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Abstract

Centroid moment tensor inversion can provide insight into ongoing tectonic processes and active
faults. In the Alpine mountains (central Europe), challenges result from low signal-to-noise ratios of
earthquakes with small to moderate magnitudes and complex wave propagation effects through the
heterogeneous crustal structure of the mountain belt. In this thesis, I make use of the temporary
installation of the dense AlpArray seismic network (AASN) to establish a work flow to study seismic
source processes and enhance the knowledge of the Alpine seismicity. The cumulative thesis comprises
four publications on the topics of large seismic networks, seismic source processes in the Alps, their
link to tectonics and stress field, and the inclusion of small magnitude earthquakes into studies of
active faults.

Dealing with hundreds of stations of the dense AASN requires the automated assessment of data
and metadata quality. I developed the open source toolbox AutoStats@ to perform an automated data
quality control. Its first application to the AlpArray seismic network has revealed significant errors of
amplitude gains and sensor orientations. A second application of the orientation test to the Turkish
KOERI network, based on Rayleigh wave polarization, further illustrated the potential in comparison
to a P wave polarization method.

Taking advantage of the gain and orientation results of the AASN, I tested different inversion
settings and input data types to approach the specific challenges of centroid moment tensor (CMT)
inversions in the Alps. A comparative study was carried out to define the best fitting procedures.
The application to 4 years of seismicity in the Alps (2016-2019) substantially enhanced the amount
of moment tensor solutions in the region. We provide a list of moment tensors solutions down to
magnitude Mw 3.1. Spatial patterns of typical focal mechanisms were analyzed in the seismotectonic
context, by comparing them to long-term seismicity, historical earthquakes and observations of strain
rates. Additionally, we use our MT solutions to investigate stress regimes and orientations along the
Alpine chain.

Finally, I addressed the challenge of including smaller magnitude events into the study of active
faults and source processes. The open-source toolbox Clusty was developed for the clustering of
earthquakes based on waveforms recorded across a network of seismic stations. The similarity of
waveforms reflects both, the location and the similarity of source mechanisms. Therefore the clustering
bears the opportunity to identify earthquakes of similar faulting styles, even when centroid moment
tensor inversion is not possible due to low signal-to-noise ratios of surface waves or oversimplified
velocity models. The toolbox is described through an application to the Zakynthos 2018 aftershock
sequence and I subsequently discuss its potential application to weak earthquakes (Mw<3.1) in the
Alps.






Zusammenfassung

Die Erforschung der Bruchmechanismen von Erdbeben in den Alpen bietet Einblicke in aktuelle tek-
tonische Prozesse. Typischerweise niedrige bis mittlere Erdbebenmagnituden und die heterogene
Krustenstruktur des alpinischen Gebirges erschweren die zu dieser Erforschung durchgefithrten Mo-
mententensorinversionen. In dieser Dissertation stelle ich einen Arbeitsablauf vor, mit dem ich die
Bruchprozesse von Erdbeben zwischen 2016 und 2019 studiert habe. Datengrundlage bildet dabei
das temporére AlpArray Netzwerk (AASN - AlpArray seismic network). Die kumulative Dissertation
besteht aus vier Publikationen, die sich einerseits mit den Moglichkeiten und Herausforderungen von
groflen seismischen Netzwerken und andererseits mit der Erforschung der Bruchprozesse beschéftigen.
Dabei wird sowohl auf die Verbindung von den Herdmechanismen und anderen Informationen wie
Seismizitdt, Tektonik und Spannungsfeld eingegangen, als auch untersucht, wie kleinere Erdbeben
unser Wissen erweitern kdnnen.

Die Nutzung der grolen Anzahl von Sensoren des AASN erfordert eine sorgfiltige Kontrolle von
Wellenformdaten und Stations-Metadaten. Um diese aufwéindige Aufgabe weitmdglichst zu automa-
tisieren, habe ich die open source toolbox AutoStats) entwickelt. Die Verwendung von AutoStatsQ)
zur Uberpriifung des AASN zeigte mehrere signifikante Fehler in den Wellenform-Amplituden und
in den Orientierungen der Horizontalkomponenten der Sensoren. Bei einer zweiten Anwendung des
Orientierungstests von AutoStats@ auf das tiirkische KOERI Netzwerk zeigten sich ebenfalls zahlrei-
che fehlerhaft orientierte Sensoren. Ein Vergleich mit einer zweiten Methode, basierend auf P-Wellen
anstatt von Rayleigh-Wellen, zeigt weitestgehend iibereinstimmende Ergebnisse.

Basierend auf der Datenqualitétsstudie des AASN werden in der dritten Publikation systema-
tisch verschiedene Einstellungen (z.B. Frequenzbénder, Datentypen, Azimuthale Abdeckung) fir Mo-
mententensorinversionen getestet und vergleichen. Anschliefend wurden Bruchprozesse von Erdbeben
zwischen 2016 und 2019 mit Magnituden ab Mw 3.1 analysiert. Zur Interpretation der Ergebnisse im
seismotektonischen Zusammenhang werden zusétzlich dltere Momententensorlosungen, Seismizitéts-
kataloge ab 1970, historische Erdbeben und Deformation basierend auf Satellitendaten betrachtet.

Aufgrund des Signal-Rausch-Verhéltnisses von Oberflichenwellen miissten im Falle von Erdbeben
mit kleineren Magnituden (Mw<3.1) hoherfrequentere Raumwellen genutzt werden. Je hoher der
Frequenzbereich, desto gréfler sind die Einfliisse von Heterogenitdten entlang der Laufwege, sodass
einfache 1-D Geschwindigkeitsmodelle nicht ausreichen. Um trotzdem kleinere Erdbeben in die Stu-
dien von aktiven Stérungen einzubeziehen, haben wir die open-source toolbox Clusty entwickelt. Diese
nutzt die Ahnlichkeit von Wellenformen in einem seismischen Netzwerk, um Erdbeben zu gruppieren.
Die Ahnlichkeit von Wellenformen zweier Erdbeben iiber ein Netzwerk resultiert dabei sowohl aus
der Ahnlichkeit der Herdmechanismen als auch aus der Lokation der Beben. Der Ketten-ihnliche
clustering Ansatz ermoglicht es dabei, graduelle Wellenform-Unterschiede aufgrund von Lokationsén-
derungen entlang einer Storungszone zu beriicksichtigen. Das clustering bietet folglich die Moglichkeit,
Beben mit dhnlichen Herdmechanismen zu identifizieren und somit Stérungszonen nachzuzeichnen.
Die toolbox wird in der vierten Publikation anhand einer Anwendung auf die Nachbebensequenz des
Zakynthos Bebens von 2018 beschrieben. AnschlieBend daran diskutiere ich, wie eine Anwendung auf
die Alpen unsere Studien der Bruchprozesse und aktiven Stérungen erweitern kann.
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CHAPTER 1

Introduction

This thesis comprises four publications covering multiple aspects of the study of seismic sources and
faults in the AlpArray project. The temporal deployment of the dense AlpArray seismic network, the
low to moderate seismicity and the challenges arising from a heterogeneous crust and topography form
the exceptional conditions of this work. After a brief introduction into the study area, the AlpArray
project and MT inversion of small earthquakes, I will provide a detailed overview of the structure of
this thesis.

1.1 The Alps: Tectonic and seismological overview

The Alpine orogenic belt in central Europe is characterized by a highly heterogeneous lithospheric
structure [e.g. TRANSALP Working Group et al., 2002; Handy et al., 2010, 2015; Schmid et al., 2004;
Hetényi et al., 2018]. Different tectonic units are located in close proximity to forearc and backarc
sedimentary foreland basins. The Alpine mountains were tectonically shaped by the interaction of
oceanic and continental lithospheric micro-plates in multiple stages of convergence between Africa and
Europe, dominantly in Cretaceous and Triassic times. Geological studies indicate that the convergence
of Europe and Africa caused a rotation of the detached Adriatic microplate, which is the upper plate
in the subduction of European Tethys across the Alps [e.g. Le Breton et al., 2017; Schmid et al., 2008;
Handy et al., 2015, and references therein]. The subduction involved the accretion of continental units
and sediments of the European plate onto the upper Adriatic plate [e.g. Schmid et al., 2008; Handy
et al., 2015]. The terranes of the Mesozoic Tethys ocean were compressed, rotated, faulted and stacked
[e.g. Handy et al., 2010]. Subduction directions are reversed in the Apennines and the Dinarides, where
the Adriatic plate was the lower plate during Neogene roll-back subduction and Cretaceous to Cenozoic
orogenic evolution, respectively [e.g. Schmid et al., 2004; Handy et al., 2010]. Velocity profiles obtained
from tomographic and seismic studies confirm a complex lithospheric structure across the Alps [e.g.
Diehl et al., 2009; Fry et al., 2010; Molinari et al., 2015; Késtle et al., 2018].

The Northern Alps and the Southern Alps are separated by the Periadriatic line, a right-lateral
strike-slip fault system [e.g. Handy et al., 2005] running from NW Italy to Slovenia (Fig. 1.1). With
a length of about 700 km, it is one of the main faults of the Alps. Following geological conventions,
the Alps north of the Periadriatic line are usually divided into the Western Alps, the Central Alps
and the Eastern Alps [e.g. Le Breton et al., 2017; Handy et al., 2015]. South of the Periadriatic line,
the Giudicarie-Lessini fault system forms the boundary between the central Southern Alps and the
eastern Southern Alps [Vigano et al., 2008]. E-W oriented thrust faults are dominant in the SE Alps
[Pondrelli et al., 2006; Cheloni et al., 2014], while NW-SE oriented right-lateral strike-slip faults are
dominant along the Northern Dinarides [Pondrelli et al., 2006; Moulin et al., 2016].

Lombardi et al. [2008] obtain depths of the European Moho from receiver functions for the Central
and Western Alps, ranging from less than 30 km beneath the Northern Alpine Foreland to a maximum
depth of 55 km below the Europe-Africa suture zone in the Central Alps. The Moho of the Adriatic
crust, south of the suture, is found at 35 to 45 km depth [Lombardi et al., 2008]. The TRANSALP
seismic profile in the Eastern Alps similarly found a European Moho deepening from North to South
from 35 km to 60 km at the suture zone and a Adriatic Moho at relatively stable depth of about 40 km
[Kummerow et al., 2004]. Isolines follow roughly the bending of the Alpine arc [Lombardi et al., 2008],
as also described by Spada et al. [2013].
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CHAPTER 1. INTRODUCTION

Today the Alps and neighboring regions are characterized by varying tectonic movement in close
proximity, which can be observed by surface displacements as well as by seismic activity. Surface
displacement observations suggest a principal division of the eastern Southern Alps, which show sig-
nificantly larger horizontal movement, from the Central to Western Alps [e.g. Cheloni et al., 2014;
Serpelloni et al., 2016]. The collision of the Adriatic micro-plate and the Eurasian plate is mainly
accommodated in the eastern Southern Alps [Cheloni et al., 2014]. Vertical surface displacements
from GNSS data show a general correlation between uplift and topographic features across the Alps
[Sternai et al., 2019]. Uplift rates of 2-2.5 mm/a are observed in the NW and Central Alps, while
uplift rates are lower in the E to SW Alps (about 1 mm/a) [Sternai et al., 2019]. Horizontal velocities
point at the shortening and crustal thickening in the eastern Southern and Eastern Alps and very little
deformation in the Central and Western Alps, thus implying that the observed uplift patterns in the
Central and Western Alps result from other mechanisms [Sternai et al., 2019]. These possible mech-
anisms comprise isostatic adjustment to deglaciation and erosion, as well as mantle-related processes
such as slab detachment or asthenospheric upwelling [Sternai et al., 2019]. Furthermore, Anderlini
et al. [2020] propose that the inter seismic accumulation of elastic strain at thrust faults significantly
contributes to the uplift in the SE Alps.

AlpArray Seismic Network A Exposed deformation PL Periadriatic line
(AASN) 4 - fNront/ tlhrust NG N Giudicarie fault
ar orma o
A permanent station 3 = Strike-slip SG S Giudicarie fault
A temporary station W ___ sybsurface def. front Average Neogene
+ Swath-D station —— Neogene fault convergence [mm/a]

Figure 1.1: The AlpArray and Swath-D seismic networks. Arrows indicate average Neogene (20-
0 Ma) Adria-Europe convergence rates from Le Breton et al. [2017]. Exposed and subsurface faults
simplified from Schmid et al. [2004, 2008]; Handy et al. [2010, 2015]; Patacca et al. [2008]. Topographic
data from SRTM-3 [Farr et al., 2007] and ETOPO1 [Amante and Eakins, 2009]. Figure modified from
Petersen et al. [2021a).

Local patterns of seismic activity across the Alps have been described in many studies (for an
overview see also Introduction in Petersen et al. [2019], chapter 6). All types of faulting mechanisms,
namely thrust faulting, normal faulting and strike-slip faulting, can be observed across the mountain
belt and imply changes of the dominant stress regimes from N-S compression in the SE Alps [e.g.
Cheloni et al., 2014] to extensional regimes in the W Alps [e.g. Delacou et al., 2004; Sue et al., 2007;
Mathey et al., 2020]. Seismic activity in the Alps is generally of small to moderate magnitudes. Only
few events with magnitudes Mw>4.0 occur per year. Largest earthquakes and increased seismicity
rates are observed in the SE Alps, at the location of the Mw 6.5 Friuli earthquake in 1976 [Poli and
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CHAPTER 1. INTRODUCTION

Zanferrari, 2018], and at the transition between the SE Alps and the northern Dinarides. Seismicity
in the SE Alps occurs mainly on E-W to NE-SW oriented thrust faults, which separate the Venetian-
Friulian plain from the Eastern Alps [e.g. Pondrelli et al., 2006; Cheloni et al., 2014]. According to
Cheloni et al. [2014] the thrust front absorbs about 70 % of the convergence between the Adria and
the Eurasia plate. Seismicity in the Northern Dinarides occurs dominantly on the NW-SE oriented
strike-slip faults. Moderately increased rates of seismic activity are further observed in the region
around Lake Garda [Vigano et al., 2008] and in parts of the Western Alps [Delacou et al., 2004], while
seismicity is particularly low in the Eastern Alps north of the Periadriatic line.

The complex seismic and tectonic activity across the mountain range is not simply dominated by
the main active deformation fronts at the southern and northern margin of the Alps, but also occurs
on smaller fault systems across the entire region. This thesis aimes for a broad perspective of seismic
activity at minor and major fault systems, and a regional description of dominant faulting types and
related deformation regimes across the entire mountain range.

1.2 The AlpArray initiative

Despite many geological and geophysical studies on local crustal structures, the knowledge and under-
standing of mountain building processes of the entire Alpine orogen are still limited. The AlpArray
initiative aims at providing insights into the complex mountain building processes from initial to fi-
nal phases, including interactions of small plates and micro-ocean subduction (Hetényi et al. [2018];
http://www.alparray.ethz.ch/en/research/overview/, last access Feb. 2021).

The AlpArray project is a European initiative to study the orogenesis of the Alps and related
geodynamic and geophysical processes like seismic activity, mantle dynamics, plate motion and sur-
face processes following multi-disciplinary approaches [Hetényi et al., 2018]. More than 35 European
institutes joined resources to operate the AlpArray Seismic Network (AASN), which consists of more
than 600 stations. Permanent regional networks were densified by more than 200 temporary instal-
lations [AlpArray Seismic Network, 2015] to obtain an average spacing of <60 km across the entire
study area (Fig. 1.1). These temporary stations were installed between summer 2015 and 2017 and
were operated for several months (OBS stations) up to several years. Minimum operation times until
end of 2018 were planned to assure two years of simultaneous operation [Hetényi et al., 2018], while
some temporary stations were operated until end of 2019 or even longer. Installation periods varied
due to heterogeneous funding schemes [Hetényi et al., 2018]. The permanent stations of the AlpArray
are part of existing European regional networks (RD, GU , CZ, ST, G, CH, OE, MN, HU, GE, RF,
FR, IV, BW, SX, NI, TH, OX). The AASN is complemented by the denser Swath-D network in the
eastern Alps [Heit et al., 2021], which was operated between summer 2017 and 2019 and covered the
region with 163 stations with spacing of approximately 15 km.

Belonging to various instrument pools, the temporary stations of the AlpArray and the Swath-D
comprise different sensor types and were set up in heterogeneous environments ranging from open-
field to indoor installations in remote Alpine cabins as well as in basements or buildings in villages.
Noise levels vary significantly. For the orientation of the sensors both hand held compasses and
gyro compasses were used [Molinari et al., 2016; Fuchs et al., 2016; Vecsey et al., 2017; Heit et al.,
2021]. Seismic studies rely on correct seismic data and station metadata. The assessment of these
is an important task in the case of such a large seismic network. For this purpose, I developed the
Automated Station Quality control toolbox AutoStats@ [Petersen et al., 2019], which was published in
2019 and is presented as the first chapter of the main part of this thesis (chapter 4). The outstanding
dense seismic network with a large number of seismic stations enables detailed seismic studies including
high quality moment tensor inversions across the entire Alpine mountain belt and neighboring areas
(see also chapter 6).
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1.3 Moment tensor inversions of earthquakes from the Alpine region

Source processes of earthquakes are commonly approximated as seismic point sources, which can
be represented by a second order tensor. This seismic moment tensor (MT) is a 3x3 matrix that
describes the seismic point source based on generalized force couples [e.g. Dahm and Kriiger, 2014].
The prevailing problem of seismic source studies such as moment tensor inversion is to isolate the
information on the source process from path effects and instrument effects on the recorded waveforms
[Jost and Herrmann, 1989]. The applied moment tensor inversion approach [Heimann et al., 2018]
uses time domain displacement waveform data as well as extracted features (e.g. amplitude spectra
and envelopes) as input to a non-linear inversion procedure. The path effect on the wave propagation
between source and receiver, more precisely the impulse response of the Earth for a point source
excitation, is described by Green’s functions calculated for a representative velocity model. The
Green’s functions can be computed in advance to save time during the inversion [Heimann et al.,
2019]. The observed seismograms, which are usually measured proportional to velocity, are integrated
to displacement and deconvolved with the instrument response function. Correct instrument response
functions are required for any moment tensor inversion.

Moment tensor inversions of moderate earthquakes in the Alps are routinely performed by several
regional and global research institutes. GEOFON [Quinteros et al., 2021] regularly publishes MT
solutions for the entire region for earthquakes with magnitudes above Mw 4.0, including a few smaller
events. INGV provides MT solutions for earthquakes with ML>3.5 occurring in Italy and in the
neighboring countries [Scognamiglio et al., 2006, http://terremoti.ingv.it/en/help#TDMT, last access
March 2021]. SED and ARSO publish a small number of MT solutions along with first motion
mechanisms for Switzerland and Slovenia in yearly reports [e.g. Diehl et al., 2021; Ministrstvo za okolje
in prostor Agencija RS za okolje, 2020]. SISMOAZUR provides MT solutions for earthquakes starting
in 2019 [Delouis, 2014, http://sismoazur.oca.eu/focal _mechanism emsc, last access March 2021]. The
European-Mediterranean Regional Centroid-Moment Tensors catalog (EM-RCMT) lists MT solutions
for earthquakes with M>4.5, including additionally a few smaller events (M>4) [Pondrelli, 2002, http:
//remt2.bo.ingv.it/, last access March 2021]. Lastly, the Global Centroid-Moment-Tensor (GCMT)
project provides global MT solutions for earthquakes with M>5.0 [Dziewonski et al., 1981; Ekstrom
et al., 2012, https://www.globalcmt.org/, last access March 2021]. These various research institutes
use different inversion set-ups and tools, mostly relying on surface waves records at local to regional
seismic stations. Uncertainties, if provided at all, are difficult to compare among solutions reported
by different institutes. Additionally, focal mechanisms for the Alps and neighboring areas have been
reported in local studies of active tectonics, mostly relying on P and S polarities or amplitude ratios
instead of full waveform MT inversions [e.g. Reiter et al., 2018; Vigano et al., 2008; Pondrelli et al.,
2006]. To our knowledge, no recent study focused on moment tensor solutions across the entire Alpine
chain.

