earthquake detection on a regional scale. The recent AlpArray
Swath-D experiment comprised a dense and uniformly spaced network of 163 seis-
mic stations. For the first time, this enabled the development of a comprehensive
and uniformly processed earthquake catalogue for the Eastern Alps.

Utilising data from a combined total of 200 stations from the Swath-D network,
as well as the local AlpArray backbone stations, I developed a successful workflow
for the detection, localisation, and analysis of low-magnitude seismicity. Based
on a starting catalogue compiled from regional public catalogues and additional
energy-based detections, I was able to detect 15,155 unique events within the
two-year time-span of the Swath-D network, from late 2017 to late 2019, based
on template matching. This required the development of a highly efficient code,
which I accomplished by developing a parallelised, GPU-accelerated Python code.
The results demonstrate that template matching is an excellent method to detect
very small earthquakes, with a magnitude up to 4 units below that of the master
event used as input, and at distances of up to 10 km from these events.

Using innovative waveform based methods, I was able to accurately pick and
relocate 7,712 events. I estimated the location errors to be about 1km horizon-
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tally and 1.5km vertically. I classified these events into earthquakes (6,053) and
anthropogenic events (1,659) based on the temporal signatures of the clusters
in which they appear. I estimated the size of the earthquakes by applying the
local magnitude scale, yielding magnitudes between -1.7 < M, < 3.7, with a
completeness magnitude of -1.0M.

The spatial distribution of earthquakes in the study area follows the known de-
formation patterns from long-term seismic monitoring. The most seismically
active part is the Friuli region, with high seismicity rates, strong spatio-temporal
clustering and frequent M > 3 events. Earthquake clusters in this region are
found to be mainly mainshock-aftershock type sequences. Frequent M, > 2
earthquakes also occur in the Giudicarie-Lessini region, albeit with a much lower
overall seismicity rate compared to the Friuli region. GPS studies confirm that
the deformation rates are the highest along the southern margin of the study
area, peaking in the Friuli region. A surprisingly high seismicity rate was found
in the Engadine and Ortler Alps, but the earthquakes in this region do not ex-
ceed magnitude My 2. This results in a slightly unusual frequency magnitude
distribution characterised by a large b-value. The seismicity in this region shows
strong spatio-temporal clustering, with mostly swarm type sequences. Recent
GPS studies found that this area is subject to high uplift rates, most probably
due to postglacial isostatic rebound. The Dolomite indenter and Tauern Window
are known to be seismically quiet areas. However, due to the high sensitivity
to low-magnitude earthquakes in my workflow, I was able to detect more earth-
quakes in these regions. The high b-value of the frequency magnitude distribution
observed in the Tauern Window can be attributed to the particularly dense meta-
morphic rocks in the region. Additionally, existing faults in the region are thought
to be unfavourably oriented to be triggered in the prevailing stress conditions,
explaining the lack of any larger earthquakes.

In exploring novel, innovative approaches to the analysis of small-magnitude seis-
micity, I employed techniques derived from graph theory. The construction of
graph representations of earthquake clusters enabled me to differentiate closely
located earthquakes into sub-clusters based on the optimisation of the modular-
ity. By relocating the events within these sub-clusters based on S-P differential
travel-time inversion, I was able to resolve the geometries of individual fault seg-
ments within complex fault systems with a precision in the order of 10m. The
orientation of these fault planes was found to be in good agreement with inde-
pendently calculated moment tensor inversions for earthquakes within each of the
sub-clusters.




CHAPTER 9

Outlook

The template matching code that I developed specifically for the case study of
the Swath-D network in the Eastern Alps can be extended to other regions with
optional slight adaptations. For example in Folesky et al. (2024), I applied the
code to the catalogue published by Sippl et al. (2023) using the IPOC network
in northern Chile (GFZ German Research Centre For Geosciences and Institut
Des Sciences De L’Univers-Centre National De La Recherche CNRS-INSU, 2006).
Because of the larger spatial extent of the network, template waveforms need to
have variable length to account for the variable length of the earthquake signals
depending on the station’s hypocentral distance. Using over 180,000 template
events, I detected 1,836,195 unique events. Our work on this dataset is ongoing
and has shifted towards the analysis of repeating earthquakes (i.e. multiplets
with extremely high waveform similarity), for which the method is evidently well
suited.

The deployment of machine learning has been demonstrated to be increasingly
successful in many seismological applications (e.g. Woollam et al., 2022). How-
ever, it has been shown that template matching catalogues are more complete
than comparable deep learning catalogues (Scotto di Uccio et al., 2022). Partic-
ularly, in a challenging scenario such as the Eastern Alps (low-magnitude char-
acter of the seismicity combined with the elevated background noise levels in the
Swath-D dataset), a template matching approach is therefore preferable over the
current pre-trained neural network-based algorithms (Jannes Miinchmeyer, pers.
comm.). An interesting experiment would be to train a neural network-based al-
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gorithm specifically for this scenario by using the seismicity catalogue published in
Hofman, Kummerow, Cesca, and the AlpArray-Swath-D Working Group (2023)
and subsequently assess its accuracy relative to the template matching catalogue.
Another potential machine learning application would be the automatic classifi-
cation of events as described in Chapter 4. The seismicity catalogue published in
Hofman, Kummerow, Cesca, and the AlpArray-Swath-D Working Group (2023)
could be used to create a labelled training dataset for this purpose.

The analysis of seismicity in the Eastern Alps in this thesis was limited to the
time span of the AlpArray Swath-D network. Extending the catalogue in either
direction would create a drop in resolution outside the availability window of the
Swath-D network. However, when looking at individual clusters of seismicity,
such as the ones discussed in Chapter 7, one might investigate their long term
temporal behaviour by extending the template matching period using permanent
stations. Locations for newly detected events could be calculated using relative
relocation methods as described in Section 7.2. As demonstrated in this thesis,
high location precision can be achieved with a relatively low number of stations.
The longer time span would allow the investigation of seasonal and long-term
temporal variations, as well as provide more data for statistical analysis of the
frequency magnitude distribution. Also, the research area could be extended
towards the east by including the DSEBRA stations (D154 to D163) that are
part of the Swath-D network (Schlémer et al., 2022). The reason for excluding
these stations was their deployment at a considerably later point in time, which
would compromise the uniformity of the catalogue over time.

The application of graph theory has proven to be a valuable tool for the analysis
of seismicity clusters, with significant room for further expansion. It would be
interesting to explore the relationship between the connectivity of a graph based
on waveform similarity and the geometry of the fault or fault network on which
the earthquakes occur. Useful properties to investigate could be the eigenvalues
and corresponding eigenvectors of the graph’s Laplacian matrix, which is also
referred to as spectral graph theory.

Finally, it would be interesting to study the source of the earthquake cluster
from 1 February 2019 in Friuli in more detail, because it shows such unusual
characteristics for the region. An analysis over a longer period of time might
reveal more activity, which could exhibit seasonal variation or migration patterns.




Appendices

Appendix A: Additional figures and data
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Table A1. List of stations used in this thesis.

Identifiers Location P-picks S-picks

Net Station Lon Lat Alt. [m] Picked | N RMS [s] | N RMS |[s]
events

BW SCE 11.709 47.038 1730 96 58 .049 84 .089

CH BERNI | 10.023 46.414 2311 440 414 .058 257 .073
CH FUORN | 10.264 46.620 2286 1073 | 1004 .063 680 .087

IV. BRMO | 10.372 46.476 1380 770 576  .065 652 .097
Iv. CTI 11.650 46.048 1180 306 259 .070 133 .146
IV FVI 12.780 46.597 1024 114 78 .051 80  .098
IV. MABI 10.514 46.055 1853 40 34 .034 22 120
IV. MAGA | 10.629 45.775 1265 75 73 .058 41 .052
IV. PTCC 13.354 46.407 700 496 402 .070 338 .098
IV. ROVR | 11.072 45.647 1316 o4 49  .037 33 .045
IV. SALO 10.524 45.618 600 26 26  .026 15 .051
IV STAL 12.710 46.260 625 626 523  .057 450  .103