Moment tensor inversions of large earthquakes (Mw>5) are a routine task in seismology that can
be automatized to a large degree. This allows fast preliminary solutions, which are for example used
for tsunami warnings or a rapid estimate of destructions [e.g. Kanamori and Rivera, 2008]. Moment
tensor inversion of smaller earthquakes (Mw<4.0) remains challenging. Across large parts of the
Central and Eastern Alps, earthquake magnitudes are rarely exceeding Mw 3.5. Therefore, few MT
solutions are available. Smaller earthquakes usually excite waveforms at higher frequencies. While for
magnitudes between Mw 3.5 to Mw 4.0, surface waves may still have a sufficient signal-to-noise ratio
(SNR) at local to regional distances, for smaller events, often body waves are inverted instead. Stich
et al. [2003] performed moment tensor inversions for small to moderate events and found that the
waveforms of small events (my, 3.5-3.9) were often too noisy for regional MT inversions. Similar, Bentz
et al. [2018] observed that full waveform inversions were unable to reproduce the observed seismograms
of earthquakes with magnitudes between MI 2.2 and 3.8 sufficiently well and explained this by small-
scale heterogeneities beneath the geothermal field. They obtained reliable moment tensor solutions
by combining the full waveforms with P-wave first-motion amplitudes.
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The stability of MT solutions strongly depends on the availability of representative subsurface
velocity models, on the heterogeneities, which may introduce path effects, and on the availability
of a sufficient number of close stations [e.g. Stich et al., 2003]. Errors in the velocity models may
introduce phase errors [Dufumier and Cara, 1995] and oversimplified models may hinder modeling
higher frequency contents of the seismogram. Kithn et al. [2020] and Dost et al. [2020] recently
presented methodological tests and full waveform based MT solutions for small earthquakes (Mw>2.0)
in the Groningen gas field, Netherlands. They relied on a close and dense network with about 15
stations within the first 10 km distance and used frequency bands between 1 Hz and 4 Hz to emphasize
body waves.

In the study area, besides the low to moderate seismicity, further challenges for MT inversions
result from the heterogeneous crustal structure and the high relief. Effects of a heterogeneous crust
and the topography on wave propagation are difficult to model and often hinder forward modeling
synthetic waveforms at frequencies >0.1 Hz. In this thesis, I investigate approaches to handle these
challenges in order to include earthquakes with magnitudes between Mw 3.0 and Mw 4.0 as well as
below Mw 3.0 into the study of seismic sources in the Alps. In areas with either low to moderate
seismic activity or in the case of short deployment times, including small earthquakes may provide
vital information to study active faults. For this purpose, I investigate different inversion set-ups
including tests on input data types, frequency ranges and azimuthal station coverages. I rely on the
results of the network quality control to avoid introducing errors resulting from erroneous seismometer
orientations, errors in amplitude gains or transfer functions. I present MT solutions for 75 earthquakes
with Mw>3.1, discuss them in the seismotectonic context of the Alps and finally develop an approach
to include smaller magnitude earthquakes into the study of active faults.

1.4 Structure of the thesis

This thesis is a cumulative work. After an overview of the objectives (chapter 2) and the methodology
(chapter 3), the main part comprises three peer-reviewed publications and one manuscript accepted for
publication (chapter 4-7). The studies are discussed jointly in chapter 8 with respect to the research
questions, which are formulated in chapter 2. Finally, an outlook to ongoing and future work is
provided in chapter 9.

1.4.1 Overview of publications included as chapters of this thesis
My contributions as first author or co-author are provided in gray colored text below each reference.

e Publication 1: Petersen, G.M., Cesca, S. and Kriegerowski, M., 2019. Automated Quality
Control for Large Seismic Networks: Implementation and Application to the AlpArray Seismic
Network. Seismological Research Letters, 90, 3, pp. 1177-1190.
https://doi.org/10.1785/0220180342

G.M. Petersen developed and implemented the open source toolbox AutoStats(), performed the
quality analysis of the AlpArray seismic network and the Swath-D, interpreted the results and
wrote the first draft of the manuscript.

Publication 1 is included as chapter 4 in this thesis. In order to prepare the dataset that is
used to study moment tensors in the subsequent chapter, I developed a toolbox for automated
quality control of huge seismic networks.

e Publication 2: Biiytukakpinar, P., Aktar, M., Petersen, G.M., and Ko&seoglu, A., 2021.
Orientations of Broadband Stations of the KOERI Seismic Network (Turkey) from Two Inde-
pendent Methods: P- and Rayleigh-Wave Polarization. Seismological Research Letters, 92, 3,
pp. 1512-1521.
https://doi.org/10.1785/0220200362.
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G.M. Petersen applied the open source toolbox AutoStats@ (Publication 1) to obtain orientations
of seismic stations and helped comparing them to the P-Wave Polarization analysis. Furthermore
she contributed to the analysis of the results and helped preparing the manuscript.
Publication 2 (chapter 5) is a study of sensor misorientations of the KOERI network, Turkey.
Besides the application of the orientation test of AutoStats@) [Petersen et al., 2019], a second ap-
proach is used and results are systematically compared, which allows an independent verification
of our method.

e Publication 3: Petersen, G.M., Cesca, S., Heimann, S., Niemz, P., Dahm, T., Kiihn, D.,
Kummerow, J., Plenefisch, T. AlpArray Working Group (2021): Regional centroid MT inver-
sion of small to moderate earthquakes in the Alps using the dense AlpArray seismic network:
challenges and seismotectonic insights. Solid Earth, 12, pp. 1233-1257.
https://doi.org/10.5194 /se-12-1233-2021

G.M. Petersen performed the moment tensor inversions, conceptualized and developed the
methodological tests, analyzed and discussed the results in the seismo-tectonic context and
wrote the original draft of the manuscript.

The third publication is included as chapter 6. This publication presents a study on centroid
moment tensor inversion in the course of the AlpArray project. It includes extensive method-
ological tests and perform CMT inversions for four years of seismic data from 2016 to 2019. The
CMT solutions are subsequently analyzed in the seismotectonic context of historical and recent
seismicity, GNSS strain observations and stress inversion.

¢ Publication 4: Petersen, G.P., Niemz, P., Cesca, S., Mouslopoulou, V. and Bocchini, G.M.
(2021): Clusty, the waveform-based network similarity clustering toolbox: concept and appli-
cation to image complex faulting offshore Zakynthos (Greece). Geophys. J. Int., 224, 3, pp.
2044-2059.
https://doi.org/10.1093/gji/ggaa’68.

G.M. Petersen and P. Niemz jointly conceptualized the study, implemented the toolbox, per-
formed the analyses and wrote the first draft of the manuscript. More specifically, G. Petersen
implemented the handling of the toolbox as a command line tool with a configuration file for the
settings; the handling of input data, metadata and optional picks, the computation of arrival
times, the thresholds for the selection of events and stations, parts of the methods to compute
the network similarity from the cross-correlation values (e.g. the Mth root following Stuermer
et al. [2011]) and the option to stack multiple components/ phases. Further, she implemented
several analysis and result plots (e.g. map views, waveform plots, KNN, cumulative moment and
Silhouette score plots). What is mentioned here as implementation, in most case also includes
the study of the theory and ideas behind it. In addition, G.M. Petersen performed the CMT
inversions for representative events of each cluster. Concerning the writing of the manuscript,
she wrote the first drafts of the paragraphs that are related to the implementation, analysis and
discussion of the aforementioned contributions to the code; as well as those paragraphs on the
study of active faults in general and on the study area of Zakynthos.

Publication 4 is included as chapter 7. It presents a toolbox for the clustering of earthquakes
based on the similarity of waveforms recorded across a network of seismic stations. The clustering
allows grouping events with a similar mechanism even in cases where MT inversion is at its limit.

1.4.2 Additional relevant work

In addition to the above publications, which are included as chapters in this thesis, I contributed to
further studies during the PhD project.

e Publication 5: Cesca, S., Letort, J., Razafindrakoto, H.N.T., Heimann, S., Rivalta, E., Isken,
M.P., Nikkhoo, M., Passarelli, L., Petersen, G.M., Cotton, F., Dahm, T., 2020. Drainage
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CHAPTER 1. INTRODUCTION

of a deep magma reservoir near Mayotte inferred from seismicity and deformation. nature
geoscience, 13, pp. 87-93. https://doi.org/10.1038/s41561-019-0505-5.

G.M. Petersen applied the open source toolbox AutoStats@) [Petersen et al. 2019] to assess the
seismic data quality.

In publication 5 the AutoStats@) toolbox was applied to assess the data quality prior to the
study of a deep magma reservoir near Mayotte. The seismic study in this multidisciplinary
work comprised single station and multi station approaches for relocation, exact depth analysis
and MT inversion. For all tasks correct sensor orientations and amplitude gains are of great
importance.

Publication 6: Kriegerowski, M., Petersen, G.M., Vasyura-Bathke, H., Ohrnberger, M.,
2019. A Deep Convolutional Neural Network for Localization of Clustered Earthquakes Based
on Multistation Full Waveforms. Seismological Research Letters, 90, 2A, pp. 510-516.
https://doi.org/10.1785/0220180320.

M. Kriegerowski and G. Petersen developed the project idea and wrote the first draft of the
manuscript; and G. Petersen contributed to the implementation and analysis of the results.

Publication six expands the methods and tools that are applied in the other studies by a deep
neural network for the rapid localization of swarm earthquakes. The network was developed
and trained with an earthquake swarm dataset from West Bohemia to provide hundreds of
earthquake locations in few seconds. The application to a large dataset of small earthquakes
(MI1>-0.8) points to it’s potential with respect to other study areas with clustered seismic ac-
tivity, such as for example the eastern Southern Alps. The architecture and setup of the neural
network was designed as a flexible toolbox.

Publication 7: Mouslopoulou, V., Bocchini, G.M., Cesca, S., Saltogianni, V., Bedford, J.,
Petersen, G.M., Gianniou, M., Oncken, O., 2020. Earthquake swarms, slow slip and fault
interactions at the western-end of the Hellenic subduction system precede the Mw 6.9 Zakynthos
earthquake, Greece. Geochemistry, Geophysics, Geosystems, 21, e2020GC009243.
https://doi.org/10.1029/2020GC009243.

G.M. Petersen contributed by performing moment tensor inversions for about 100 earthquakes
with magnitudes between Mw 3.9 and Mw 6.9.

Publication seven is a multidisciplinary study dealing with a slow-slip event prior to the Mw 6.9
Zakynthos Earthquake, Greece in 2018. Seismic activity and fault interactions in the five years
before the large earthquake are studied as well as the aftershock sequence. The fourth publica-
tion [Petersen et al., 2021b] is based on the catalog and relocations of the 1-year-long seismic
activity after the main shock provided by this work.
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CHAPTER 2

Objectives and research questions

In this chapter, the research questions and objectives of my doctoral project are presented and linked
to the corresponding parts of the cumulative thesis. The research questions cover mainly two topics:
(1) The opportunities and challenges arising from large seismic networks with respect to studies of
local seismicity, and (2), the inversion of seismic source processes for small to moderate earthquakes
and their link to tectonic processes. The arising questions can mostly be transferred to other studies
on local to regional source processes of small to moderate earthquakes and/or to other large seismic
networks and thus contribute to ongoing methodological developments for handling large datasets and
smaller magnitudes. The results of this thesis are discussed with respect to the research questions in
chapter 8.

@ Which challenges and opportunities arise from working with large seismic networks
in local to regional seismic source studies?

o Background: With a total of more than 600 stations the AlpArray seismic network is the
largest seismic network ever operated in Europe [Hetényi et al., 2018]. The uniform distribution
of seismic stations across the Alps improves the detection abilities of small earthquakes and
allows performing source studies in areas that were poorly covered before. However, the large
number of seismic stations pose challenges for quality assessment, which is required prior to
reliable seismic studies.

o Related chapters: The AutoStatsQ toolbox is presented and applied to the AASN in chapter
4. The publication in chapter 6 shows how the network coverage is exploited to test different
moment tensor inversion work flows.

@ How can the magnitude threshold of centroid moment tensor inversion in the Alps
be lowered?

« Background: Focal mechanisms of moderate magnitude earthquakes (Mw > 4.0 or Mw > 3.5)
are routinely provided by several European institutes and data centers, often within national
boundaries. In order to lower the magnitude threshold and to perform homogeneous MT inver-
sions across the entire study area, numerous methodological tests are implemented guidelines
developed. We finally provide moment tensor solutions for events with magnitudes down to
Mw 3.1 for the installation time span of the AASN.

e Related chapter: The publication in chapter 6 presents extensive testings on CMT inversion
set-ups to lower the magnitude threshold.

@ Which types of seismic source processes are typically observed across the Alps?

o Background: Many studies of focal mechanisms in the Alps focus on local tectonic features.
I follow a different approach and look at the bigger picture across the entire mountain belt. I
study groups of similar mechanisms based on the CMT inversion results for four years of seismic
data (2016-2019) and published moment tensor solutions by other European institutes of the
last decades.
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e Related chapter: In the publication in chapter 6 we interpret groups of moment tensor inver-
sion solutions.

@ How are the seismic source processes linked to the tectonic evolution and present
stress field of the Alps?

e Background: Due to low seismicity across wide areas of the Alps the link between seismic
activity and the recent tectonic evolution on regional scale is not easy to infer. We try to obtain
new insights by supporting our own moment tensor solutions with existing recent and historical
seismic catalogs and GNSS data.

e Related chapter: I discuss the link between seismicity, focal mechanisms, GNSS data, stress
inversion results and the tectonic evolution in the publication in chapter 6.

@ Is it possible to establish an (semi-)automated work flow of CMT Inversion in the
Alps? Which steps must be included?

o Background: As mentioned in research question 2, focal mechanisms of moderate magnitude
earthquakes are provided by several European institutes and data centers. These studies follow
multiple different approaches and work flows. I develop guidelines and best practices reaching
from quality control to the evaluation of moment tensors solutions and study of active faults. 1
hereby try to understand which processes can be automated.

e Related chapters: In the publication in chapter 4 and 6 I present the methodology and results
of quality control and moment tensor inversion studies in the Alps. In chapter 7 we extend the
source studies by a waveform based clustering approach. In the discussion I link all approaches
to discuss if and how (semi-)automated work flows can be established.

@ How can earthquakes, for which MT inversion is not feasible, be included into seismic
source and fault studies?

e Background: In the case of earthquakes with magnitude below Mw 3.0 the SNR of surface
waves is mostly not sufficient to perform moment tensor inversions. In order to include higher
frequency body waves instead, more detailed velocity models are required to achieve a good fit
between forward modeled synthetic waveforms and the observed data. In an area with a complex
crustal structure this may only be possible when detailed (3D) velocity models exist. In an area
with only few Mw>4 events like the Alps, small magnitude events need to be considered in the
study of seismic source processes to obtain insights into the extent and orientation of active
faults.

o Related chapters: In the publication in chapter 7 we present a waveform based network
similarity clustering toolbox, which serves the purpose of mapping faults. I discuss how the
developed toolbox can be applied in the Alps to enhance our knowledge of active faults in the
discussion (chapter 8) and in the outlook (chapter 9).
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CHAPTER 3

Overview of developed and applied methods

In order to answer the research questions that were presented in the previous section, various methods
were developed and applied, which cover three research fields (Fig. 3.1): (1) Automated quality control
of seismic networks, (2) Moment tensor inversion and (3) Waveform-based clustering. For the first
and third research field, new methodology was developed and implemented in form of open-source
toolboxes. These toolboxes are based on the seismological Python library Pyrocko [Heimann et al.,
2017]. Examples of other studies, in which the toolboxes were applied, are provided and discussed
in the chapter 8. In the second research field I applied and adapted the open source probabilistic
inversion tool Grond [Heimann et al., 2018] to perform CMT inversions in the Alps. I performed
extensive tests on different inversion set-ups, investigated the resolution of double-couple (DC) and
non-DC components and implemented some small new features. The technical details of all methods
can be found in the according publications and manuscripts of this cumulative thesis.

AutoStatsQ
2 Automated quality control = |Optimization of inversion set-up to obtain| | Include smaller events in
<  of large seismic networks an enhanced MT catalog of the Alps study of fault systems
* Flexible and automated | | « CMT inversion 2 * Waveform-based network
toolbox o My>3 7 : "é similarity clustering
_ g s . toolbo!
. e 2016-2019 go@ .9.,",.» ) X
[ 9
g BN
g * Extensive methodological tests j;'
z « Joint interpretation with: e
“z‘ e Stress inversion, B0
* GNSS strain data * Study active faults
« Sensor orientations, ° HISltOI‘I-C.a| earthquakes  Joint analysis of fault plane
gain corrections & PSDs * Seismicity geometry and MT solutions
z .
o Implementation & N
= Application to AlpArray SN: | Study of CMT inversion in the AlpArray Application to 1-yr-long
g Petersen et al., 2019 project: seismic activity after the
= Mw 6.8 Zakynthos EQ:
@ KOERI (Application): Petersen et al., 2021a Petersen et al., 2021b
2 Buyiikakpinar et al., 2021

Figure 3.1: Overview of the work flow of this thesis including applied methods and publications
for the three research fields (1) Automated quality control of seismic networks, (2) Moment tensor
inversions and (3) Waveform-based clustering.

@ Toolbox AutoStats@Q - Automated quality control of large seismic networks

e Moment tensor inversions rely strongly on correct seismic data and metadata. Gain errors due to
errors in the metadata, wrongly oriented seismometers, interchanged seismometer components
or wrong transfer functions can significantly bias the results of seismic studies. However, manual
checks of data and metadata quality are time consuming. Therefore, I developed the AutoStatsQ
toolbox, which follows an automated work flow to check the quality of large seismic networks.
This work flow ranges from an automated selection of teleseismic events, over data download
from an FDSN server, to running tests on gain, sensor component orientations and power
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spectral densities (PSDs). Output for all tests is provided as figures and tables. The tool relies
on teleseismic earthquakes to check amplitude gains, sensor orientations and event-PSDs.

e Related chapters: In chapter 6 I present the toolbox and its application to the AlpArray
seismic network. In chapter 5 I applied the tool to check the orientations of the horizontal
components of the stations of the KOERI network.

@ Centroid moment tensor inversion

o I applied the open source inversion tool Grond [Heimann et al., 2018] to perform centroid
moment tensor inversions in the AlpArray study area. I hereby systematically tested various
input data types, frequency ranges, and the effect of varying azimuthal gaps. Furthermore,
I studied the resolvability of non-DC components. I implemented some small features into
the Grond code: The module store id_selector for example allows an automated selection
of Green’s function databases in dependence of the earthquake location or using a predefined
station-database mapping. To allow a further degree of automation, I extended the checks
that are run prior to an inversion to check for a minimum number of available stations and to
set a threshold of a maximum allowed azimuthal gap. Furthermore, I implemented smoothed
envelopes for our applications. While the first modification was added to the main code of
Grond, the other two were only applied in the AlpArray study, but are not yet available for
other users.

e Related chapters: In chapter 6 I present extensive methodological testing of inversion setups
for the Alps. Subsequently I present the obtained MT solutions and interpret them along with
recent and historical seismicity, GNSS strain and stress inversion results.

@ Clusty - Open source python toolbox for clustering of earthquakes based on waveform
similarity across a seismic network

e In the case of small magnitude events moment tensor inversions may be hindered due to high
SNR only at high frequencies and due to insufficiently detailed subsurface velocity models. The
similarity in mechanism (and location) between earthquakes is reflected by the similarity of
recorded waveforms across a network of stations. In order to include earthquakes for which MT
inversion is not feasible in the study of seismic fault, we developed a flexible and adaptable
network similarity clustering toolbox. This tool can combine the cross-correlation values of
event pairs at a network of stations following multiple implemented approaches to obtain a
network similarity. The inverse of this network similarity is then used in a chain-like clustering
approach. The clustering procedure is supported by automatically generated graphical outputs
to facilitate a thorough tuning of all settings and parameters, and to assess the reliability of
results. We designed the toolbox to provide a flexible choice of methods and settings, allowing
for applications to a great variety of use cases.

o Related chapters: In chapter 6 we present the open source toolbox Clusty and its application
to the 2018 Zakynthos aftershock sequence.