NI PALA 12.924 46.245 1280 544 394 .069 415 102
NI POLC 12.501 46.027 150 170 145 .072 74 124
NI PURA 12.742 46.426 1417 518 257 .065 395 .136
NI VINO 13.275 46.254 608 949 462 .065 410 .089

OE ABTA 12.512 46.747 1041 154 132 .058 90 127
OE KBA 13.345 47.078 1721 246 214 .061 147 122

OE MYKA | 13.642 46.630 909 757 692 .066 471 .093
OX ACOM | 13.514 46.548 1788 428 402 .077 191  .105
OX AGOR | 12.047 46.283 631 7 6 .053 1 .042

OX BAD 13.244 46.234 590 77 629 .061 609 .103
OX BALD 10.819 45.683 1911 200 164 .046 132 .070
OX BOO 13.098 46.319 444 1085 | 895 .059 932  .089
OX CAE 12.438 46.009 870 341 277 074 248 108
OX CGRP 11.805 45.881 17357 164 146 .049 110 .093
OX CIMO 12.445 46.312 710 1440 | 1194 .066 1313 .111
OX CLUD 12.881 46.457 635 955 714 .074 713 .102
OX FUSE 13.001 46.414 520 970 846 .064 632 .075
OX MARN | 11.210 45.638 785 240 214 .048 173 .069
OX MLN 12.615 46.150 814 825 299  .083 557 111
OX MPRI 12.988 46.241 762 854 751 .064 572 .090
OX PLRO 13.148 46.549 1410 863 749 .084 597 113
OX PRED 13.565 46.443 902 128 105 .074 72 129
OX VARN 12.105 45.992 1265 307 296  .068 173 .083
OX ZOU2 12.973 46.558 1911 941 874 .068 566 .090

RF GEPF 13.139 46.275 255 698 527  .066 046 .096

Continued on next page
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Table A1l. — continued from previous page
Identifiers Location P-picks S-picks
Net Station Lon Lat Alt. [m] | Picked | N RMS [s] | N RMS [s]
events

SI KOSI 11.378 46.463 1604 81 70 074 19 .096
SI  LUSI 10.944 45.959 860 723 669 .064 288  .088
SI  MOSI 10.550 46.616 1957 978 746 .062 744 .091
SI  RISI 12.079 46.948 1785 ) ) nan . nan
SI ROSI 11.412 46.928 1917 340 312 .059 229 101
ST DOSS 11.188 45.881 1660 561 528  .068 247 .074
ST GAGG | 10.959 46.084 1617 698 649 .061 195  .092
Z3 A027A 14.007 46.816 1217 767 716  .063 321 122
Z3 A028A | 13.996 47.103 1105 . ) nan . nan
Z3 A029A 13.761 47.430 992 79 77 .062 30 .057
73 A034A 13.079 46.909 1050 134 130 .062 49 .086
Z3 AO035A 12.721 47.197 1652 1 ) nan 1 .021
Z3 A290A 10.903 46.507 1729 675 570  .086 453 121
Z3 A291A 11.880 46.625 1568 61 53 .066 22 175
ZS D001 10.225 45.899 259 65 58 .055 44 .079
ZS D002 10.453 45.920 1569 156 141 .051 112 .098
ZS D003 10.622 45.957 1223 168 159  .064 81 .092
ZS D004 10.809 46.017 840 336 256  .063 187 104
ZS D005 11.165 46.089 646 672 642 .044 337 .093
ZS D006 11.345 46.131 1385 558 545  .049 369 .081
ZS D007 11.539 46.170 1822 470 407  .071 338 .160
ZS D008 11.695 46.226 1291 68 59 .057 46 A11
ZS D009 11.931 46.208 1142 97 70 074 68 112
ZS D010 12.299 46.289 692 877 687 .079 691 .102
ZS DO011 12.470 46.363 1025 107 97  .061 95 071
ZS D012 12.625 46.400 886 1073 | 936 .069 833  .092
ZS D013 13.024 46.481 548 606 438 .078 374 .096
ZS D014 13.205 46.544 1175 748 609 .086 484 124
ZS D015 13.390 46.576 1449 244 198  .067 147 130
ZS D016 13.584 46.607 769 . : nan . nan
ZS D017 13.753 46.630 808 745 673 .037 448 .076
ZS D018 13.961 46.689 647 709 666 .056 425 103
ZS D019 14.146 46.722 599 728 646 .087 438 113
ZS D020 10.325 46.015 545 56 41 .044 37 115
ZS D021 10.707 46.101 1324 285 266 .056 76 114
ZS D022 10.806 46.147 1786 232 165 .069 123 .136
ZS D023 11.023 46.188 826 661 622 .057 465 113
ZS D024 11.232 46.208 1058 740 716 .044 468 .080

Continued on next page
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Table A1l. — continued from previous page

Identifiers Location P-picks S-picks

Net Station Lon Lat Alt. [m] Picked | N RMS [s] | N RMS [s]
events

ZS D025 11.414 46.246 967 312 286 .066 182 132
ZS D026 11.605 46.326 1293 222 201 .081 53 171
7S D027 11.786 46.327 1736 101 86 .052 7T 112
ZS D028 11.982 46.378 823 102 73 105 60 .109
ZS D029 12.171 46.387 1475 265 208 .073 152 125
ZS D031 12.507 46.486 1143 173 110  .063 120 .117
ZS D032 12.714 46.525 1003 770 572 .083 660 .124
ZS D033 12.894 46.566 1920 741 551 .069 528 .096
ZS D034 13.050 46.615 1185 413 330 .064 254 .102
ZS D035 13.272 46.639 1028 294 229 .071 169 121
ZS D036 13.441 46.682 953 . ) nan . nan
ZS D037 13.637 46.745 745 436 360 .068 293  .102
7ZS D038 13.849 46.754 1150 481 437 .059 235 111
ZS D039 10.139 46.112 1274 142 112 .067 103 .136
ZS D040 10.352 46.151 666 4 1 .000 4 .089
ZS D041 10.479 46.207 1578 289 274 .060 100 .171
ZS D042 10.736 46.219 2138 99 81 .082 48 .130
ZS D043 10.862 46.297 1456 91 65 .058 37 .092
ZS D044 11.092 46.318 789 298 250 .065 137 .143
ZS DO045A 11.238 46.348 347 486 454 .069 159 138
ZS D046 11.406 46.393 1462 . ) nan . nan
ZS D047 11.640 46.447 1967 46 27  .071 38 125
ZS D048 11.767 46.478 1464 37 26 .095 23 .150
ZS D049 11.987 46.504 1737 84 49 074 65 157
ZS D050 12.175 46.527 2234 86 75 .057 36 103
ZS D051 12.378 46.578 959 226 164 .080 147 108
ZS D052 12.525 46.605 1129 258 165 .097 197 127
ZS D053 12.764 46.690 1327 185 142 .066 89 .097
ZS D054 12.908 46.690 1151 280 234  .083 117  .146
ZS D055 13.085 46.744 640 36 22 .046 22 120
7S D056 13.334 46.779 1051 128 109 .066 59 .085
ZS D057 13.480 46.813 632 71 52 .059 33 116
7S D058 13.671 46.838 1262 738 620 .073 440 .107
7ZS D059 13.877 46.921 1760 790 731  .079 464 117
ZS D060 14.032 46.945 1483 244 228 .065 154 .079
ZS D061 10.225 46.238 526 71 58 .053 34 .063
7ZS D062 10.395 46.251 1346 357 337 .052 70 A11
7ZS D063 10.551 46.299 1757 411 382 .053 154 134