22



CHAPTER 4

Automated Quality Control for Large Seismic Networks:
Implementation and Application to the AlpArray Seismic Network

Petersen, G.M., Cesca, S. and Kriegerowski, M. (2019)

Published in Seismological Research Letters, vol. 90 (3), pp.1177-1190.
https://doi.org/10.1785/0220180342

The following chapter contains the accepted manuscript (AM) of the above publication. Please refer
to the citation to get access to the final, formatted publication. The supplementary material for this
publication can be downloaded at https://doi.org/10.1785/0220180342.
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Abstract

As a consequence of the rapid growing worldwide seismic data set, a huge variety of
automatized data processing methods have been developed. To perform automatized,
waveform based seismological studies aiming for magnitudes or source process inver-
sion it is crucial to identify network stations with erroneous transfer functions, gain
factors or component orientations. We developed a new tool dedicated to automated
station quality control of dense seismic networks and arrays. The python based Au-
toStatsQ toolbox uses the pyrocko seismic data processing environment. The toolbox
automatically downloads data and metadata for selected teleseismic events and per-
forms different tests. As a result relative gain factors, sensor orientation corrections and
reliable frequency bands are computed for all stations in a chosen time period. Relative
gain factors are calculated for all stations and events in time domain based on maximum
P-phase amplitudes. A Rayleigh wave polarization analysis is used to identify deviat-
ing sensor orientations. The power spectra of all stations in a given frequency range
are compared to synthetic ones, accessing global CMT solutions. Frequency ranges of
coinciding synthetic and recorded PSDs may serve as guidelines for choosing bandpass
filters for moment tensor inversion and help to confirm the corner frequency of the in-
strument. The toolbox was applied to the permanent and temporary AlpArray networks
as well as to the denser SWATH-D network, a total of above 750 stations. Stations with
significantly deviating gain factors were identified as well as stations with inverse polar-
ity and misorientations of the horizontal components. The tool can be used to quickly
access network quality and to omit or correct stations before moment tensor inversion.

Introduction

In order to successfully apply waveform based methods aiming for magnitudes or mo-
ment tensor solutions, malfunctioning stations and errors in the metadata, such as wrong
amplification factors, transfer functions or component orientations, need to be identified
and corrected if possible. While the localization of events is not affected by incorrect
gains, magnitude estimates are biased. Errors in transfer functions and gain factors
as well as misoriented horizontal components can result in bad fits of synthetic and
recorded waveforms as well as power spectra and hence lead to erroneous or unstable
results of moment tensor (MT) inversion.

The data quality of seismic stations is routinely evaluated by network operators as
well as before seismic studies based on background noise levels. Long-term noise lev-
els are often compared to reference noise models (e.g. Peterson et al. [1993] and Berger
et al. [2004]) or among the stations of a network. Bormann et al. [1997] analyzed the noise
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conditions for the German Regional Seismic Network (GRSN) by calculating displace-
ment power spectra in 4 to 45 minutes long time windows for frequencies between 0.01
and 40 Hz. Time dependent changes in data quality and instrument response transfer
functions can be monitored by comparing power levels over long time periods [Ringler
et al., 2010]. McNamara and Boaz [2010] presented a seismic data quality control system
based on probability density functions of power spectral densities (PSD) for operational
and scientific applications like the characterization of noise levels of broadband stations,
for detecting problems with the recording systems or sensors, and for evaluating the
overall quality of data and metadata. Several publications deal with the identification
and correction of timing errors, which are of high relevance for localizations but not so
much for waveform-based methods (e.g. Gibbons [2006]). Therefore timing errors are
not addressed here.

The data quality of the AlpArray Seismic Network, consisting of over 620 permanent
and temporary stations (see Section Application to the AlpArray and Hetényi et al. [2018]),
has mostly been checked with long-term PSDs by the individual responsible network
operators (e.g. Fuchs et al. [2016], Molinari et al. [2016], Govoni et al. [2017], and Vecsey
et al. [2017]). Additionally, Vecsey et al. [2017] presented an extensive data quality control
for the Czech AlpArray and AlpArray EASI stations evaluating metadata and data with
respect to noise levels, sensor orientations, timing problems and metadata errors.

This toolbox is designed to provide a simple and flexible environment to test the qual-
ity of waveform data. It provides correction factors for amplitude gains, corrections for
misoriented horizontal components and recommendations for usable frequency ranges
for moment tensor inversions and hence a check for indicated lower corner frequencies
of the instruments. The tool follows different approaches: (1) Comparison of waveform
characteristics among different stations to identify outliers, (2) analysis of horizontal
and vertical components of single stations, and (3) comparison of observed and syn-
thetic spectral features for single stations. Long-term PSDs, although very common for
quality control, are not part of this toolbox for two reasons: Instead of assessing the
background seismic noise, all implemented methods are based on comparing real and
synthetic waveforms and power spectra of teleseismic events. Well-established tools for
the computation of PSDs are already available (e.g. McNamara and Boaz [2010]). The
AutoStatsQ toolbox offers a wide range of applications from small scale arrays to large,
dense networks like the AlpArray with several hundreds of stations. The following para-
graphs introduce current approaches and results of tests evaluating the amplitude gain,
orientation and frequency ranges. The methods that are implemented in the AutoStatsQ
toolbox are described in detail in the methodology section. The toolbox is freely available
and can be downloaded at https://github.com/gesape/AutoStatsQ.
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Amplitude gains

Gain amplification factors are provided as part of the station metadata. Occasionally,
inaccurate metadata handling may result in erroneous amplification factors, exponentials
or units.

Evaluating 15 years of teleseismic event data recorded at over 200 GSN (Global Seis-
mographic Network) stations, Ekstrom et al. [2006] observed frequency-dependent mod-
ifications of the instrument responses of more than 15 stations. For long periods (about
250 s) the gains were significantly reduced. This change occurred gradually within sev-
eral month to a few years. Davis et al. [2005] and [2007] used amplitudes of the radial
mode (Sp, which is expected to be globally uniform, as well as the Earth’s tides to study
the GSN network. Response variations over time were not observed. Ringler et al. [2010]
monitored temporal amplitude changes using PSDs of continuous data in several fre-
quency bands between 20 Hz to 0.001 Hz. Hutt and Ringler [2011] attributed temporal
variations in the response of STS-1 sensors within the GSN to humidity. They observed
lower sensitivities near the long period corner of 360 s. Colocating portable broadband
seismometers in proximity to GSN sensors during field-maintenance visits was estab-
lished to verify in-situ calibrations and orientations [Davis and Berger, 2012].

Ringler et al. [2015] compared daily microseism amplitude ratios between colocated
broadband sensors of the IRIS/USGS seismic network and found that without errors in
the metadata, the midband sensitivity has an error of less than £ 6 % (99 % confidence
interval). Vecsey et al. [2017] found and corrected technical errors in one of the acqui-
sition systems when checking the Czech stations of the AlpArray using ambient noise
techniques. These errors biased waveform amplitudes.

Sensor orientation

Many seismological methods like shear-wave splitting measurements and moment ten-
sor inversions depend on correctly oriented sensor components. When seismic stations
are set up using a standard magnetic compass, deviations of + 5° are regularly observed
[Vecsey et al., 2017]. Nearby magnetic intrusions, ore deposits or large magnetic con-
structions may lead to even larger errors. Therefore some large networks like GSN and
ANSS (Advanced National Seismic System) stopped using magnetic methods [Ringler
et al., 2013]. However, in many other contexts, handheld magnetic compasses are still in
use.

Larson and Ekstrom [2002] developed a method for measuring azimuth arrival an-
gles of surface waves recorded by the GSN using estimates of surface wave dispersion
to isolate Love or Rayleigh waves. They found that large and invariant angle anoma-
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lies are consistent with horizontal misorientations of the seismometers. About 9 % of
the examined seismometers had misorientations of more than £10° (Table 4 in Larson
and Ekstrom [2002]). Ekstrom and Busby [2008] compared surface wave waveforms on
longitudinal and transverse components to synthetic waveforms for transportable and
backbone stations of the USArray. They found that 4.4 % out of 473 stations had misori-
entations of above 10° and more than 24 % misorientations of at least 4°. Ringler et al.
[2012] maximized the coherence of horizontal data with a reference station to evaluate
the accuracy of different infield orientation methods.

Rayleigh wave polarization analyses are routinely used for determining the entirely
unknown horizontal orientation of ocean bottom stations (OBS) [e.g. Stachnik et al.
[2012] and Hannemann et al. [2017]]. The particle motion of Rayleigh waves is retrograde
elliptical at the free surface and prograde elliptical at greater depth. Rayleigh waves are
theoretically only observed on vertical and radial components, showing a 90° phase shift.
By rotating the horizontal traces and searching for the maximum cross-correlation of the
Hilbert-transformed radial component and the vertical component within a time win-
dow containing Rayleigh waves, the wave arrival azimuth and subsequently the sensor
orientations can be determined (e.g. Stachnik et al. [2012]). Rueda and Mezcua [2015]
used a similar method to calculate misorientations of the Spanish National Network,
based on 1350 teleseismic events. They validated the results and hence the method by

gyrocompass measurements.

Frequency range for MT inversion

Waveform analysis methods such as moment tensor inversions are frequency sensitive.
Inverting for wide frequency bands can result in bad fits of synthetic and recorded
waveforms and spectra and hence in erroneous or even rotated mechanisms [Barth et al.,
2007]. Barth et al. [2007] introduced a frequency sensitive moment tensor inversion
method using sliding frequency bands that are determined automatically depending on
source-receiver locations and event magnitudes.

The misfit between synthetic and recorded waveforms depends on the velocity model
that is used to compute synthetic waveforms, on correct instrument response functions
and on noise levels. This part of the toolbox provides frequency ranges, at which the
power spectral density (PSD) of synthetic and recorded data agree well or can be cor-
rected by a simple, constant factor. Errors in the response function of the receiver instru-
ment and problems in certain frequency bands due to high noise levels result in high
misfits and can therefore be identified.
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Methodology: The AutoStatsQ toolbox

The AutoStatsQ toolbox is written in python using the seismological data processing
environment pyrocko (see Data and Resources). It comprises three independent tests and
a data pre-processing section including the download of waveform data and metadata.
Requiring a list of stations and a time frame, the toolbox performs as follows:

o Catalog search for teleseismic events and selection of subsets of events
e Data and metadata download for all stations and events

e Data restitution and rotation to ZRT

e Synthetic data computation

o Test 1: Relative gain factors

e Test 2: Orientation of horizontal components

e Test 3: Comparison of synthetic and observed PSDs, providing reliable frequency

ranges

All steps can be executed individually. The toolbox can also process locally stored
data and metadata. Results of the three tests are provided as both, easily interpretable
figures and files.

Event selection and data preprocessing

The Global Centroid Moment Tensor (gCMT) catalog is queried by default for teleseismic
events in a given period of time, satisfying magnitude and distance thresholds (see Data
and Resources). For the gain test, which is based on a comparison of waveforms among
all stations, the minimal station-event distance should be large compared to the spatial
dimension of the array. For the other tools, which are not based on station-to-station
comparisons, events of smaller distances can be included.

Two independent subsets of events with different depth ranges can be selected. The
depth range should be chosen based on the tests that are about to be performed: For the
surface wave polarization analyses shallow, events are preferred, while for the relative
gain factor and PSD tests deeper events are favorable to evaluate body waves. Optionally,
statistics of the catalogs can be saved as figures. The size of the downloaded catalog is
reduced to select one or two subsets of events (Figure 1). A good azimuthal coverage
is ensured by searching for events in defined backazimuth steps. The resulting event

catalog contains information on origin times and locations as well as moment tensor
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solutions, seismic moments, and rupture durations, which are used for the computation
of synthetic seismograms.

Data and metadata for the selected events are downloaded using the pyrocko fdsn
client. For each station-event pair, data is requested from a list of data centers, such as
GEOFON, ORFEUS and IRIS (see Data and Resources). The velocity waveform data is
integrated, the instrument response is removed, the data is downsampled to the sam-
pling rate of the chosen GF database (default 2s), rotated and bandpass-filtered (default
0.01 Hz - 0.2 Hz) to obtain displacement waveforms in Z,R,T coordinate system.

For all station-event pairs synthetic data can be rapidly calculated using the forward
model and storage tool fomosto of pyrocko and a pre-calculated global GF database,
based on the Preliminary reference Earth model (PREM) [Dziewonski and Anderson,
1981] (see Data and Resources). The Green’s functions were computed using the gssp
modeling code by Wang et al. [2017]. The database can be accessed online (see Data and
Resources). The obtained synthetic Z, R and T traces are bandpass filtered in the same
way as the recorded data.

Test 1: Gain correction factors

The preprocessed data of each station-event pair is used to compute gain factors for each
station relative to one reference station in a narrow frequency band (default 0.01 to 0.2
Hz). The reference station can be defined either manually or automatically. The latter
selects a station which recorded each event while having a medium amplitude for the
first event evaluated. For each station i and event j, the ratio A;;/ A, ; of the maximum
amplitude of the P-phase within time windows of 60 s around the first onset of station
i and the reference station ref is calculated. P wave onset times are calculated using
cake, a tool within the pyrocko environment that can solve classical seismic ray theory
problems for a 1-D layered earth model.

Finally, the median of the amplitude ratios of all events is provided for each station
as a relative gain correction factor (Figure 2). While the median ratio is independent
of single outliers due to high noise peaks, the mean and standard deviation might be
strongly distorted. Using the median might however be problematic if the gain changes
over time. For a temporal overview it is possible to return results for the single events
(cf. Figure S1, available in the electronic supplement to this article).

Test 2: Sensor orientation analysis

Within the AutoStatsQ toolbox, the sensor orientations are examined following the Rayleigh
wave polarization method often used for OBS sensor orientations (e.g. Stachnik et al.
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[2012] and Hannemann et al. [2017], see also Introduction). Waveforms of a set of shal-
low events are analyzed by rotating the radial traces in steps of 1°. For each step the
cross-correlation coefficient of the Z component and the Hilbert-transformed, newly ro-
tated R* component is calculated. Cross-correlations are computed for time windows
of a chosen length (default 8.5 min) starting 0.5 minutes before the theoretical Rayleigh
wave arrival time computed using a wave propagation velocity of vg = 4km/s. It is
not necessary to exclude Love-waves from the selected time window, because their en-
ergy is supposed to vanish completely from the radial component if the components are
correctly oriented [Hannemann et al., 2017]. As long as Love waves are present on the
radial component, the cross-correlation with the vertical component is low.

Waveforms are bandpass-filtered between 100 and 20 s. A correct sensor orientation
is indicated by a maximum of the cross-correlation coefficient at a correction angle of 0°,
corresponding to no rotation correction. (Sensor orientations provided in the metadata
are used to rotate to the original ZRT system.) This procedure is applied to all event-
station pairs (e.g. Figure 3).

For each station the results of multiple events are combined computing the median,
mean and standard deviation of the obtained correction angles. Only events having a
maximum cross-correlation coefficient above a given threshold (default 0.8) are taken
into account.

Using 10-20 teleseismic events that are not manually revised, the results are not as
accurate as a gyrocompass and we do not recommend correcting any stations for devia-
tions below 20°, but larger deviations and polarity errors can be identified. The obtained
correction angles can be used to rotate waveform data or to identify stations that should
be revisited. By using a larger manually revised set of events with high signal to noise
ratios over a long time range the resolution of the method can be improved and temporal
changes can be observed.

Test 3: Frequency ranges for MT inversion

The third part of the toolbox is designed to provide frequency ranges suitable for MT
inversions. At the lower frequency end, the bandwidth is limited by the sensor’s corner
frequency. Therefore the obtained range can also be used to check the corner frequency
provided in the metadata. At higher frequencies, synthetic seismograms lack informa-
tion due to 1-D velocity models and low sampling rates. The maximum frequency is at
most half of the sampling frequency of the Green’s Function (GF) data base used for the
computation of synthetic data.

The third test uses recorded and synthetic spectrograms instead of waveforms. PSDs
of synthetic and observed waveforms are calculated for all station-component-event com-
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binations in long time windows (default 30 minutes) (Figure 4a). The limits of the time
windows are set relative to the theoretical arrival times of P wave and Rayleigh wave.
For each pair of synthetic and observed PSDs, the ratio of both PSDs is calculated. Sub-
sequently, the median power ratio over all events is computed for each frequency band
of each station and component. Frequency ranges with a stable PSD ratio are deter-
mined by line fits to a given number of frequency ratio points (default 25). Successive
lines having a slope below a given threshold (default 10) set up the recommended fre-
quency ranges (Figure 4b). Higher thresholds and fitting more frequency ratio points
can be used to search for large misfits due to erroneous amplitude gains or extremely
noisy environments as well as to verify the instrument corner frequency. Finer, adjusted
settings are needed to obtain frequency ranges suitable for moment tensor inversion.

Stations with significantly erroneous gains will be recognized as large shifts between
observed and synthetic PSDs. In case of significant orientation errors, the comparison of
observed and synthetic PSDs of the horizontal components may be biased. Therefore, it
is recommended to run the orientation test beforehand.
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Application to the AlpArray
The AlpArray initiative

The AlpArray initiative is an international program aiming for a better understanding
of the geodynamic and geophysical processes associated with the orogenesis of the Alps
and its relation to mantle dynamics, plate motion, surface processes and seismic hazard
[Hetényi et al., 2018]. A Seismicity, seismotectonics and local earthquakes tomography
working group was established to study the local seismicity.

Within the AlpArray subproject “From Top to Bottom — Seismicity, Motion Patterns
& Stress Distribution in the Alpine Crust” we investigate the geodynamic processes
controlling the multi-scale seismicity of the Alps, which is predominantly characterized
by weak to moderate magnitudes. Relying on the outstanding network density and
the adaption of modern inversion tools we aim to lower the magnitude threshold for
automatized moment tensor inversions and provide new information on seismic source
processes and stress distributions in the Alps.

The AlpArray Seismic Network (AASN) was deployed with contributions from 36
European institutes and consists of over 620 permanent and temporary stations dis-
tributed homogeneously over 11 countries [AlpArray Seismic Network, 2015]. The per-
manent stations of the AlpArray are part of existing European regional networks (De-
partment of Earth and Environmental Sciences Geophysical Observatory University of
Munchen [2001], SED at ETH Zurich [1983], Institute of Geophysics Academy of Sciences
of the Czech Republic [1973], RESIF [1995], Institut de Physique du Globe de Paris &
Ecole et Observatoire des Sciences de la Terre de Strasbourg [1982], GEOFON Data Cen-
tre [1993], University of Genova [1967], Kovesligethy Rad6 Seismological Observatory
Geodetic and Geophysical Institute Research Centre for Astronomy and Earth Sciences
[Hungarian Academy of Sciences], INGV Seismological Data Centre [1997], MedNet
project partner institutions [1988], OGS and University of Trieste [2002], ZAMG - Central
Institute for Meteorology and Geodynamics [1987], OGS [2016], Departement d’Analyse
et Surveillance de I’"Environnement du CEA [1962], University of Trieste [1993], Geolog-
ical Survey-Provincia Autonoma di Trento [1981], Leipzig University [2001], Friedrich
Schiller University Jena and Thuringian Institute of Environment and Geology [2009],
see also Data and Resources). The temporary stations were installed between 2015 and
2017 and will run at least until July 2020. In regions which were not covered before
the stations were set up with a spacing of 52 km [Hetényi et al., 2018]. The AASN is
complemented by an OBS array and denser sub-networks like the SWATH-D seismic
network [Heit et al., 2017] (Figure 5). The temporary SWATH-D network was deployed
in summer and autumn of 2017 in Northern Italy and Austria and will run until end of
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summer 2019. It consists of 150 broadband stations with a spacing of 15 km [Heit et al.
[2017], Heit et al. [2018]]. High-precision optical gyrocompasses as well as handheld
compasses were used for the deployment of the temporary AlpArray and SWATH-D
stations (Molinari et al. [2016], Fuchs et al. [2016], Vecsey et al. [2017], B. Heit, pers. com-
munication, July 2018). For some stations that were set-up with a handheld compass,
final orientations were or will be obtained using a gyrocompass (Molinari et al. [2016],
Fuchs et al. [2016]).

While the large number of stations within the AlpArray enables detailed studies cov-
ering a broad region, quality control for this data set remains challenging. By applying
our toolbox AutoStatsQ, we were able to routinely process hundreds of stations in the
AlpArray in regard to station quality.

Quality assessment of the AASN and SWATH-D

For the evaluation of all permanent and temporary stations of the AASN and the SWATH-
D network waveform data and station metadata of automatically selected events were
downloaded.

For the AlpArray with a largest elongation of approximately 1200 km in East-West
direction, we empirically chose a minimum event distance of 5000 km for the perma-
nent and temporary AlpArray stations and 2900 km for the SWATH-D stations. Catalog
information and the repositories queried for waveform data and metadata of each net-
work are summarized in Table 1. For a list of used events see Table S1, available in the
electronic supplement. For the amplitude gain and the frequency range tests, subsets
of deeper events (25-700 km) were used in a minimum distance of 5000 km for the per-
manent and temporary AlpArray stations and 2900 km for the SWATH-D stations. For
the frequency range test closer events could be used. However, since both methods use
body waves, we used the same data set of deep (25-700 km) and distant events. For the
orientation test, crustal events (0-60 km depth) in a minimum distance of 2000 km were
used.

The results for all analyzed stations are available in the electronic supplement to this
article (Tables S2-57) and will be briefly described here. The number of events considered
for each station orientation analysis is limited by a required minimum cross-correlation
value of 0.8.

Relative gain factors

The maximum P-phase amplitudes of 393 permanent AlpArray stations, 218 tempo-
rary Z3 stations and 140 SWATH-D stations (ZS) were compared to reference stations
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GE.MATE, Z3.A261A, ZS.D017, respectively (Table 2). Median amplitude ratios A;;/ A,
below 0.1 or above 10 were found for 4.3% of the vertical components of the permanent
stations and 1% of the Z3 stations. Noticeable are the results for the Slovakian stations
SK.MODS and SK.ZST and the French station RD.MFF, indicating errors of several mag-
nitudes. While large deviations are often explained by errors in the metadata, smaller
deviations in the order of less than one magnitude are likely to result from site effects.
Removing the largest outliers from the map in Figure 2 bears the opportunity to visu-
alize the spatial distribution of smaller deviations that result from site effects (Figure
6).

In a first run of the toolbox on the SWATH-D (ZS) network, the median amplitude
ratio indicated that the amplitudes of more than 20 SWATH-D stations were wrong by
a factor 10. We informed the network operators, who detected and corrected an error
in their metadata (S. Hemmleb & B. Heit, pers. communication, Oct. 2018). After cor-
rection, all of these stations appeared normal in the final run of the test. The maximum
amplitudes of Station Z5.D046 recorded in Winter 2017/2018 indicated erroneous gain
levels. The data acquisition system of this station was replaced in March 2018 [B. Heit,
pers. communication] and has been working well ever since. All other relative gain
factors of the SWATH-D stations are close to one and variations can be explained by
subsurface differences (site-effects) and different noise-levels (Figure 7).

Sensor orientations

For about 95% of the permanent, the temporary (Z3) and the SWATH-D stations the
Rayleigh wave polarization analysis confirmed the sensor orientation within 20° (Figure
8 and Table 3). Since we use only 5 to 27 events for this study, the standard deviations
of mostly 7-10° do not allow to correct for smaller misorientations (see also Figure S2,
available in the electronic supplement).

Most striking are correction angles around 180° obtained for four stations of the per-
manent network, two temporary Z3 stations and one ZS station: GU.RORO, IV.SARZ,
IV.ZCCA, NLVINO, Z3.A263A, Z3.A300A and Z5.D125 (see example in Figure 3b). Com-
parisons with neighboring stations indicate reverse polarities of the horizontal com-
ponents of Z5.D125 (Figure S3, available in the electronic supplement to this article),
IV.SARZ and IV.ZCCA and of the vertical component of GU.RORO (Figure 9). In case of
NI.VINO, until mid of 2016 a minor misorientation of about 15° is observed while later
occurring events indicate an inverse polarity (-165°) thereafter (Figure 10).
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Suitable frequency ranges for MT inversion

For testing the Alp Array stations we computed PSDs for time windows of 600 s. Tak-
ing into account outliers at single frequencies, frequency ranges with increased power
ratios spanning less than 0.02 Hz are ignored. Larger offsets between the synthetic and
recorded PSDs were observed for those stations having significantly deviating relative
amplitudes. Excluding or correcting stations with orientation or gain errors, the syn-
thetic and recorded PSDs of the permanent and temporary AlpArray stations agree well
in the frequency range between the lower corner frequency of the instrument (mostly
0.01 Hz) and the Nyquist frequency of 0.25 Hz. As expected the results for instruments
with a corner period of 30 s indicate well agreeing PSDs for frequencies above 0.03 Hz
(see for example Figure S4, available in the electronic supplement to this article). The fit
of the PSDs is generally lower for horizontal components compared to vertical ones.

Similar to the waveform amplitude test, station Z5.D046 shows up with significant
differences between the recorded and synthetic frequency spectra before the replacement
of the acquisition system in March 2018 (Figure S5, available in the electronic supplement
to this article). The results obtained for the remaining SWATH-D stations do not imply
any limitations of the usable frequency ranges.

Discussion

The AutoStatsQ toolbox is designed to detect errors in data and metadata of seismic
stations that will impede the successful usage for waveform analyses.

The reliability of each quality control test depends on the data availability. In case
of short deployment times or data gaps the number of teleseismic events might not be
sufficient to achieve stable results. A time period of at least one year combined with
backazimuthal steps of 10° for the catalog preparation is recommended for a stable
analysis. Longer time spans and smaller backazimuth steps will increase the number of
events and the robustness of the results. While a few events can already hint at errors,
we recommend a minimum number of 10 events to ensure stable results.

We have shown that the Rayleigh wave polarization method is very successful in
detecting reverse polarities of components. In the case of the highest cross-correlation
values for corrections of around 180° a manual comparison with neighboring stations
helps to distinguish cases of wrong polarities of vertical or horizontal traces. Reverse
polarities of the horizontal components may result from a wrong orientation during
the installation of the sensor, from wrong cable connections or from sign errors in the
digitization process. Absolute correction angles around 90° may indicate interchanged
channels. For ten to twenty used events the standard deviation of the method is between

37



CHAPTER 4. PUBL. 1 - AUTOSTATSQ

7 and 10°. We estimate that only corrections as large as 20° are reliable. Orientation er-
rors can originate from the installation, but we also observed changes in orientation over
time. One indoor sensor of the temporary network was rotated by staff of a cleaning ser-
vice, while another outdoor sensor was moved by a rat living besides it (A. Schloemer
(LMU) and Aladino Govoni (INGV), pers. communication, October 2018). A depen-
dence of the obtained correction angles from the event backazimuth was not observed.
However, the small number of events is not sufficient to exclude that large scale topogra-
phy or geological features might bias the obtained correction angle. We assume that the
method is robust when using the median angle of events having a good backazimuthal
distribution.

The relative P-phase amplitude ratios provide information on metadata errors con-
cerning amplification factors. In our experience large deviations from the reference sta-
tion typically result from errors in the metadata. In some cases wrong exponentials of
amplification factors were detected, while in other cases components of the instrument
transfer function were completely missing. Smaller deviations that remain stable over
time can result from site effects. Using the median amplitude ratio of all events is advan-
tageous because the median is not affected by single outliers resulting from high noise
peaks. However, temporal changes of relative gain factors were observed, which hint
at malfunctioning sensors. Therefore the results for the single events are additionally
provided.

Frequency spectra are routinely fitted in moment tensor inversion. Testing whether
the frequency content of synthetic and recorded data is comparable is helpful to iden-
tify spectral anomalies, and to select optimal bandpass filters. Additionally, the lower
corner frequency of the instrument can be compared to the lower end of the estimated
frequency range to assure that the seismometer performs as expected. However, in order
to automatically obtain frequency ranges of a stable ratio between the PSDs of synthetic
and recorded data, a threshold indicating which slope of the line fit is regarded as sta-
ble must be defined. This threshold needs some tuning depending on the subsequent
usage of the results. Using a 2 s GF database for teleseismic events limits the maximum
frequency to below 0.25 Hz (Nyquist frequency). A GF database with a higher sampling
may be used instead. However, this database is significantly larger (> 500 Gigabytes for
1 s sampling rate) and therefore not routinely used.

All three tests can be performed independently and repeated after applying correc-
tions. We recommend to correct for amplitude gains and sensor orientations before
evaluating the frequency ranges.

The AutoStatsQ toolbox can be used for small to large arrays and networks consist-
ing of hundreds of stations. The gain control based on station-to-station comparisons

38



CHAPTER 4. PUBL. 1 - AUTOSTATSQ

requires a dense spacing of the stations and a catalog of distant events. For the ori-
entation analysis based on comparisons of R and Z components of single stations and
for PSD control based on a comparison to synthetic data, a dense spacing and large
distances are not required.

The orientation control implemented in the AutoStatsQ toolbox is based on the
Rayleigh wave polarization method, which is routinely used for the orientation of hori-
zontal OBS components. Consequentially, it can also be used to determine station orien-
tations of OBSs. The gain and frequency range tests can be used for OBS quality control
and to determine frequency ranges for waveform based methods like moment tensor
inversion or magnitude estimates.

For the AlpArray project, more than 750 stations of three station subsets were checked:
the permanent AlpArray stations belonging to various regional networks, the temporary
73 stations and the SWATH-D ZS stations. Data from OBS-AlpArray stations in the
Mediterranean was not yet available. Stations with significantly wrong sensor orienta-
tions and gain amplifications were identified and corrections provided. In summary,
the orientation test shows deviations of at least 20° for 4.7 % of all analyzed stations.
We provided correction angles for these misoriented stations. 2.5 % of all stations have
median relative gain factors above 10 or below 0.1. The relative gain factors of 1 % of
the stations differ by a factor of 100 or larger. The gain test of the SWATH-D stations led
to the detection (and correction) of an amplification factor error in the metadata of more
than 20 stations. Additionally, frequency ranges usable for moment tensor inversion
were computed by a comparison of synthetic and recorded PSDs.

Besides quality control, especially the amplitude ratios provide insight to site-effects
within the networks. Due to the low frequencies (< 0.25 Hz) the wavelengths are not sen-
sitive to small scale changes but rather to larger geological features. There are large scale
trends within the AlpArray area (Figure 6): In northern Italy, within the Po plain as well
as in the surrounding northern Apennine Mountains and the southern Alps larger am-
plitudes are observed on the horizontal components. The flanks of the Rhone and Rhine
river valleys show up with lower amplitudes on the horizontal components. The topo-
graphically flat regions in Hungary and western Slovakia are traced by tendentiously
higher amplitudes on the horizontal components. Within the AlpArray temporary and
permanent network the participating research institutes use various sensors with dif-
ferent bandwidths. Therefore it cannot be ruled out that parts of the observed regional
pattern result from sensor characteristics. Within the SWATH-D network, the amplitudes
are generally very similar and no clear geological or topographic trend is observed (Fig-
ure 7).
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Conclusions

We presented a toolbox that is especially dedicated to dense networks with numer-
ous stations requiring an automatized quality control work flow prior to waveform
based analyses (e.g. magnitude determination and moment tensor inversion). Using
a combination of observed and synthetic teleseismic event data, gain correction factors,
orientation correction angles and frequency ranges, in which synthetic and recorded
data agree well, are computed. Erroneous waveform amplitudes and misorientations
of horizontal sensor components can be identified and corrected. The entire workflow
is automatized requiring only a station file as input. Results are provided as graphi-
cal output and station reports. The code is freely available and can be downloaded at
https://github.com/gesape/AutoStatsQ.

The toolbox was successfully applied to the permanent and temporary AlpArray
network and to the smaller SWATH-D seismic array. Stations with erroneous amplitude
gains and sensor orientations were identified and network operators were informed. The
results for all stations are presented in the supplementary material and will be used for
regional moment tensor inversion studies.
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Data and Resources

The code for the AutoStatsQ toolbox is open to public and can be accessed at
https://github.com/gesape/AutoStatsQ (last access January 2019).

Synthetic data was computed using a global pre-calculated Green’s function database which can
be downloaded from http://kinherd.org:8080/gfws/static/stores/, last access August 2018.

Some plots were made using the Generic Mapping Tools (version 5.2.1) (http://www.soest.
hawaii.edu/gmt/, Wessel et al. [2013]). For topography SRTM-3 data (Farr et al. [2007]) was
used.

Waveform data was obtained using the pyrocko fdsn client to access the databases of Bun-
desanstalt fiir Geologie und Rohstoffe (BGR; http://eida.bgr.de), Eidgenossische Technische
Hochschule Ziirich (ETHZ; http://eida.ethz.ch), GEOFOrschungsNetz (GEOFON; https://
geofon.gfz-potsdam.de/), Instituto Nazionale di Geofisica e Vulcanologia (INGV;
http://webservices.ingv.it), Institut de Physique du Globe de Paris (IPGP; http://eida.
ipgp.fr), Incorporated Research Institutions for Seismology (IRIS; https://www.iris.edu/hq/)),
Ludwig-Maximilians-Universitdt Miinchen (LMU; http://erde.geophysik.uni-muenchen.de),
Observatories and Research Facilities for European Seismology (ORFEUS; https://www.orfeus-eu.
org/), and Résau sismologique & géodésique frangais (RESIF; http://ws.resif.fr). All databases
were last accessed in September 2018.

The permanent AlpArray stations belong to different European regional networks, those without
a digital object identifier are listed below:

University of Zagreb (2001): Croatian Seismograph Network.

Seismologisches Zentralobservatorium GRF (1990): German Regional Seismic Network.

Polish Academy of Sciences (PAN) Polskiej Akademii Nauk (1990): Polish Seismological Net-

work.
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Tables

Table 1:

Owerview of the catalog and dataset used for testing the permanent AlpArray stations, the Z3
stations and the Swath-D seismic network. For each network, one subset with deeper events was
used for the gain and frequency range test and a second subset of crustal events was used for the
sensor orientation analysis. A complete list of events is provided in the electronic supplement
(Table S1). For information on the repositories listed here see also Data and Resources.

Net. Nstats Depth range Time range My range Repositories Nevents
perm. 393  25-700 km 2015-2018 6.5-8.5 BGR, EIDA, 23
ETHZ, GEOFON,
INGYV, IPCP,
IRIS, LMU,
ORFEUS, RESIF
perm. 393  0-60 km 2015-2018 6.5-8.5 BGR, EIDA, 27
ETHZ, GEOFON,
INGYV, IPCP,
IRIS, LMU,
ORFEUS, RESIF
73 218  25-700 km 09/2017-07/2018 6.5-8.5 EIDA 15
73 218  0-60 km 09/2017-07/2018 6.5-8.5 EIDA 19
7S 218  25-700 km 10/2017-10/2018 6.5-8.5 GEOFON 24
ZS 218  0-60 km 10/2017-10/2018 6.5-8.5 GEOFON 24

47



CHAPTER 4. PUBL. 1 - AUTOSTATSQ

Table 2: Permanent and temporary AlpArray stations i with P-phase amplitudes strongly deviating from
reference stations GE.MATE, respectively Z3.A261A, on vertical channels. Median of A;;/ Ay ;
amplitude ratios for all events j, if < 0.1 or > 10. The complete result tables are available in the
electronic supplement to this article. Event catalogs: Permanent stations - 01/2015 - 03/2018;
temporary stations: 09/2017 - 07/2018. ny is the number of events used to obtain the result.

Station Component Ai,j/ Aref dmedian Ai/j / Aref Jmean Ai/j / AVEf stdev  'ev
BW.RNON Z 152.5 400.7 5304 22
CH.OTER1 Z 0.001 0.004 0.006 12
FR.RUSF 07,2 110.3 135.5 1215 23
GUSARM Z 224 447 714 9
NLPOLC Z 0.01 0.01 0.06 13
RD.MFF Z 8.6¢12 9.4e12 5912 22
RE.GEPF z 0.01 0.01 0.004 16
SKMODS Z 2.8e11 2.6e11 1.4e11 12
SK.ZST z 4.9¢08 6.3¢08 5.08 21
CRSMRN Z 27.1 33.5 240 3
Z3.A112A  Z 0.02 0.02 0.01 10
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Table 3: Permanent and temporary AlpArray and SWATH-D stations with obtained correction angles
lac| > 20°. ney, is the number of events used to obtain the result. Only results with cross-

correlation values above 0.80 and n., > 5 are included.

* Temporal change in orientation.

** Broken HHE channel in November and December 2017.

Station median(a.)[°]  mean(ac)[°] std(ac)[?] Heo
CZ.OSTC -235 -22.7 6.8 14
CZ.GOPC 1440 149.9 13.5 12
FR.GRN 30.0 27.5 8.7 16
FR.LRVF  -59.0 -56.3 14.6 14
GUMAIM -22.0 -20.1 73 7
GU.PCP -31.5 -31.3 4.8 10
GU.RORO -168.0 -166.6 7.2 7
HU.EGYH -20.0 -19.9 6.7 13
IV.CELB 23.0 19.6 7.6 9
IVFIR 102.5 102.7 9.3 6
IVMILN*  -34.0 -20.9 34.9 9
IV.MSSA -23.0 -17.9 8.1 9
IVSARZ -163.5 -164.7 6.5 6
IVZCCA 1640 161.8 9.9 11
NLVINO* -160.0 -92.3 95.8 12
TH.ZEU -33.0 -35.6 79 15
Z3.A030A -45.0 -43.3 10.0 6
Z3.A263A 169.5 165.3 13.9 6
Z3.A300A 163.0 172.4 11.5 7
Z3.A301A -225 -23.7 12.3 8
Z5.D116 24. 21. 6.4 7
7Z5.D141**  —22. -13.0 30.7 6
7Z5.D125 171. 171.4 42 5
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List of figure captions

Figure 1: Example of a teleseismic event catalog downloaded from global CMT, 2015-2018,
6.5 < My < 8.5, depth 1-60 km. The map is centered in the Alps. The blue stars show the
locations of an automatically selected subset of azimuthally distributed events used for the ori-
entation analysis of the permanent AlpArray stations. Other, not used events in red.

Figure 2: Automatically generated map showing the logarithm of the median amplitude ratios
of all events j for each permanent station i of the AlpArray network, vertical component, relative
to station GE.MATE (black rectangle).

Figure 3: Cross-correlation coefficient as a function of the correction angle for (a) station GR.BFO
and (b) Z5.D125, and 4 example events each. The maximum cross-correlation of the Hilbert-
transformed radial component and the vertical component of GR.BFO is obtained for a correction
angle close to 0°. The horizontal components of ZS5.D125 have inverse polarities, therefore the
obtained correction angle is 180°.

Figure 4: PSD quality check result: Example station GE.MATE, 20 events, vertical component.
(a) PSDs of synthetic (red) and observed (black) event data, vertical component. The sampling
rate of synthetic and observed data is 2 s and the instrument’s lower corner frequency is 0.01 Hz.
For many events, the PSDs of the synthetic and the recorded data agrees well. (b) Median of the
ratio of the synthetic and observed PSDs presented above at each frequency step. The dashed
lines show the results of the line fits. The red line indicates the frequency range recommended
to use for MT inversion.

Figure 5: Locations of the permanent (black) and temporary (red) broadband stations of the Al-
pArray seismic network and the SWATH-D stations (blue).

Figure 6: Maps showing the logarithm of the median amplitude ratios A;;/ A, of all events j
for each permanent (a, ¢, e) and temporary (b, d, f) AlpArray station i. The reference stations
GE.MATE, respectively Z3.A261A are marked by black rectangles. Outliers removed to empha-
size potential site effects.

Figure 7: Maps showing the logarithm of the median amplitude ratios A;;/ A, ; of all events j
for each station i of the SWATH-D network, relative to station ZS.D017 (black rectangle). (a) Z,
(b) Rand (c) T component. Minor amplitude variations are explained by site-effects and different
noise levels.

Figure 8: Automatically generated maps showing the obtained sensor orientations (ony = 0° — &)
of the (a) permanent, (b) temporary, and (c) SWATH-D AlpArray stations. The orientations of
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the horizontal components of all stations are indicated by the vectors. The colors indicate the
absolute misorientations. Tiny black arrows denote stations where less than five events could be
used to obtain the results.