Continued on next page
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Table A1l. — continued from previous page
Identifiers Location P-picks S-picks
Net Station Lon Lat Alt. [m] | Picked | N RMS [s] | N RMS [s]
events
ZS D064 10.784 46.326 1485 366 273 .080 204 .150
ZS D065 11.018 46.440 936 211 154 .079 142 125
ZS D066 11.118 46.456 931 112 87  .047 72 116
ZS D067 11.506 46.513 837 39 29 .029 27 134
ZS D068 11.647 46.574 1167 25 20 .032 6 116
ZS D069 12.042 46.638 1534 17 10 .050 8 129
ZS D070 12.220 46.676 1344 20 8 .034 17 .079
ZS D071 12.436 46.743 1201 87 64  .064 51 119
ZS D072 12.589 46.777 1168 163 152 .054 111 .091
ZS D073 12.756 46.808 686 25 18 .023 14 .059
ZS D074 12.946 46.852 898 91 84  .057 46 106
ZS D075 13.195 46.865 1202 53 46 .043 27 111
ZS D076 13.313 46.919 1519 14 14 .045 1 .021
ZS Do77 13.511 46.975 1606 101 88 .064 50 105
ZS D078 13.689 46.981 1421 314 284  .068 94 .093
ZS D079 13.905 47.049 1168 259 226  .065 133 .101
ZS D081 10.249 46.374 1696 613 521 .061 416 112
ZS D082 10.448 46.430 1857 1041 | 897 .068 774 .100
ZS D083 10.579 46.453 2706 1065 | 909 .059 898  .098
ZS D084 10.827 46.484 1897 411 288 .079 329 140
ZS D085 11.163 46.576 666 237 202 .068 139  .080
ZS D086 11.355 46.641 969 94 65 .076 63 .080
ZS D087 11.543 46.654 1293 160 149  .059 71 .094
ZS D088 11.689 46.667 1511 29 28 .026 1 .002
ZS D089 11.909 46.738 1727 67 63 .033 15 144
ZS D090 12.091 46.771 1404 7 49 .058 56 .093
ZS D091 12.264 46.807 1834 71 59 .052 51 .098
ZS D092 12.462 46.828 1561 162 150  .060 111 .103
ZS D093 12.633 46.883 1226 166 136 .047 114  .084
ZS D094 12.867 46.935 1423 187 173 .073 81 108
ZS D095 12.975 46.964 1980 160 149 .056 70 105
ZS D096 13.186 47.014 1271 42 31 .076 29 .056
ZS D097 13.550 47.089 1086 59 48 .061 27 .068
ZS D098 13.735 47.138 1099 59 48 .046 26 .098
ZS D099 13.927 47.150 1280 167 156 .067 90 078
ZS D100 10.099 46.478 1949 336 310 .074 220 .078
ZS D101 10.274 46.487 1520 646 492 .089 412 117
ZS D102 10.453 46.531 2852 1011 | 634 .082 873 .102

Continued on next page
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Table A1l. — continued from previous page

Identifiers Location P-picks S-picks

Net Station Lon Lat Alt. [m] Picked | N RMS [s] | N RMS [s]
events

ZS D103 10.631 46.612 968 779 698 .063 611 .081

ZS D104 10.830 46.625 711 696 600 .081 338 .113

ZS D105 10.991 46.648 528 43 36 .075 18 112
ZS D106 11.203 46.708 778 180 149  .080 92  .092
ZS D107 11.408 46.778 1457 290 252 .062 215 .095
ZS D108 11.548 46.813 847 23 10 .057 17 .159
ZS D109 11.739 46.824 1138 149 82  .067 124 180
ZS D110 11.947 46.863 847 21 19  .094 6 .091
ZS D111 12.116 46.871 1323 60 47 .049 46 .100
ZS D112 12.311 46.918 1714 97 70  .055 62  .087
ZS D113 12.510 46.989 1160 145 133 .048 102 .076
ZS D114 12.689 47.022 1875 66 61 .040 45 .083
ZS D115 12.877 47.068 1900 65 23  .066 36 .123
ZS D116 13.079 47.129 1204 23 7 017 22 .064
ZS D117 13.216 47.161 1449 200 183 .060 128 .081
ZS D118 13.419 47.186 1484 179 156  .063 72 138
ZS D119 13.578 47.238 1707 71 54 .069 39  .101
ZS D120 13.804 47.242 1284 112 102 .072 46 .100
ZS D122 10.169 46.588 1830 19 16 .042 14 .046
ZS D123 10.513 46.690 1300 691 539  .082 525 .098
ZS D124 10.685 46.726 1821 445 283 .080 338 .088
ZS D125 10.826 46.741 1947 416 379 .079 173 123
ZS D126 11.104 46.803 1674 282 263 .0533 146 .058
ZS D127 11.259 46.820 1004 343 318 .055 218  .097
ZS D128 11.421 46.877 1248 243 203 .068 152 107
ZS D129 11.638 46.976 1498 164 140 .049 107 .105
ZS D130 11.783 46.952 1850 178 128 .083 155 122
ZS D131 11.980 46.995 1049 27 17 .073 12 .089
ZS D132 12.129 47.051 1617 30 29  .042 13 123
ZS D133 12.332 47.043 1880 84 75 .048 41 078
ZS D134 12.539 47.091 1658 10 9 027 4 028
ZS D135 12.937 47.184 1050 35 17 .056 21 .146
ZS D136 13.059 47.228 1806 178 172 .047 120 .097
ZS D137 13.311 47.278 1216 221 203 .040 199 .075
ZS D138 13.492 47.265 1294 113 109 .084 20 .083
ZS D139 13.663 47.354 960 66 51 .050 38 .089
ZS D140 10.970 45.605 667 120 86  .054 79 .084
ZS D141 11.024 45.755 337 286 240 .043 219 .079

Continued on next page
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Table A1l. — continued from previous page
Identifiers Location P-picks S-picks
Net Station Lon Lat Alt. [m] Picked | N RMS [s] | N RMS [s]
events

ZS D145 12.808 46.143 197 208 184 .091 106 .121
ZS D146 11.024 45.921 366 239 166 .063 177 .086
ZS D147 11.320 45.961 1364 236 126 .075 178  .104
ZS D148 11.523 46.037 429 248 125 .064 165 .128
ZS D149 11.750 46.060 789 188 162 .069 115 .080
ZS D150 11.984 46.095 588 189 136 .075 135 .129
ZS D151 12.185 46.155 476 257 191  .069 210 .093
ZS D152 12.417 46.193 1144 1186 | 896 .077 1011 .110
ZS D153 12.813 46.299 448 798 664 .073 585 .101
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Child event: Fri Aug 10 17:04:18 2018
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—— template detections
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CC: 0.53

CC: 0.52
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Master event: Fri Feb 1 17:01:38 2019

—— template traces
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Figure A5. Example of an event that barely meets the template matching threshold. The difference in travel-times
for the first stations indicate that these events are spatially separated. The closest stations have completely different
waveforms. In the final event catalogue, the epicentral distance for these events is 5.91 km.
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Child event: Sun Sep 22 13:22:51 2019

ZS.D055 (36.6 km)
Z5.D053 (34.9 km) A
Z5.D035 (33.8 km) A
NLVINO (33.7 km)
OX.BAD (33.6 km)
IV.STAL (32.2 km)+
IV.PTCC (31.8 km)+
75.D054 (31.1 km) |
75.D012 (31.0 km)
NI.PALA (26.6 km)
IV.FVI (26.6 km) A
OX.MPRI (26.4 km)
Z5.D032 (26.3 km) 1
RF.GEPF (25.9 km) -
ZS5.D153 (24.6 km)
Z5.D014 (24.6 km)
75.D034 (24.0 km) 1
NI.PURA (23.3 km)
OX.PLRO (22.2 km)
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Figure A7. Example of an event detection with an extremely large magnitude difference. The master event is of

Time

CC: 0.66
CC: 0.52

CC: 0.51

magnitude 3.1M} and the detected event is of magnitude —0.9M .