Figure 9: (a) M 7.9, 2018-01-23 09:32:03.970 Gulf of Alaska. P-phase onsets on vertical channels
of GU network, bandpass filtered at 0.05-0.4 Hz. GU.RORO shows opposite polarity. (b) S-phase
of the same event on horizontal and vertical channels of IV.SARZ and neighboring stations. The
polarities of the HHN and HHE channels of IV.SARZ are reversed. The blue dotted line depicts
the traces of IV.SARZ reoriented by the correction angle (Table 3).

Figure 10: Correction angle over time for NI.VINO showing a temporal change in summer 2016.

Figures

Figure 1: Example of a teleseismic event catalog downloaded from global CMT, 2015-2018, 6.5 < My <
8.5, depth 1-60 km. The map is centered in the Alps. The blue stars show the locations of an
automatically selected subset of azimuthally distributed events used for the orientation analysis
of the permanent AlpArray stations. Other, not used events in red.
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Figure 2: Automatically generated map showing the logarithm of the median amplitude ratios of all events
j for each permanent station i of the AlpArray network, vertical component, relative to station

GE.MATE (black rectangle).
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Figure 3: Cross-correlation coefficient as a function of the correction angle for (a) station GR.BFO and
(b) ZS.D125, and 4 example events each. The maximum cross-correlation of the Hilbert-
transformed radial component and the vertical component of GR.BFO is obtained for a correction
angle close to 0°. The horizontal components of ZS.D125 have inverse polarities, therefore the

obtained correction angle is 180°.
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Figure 4: PSD quality check result: Example station GE.MATE, 20 events, vertical component. (a) PSDs
of synthetic (red) and observed (black) event data, vertical component. The sampling rate of
synthetic and observed data is 2 s and the instrument’s lower corner frequency is 0.01 Hz. For
many events, the PSDs of the synthetic and the recorded data agrees well. (b) Median of the
ratio of the synthetic and observed PSDs presented above at each frequency step. The dashed
lines show the results of the line fits. The red line indicates the frequency range recommended to
use for MT inversion.
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Figure 5: Locations of the permanent (black) and temporary (red) broadband stations of the AlpArray
seismic network and the SWATH-D stations (blue).
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Figure 6: Maps showing the logarithm of the median amplitude ratios A;;/ Ay, of all events j for each
permanent (a, c, e) and temporary (b, d, f) AlpArray station i. The reference stations GE.MATE,
respectively Z3.A261A are marked by black rectangles. Outliers removed to emphasize potential
site effects.
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Figure 7: Maps showing the logarithm of the median amplitude ratios A;;/ Ay, of all events j for each
station i of the SWATH-D network, relative to station ZS5.D017 (black rectangle). (a) Z, (b)

R and (c) T component. Minor amplitude variations are explained by site-effects and different
noise levels.
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Figure 8: Automatically generated maps showing the obtained sensor orientations (oy = 0° — «a.) of
the (a) permanent, (b) temporary, and (c) SWATH-D AlpArray stations. The orientations of
the horizontal components of all stations are indicated by the vectors. The colors indicate the
absolute misorientations. Tiny black arrows denote stations where less than five events could be
used to obtain the results.
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Figure 9: (a) M 7.9, 2018-01-23 09:32:03.970 Gulf of Alaska. P-phase onsets on vertical channels of GU
network, bandpass filtered at 0.05-0.4 Hz. GU.RORO shows opposite polarity. (b) S-phase of
the same event on horizontal and vertical channels of IV.SARZ and neighboring stations. The
polarities of the HHN and HHE channels of IV.SARZ are reversed. The blue dotted line depicts

the traces of IV.SARZ reoriented by the correction angle (Table 3).
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Orientations of Broadband Stations of the KOERI Seismic Network (Turkey) from Two
Independent Methods: P- and Rayleigh-Wave Polarization

Pimnar Biiyiikakpinar’, Mustafa Aktar, Gesa Maria Petersen, Aysegiil Koseoglu

'Kandilli Observatory and Earthquake Research Institute, Regional Earthquake-Tsunami

Monitoring Center, Bogazici University, Istanbul, Turkey

ABSTRACT

The correct orientation of seismic sensors is critical for studies such as full moment tensor
inversion, receiver function analysis, and shear wave splitting. Therefore, the orientation of
horizontal components needs to be checked and verified systematically. This study relies on
two different waveform based approaches to assess the sensor orientations of the broadband
network of the Kandilli Observatory and Earthquake Research Institute (KOERI). The
network is an important backbone for seismological research in the Eastern Mediterranean
Region and provides a comprehensive seismic data set for the North Anatolian Fault. In recent
years, this region became a worldwide field laboratory for continental transform faults. A
systematic survey of the sensor orientations of the entire network, as presented here,
facilitates related seismic studies. We apply two independent orientation tests, based on the
polarization of P-waves and Rayleigh-waves to 123 broadband seismic stations, covering a
period of 15 years (2004-2018). For 114 stations we obtain stable results with both methods.
Approximately 80% of the results agree with each other within 10°. Both methods indicate
that about 40% of the stations are misoriented by more than 10°. Among these, 20 stations are
misoriented by more than 20°. We observe temporal changes of sensor orientation which
coincide with maintenance work or instrument replacement. We provide time-dependent

sensor misorientation correction values for the KOERI network as supplementary material.

INTRODUCTION

Three-component seismograms recorded by broadband sensors are essential for the
study of earthquake source processes and structural properties of the subsurface. Most
applications use the ray-based coordinate system (radial and transverse components), which is
obtained by rotating the seismograms of the horizontal components (conventionally oriented

NS and EW) for an event. A reliable rotation requires the correct estimation of the back-
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azimuth determined from source and receiver coordinates and a known orientation of the
sensors which might deviate from NS and EW convention. The misorientation of the
horizontal sensor components is a common problem in seismic networks as has been reported
by many detailed observations worldwide (e.g. Laske, 1995; Niu and Li, 2011; Rueda and
Mezcua, 2015; Ojo et al., 2019; Petersen et al., 2019). In practice, the geographical north is
routinely determined from the magnetic north using a magnetic compass, with a precision of
about £5° (e.g. Vecsey et al., 2017). In Polar regions, as well as in volcanic areas, the
fluctuations of the magnetic field are inevitable and supplementary checks are usually applied.
More often, the error is anthropogenic, resulting from either magnetic material in nearby
buildings or the improper use of the magnetic compass. Misorientations may further be
introduced by transferring the determined north line to the sensor location (Ringler et al.,
2013). Tools such as a gyrocompass, sun-shot jig, and GPS can be used to increase the
accuracy of the sensor orientation (e.g. Ringler et al., 2013). Time-dependent changes of the
sensor orientation have been observed and attributed e.g. to field-visits without proper
reorientation, switches in the polarity of vertical or horizontal components, or animal activity

(e.g. Rueda and Mezcua, 2015; Petersen et al., 2019).

The misorientation of the sensors may lead to wrong interpretations in many
applications, such as full moment tensor inversion, anisotropy, shear-wave splitting, the
polarization of seismic waves, and receiver function studies, which rely heavily on the
component rotation (Ekstrém and Busby, 2008; Zahradnik and Custédio, 2012; Wang et al.,
2016). For this reason, the correct orientation of horizontal components should be a part of
data quality assessment before any processing and interpretation. Tilted vertical components
are less common and therefore generally assumed as correct in most orientation studies

(Ekstrom and Busby, 2008; Niu and Li, 2011).

Sensor orientations have previously been studied for various networks worldwide.
Laske (1995) used long-period surface waves to show that 4 of 37 stations from Geoscope and
International Deployment of Accelerometers (IDA) networks had misorientation of more than
3°. Laske and Masters (1996) also analyzed the polarization of long-period surface waves and
reported that 12 of the 76 stations operated by GEOSCOPE (G), IDA/IRIS (II), and
IRIS/USGS (IU) are misaligned, sometimes by more than 5°. Yoshizawa et al. (1999) used the
polarization of lower-mantle P-waves and found significant deviations from the N-S direction
for 4 Global Seismic Network (GSN) stations. Larson (2000) and Larson and Ekstrom (2002)
used the polarization of intermediate-period surface waves and showed similar sensor

misorientations in the order of 10° for 10 GSN stations. Likewise, Schulte-Pelkum et al.
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(2001) estimated that at least 10 GSN stations were misoriented by more than 10°, based on
particle motion of long-period P waves. Ekstrom and Busby (2008) reported that 10.3% of the
backbone and transportable stations of the USArray were misoriented by 7° or more. Niu and
Li (2011) evaluated the CEArray (>1000 stations) with a signal to noise ratio-weighted-multi-
event method. They estimated that one-third of stations had misorientations larger than 8°.
Rueda and Mezcua (2015) have used 10 years of data to quantify the misorientation of the
Spanish Broadband National Network stations using the Rayleigh-wave polarization method.
They found that 15 of 47 stations had significant misorientations of more than 15°. Ojo et al.
(2019) analyzed the orientation of 1075 African seismic stations. In their study, three
independent waveform-based methods were simultaneously applied, namely P-wave particle
motion based on the principal component analysis (PCA), minimization of the P-wave energy
on the transverse component, and measuring intermediate-period Rayleigh wave arrival. They
found that 251 stations were misaligned by more than 10°. Braunmiller et al. (2020) have
recently demonstrated that approximately 75% of the Iranian National Seismic Network
(INSN) and 59% of the Iranian Seismological Center (IRSC) are oriented within 15° of true
North, using P-wave energy minimization on the transverse component. Furthermore, they
observe temporary variations for 36 out of 121 stations. As a result of the increasing number
of seismic stations, automated station quality assessment is inevitable. Petersen et al. (2019)
developed the python-based toolbox “AutoStatsQ”, which includes a test to identify sensor
misorientations using Rayleigh-wave polarization analysis. They analyzed over 750 stations
of the AlpArray seismic network and the smaller SWATH-D seismic array and identified
sensor misorientations of more than 20° for about 5% of the stations. Lastly, Zeng et al.
(2020) have recently indicated that 80 stations and 49 stations of CHINArray have
misorientation by 5°-20° and >20° or other malfunctioning problems, respectively. They have
also shown that large sensor alignment errors could adversely affect the results of many

seismic studies such as receiver function, anisotropy, and ambient noise.

In this study, we assess the orientation of the horizontal components of the broadband
stations of the seismic network operated by the Kandilli Observatory and Earthquake
Research Institute (KOERI; Fig. 1). After an introduction into the methodology of both
applied orientation tests, we present the orientation estimates for all stations and discuss
methodological limitations. We provide all results in a table to allow the reader to apply

corrections before performing further seismological studies.
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METHOD AND DATA

In this study, we use two independent methods to obtain the apparent arrival direction
of teleseismic waves from the polarization of two wave types, P and Rayleigh waves. The
apparent arrival directions are compared to the theoretical direction obtained from event and
source location. Deviations between theoretical and apparent arrival direction are explained
by misoriented horizontal components of the seismic sensors. Since the two methods use
different parts of the seismogram and different frequency bands, the results obtained by the
two methods are considered independent. Data are limited to broadband waveforms recorded
between 2004 and 2018 by the KOERI network. The sensors include GURALP 3T, 3ESP,

3ESPC, 6T, 40T seismometers, with long period corner varying between 30 s to 360 s.

Figure 2 summarizes the procedure used in this study. The blue solid lines represent
the geographical coordinates (North and East). The blue dashed line represents the theoretical
direction of the incoming ray. The angle (¢p) between the incoming ray and the geographic
north is called the theoretical back-azimuth angle. Since this angle is obtained directly from
the event-station coordinates, without using the waveforms, it is independent of the sensor
orientation. The back-azimuth angle can also be obtained from waveform analysis using the
polarization of particle motions. A sensor misorientation directly influences this apparent
back-azimuth angle (¢’). In Figure 2, the black solid lines represent the actual and therefore
possibly erroneous orientation of horizontal components of a sensor. If the sensor is not
correctly oriented to the North, the apparent back-azimuth is not the same as the one obtained
from the station-event location. The difference between the theoretical and the apparent back-
azimuth angles is defined as the sensor deviation angle (6, = @-@’), assuming as positive in the

clockwise direction.

Note that the approach described above is based on the a priori assumption that the
deviations between the theoretical and apparent back-azimuth values are only caused by the
sensor misorientation. In reality, however, many other factors may also lead to an erratic
bending of the ray path from its direct trajectory and deviate the particle motion from its
direction. A dipping layer below the station or 3D complexities can perturb the results.
Similarly, any type of anisotropy along the ray path, either at lower crust or upper mantle
layers, can also result in deviations of the polarization of the seismic waves. The best way to
test the degree of validity of the primary assumption is to repeat the tests for events from

various back-azimuths and distances. If the same sensor deviation angle is found for different
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ray paths, it can safely be assumed that the sensor misorientation is the main cause of the
deviation. In practice, however, earthquakes are not distributed evenly in all azimuthal
directions. In the P wave polarization analysis we use a large number of events, mainly from
two azimuthal ranges (blue stars in Fig. 3). In the Rayleigh wave polarization analysis, we use
a relatively homogeneous distribution of large earthquakes (red stars in Fig. 3). Detailed

descriptions of the two methods are given in the following paragraphs.

P-wave polarization method

In the P-wave polarization analysis, we use first arrivals from distant events to
estimate the direction of the incoming wave. This part of the waveform is entirely composed
of P-wave, therefore the particle motions are aligned with the radial direction. The
polarization angle of this initial part of the seismogram gives directly the apparent back-
azimuth angle (Niu and Li 2011; Ojo et al., 2019). The P-wave time window is chosen as the
first 8 seconds after the arrival time, which is estimated theoretically and then validated
visually for each teleseismic events. The polarization of particle motion on the horizontal
plane is estimated by applying a principal component analysis (PCA) to the covariance matrix
of the horizontal components. The direction of the eigenvector corresponding to the highest
eigenvalue equals the preferred direction of particle motion, in other words, the direction of

the incoming radial ray.

The direction estimation is not based on a single event only, but on a collection of a
large number of events, with an epicentral distance of 30°-90° and with magnitude >5.5. All
waveforms are low-pass filtered using a two-pole Butterworth filter with a cut-off frequency
of 0.3 Hz. Filtering is applied both in forward and reverse directions to preserve the phase
content of both components. Approximately 100,000 waveforms were visually analyzed for
the whole network and a total of 9313 waveforms with a high signal-to-noise ratio were

selected for further analysis.

For the P-wave based analysis of the KOERI network, we use two specific azimuth
directions, which provide extensive data for a stable application of the PCA (Fig. 3, blue
stars). These are Japan (back-azimuth 45°N-55°N, BAZ,) and the Java Trenches (back-
azimuth 90°N-110°N, BAZ,). In order to increase the accuracy of the approach, we use events
within a narrow back-azimuth range of 6° for each station, thus guaranteeing nearly the same

ray path for all waveforms that are jointly processed.
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For most stations, the P-wave polarization analysis is done only for these two
directions and the final sensor deviation angle is determined by taking the mean of these two
independent results (see Table S1 available in the supplemental material to this article). If the
estimates of these two azimuths are close, we can safely assume that the sensor misorientation
is the main cause for the deviation. Otherwise, other factors described above may likely
influence the deviations of particle motion. In order to illustrate the procedure, the particle
motion and the result of PCA are shown in Figure 4a and 4b, for station KO.SVAN. The two
subplots show the particle motion for the two different back-azimuth ranges. In both
directions, a composite wave is obtained by concatenating all of the P-wave arrivals from a
large number of different events (92 and 34 events). The black dashed lines show the direction
of motion obtained from the PCA, which gives the apparent back-azimuth (¢'). The red line
shows the true\theoretical back-azimuth (¢) computed from source and receiver coordinates
using the SAC2000 package (Goldstein et al., 2003). In the case of the station KO.SVAN, the
sensor deviation angle is found to be 8.4° +1.9 and 12.2° 1.9 for BAZ,; and BAZ,,

respectively which gives the mean of 10.3°.

Rayleigh-wave polarization method

The second method uses the polarization of Rayleigh-waves to estimate the apparent
back-azimuth of the teleseismic waves. Rayleigh waves are theoretically observed on radial
and vertical components with a phase shift of 90°. Assuming a correctly oriented sensor and
hence a correct radial component, the Hilbert-transformed radial component should resemble
the vertical component. The test is implemented in the python-based toolbox AutoStatsQ
(Petersen et al., 2019; https://github.com/gesape/AutoStatsQ, last accessed September 2020),
which is based on the seismological python library Pyrocko (Heimann et al., 2017). The tool
selects time windows of 660 s length assuming a maximum propagation velocity of Vr=4
km/s. All waveforms are band-pass filtered between 100 s and 30 s, and the instrument
response is removed. For each event, the Hilbert-transformed radial component is rotated in
steps of 1° and cross-correlated with the vertical component. The rotation angle resulting in
the highest correlation of the two components corresponds to the orientation correction angle.
69 azimuthally well-distributed events are selected from a teleseismic distance >30°, with
Mw=>6.9 and depth<35km (red stars in Fig. 3). In order to improve the accuracy, only events
showing a sufficiently high maximum value of the cross-correlation coefficients (>0.85) are

used. An average of 16 events is finally used for each station. To avoid any bias due to single
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outliers, the median of the independent estimates per event is chosen as the final orientation

error for each station (Petersen et al., 2019).

Figure 4c shows the estimated orientation error for the single events at the station
KO.SVAN. The events are sorted according to their back-azimuth to check the validity of the
initial assumptions of horizontal layers and isotropy. The azimuthal variation of the sensor
deviation angle does not show any sinusoidal pattern which may be interpreted with simple
geometrical considerations. It is observed that for this particular station the median of the
sensor deviation angle for 36 events is 9.0°. The mean (6.4°) and the standard deviation (8.0°)
are influenced between 80° and 110° range, where significantly different orientations angles
around -10° to -15° are obtained. To avoid such bias we used the median value obtained from
azimuthally distributed earthquakes. Note that the median sensor deviation angle found for
this station is similar to the result obtained from the P wave-polarization which therefore

confirms both methods.

RESULTS

The sensor deviation angle is estimated for a total of 123 broadband stations operated
by the KOERI network. For most of these stations (114 of 123), it was possible to determine
the sensor orientation using both the P-wave and the Rayleigh-wave approaches. This
redundancy provided a double-check mechanism for all values obtained in this study. Figure 5
summarizes the results of both methods. Since the network is much denser in the Marmara
Region (NW Turkey), an additional detailed map of this region is included (Fig. 5a for the
whole KOERI network and Fig. 5b for the Marmara Region). Blue and red arrows show the
estimated orientation of the sensors, obtained from P wave and Rayleigh-wave methods
respectively. The orientation results of both methods agree well with differences of <5° for
55% and <10° for 80% of the stations. Since 10° corresponds approximately to the sensitivity
range of the methods, we assume that the values estimated by either method are close to the
true orientation error of the sensor. For 18 stations, the orientation error obtained by both
methods differs by 10-20°, which may be attributed to some basic methodological differences,
such as the frequency band used. Some discussions about the possible causes of the
disagreement between the two methods are included at the end of this section. For 5 stations

the difference between both methods exceeds 20°.
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For the 91 stations where the two methods agree well (<10°), we use the average of the
two sensor deviation angles and present the final orientation of the sensors (8,) in Table S1.
For 53 of 91 stations, the sensor deviation angle is less than 10°. We assume that these station
orientations are good enough for most subsequent seismological studies and therefore we do
not propose a complementary test. On the other hand, a rotation correction is strongly
recommended before applying any processing for the 20 stations that have an average sensor

deviation angle >20° (Table 1).

The data used for testing covers a period of 15 years, starting from the initial
installation of broadband sensors of the KOERI network in 2004. This gives an opportunity to
check whether there are changes of orientation during the operating time of the network. 18
stations show temporal variations of the sensor orientation during the course of the
operational period in one of the two analysis methods. Both methods show time shifts at
stations KO.BGKT, KO.PTK, and KO.YAYX (see Supplementary Table S1). In these three
cases, the time interval where the modification took place is found to coincide with
maintenance operations where the sensor was either removed from its initial position for
repair or replaced. It was therefore easy to determine the exact date of the orientation change

by referring to the field notes of maintenance technicians.