Master event: Sun Sep 22 12:58:43 2019
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1.04 i max(CC) child data trace
i / ........ cc
0.5 max(STA/LTA) || ¥ ---- STAILTA
—— CC-STA/ILTA
0.0 search window
_05 .
-1.04

—— master data trace M/\/\/\/V\‘\)v

1 —— child data trace
— final pick
search window

00:38:52 00:38:53 00:38:54 00:38:55 00:38:56

Figure A8. Example of the automated picking algorithm using a master pick
as explained in Section 3.2.2. The final pick is based on the maximum of the
product of the cross-correlation function, and an STA/LTA trigger. Note that
the STA /LTA trigger catches on to the P-phase at the edge of the search window,
but the cross-correlation guides the trigger to the correct place.

1.0 4 max(CC) ,"”\ child data trace
_ : ]
i o I cc

max(STA/LTA) STA/ILTA
—— CC-STA/ILTA
§ search window

0.5 A

0.0 A

—0.5 A1

—-1.01

—— master data trace
]| —— child data trace
— final pick

search window

19:49:27 19:49:27 19:49:28 19:49:28 19:49:29 19:49:29 19:49:30

Figure A9. Example of the automated picking algorithm using a master pick
as explained in Section 3.2.2. The final pick is based on the maximum of the
product of the cross-correlation function, and an STA/LTA trigger. Note that
the cross-correlation function is extremely disturbed due to an interfering noise
signal. The STA/LTA trigger helps guide the picker to the phase-onset.




112

1.0 | max(CC) _ /‘j\\ child data trace
s : Sl NG e cCc
0.5 Max(STA/LTA) | .- STA/LTA
I —— CC-STA/LTA
00 search window
_05 .
-1.01

—— master data trace
1 —— child data trace
— final pick

search window

o i

09:45:26 09:45:26 09:45:27 09:45:27 09:45:28 09:45:28 09:45:29

Figure A10. Example of the automated picking algorithm using a master pick as
explained in Section 3.2.2. The final pick is based on the maximum of the product
of the cross-correlation function, and an STA /LTA trigger. This example shows
the successful application of the method to a very noisy data trace.
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Figure A11. Waveform data for a relatively large earthquake detected in the
Friuli region on 5 June 2018 at 04:13:14 (UTC) with a magnitude of 1.3 M, (2.4
M,,). Stations are sorted by the hypocentral distance.
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IV.PTCC (32.6 km)-
OX.BAD (30.1 km) 1
Z5.D034 (28.6 km) A
IV.STAL (26.0 km)1
OX.PLRO (25.9 km) 1
Z5.D033 (23.6 km) 1
0X.Z0U2 (22.5 km) A
RF.GEPF (21.6 km) -
NI.PURA (20.5 km) 1
OX.MPRI (19.9 km)
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OX.CLUD (14.4 km) 1

OX.FUSE (11.6 km) 1

Figure Al12.

—— HHE

00._7_0'.50 00,20‘.55 00.'7_1'.00 00._7_1'.05

Time

Waveform data for a small earthquake detected in the Friuli

region on 4 November at 00:20:49 (UTC) with a magnitude of -1.1 M, (0.8 M,,).
Stations are sorted by the hypocentral distance.
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Figure A13. Waveform data for a relatively large earthquake detected in the
Dolomite indenter region on 2 August 2018 at 08:51:34 (UTC) with a magnitude
of 1.1 My, (2.2 M,,). Stations are sorted by the hypocentral distance.
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Z5.D028 (33.8 km) 1
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Figure A14. Waveform data for a small earthquake detected in the Dolomite
indenter region on 2 April 2019 at 17:38:29 (UTC) with a magnitude of -1.1 M,
(0.8 M,,). Stations are sorted by the hypocentral distance.
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Figure A15. Scatter matrix of a selection of waveform attributes for dataset 2
as described in Section 4.1. On the off-diagonal subfigures, the row attribute 7 is
plotted against the column attribute j, the diagonal subfigures show a histogram
of the distribution for attribute i. The attribute numbers are explained in Table
4.1. Tectonic earthquakes are shown in blue, quarry blasts are shown in orange.
The reduced feature space (PCA) of this dataset is shown in Figure 4.2.
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Feature #

Feature #

Figure A16. Scatter matrix of a selection of waveform attributes for dataset 3
as described in Section 4.1. On the off-diagonal subfigures, the row attribute 7 is
plotted against the column attribute j, the diagonal subfigures show a histogram
of the distribution for attribute ¢. The attribute numbers are explained in Table
4.1. Tectonic earthquakes are shown in blue, quarry blasts are shown in orange.
The reduced feature space (PCA) of this dataset is shown in Figure 4.2.
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Figure A17. Result of the S-P differential travel time inversion of event cluster B
(25 February 2018) in the Friuli region. The original event location are indicated
by blue circles, the orange circles represent the relocated events. Events from the
original cluster that could not be relocated are displayed as grey circles.
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Figure A18. Result of the S-P differential travel time inversion of event cluster
D (11 August 2018) in the Friuli region. The original event location are indicated
by blue circles, the orange circles represent the relocated events. Events from the
original cluster that could not be relocated are displayed as grey circles.
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Figure A19. Result of the S-P differential travel time inversion of event cluster
C (25 April 2018) in the Engadine and Ortler Alps region. The original event
location are indicated by blue circles, the orange circles represent the relocated
events. Events from the original cluster that could not be relocated are displayed

as grey circles.
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Figure A20. Result of the S-P differential travel time inversion of event cluster
F (9 February 2019) in the Engadine and Ortler Alps region. The original event
location are indicated by blue circles, the orange circles represent the relocated
events. Events from the original cluster that could not be relocated are displayed
as grey circles.
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Appendix B: B Fitting the GR to the FMD

In this section I discuss the methods used for fitting the Gutenberg-Richter rela-
tion (GR) (Gutenberg and Richter, 1944) (Equation 5.2) to the frequency mag-
nitude distribution (FMD). The most simple way to fit a linear trend to data is
by using the least-squares method. This method is applied to fit the GR relation
to the FMD by taking the logarithm of the frequency. However, the GR law
in fact describes a power law and many authors have described the pitfalls of
using the least-squares method to fit a power law (e.g. Goldstein et al., 2004;
Clauset et al., 2009; Geffers et al., 2022). Aki (1965) proposed the maximum
likelihood estimate for the b-value in the GR relations, which is often cited to
be less biased compared to the least-squares method. However, after testing the
maximum likelihood estimate using the code published by Goebel et al. (2017),
I found the b-values not representative for my dataset. To demonstrate this, I
show the results for the maximum likelihood estimate of the b-values for the five
seismo-tectonic domains in Figure B1.

104 .

103 4

102

Number of events

10" 4

100 4

0.5 1.0 15 2.0 2.5 3.0 3.5
Magnitude M,,
Figure B1. Magnitude frequency distributions for each of the seismo-tectonic
domains as in Figure 6.8. Magnitudes are in the moment magnitude scale (M,,),
estimated using the scaling relation (Equation 5.3) by Munafo et al. (2016). The

GR fit is based on the maximum likelihood estimated using the code published
by Goebel et al. (2017).

Compared to the least-squares fit of the GR relation as shown in Figure 6.8,
much more weight is attributed to the lower end of the FMD. In general, this is
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justified because the lower end of the FMD contains much more data than the
upper end of the magnitude spectrum. However, this does make the estimate
very strongly dependent on the completeness magnitude M,. In the case of this
dataset, the lower end of the FMD contains extremely small magnitudes. As also
discussed in Section 5.2, I suspect that the lower end of the FMD is slightly biased
because the earthquake signals approach the level of the background noise. As
the local magnitude is calculated directly from the amplitude of the seismograph,
interference with the background noise may lead to an overestimation of the local
magnitude for very small earthquakes. I therefore prefer to apply more weight to
the central part of the FMD, where the magnitudes are more reliable. Figure B1
shows the unsatisfactory results of the maximum likelihood method. The effect
is especially clear in the Friuli region (FR) and the Engadine and Ortler Alps
(EA), where the maximum likelihood fit does not reflect the behaviour of the
M, > 1.5 seismicity at all. I therefore decided to use the least-squares approach.
I also emphasise that I only use the GR relation to compare the different parts
of the study area by analysing the differences among the b-values.
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