At this stage, it is useful to focus on possible explanations about why the results of the
two methods may deviate from each other. The basic difference between the two methods lies
in the use of waveforms, namely the time window selected and the frequency band utilized.
These differences are less relevant in a setting where the a priori assumptions described above
(purely horizontal layering and no anisotropy) are fully valid. However, in a situation where
there is some deviation from the ideal conditions, the way the two methods respond is quite
different. Since the Rayleigh-wave approach uses low frequencies, it is less sensitive to small-
scale perturbations of the underlying structure. Furthermore, since it is restricted to only large
events, data from all azimuths need to be included and the final result is an intermediate
solution that satisfies all azimuths. The P-wave method however takes advantage of much
smaller events and uses much higher frequencies. It has the potential of producing stable
results for very narrow azimuth angles. In fact, this study used only two directions, which
provide the largest number of events (Japan and Java Trenches). In both regions, the data was
sufficient enough to focus the test to a very narrow angle of +3° and thus, avoid any blurring
effects due to azimuth fluctuations. However, the use of higher frequencies makes the P-wave
approach more sensitive to crustal complexities, which may be desirable or not depending on

the purpose. To summarize, one can say that the Rayleigh-wave approach provides a robust
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solution nearly valid for all azimuths, while the P-wave method provides greater accuracy for
narrow angles and therefore helps to detect azimuth variations. This is well illustrated in the
case of the station KO.LEF. Figure 6 shows the orientation error estimated at several different
azimuths using both P-wave and Rayleigh-wave methods. Clearly, although the amplitude of
scattering is comparable for both methods, the P-wave approach reveals a periodicity, while
the Rayleigh approach remains blind to it. A first-order interpretation of the azimuthal
periodicity is the presence of a 3D geological structure, which deviates the incoming ray from
its direct path. In fact, any velocity changes near the station may provide a faster path, which
would deviate from the direct line and follow an alternative path, for the ray which is bent.
Accordingly, the particle motion would not align with the source-receiver direction. In this
situation, the sensor deviation angle would be azimuth dependent. For simple structures such
as a single dipping layer or a single anisotropic layer, the orientation estimates show a well-
defined sinusoidal periodicity (Wang et al., 2016). This type of structural irregularities is not
uncommon in tectonically active zones such as Turkey where geological formations are
strongly perturbed by recent tectonic movements. For the station KO.LEF, the result of the P-
wave method is clearly much closer to a sinusoidal pattern as compared to the Rayleigh-wave
method. This can be explained by the fact that the P-wave approach uses more events for each
azimuth interval and therefore achieves much higher accuracy. Additionally, the P wave
polarization method uses a higher frequency band (<0.3 Hz) compared to the Rayleigh wave
analysis (<0.03 Hz) and therefore the results are far more sensitive to crustal-scale anomalies.
A close inspection of Figure 5 shows that a considerable number of stations aligned along the
Black Sea Coast have a nearly identical type of disagreement between the two methods. A
similar behavior is also observed for the stations West of the Lake Van. It would be interesting
to know whether this type of regional trends may be related to a single common feature, such
as the two large Transform Faults located nearby in both cases (the North Anatolian Fault for
Black Sea stations and the East Anatolian Fault for Lake Van, respectively). However, it is too
early to draw a final conclusion, since a similar behavior is not observed in other parts of the

same Transform Faults.

In general, for cases where the results from P-wave and Rayleigh methods differ more
than 10°, it would be useful to make a detailed study of the azimuth variation using the P-
wave approach. Our attempt in this context did not provide satisfactory results except for the
station KO.LEF. This may be due to either higher structural complexity or simply to the
insufficient number of the events from all azimuth angles. In future, as more data will be

available we expect to obtain a more complete understanding of the effect of the azimuthal
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variation. In the present situation, we do not suggest a correction value for these ambiguous

stations and recommend further in-situ test for assessing the true sensor orientation.

DISCUSSION & CONCLUSIONS

This study provides a first-order estimation of the orientation for broadband stations
operated by the KOERI network, for the entire operating time of 15 years. Results show that
for more than 40% of the stations, the orientation error exceeds the acceptable limit of <10°,

and a rotation correction is strongly recommended.

The determination of the sensor orientation based solely on waveform data is not a
simple task and uncertainties are inherent in the methods. Both methods that were applied in
this study to estimate the sensor orientation are based on simplifying assumptions (horizontal
geometry, isotropy). The violation of these assumptions influences the two methods
differently. The final result is a trade-off between resolution (i.e. frequency) and robustness,
which in this study are represented by the P-wave and the Rayleigh-wave methods,
respectively. We have therefore based our final conclusions on the joint interpretation of the

results of both approaches.

In some cases, the increased resolution of the P-wave approach reveals useful details
about the azimuthal distribution of the orientation error. In particular, a sinusoidal pattern is
observed in the azimuth distribution (KO.LEF station), which can be attributed to simple

structures such as a single dipping layer or single layer anisotropy.

The most reliable but time consuming way of determining the sensor orientation is to
measure it directly at the station site, using an astronomically determined geographical north.
We have validated some of our results by in-situ measurements at selected stations using a
magnetic compass. For comparison, the two polarization methods indicate that stations
KO.ADVT and KO.CTKS are misoriented by 37.5° and -30.9°, respectively. The field
measurements revealed that they were misaligned by 45° and -36°. Taking into account the
measurement uncertainties of the magnetic compass and the standard deviations of both
methods, these values are in good agreement (Table 1). Field observations also show that the
main source of orientation error is the inadequate usage of the compass during the initial
installation. Magnetic disturbances caused by the iron reinforcement of concrete buildings at
the station sites cause considerable measurement difficulties. During the validation in the

field, the magnetic north is determined at a sufficiently long distance from the station site,
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where disturbances can be assumed to be minimal. Then the inferred direction of the magnetic
north was extrapolated into the interior of the building using geodetic tools. The magnetic to

geographic conversion is applied using the actual value of the declination angle.

Worldwide experience shows that although many studies about sensor orientations
indicate significant errors, sensor orientations are not always routinely checked and reported.
The sensor orientation study presented here is, to our knowledge, the first one for the KOERI
network. One main goal of this study is therefore to provide the users of the network with a

reference correction table, which can be used in future studies.

DATA AND RESOURCES

Seismic data used in this study are free and open access to users via the International
Federation of Digital Seismograph Networks (FDSN) client code (KO;
https://doi.org/10.7914/SN/KO) in the databases of the Bogazici University Kandilli
Observatory and Earthquake Research Institute (KOERI; http://eida.koeri.boun.edu.tr). Some
of the figures were prepared using the Generic Mapping Tools version 5.2.1 (v.5.2.1;
http://www.soest.hawaii.edu/gmt/, Wessel et al., 2013). The MATLAB code to evaluate the
sensor misorientation from P-wave polarization was developed by Mustafa Aktar and Pinar
Biiyiikakpinar, and can be requested from the corresponding authors. The Python-based
AutoStatsQ toolbox was used to estimate the sensor misorientation, using Rayleigh-wave
polarization (Petersen et al., 2019; https://github.com/gesape/AutoStatsQ). For topography in
Figures 1 and 5, ETOPO1 data (Amante and Eakins 2009) and SRTM-3 data (Farr et al.,
2007) were used. Seismic data were analyzed with the Seismic Analysis Code (SAC;
Goldstein et al., 2003). All websites were last accessed in December 2020. The supplemental
material for this article includes a table for sensor orientations of the KOERI broadband

network.
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Table 1. Results of sensor deviation angles 0, estimated from P and Rayleigh wave

polarization methods for stations with 8,>20°.

No Network Station Code 0o (P-wave) 8o (Rayleigh-wave) 0o
1 KO ADVT" 37.0°£2.9 38.0°16.0 37.5°
2 KO BGKT' -24.2°£1.6 -23.5°16.8 -23.9°
3 KO BODT -30.3°£2.0 -21.0°+9.5 -25.7°
4 KO CAVI 25.6°t1.8 17.0°£7.5 21.3°
5 KO CTKS* -31.8°+4.6 -30.0°£8.0 -30.9°
6 KO CTYL 45.0°£0.7 45.5°£7.5 45.3°
7 KO GEDZ 23.5°+3.0 20.5°+3.0 22.0°
8 KO GEMT 30.9°+1.8 25.0°45.0 28.0°
9 KO GULA 28.9°t4.1 28.0°t7.6 28.5°

10 KO KARO -21.7°+£1.9 -20.0°t7.9 -20.9°
11 KO KARS 24.3°+6.3 16.5°+4.9 20.4°
12 KO KLYT§ -160.3°£1.9 -157.0°+7.9 -158.7°
13 KO KRBG 35.2°+0.9 33.0°£6.0 34.1°
14 KO LADK -19.2°£3.9 -22.0°£7.8 -20.6°
15 KO PTK 23.7°£1.3 27.0°£8.6 25.4°
16 KO RSDY -26.6°+4.0 -22.5°+10.6 -24.6°
17 KO SLVT -67.7°£5.9 -58.0°+5.7 -62.9°
18 KO YAYX 27.4°+4.6 25.0°%£5.5 26.2°
19 KO YER 20.6°£9.1 22.5°+6.8 21.6°
20 KO YLV 21.6°t4.8 23.0°£3.9 22.3°

“In situ measurement 0,=45° .
"Date interval (30 September 2009-17 June 2015).
“In situ measurement 0,=-36°.

§Polarity reversal for the date interval (30 September 2009-07 July 2018).

75



CHAPTER 5. PUBL. 2 - KOERI ORIENTATIONS

Figure 1. Map showing the location of broadband stations (black triangles) used in the study
operated by KOERI network.

Figure 2. The diagram shows the sketch of a sensor alignment. The dashed line represents the
incoming ray. The angle ¢ between the geographic north and the incoming ray is the
theoretical back-azimuth. The apparent back-azimuth angle ¢' is obtained from a polarization
analysis. North (N') and east (E') components deviate by 8, = ¢ — @' from the geographic

coordinates, implying an erroneous orientation of the horizontal components.

Figure 3. Teleseismic events used in the sensor orientations analysis. Blue stars show the
location of the events used for the P-wave polarization method. The two groups are referred to
as BAZ; and BAZ, for NE (45°-55°) SE quadrants (90°-110°), respectively. Red stars show
the events used in the Rayleigh-wave polarization method.

Figure 4. The P wave particle motion recorded at KO.SVAN station for 92 events from BAZ;
(a) and 34 events from BAZ, directions (b). Black dashed lines show the mean apparent back-
azimuth obtained from P wave particle motion from multiple events (blue lines) using the
principal component analysis. Red line shows the mean theoretical back-azimuth for the
group of events calculated by the station and earthquake location parameters. In the case of a
correctly oriented sensor, black and red lines (mean apparent and theoretical back-azimuth
lines) overlap. The sensor deviation angle for the station is 8.4°+1.9 and 12.2°+1.9 for BAZ,
and BAZ,, respectively. The lower figure (c) shows the Rayleigh-wave polarization results
(median 9.0°, mean 6.4°+8.0) for the same station obtained from 36 events. The gray area
indicates the standard deviation around the mean. Mean and standard deviation are influenced
by the back-azimuthal range between 80° and 110° while the median value of the Rayleigh
wave method and the result of the P wave method show comparable results.

Figure 5. The sensor deviation angles determined in this study for the KOERI network (a)
and Marmara Region (b). Blue arrows and red arrows show the deviation relative to
geographic north obtained from two methods, P-wave and Rayleigh-wave, respectively. Both
methods agree well with each other for 80% of the stations (<10°). For some stations (e.g.
KO.LEF), the results differ between both methods which may point to a common regional

origin (e.g. anisotropy or 3D structure, see also Fig. 6).

Figure 6. The extended polarization analysis of the P-wave (a) and Rayleigh-wave (b) for
different azimuthally distributed events at the KO.LEF station. Blue stars show the average
sensor deviation angle over many events in a narrow zone within 6° for P-wave analysis while
the stars indicate single events for Rayleigh wave analysis. The results obtained using the P-
wave method show a distinct sinusoidal pattern, hinting at crustal-scale features. The mean of
this sinusoidal pattern (1.2° +£3.8) gives the estimated orientation for the sensor. The Rayleigh
wave method results are more scattered around a median value of 4.0° (mean 4.4° +8.0). The

gray area shows the standard deviation around the mean.
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Figure 1. Map showing the location of broadband stations (black triangles) used in the study
operated by KOERI network.
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Figure 2. The diagram shows the sketch of a sensor alignment. The dashed line represents the
incoming ray. The angle ¢ between the geographic north and the incoming ray is the
theoretical back-azimuth. The apparent back-azimuth angle ¢’ is obtained from a polarization
analysis. North (N') and east (E') components deviate by 68, = ¢ — ¢' from the geographic
coordinates, implying an erroneous orientation of the horizontal components.
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Figure 3. Teleseismic events used in the sensor orientations analysis. Blue stars show the
location of the events used for the P-wave polarization method. The two groups are referred to
as BAZ, and BAZ, for NE (45°-55°) SE quadrants (90°-110°), respectively. Red stars show
the events used in the Rayleigh-wave polarization method.
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Figure 4. The P wave particle motion recorded at KO.SVAN station for 92 events from BAZ;,
(a) and 34 events from BAZ, directions (b). Black dashed lines show the mean apparent back-
azimuth obtained from P wave particle motion from multiple events (blue lines) using the
principal component analysis. Red line shows the mean theoretical back-azimuth for the
group of events calculated by the station and earthquake location parameters. In the case of a
correctly oriented sensor, black and red lines (mean apparent and theoretical back-azimuth
lines) overlap. The sensor deviation angle for the station is 8.4°+1.9 and 12.2°+1.9 for BAZ,
and BAZ,, respectively. The lower figure (c¢) shows the Rayleigh-wave polarization results
(median 9.0°, mean 6.4°+8.0) for the same station obtained from 36 events. The gray area
indicates the standard deviation around the mean. Mean and standard deviation are influenced
by the back-azimuthal range between 80° and 110° while the median value of the Rayleigh
wave method and the result of the P wave method show comparable results.
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Figure 5. The sensor deviation angles determined in this study for the KOERI network (a)
and Marmara Region (b). Blue arrows and red arrows show the deviation relative to
geographic north obtained from two methods, P-wave and Rayleigh-wave, respectively. Both
methods agree well with each other for 80% of the stations (<10°). For some stations (e.g.
KO.LEF), the results differ between both methods which may point to a common regional
origin (e.g. anisotropy or 3D structure, see also Fig. 6).
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Figure 6. The extended polarization analysis of the P-wave (a) and Rayleigh-wave (b) for
different azimuthally distributed events at the KO.LEF station. Blue stars show the average
sensor deviation angle over many events in a narrow zone within 6° for P-wave analysis while
the stars indicate single events for Rayleigh wave analysis. The results obtained using the P-
wave method show a distinct sinusoidal pattern, hinting at crustal-scale features. The mean of
this sinusoidal pattern (1.2° +3.8) gives the estimated orientation for the sensor. The Rayleigh
wave method results are more scattered around a median value of 4.0° (mean 4.4° +8.0). The
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Abstract. The Alpine mountains in central Europe are char-
acterized by a heterogeneous crust accumulating different
tectonic units and blocks in close proximity to sedimentary
foreland basins. Centroid moment tensor inversion provides
insight into the faulting mechanisms of earthquakes and re-
lated tectonic processes but is significantly aggravated in
such an environment. Thanks to the dense AlpArray seis-
mic network and our flexible bootstrap-based inversion tool
Grond, we are able to test different setups with respect to the
uncertainties of the obtained moment tensors and centroid
locations. We evaluate the influence of frequency bands, az-
imuthal gaps, input data types, and distance ranges and study
the occurrence and reliability of non-double-couple (DC)
components. We infer that for most earthquakes (M, > 3.3)
a combination of time domain full waveforms and frequency
domain amplitude spectra in a frequency band of 0.02—
0.07 Hz is suitable. Relying on the results of our method-
ological tests, we perform deviatoric moment tensor (MT) in-
versions for events with My, > 3.0. Here, we present 75 so-
lutions for earthquakes between January 2016 and Decem-
ber 2019 and analyze our results in the seismotectonic con-
text of historical earthquakes, seismic activity of the last 3
decades, and GNSS deformation data. We study regions of
comparably high seismic activity during the last decades,
namely the Western Alps, the region around Lake Garda,

and the eastern Southern Alps, as well as clusters further
from the study region, i.e., in the northern Dinarides and the
Apennines. Seismicity is particularly low in the Eastern Alps
and in parts of the Central Alps. We apply a clustering al-
gorithm to focal mechanisms, considering additional mech-
anisms from existing catalogs. Related to the N-S compres-
sional regime, E-W-to-ENE-WSW-striking thrust faulting is
mainly observed in the Friuli area in the eastern Southern
Alps. Strike-slip faulting with a similarly oriented pressure
axis is observed along the northern margin of the Central
Alps and in the northern Dinarides. NW-SE-striking normal
faulting is observed in the NW Alps, showing a similar strike
direction to normal faulting earthquakes in the Apennines.
Both our centroid depths and hypocentral depths in exist-
ing catalogs indicate that Alpine seismicity is predominantly
very shallow; about 80 % of the studied events have depths
shallower than 10 km.

1 Introduction

The Alpine mountains and surrounding areas are known for
their complex tectonic setting with a highly heterogeneous
lithospheric structure (e.g., Handy et al., 2010, 2015; Schmid
et al., 2004; Hetényi et al., 2018). The mountain range was
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tectonically shaped by the interaction of the Adriatic mi-
croplate and the European plate in several stages of con-
vergence between Europe and Africa (e.g., Schmid et al.,
2004, 2008; Handy et al., 2010; Hetényi et al., 2018). Ge-
ological studies show that the Adriatic plate is the upper
plate in the subduction of the Alpine Tethys in the Alps,
while it is the lower plate of the thrust systems in the Apen-
nines and the Dinarides (e.g., Schmid et al., 2008; Handy
et al., 2015). The terranes of the Mesozoic Tethys ocean be-
tween Europe and Africa were compressed, rotated, faulted,
and stacked during the Alpine orogenesis (e.g., Handy et al.,
2010). Along a distance of approximately 700 km between
NW Italy and Slovenia, the Northern Alps and the Southern
Alps are separated by the Periadtriatic line or fault system
(e.g., Handy et al. (2005); see also Fig. 1). Reversals in the
subduction polarities have been proposed at the transition to
both the Apennines and the Dinarides, while the geometry
and orientation of the slab is still controversial (e.g., Het-
ényi et al., 2018; Handy et al., 2010, 2015; Mitterbauer et al.,
2011; Schmid et al., 2004). GPS measurements show that
the Adriatic microplate is rotating counterclockwise relative
to Europe around an Euler pole located in the Western Alps
or western Po plain (D’ Agostino et al., 2008; Weber et al.,
2010). Velocity anomalies in the crust and the upper mantle
reflect the complexity of the crustal structure and the geody-
namic setting (e.g., Diehl et al., 2009; Fry et al., 2010; Moli-
nari et al., 2015; Kistle et al., 2018; Lu et al., 2020; Qorbani
et al., 2020).

Seismic activity across the Alps is typically character-
ized by low- to moderate-magnitude earthquakes. However,
large damaging earthquakes have occurred in the past, such
as the 1356 Basel earthquake (Meyer et al., 1994) or the
1976 Friuli earthquake (My, 6.45, Poli and Zanferrari, 2018).
Recent seismic activity in the eastern Southern Alps is
caused by the N—S convergence (2-3 mm yr~!) between the
Adriatic Plate and Eurasia, which is accommodated by the
ENE-trending, SSE-verging thrust front of the eastern Alps
and by the NW-SE-trending right-lateral Dinaric strike-slip
fault systems in western Slovenia (Moulin et al., 2016; Poli
and Zanferrari, 2018). The wider Alpine region, including
parts of the Dinarides and the Apennines, stretches across
Switzerland, Austria, Liechtenstein, France, Italy, Germany,
Slovenia, and Croatia. Most of these countries have na-
tional earthquake observatories, research institutes or uni-
versities that routinely monitor the regional seismicity. The
Swiss Seismological Service (SED) and the Slovenian En-
vironment Agency (ARSO) provide annual reports contain-
ing mainly first-motion-based focal mechanisms (e.g., Diehl
et al., 2018; Ministrstvo za okolje in prostor Agencija RS
za okolje, 2020), while for example INGV (Italy), GEOFON
(Germany), EM-RCMT (European-Mediterranean Regional
Centroid-Moment Tensors; Pondrelli, 2002), SISMOAZUR
(France), and GCMT (Lamont-Doherty Earth Observatory of
Columbia University, USA) provide moment tensor (MT) so-
lutions in online bulletins for magnitudes above 3.5 or larger
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(see the data and code availability section for more informa-
tion).

The region can be characterized by compartments with
varying tectonic movement in close proximity, as described
by many studies of local seismic activity. Focal mechanism
in the SW Alps indicate predominantly N—S-to-NNW-SSE-
striking normal faulting (e.g., Nicolas et al., 1998; Sue et al.,
2000), while in the W Alps strike-slip earthquakes have been
observed and explained as a consequence of regional NW-SE
compression and NE-SW extension (Maurer et al., 1997).
In the central Alps, Marschall et al. (2013) observe strike-
slip faulting in central Switzerland. NW-SE-striking normal
faulting is reported for SE Switzerland (e.g., Marschall et al.,
2013; Diehl et al., 2018). Reiter et al. (2018) provide focal
mechanism solutions from P (primary) and S (secondary)
polarities and amplitude ratios for the Central to Eastern
Alps. They report strike-slip mechanisms and oblique strike-
slip mechanisms in the Brenner-Inntal transfer zone (see
Brenner and Inntal fault in Fig. 1), and normal faulting is
seen with a strike direction parallel to the Giudicarie fault
system. Within this fault system, E-W-to-NE-SW-striking
thrust faulting with strike-slip components were described by
Vigano et al. (2008). The Italian MT dataset provides exten-
sive mechanisms for N Italy. Within the Lake Garda region
and in the eastern Southern (eS) Alps close to Friuli thrust
faulting with ENE-WSW to ESE-WNW strike direction is
dominant (Pondrelli et al., 2006; Anselmi et al., 2011; Bres-
san et al., 1998). East of Friuli and in the northern Dinar-
ides, both (oblique) thrust and strike-slip faulting is observed
(Pondrelli et al., 2006; Moulin et al., 2016). This overview
is not complete by far but provides a small glimpse into the
complex seismic and tectonic activity that is not simply dom-
inated by the main active deformation fronts at the south-
ern and northern margin of the Alps but that also occurs in
smaller fault systems across the entire region.

To study the orogenesis of the Alps and related pro-
cesses like recent seismic activity, mantle dynamics, plate
motion, and surface processes, the AlpArray initiative was
established. In this initiative, more than 35 European insti-
tutes joined resources to operate the AlpArray Seismic Net-
work (AASN) (Hetényi et al., 2018), consisting of more
than 600 temporary (AlpArray Seismic Network, 2015) and
regional permanent stations with an average spacing of <
60km (Fig. 1). For comparison, in summer 2011, before the
AASN planning period started and first additional perma-
nent stations were set up, there were 234 stations in the same
area (Hetényi et al., 2018). The AASN is complemented by
the dense Swath-D network in the eastern Alps (Heit et al.,
2017). The permanent stations of the AlpArray are part of ex-
isting European regional networks (RD, GU , CZ, ST, G, CH,
OE, MN, HU, GE, RE, FR, 1V, BW, SX, NI, TH, OX; see data
and code availability). The dense AASN allows for studying
regional seismicity in new, greater detail and provides the
opportunity to perform centroid moment tensor (CMT) in-
versions with a constant station coverage over the entire re-
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Figure 1. Study area and AlpArray seismic network. Subregions that are discussed in greater detail in this study are numbered. Arrows
indicate average Neogene (20—0 Ma) Adria—Europe convergence rates from Le Breton et al. (2017). Exposed and subsurface faults simplified
from Schmid et al. (2004, 2008), Handy et al. (2010, 2015), and Patacca et al. (2008). Topographic data from SRTM-3 (Farr et al., 2007) and
ETOPO1 (Amante and Eakins, 2009) datasets. The inset shows the location of the study area in Central Europe (red rectangle): FR is France,
DE is Germany, IT is Italy, SW is Switzerland, AT is Austria, SL is Slovenia, and HR is Croatia.

gion. In contrast, many of the previous studies focus on spe-
cific regions or seismic sequences within the Alps, and there-
fore do not provide a broad overview. Furthermore, many of
these studies relied on first-motion polarities. First-motion-
based approaches can be used even for small earthquakes
when no surface wave energy is observed. However, the ob-
tained mechanism is only representative for the very first
moment of the fracturing process. This might introduce dis-
crepancies when comparing first-motion solutions to MT so-
lutions (Scott and Kanamori, 1985; Guilhem et al., 2014).
The instability of take-off angles of shallow earthquakes may
introduce significant errors in the polarity readings (Harde-
beck and Shearer, 2002). Additionally, first-motion solutions
of small earthquakes are often only based on few polarities,
which makes it difficult to assess uncertainties.

Despite the limited resolution, first-motion polarity ap-
proaches are often used in the Alps, where MT inversion
is particularly challenging. First, earthquake magnitudes are
generally small to moderate, requiring waveform modeling
at relatively high frequencies and local distances. Further-
more, structural heterogeneities, site effects, and topographic
effects hinder full waveform MT inversions based on 1-D ve-
locity profiles when considering frequencies above 0.1 Hz.
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Signal-to-noise ratios (SNR) vary significantly across the
region due to densely populated areas and environmental
conditions (weather and wind, rivers, rock falls, avalanches,
etc.). Each study or observatory reporting focal mechanisms
uses different inversion tools, input data, and distance and
frequency ranges. Furthermore, uncertainties are not rou-
tinely discussed, which makes it difficult to evaluate pub-
lished solutions. Uncertainties can be assessed, e.g., by per-
forming a grid search over parameters like strike, dip, rake,
and depth (Stich et al., 2003; Cesca et al., 2010) or using
independent bootstrap chains in the inversions with vary-
ing weighting of the input data from different stations (e.g.,
Heimann et al., 2018; Kiihn et al., 2020, and this study). The
latter approach provides uncertainties of all inversion param-
eters (e.g., MT components, centroid location) and helps to
identify trade-offs between these parameters.

Studies of focal mechanisms in the Alps have mainly con-
sidered double-couple (DC) solutions. Here, based on the
dense seismic network, we also attempt to consider non-DC
components. The decomposition of the moment tensor al-
lows for studying the seismic source in more detail, including
not only pure tectonic dislocations represented by the DC but
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also volumetric changes and tensile faulting (e.g., Vavrycuk,
2015).

In this study, we predominately target small to moderate
earthquakes (M, > 3.0) that occurred in the Alps or sur-
rounding areas between January 2016 and December 2019,
based on the operation time of most of the temporary broad-
band stations of the AASN. While the temporarily densified
network provides a great amount of input data to the single
MT inversions, the short time span limits the number of ob-
served earthquakes. We test various setups and input types
to establish workflows for a homogeneous and consistent list
of MT solutions for the Alps (see Supplement). We attempt
to lower the magnitude threshold for inversions compared to
routinely reported solutions by optimizing the used methods
and by combining different input data types (e.g., time do-
main full waveforms and frequency domain amplitude spec-
tra). Using the AASN and the bootstrap inversion framework
Grond (Heimann et al., 2018; Dahm et al., 2018; Kiihn et al.,
2020) allows for determining the most suitable setups for
source inversions of small to moderate earthquakes within
the study area.

After an introduction into the inversion method, we de-
scribe the methodological tests that were performed to assess
inherent methodological uncertainties. At the same time, we
propose guidelines for MT inversion of small to moderate
earthquakes in complex tectonic settings. Subsequently, we
present the MT solutions that were obtained for the Alpine
region and discuss these with respect to mechanisms, spa-
tial patterns, and centroid depths. We discuss different tec-
tonic areas in the Alps systematically, including observations
of seismicity, faulting mechanisms, and GNSS deformation
data.

2 Methodology

2.1 Moment tensor inversion using Grond

We use the open-source software Grond for MT inversions
(Heimann et al., 2018; Kiihn et al., 2020). In a Bayesian
bootstrap-based probabilistic joint inversion scheme, solu-
tion uncertainties are retrieved along with the best-fitting
CMT solution (see also Dahm et al., 2018). We simultane-
ously invert for the six independent moment tensor compo-
nents, for the seismic moment, for the centroid location, and
for the origin time. The objective function is set up in a flex-
ible way to combine different input data types as a weighted
sum. In our study, we use combinations of time domain full
waveforms, time domain cross-correlations, and frequency
domain amplitude spectra as an input for the inversion. Fol-
lowing the studies of Zahradnik and Sokos (2018) and Dahal
and Ebel (2020), we implemented envelopes of time domain
waveforms. The misfits of the different input data are com-
bined using an L1 or L2 norm. We assign the same weighting
to each input data type. The misfit values of single stations
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within one input data type group are weighted to account for
different epicentral distances (Heimann, 2011). Without ap-
plying such a weighting, summed misfits are always domi-
nated by the closest stations which have the highest ampli-
tudes. In the case of using time domain full waveforms or
cross-correlation fitting procedures, we allow for small time
shifts to compensate for errors in the velocity models. To
avoid the mismatching of phases, these time shifts were set
to be well below a quarter of the dominant wavelength. Time
shifts are regulated by a penalty function with an empirically
chosen maximum of 0.05.

Precalculated Green’s function databases are used for
rapidly computing synthetic data (Heimann et al., 2019).
In our case, we used regional velocity profiles from the
CRUST?2.0 Earth model database (see https://igppweb.ucsd.
edu/~gabi/crust2.html, last access: June 2020; Bassin et al.,
2000), which we choose according to the earthquake epicen-
ter location. The Green’s function databases were calculated
with the orthonormal propagator algorithm QSEIS (Wang,
1991). Grond selects the appropriate time window, corrects
the recorded waveforms for the instrument response, and ro-
tates to ZRT coordinate system. Filters are applied and, if
specified, waveform attributes as spectra or envelopes are
calculated. The inversion is performed in parallel bootstrap
chains (here, 100 for normal inversions and 500 for method
testing), where individual bootstrap weights are applied to
the single-station-component input data type combinations.
Bootstrapping is applied for two reasons. Firstly, to avoid
distortions due to a few high misfit values resulting from a
low SNR at single stations, incorrect transfer functions, or
malfunctioning stations. Secondly, the bootstrap chains are
used to access model parameter uncertainties and trade-offs
between the inversion parameters. Each bootstrap chain per-
forms an entirely independent optimization. Along with the
best solution with the lowest misfit, Grond provides a defined
number (here, 10) of best solutions of each bootstrap chain,
which we call the ensemble of solutions.

Figure 2 presents a selection of plots provided by the in-
version software to assess the solution robustness, in this
case for the 14 June 2019 thrust-faulting earthquake in north-
ern Italy (My 3.9). Figure 2a shows the fuzzy MT, which is
an illustration of the MT uncertainty. It is composed of the
superimposed P radiation pattern of the ensemble of solu-
tions from the bootstrap chains. If the variability of the en-
semble solutions is small, and hence the uncertainties are
small (as seen here), the fuzzy plot has clearly separated
black and white quadrants. The red lines indicate the solu-
tion with the lowest misfit. Other plots show the station dis-
tribution (Fig. 2b) and the decomposition of the best devi-
atoric MT solution into the DC and the CLVD component
(Fig. 2c). Figure 2d shows the distribution of the centroid lo-
cations obtained from all ensemble solutions, and Fig. 2e de-
picts the resolution of the six independent MT components
in the form of probability density functions. As is typical
for shallow events inverted using surface waves, the m, 4 and
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meq components are not as well resolved as the other com-
ponents (Cesca and Heimann, 2018; Bukchin et al., 2010;
Valentine and Trampert, 2012). Finally, Fig. 2f shows exam-
ples of waveform and frequency spectra fits of Z, R, and
T component traces at three stations.

The selection and joint inversion of waveform attributes
can improve the stability and goodness of solutions. In the
following, we want to point out advantages and drawbacks
of the waveform-based input data types, which are used in
the subsequent methodological tests: time domain (TD), fre-
quency domain (FD), cross-correlation, and envelopes.

2.1.1 TD full waveform fitting

In the time domain, the misfit between a selected time win-
dow of a seismic trace and a synthetic trace in a defined fre-
quency range is computed as the normalized sum of sam-
ple misfits. Time shifts are allowed and regulated with a
penalty function. For regional MT inversion, surface waves
are commonly considered in full waveform approaches (e.g.,
Ritsema and Lay, 1995; Minson and Dreger, 2008; Sokos
and Zahradnik, 2008; Dahm et al., 2018). The frequency
band is magnitude dependent. While at low frequencies ef-
fects of the velocity model and topography are minor, at
higher frequencies the SNR is usually better. At regional dis-
tances, magnitude-dependent frequency bands below 0.1 Hz
are often used to consider Rayleigh waves and Love waves,
which have particularly simple waveforms at this distance
range (Ritsema and Lay, 1995). However, in the case of very
shallow sources, the resolution of the m,, and m,, com-
ponents of the MT are limited when using surface waves
(Bukchin et al., 2010; Valentine and Trampert, 2012; Cesca
and Heimann, 2018, see also Fig. 2). Relying on time do-
main fitting only, time shifts, noisy data, or distorted ampli-
tudes can hinder finding stable initial inversion solutions. It
has proven to be helpful to combine time domain full wave-
form fitting with other input data types like frequency domain
amplitude spectra, which are often less affected by these is-
sues.

2.1.2 FD amplitude spectra fitting

Real-valued amplitude spectra of recorded Love and
Rayleigh waves carry all information necessary to resolve
the geometry of the MT, while neglecting the phase infor-
mation and dispersion (e.g., Mendiguren, 1977). This means
that two MT solutions with common nodal planes but oppo-
site polarities model the amplitude spectra equally well and
that additional information from first-motion polarity read-
ings or time domain waveform fitting is needed to resolve
this ambiguity (e.g., Cesca et al., 2010; Heimann, 2011). The
misfit is computed as the misfit between amplitude spec-
tra of recorded and synthetic waveforms in a selected fre-
quency range and time window. Compared to fitting full
waveforms in the time domain, more conservative, less ex-
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act time windows can be selected. Cesca et al. (2010, 2013)
propose a multistep approach to stepwise combine the fit-
ting of amplitude spectra and displacement waveforms to
subsequently obtain point source parameters, the centroid lo-
cation, and kinematic source parameters. Compared to full
waveform fitting, amplitude spectra inversion methods are
less sensitive to trace misalignments and phase shifts result-
ing from coarse or erroneous velocity models (Cesca et al.,
2010, 2013; Domingues et al., 2013). In the subsequent tests,
we do not use a stepwise inversion but use amplitude spectra
and time domain full waveforms or cross-correlated wave-
forms simultaneously.

2.1.3 Cross-correlation waveform fitting

In the cross-correlation-based fitting of full waveforms, the
amplitudes of recorded and synthetic traces are normalized.
The inversion searches for the maximum cross-correlation
value for the selected time window in time domain, basically
fitting the phase shift (Stihler and Sigloch, 2014; Kiihn et al.,
2020). Cross-correlations help to constrain the centroid loca-
tion and centroid time in a joint inversion. We allow for small
time shifts, regulated with a penalty function, to compensate
for imprecise velocity models. Time shifts need to be small
compared to the frequency range in order to avoid mismatch-
ing phases. Due to the amplitude normalization, this method
is sensitive to patterns in the waveforms, while it is not in-
fluenced by gain errors or site effects. Magnitudes cannot be
resolved. Cabieces et al. (2020) used cross-correlation fitting
in their MT inversion for ocean bottom stations, where ab-
solute amplitudes could not be modeled due to the unknown
coupling to the ground. When using cross-correlations to fit
time domain waveforms, frequency bands and time windows
need to be selected carefully to avoid mismatching phases.

2.1.4 Envelope fitting

In our study, we compute the waveform envelopes by con-
volving the squared time series using the fast Fourier trans-
form with a Hanning taper. This smoothens and therefore
simplifies the waveforms. Hensch et al. (2019) used non-
smoothed envelopes in the same inversion routine in com-
bination with amplitude spectra, spectral ratios, and time do-
main waveforms. Envelopes, especially smoothed ones, are
less influenced by small un-modeled time shifts or noisy
data compared to full waveforms. Fitting envelopes of seis-
mic waveforms can be helpful in the case of using high-
frequency bands, simplified velocity models, and increased
noise levels. Zahradnik and Sokos (2018) stress that due to
the simplification of the waveforms, the results of envelope-
based inversions have a limited precision and results need an
even more careful inspection of uncertainties and resolution.
However, if body waves are considered, envelopes can es-
pecially help to constrain P- and S-phase arrivals and thus
the centroid time and location. Since the envelopes are based
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Figure 2. Example of an MT inversion result, 14 June 2019, My, 3.9, NE Italy. (a) Fuzzy beach ball illustrating the M T solution uncertainty.
(b) Station distribution around the epicenter. (¢) Decomposition of the best MT solution into DC and CLVD component. (d) Resolution of
the centroid depth, easting, and northing relative to the starting position. (e) Probability density functions (PDFs) showing the resolution of
the six independent MT components 71y normalized by the seismic moment M. (f) Examples of waveform and spectral fits at three stations
and three components. Red and black lines indicate synthetic and recorded waveform data, respectively. The beige-shaded area represents
the time window and taper function. Station name, azimuth, and distance to the epicenter are indicated above each column. Numbers within
the panels describe the time window and the frequency band.

on absolute amplitudes, they need to be combined with a
method providing polarity information. Zahradnik and Sokos
(2018) and Dahal and Ebel (2020) have shown that envelopes
can be used to derive focal mechanisms for M < 4 events
in the case of unfavorable settings like sparse networks, for
which full waveform fitting is not feasible. In both studies,
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the envelopes are combined with P polarities of one or more
nearby stations to resolve the polarity ambiguity.

https://doi.org/10.5194/se-12-1233-2021



CHAPTER 6.

PUBL. 3 - CMT INVERSION ALPS

G. M. Petersen et al.: CMT inversion in the Alps

300 A -

250 A -

200 A -

150 o -

100 + -

Epicentral distance [km]

50 A -

0
(@) 0

100 200 (b) O 100 200
Time [s] Time [s]

Figure 3. Vertical component seismograms of permanent AASN
stations, sorted by distance: (a) 6 March 2017, My 4.1, Switzer-
land; (b) 27 October 2017, My, 3.6, France. Time is in seconds af-
ter origin time. Waveforms are bandpass-filtered between 0.02 and
0.07 Hz. Rayleigh waves dominate the seismograms in this fre-
quency range with an average phase velocity of 3 km s~1 (green
line).

2.2 Methodological tests

We perform methodological tests using recorded seismo-
grams and synthetic data to investigate the resolution capaci-
ties, requirements, and limits of MT inversions in the Alpine
region. We use subsets of representative earthquakes that oc-
curred between 2016 and 2019 in the Alps. The tests are par-
ticularly computationally demanding, as every single inver-
sion of each test is run in 500 bootstrap chains. The number
of events in each test depends on the number of tested pa-
rameters. The proposed tests can be used as a guideline for
assessing the feasibility of MT inversions in other study areas
with moderate seismicity.

We benefit from the large seismic network and use more
than 80 stations at distances of up to 400 km for the largest
events (Fig. 3). For earthquakes with moderate magnitudes
between M,, 3.5-3.9, we mostly rely on 20 to 50 stations
within a radius of 200 km. The number of available stations
depends on the magnitude and the epicenter location within
the network. Furthermore, the SNR and quality of the indi-
vidual stations is variable in time and space. Before the inver-
sions, we applied the toolbox AutoStatsQ to identify seismic
stations with misorientations, metadata errors, or gain prob-
lems (Petersen et al., 2019).

2.2.1 Double-couple, deviatoric, and full moment
tensor inversions

We study the stability and resolvability of non-DC compo-

nents by performing full, deviatoric, and pure DC MT inver-
sions for a subset of 32 earthquakes of the AlpArray dataset.
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We consider these earthquakes representative as they cover
a large magnitude range (M, 3.2—4.2), are distributed across
the entire study area, and are comprised of different types
of mechanisms. We use a passband of 0.02-0.07 Hz and fit
time domain full waveforms and frequency domain ampli-
tude spectra simultaneously. We compared the pure DC, the
deviatoric, and the full MT obtained for each earthquake
with respect to the fit of the recorded data and to the un-
certainties of MT components and centroid locations. Subse-
quently, we statistically evaluate those solutions, for which
a low misfit between synthetic and observed waveforms was
achieved with all three inversion types. Four events with Ka-
gan angles > 60° between full and deviatoric solutions were
removed since they were not well resolved.

The isotropic source component of the seismic moment
tensor resolves volumetric changes, including processes like
explosions, cavity collapses, fluid movement, or ruptures
on nonplanar faults (e.g., Sileny and Hofstetter, 2002; Ford
et al., 2009; Miller et al., 1998; Minson and Dreger, 2008).
The CLVD component is often described as the residual
radiation to the best DC without geological interpretation
(Dahm and Kriiger, 2014), it is however required for a math-
ematically complete decomposition (Vavrycuk, 2015). Large
CLVD components are often explained by noisy data, a sim-
plified or incorrect velocity model, neglected 3-D wave ef-
fects, or insufficient station coverage (e.g., Panza and Sarao,
2000; Cesca et al., 2006) but can also be interpreted phys-
ically in combination with an isotropic component of the
same sign as a product of tensile faulting (Vavrycuk, 2015).
Non-DC components are also used as an indicator of anthro-
pogenic seismicity (Dahm et al., 2013; Cesca et al., 2013;
Lizurek, 2017).

Despite frequent geological interpretations which propose
fluid movements or tensile processes, various studies show
that resolving non-DC components in MT inversions is par-
ticularly difficult. Seismic noise and inaccurate Green’s func-
tions may result in large non-DC components. Trade-offs be-
tween hypocenter location or depth and isotropic component
have been observed (e.g., Dufumier and Rivera, 1997; Panza
and Sarao, 2000; KfiZova et al., 2013; Kiihn et al., 2020).
Non-DC components must therefore be evaluated carefully
with respect to tectonic processes (Lizurek, 2017). Method-
ological tests based on observed data and synthetic tests can
help to identify which non-DC components can be consid-
ered statistically significant (see also Panza and Sarao, 2000).

Figure 4a and b show the ratio of DC and non-DC com-
ponents of the full and deviatoric MT inversions of our test
dataset. The deviatoric inversions result in 0 %—40 % CLVD
components for 70 % of the events and in CLVD components
of > 50 % for 19 % of the events. In the case of full MT inver-
sions, we find significant isotropic components of > 30 % in
the case of one-third of the earthquakes. Figure 4c indicates
that the non-CLVD components of the test events scatter sig-
nificantly. It is clearly visible that many events with shallow
depths (dark colors) are located in the upper-right and lower-
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left quadrants of the Hudson plot, indicating isotropic and
CLVD components of opposite signs. Cesca and Heimann
(2018) showed that for shallow depths, isotropic and CLVD
components often appear indistinguishable. Further below,
we discuss this observation comparing forward calculated
synthetic waveforms for one example event.

The DC component is representing the purely tectonic
shear dislocation (e.g., Miller et al., 1998; Julian et al., 1998;
Cesca et al., 2013); therefore, it is crucial to resolve this com-
ponent unambiguously. We compare the DC component that
we obtain from the decomposition of the deviatoric and the
full MT with the pure DC inversion result by computing the
smallest rotation angle (Kagan angle, Kagan, 1991) between
them to assess the stability of the DC components (Fig. 5).
Rotations below 30° are generally accepted as representing
very similar mechanisms, while a Kagan angle < 60° is still
described as corresponding (Pondrelli et al., 2006; d’ Amico
et al., 2011). A total of 70 % of the earthquakes have a very
stable DC, with Kagan angles below 30° between the three
solutions. In the case of about 10 % of the events, a Kagan
angle > 60° is found. These larger deviations result predom-
inantly from large non-DC components in the full inversion
result (in > 70 % of these events). In these cases, the CLVD
combined with the isotropic component shows orientations
similar to the DC component of the pure DC and the devi-
atoric inversion result. Therefore, the resulting focal sphere
is similar, while the DC component deviates from the pure
DC inversion result. Overall, the results of this test indicate
that the DC component is in most cases very well resolved,
independently of allowing for a CLVD and an isotropic com-
ponent.

In the following, we present a more detailed analysis of
an exemplary earthquake with a significant non-DC com-
ponents: 28 May 2019, M, 3.9, close to Lake Geneva,
France (Fig. 6a). Figure 6b depicts the MT decompositions
of the MTs obtained with a pure DC inversion, a deviatoric
inversion, and a full MT inversion. All three inversions were
performed using the same inversion setup (full waveforms
and amplitude spectra; Z, R, and T components; 73 stations;
0.02-0.07 Hz). The DC component is similar for all inversion
types, but the deviatoric and full inversion results indicate
significant non-DC components.

To investigate whether the resolved non-DC components
are unambiguous, we forward model synthetic waveforms
of the three MT solutions recorded at fictional receivers in
250 km distance in azimuthal steps of 1° (Fig. 6a). We use
a bandpass filter of 0.02-0.1 Hz, which is even wider than
the frequency range used in the MT inversion (0.02-0.07 Hz)
to assess the similarity of the entire modeled surface wave
trains. By cross-correlating the forward modeled waveforms,
we find that the full and deviatoric sources produce very sim-
ilar waveforms on all seismometer components in all back-
azimuthal directions (Fig. 6d). Furthermore, the maximum
amplitudes between the deviatoric and full solution differ
only slightly. This indicates that the non-DC component can
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be comparably well represented by a CLVD or by a combi-
nation of an isotropic plus a CLVD component.

A comparison of the forward modeled waveforms from a
pure DC solution with a full or deviatoric solution shows
very high correlations in all azimuthal directions on the
T components (Fig. 6d, lower panel). Neither the CLVD
nor the isotropic component is influencing the transversal
Love wave. On R and Z components, the resulting wave-
forms show cross-correlations below 0.9 in strike-direction
only (Fig. 6d, upper and middle panel). This indicates that in
the case of this event, without any station covering this ray
path direction, we cannot resolve the difference between a
pure DC MT and a full or deviatoric one.

The true azimuthal coverage of seismic stations is much
denser to the NE and E than in the strike direction (Fig. 6a).
Forward modeling the waveforms of the 73 used stations re-
sults in a similar but less well-resolved pattern compared to
Fig. 6d. The uneven azimuthal distribution and the lack of
stations in strike directions hinders the unambiguous identi-
fication of non-DC components.

This example shows that whenever we investigate large
non-DC components in a deviatoric or full MT inversion, one
must assess the resolution and the validity of the results. The
synthetic tests indicate that including full waveforms of body
waves at higher frequencies in the inversion clearly helps
to improve the resolution of non-DC components. However,
due to the station spacing, the relatively high noise level, and
the low resolution of crustal velocity models, we cannot use
higher frequencies for most events in this study. Following
our findings, we report deviatoric MT inversions in the result
section and only perform inversions for the full MT in the
case of large non-DC components for comparison.

2.2.2 Frequency ranges and input data type

In previous studies, dependencies of the MT inversion re-
sults on the inverted frequency band have been observed and
multistep inversion workflows including several frequency
bands were proposed (e.g., Barth et al., 2007). In order to
find the best combination of frequency ranges and time do-
main or frequency domain input types for the MT inversion,
we selected a subgroup of 13 earthquakes recorded by the
AlpArray stations. These test events span a magnitude range
of My, 3.3 to 4.1 and are therefore considered representative.
We perform MT inversions using different combinations of
input data types (Figs. 7 and S1 in the Supplement): time
domain full waveforms (td), frequency domain amplitude
spectra (fd), cross-correlations of time domain full wave-
forms (cc), waveform envelopes, and combinations thereof.
The input data are filtered using nine different bandpass fil-
ters with passbands between 0.01 and 0.7 Hz (Figs. 7 and S1).
We compare the uncertainties of the resolved MTs in order
to find the most appropriate parameter settings for our study
and future MT studies in the Alps or similar settings.
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In Fig. 7, we show the results for three exemplary events.
The color intensity of each focal sphere represents the
summed standard deviations of the six MT components de-
rived from the ensemble of solutions of the bootstrap chains.
Intense colors represent stable solutions with low uncertain-
ties. The first event is a My, 4.1 earthquake in Switzerland.
Due to the high magnitude, the MT inversion results are sta-
ble over frequency bands ranging from 0.01-0.03 Hz up to
0.01-0.10Hz for all input data types. The MT is not well
resolved when filtering using a passband of 0.03-0.1 Hz or
higher. A similar behavior is observed for the second exam-
ple, a M, 3.9 normal faulting event close to Lake Geneva.
The MT is very well resolved using bandpass filters cov-
ering the intermediate passbands between 0.02 and 0.1 Hz.
In contrast to the first event and corresponding to the lower
magnitude, the resolution is worse when frequencies between
0.01-0.02Hz are included, while the frequency band be-
tween 0.03-0.1 Hz still leads to satisfying results. In gen-
eral, the higher the frequency band, the lower the stability of
the ensemble of solutions due to the simplified 1-D velocity
model, site effects, and increased noise levels.

In the case of the third example (Fig. 7), a My 3.6 earth-
quake from France, the MT solutions vary substantially.
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This illustrates the need for a careful selection of appro-
priate methods and frequency ranges and the analysis of
the uncertainties of MT inversions. For both the higher-
frequency ranges (from 0.03-0.1 Hz and higher) and the
lowest-frequency bands (0.01-0.03 and 0.02-0.05Hz) sur-
face waves have insufficient SNRs. Stable results for most
input types are obtained in the frequency band 0.02-0.07 Hz,
in which surface waves are more distinct. A visual inspec-
tion of the recorded waveforms of various events with magni-
tudes of My, 3.4-3.9 confirms that surface waves have high-
est SNRs for periods between 0.02 and 0.05 Hz. Extending
the passband to 0.02-0.07 Hz helps to avoid mismatching
monochrome phases in the inversion process.

Comparing the different input data types for all 13 test
events, we find that a combination of frequency domain am-
plitude spectra and time domain full waveform fitting (tdfd
in Fig. 7) provides more stable results than relying on time
domain waveform fitting alone. The high uncertainties of
the frequency domain amplitude spectra fitting alone (fd) re-
sult from the unresolved polarity. The geometry of the nodal
planes can still be determined. For most events, the other
combinations (tdcc, tdfccc, fdcc) provide more stable results
compared to using only time domain full waveforms (td).
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Figure 6. Earthquake close to Lake Geneva (France—Switzerland border region), My 3.9, 28 May 2019, 08:48:06 UTC. (a) Seismic network
used for the MT inversions (73 broadband sensors, red triangles) and synthetic network (circle of blue dots, in 1° steps). (b) Decomposition
of the full (purple), deviatoric (orange), and pure DC (green) MT inversion solution with the smallest misfit. (¢) Hudson plots showing the
ensemble of solutions for the full and the deviatoric MT inversions; colors are as in (b). Larger symbols depict the best solutions of (b).
(d) For the three MT solutions (full, deviatoric and DC) synthetic data were forward-computed for the fictional network shown in (a). For
each component (Z, R, T), the first row shows the maximum cross-correlation values of the three synthetic traces at each station (BP filter
0.02-0.1 Hz). The second row shows the maximum absolute amplitude at each back-azimuth, normalized over the three solutions. The dashed
lines indicate the strike 1 and 2 directions of the two nodal planes of full, deviatoric, and DC solutions and their 180° equivalent.

However, compared to the tdfd combination, they do not fur-
ther improve the stability of the solution.

In addition to the presented tests of input data types, we
tested waveform envelopes (Fig. S1). In order to resolve the
polarity of the mechanisms, the envelopes are combined with
time domain full waveforms or cross-correlation fitting of
waveforms at nearby stations. This is a reasonable setting for
weak events, where full waveforms may be of such low am-
plitudes that they can only be fitted at closer stations while
envelopes of more distant stations may still be of use. We
find that in the case of intermediate- or large-magnitude test
events (M, > 3.6), the resulting MT is well recovered, al-
though uncertainties are larger than with a time domain—
frequency domain combination. In the case of smaller events,
where time domain—frequency domain combinations might
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fail, the envelopes may stabilize the inversion. The applica-
bility of the combination of envelopes and nearby time do-
main traces depends on the data quality of the closest sta-
tions and on the careful selection of the frequency range and
the smoothing of the waveform envelopes.

Following the results of our methodological tests, we rou-
tinely use a combination of frequency domain amplitude
spectra and time domain full waveform fitting in a frequency
band of 0.02-0.07 Hz for earthquakes with My, > 3.5. In the
case of smaller-magnitude earthquakes, we additionally per-
form inversions using a frequency range of 0.03-0.10Hz.
We observe that in the case of low-magnitude earthquakes
the initial local magnitudes can differ significantly from our
moment magnitude estimates. Furthermore, the availability
of stations with a good SNR depends not only on the event
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are as follows: td is time domain full waveforms; fd is frequency domain amplitude spectra; cc is cross-correlation fitting of full waveforms;
tdfd, tdec, fdec, and tdfdcc are combinations of these. Color intensity represents summed uncertainty of MT components. A combination of
fd and td in a frequency band between 0.02-0.07 Hz yields the best results for My, > 3.3 (marked in green).

magnitude but also on noise conditions and damping along
the travel path. It is therefore necessary to adapt the approach
to the individual earthquakes, but the two frequency ranges
constitute reasonable guidelines.

2.2.3 Station coverage

The dense AASN provides an excellent azimuthal distribu-
tion of seismic stations for moderate to large earthquakes in
the Alps. We take advantage of the large number of stations
in the AASN to investigate how the stability of the devia-
toric MT inversion is influenced by gaps in the azimuthal
station distribution around an earthquake. This allows sim-
ulating uncertainties of MT solutions in the marginal areas
of the AASN, but the results also apply to other locations
and networks (e.g., close to subduction zones). Most gen-
erally, within the AASN larger event-station distances can
be taken into account for larger magnitude earthquakes and
therefore both the number of stations and the azimuthal sta-
tion coverage increases. In contrast, individual malfunction-
ing stations may already result in large azimuthal gaps for
low magnitude earthquakes located within the AASN. In the-
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ory, the DC components of a moment tensor can be resolved
from a single station using 3-component data (Dufumier and
Cara, 1995). However, such an analysis requires high data
quality and exact knowledge about velocity structures and
path effects. In practice, single-station approaches are mostly
avoided as they often result in unstable solutions (Dufumier
and Cara, 1995).

Figure 8 shows the fuzzy MTs (right panels) for decreasing
azimuthal coverage of seismic stations (left panels) for three
exemplary events. In the case of the largest event (M, 4.1),
the solution is very stable when seismic stations cover at least
an azimuthal range of 90°. In the case of an even smaller cov-
erage, the mechanism rotates slightly depending on the az-
imuthal direction of the remaining stations. In the case of the
My, 3.9 event, the uncertainties of the solutions increase with
decreasing station coverage. Two examples in which the in-
versions were done with stations covering only an azimuthal
range of 45° show significant differences between the result-
ing focal mechanisms. When only considering the fuzziness
of the two focal mechanism plots, both ensembles of solu-
tions seem to be well resolved and stable. This indicates that
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Figure 8. Resolution of the deviatoric MT depending on the az-
imuthal station coverage for three earthquakes with magnitude My,
centroid depth d, and event-station radius r given below each col-
umn (left, middle, and right panels). The station coverage (blue dots
in the first, third, and fifth columns) decreases from top to bottom as
indicated in between the event columns. The fuzzy MTs show the
solution stability (Sect. 2.1 and Fig. 2). They are composed of the
superimposed P radiation pattern of the ensemble of solutions from
the bootstrap chains.

the amount and variability of input data are not sufficient to
resolve the MT unambiguously.

Furthermore, we observe a clear trend of increasing non-
DC components with decreasing azimuthal coverage. We
find a non-DC component below 10 % for a coverage of 180°
but 40 % for the smallest tested coverage for the My, 3.9
event.

For the smallest earthquake (My, 3.5), the resulting MT so-
lutions vary even more. In the case of the inversions with a
station coverage of 90°, the variability among the ensembles
of solutions is high and depends on the location of the 90°
quadrant covered with stations. When only considering the
dominant DC components of the deviatoric moment tensors,
we observe the same general correlation between coverage
and resolution. It is worth noticing that even with a small
number of stations covering a small azimuthal range, it is
possible to resolve a MT under favorable geometrical condi-
tions. When stations are located in strike direction and cover
both tensional and compressional quadrants, they may re-
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solve the MT correctly even when covering only 45° (Fig. 8§,
My, 3.5 event, fifth row and last row).

We conclude that in the case of larger earthquakes with
a high SNR and a sufficient number of stations at different
epicentral distances even a limited azimuthal coverage does
not necessarily pose a problem, but lower-magnitude earth-
quakes usually require a better azimuthal station coverage. In
regard to a semi-automated MT inversion workflow, we im-
plemented an optional minimum station distribution thresh-
old. Based on our results, and since we do not assume any
a priori known strike direction, we limit the inversions to
earthquakes with an azimuthal coverage above 90° but thor-
oughly evaluate all results with a coverage below 180°.

3 Results
3.1 CMT solutions for the Alpine region, 20162019

Based on our methodological tests, we use a combination
of time domain full waveforms and frequency domain am-
plitude spectra as input data for the centroid MT inversion
for earthquakes larger than M, 3.0. We choose a frequency
range of 0.02 to 0.07 Hz for a first inversion of each event.
Depending on the event magnitude, the maximum epicen-
tral distance varies between 80 and 300 km. In the case of
poor fits, we slightly increase the frequency bands (0.03—
0.1 Hz for My, < 3.) for smaller events and decrease it for the
larger events (0.02-0.05 Hz for M,, > 4.2). Deviatoric inver-
sions were generally favored over full moment tensors since
we demonstrated that the isotropic and CLVD components
can often not be distinguished reliably. In addition, no vol-
ume changes are expected to accompany small earthquakes
in the seismotectonic setting of the Alps. We obtained de-
viatoric MT solutions for 75 earthquakes occurring between
January 2016 and December 2019 in the wider Alpine re-
gion for which we determine moment magnitudes between
My, 3.1 to 4.8 (Fig. 9, Table S1 in the Supplement). While
we were able to compute stable MTs for most Alpine earth-
quakes from regional catalogs with local magnitudes larger
M 3.3, we resolved only 13 MTs for earthquakes with lo-
cal magnitudes between M 3.1 and 3.3, corresponding to
one-third of the events in this magnitude range compared
to the GEOFON catalog. Low SNR in the tested frequency
bands covering frequencies between 0.02 and 0.5 Hz and
fewer available stations hindered successful inversions for
the other small earthquakes. Furthermore, we realized that
a station spacing of about 60km is not sufficient for small
earthquakes (M < 3.3) in case a part of the data is rejected
due to quality issues.

For about 40 % of our own MT solutions for 2016 to 2019,
no MT solutions were available from regional observato-
ries (INGV, GEOFON, EM-RCMT, SISMOAZUR, SED,
ARSO). For the other earthquakes, we obtain similar MT so-
lutions, with a median deviation Kagan angle of 21° (mean
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Figure 9. Moment tensor inversion results from January 2016 to December 2019 (focal spheres with black lines) along with MTs from 1983—
2015 from bulletins of GCMT, GEOFON, INGV, SED, EM-RCMT, and ARSO (lighter colors). Similar colors represent clusters of compara-
ble mechanisms obtained from a clustering approach based on the smallest rotation between the mechanisms (see text). Red and orange colors
correspond to dominant normal faulting mechanisms in a cluster. Thrust faulting is indicated in blue, and strike-slip faulting earthquakes are
colored in green and purple. Exposed and subsurface faults are simplified from Schmid et al. (2004, 2008), Handy et al. (2010, 2015), and
Patacca et al. (2008). “PL” marks the Periadriatic line, and SK marks the Split—-Karlovac Fault. (right) Pressure (P), tension (7'), and null (B)
axis of all focal mechanisms. Topographic data from SRTM-3 (Farr et al., 2007) and ETOPO1 (Amante and Eakins, 2009) datasets.

of 24°). For the largest events, the deviation is 15°. In
the following, we jointly analyze our results with approx-
imately 350 moment tensors of earthquakes that occurred
before 2016, as reported by GCMT, GEOFON, INGV, EM-
RCMT, SED, and ARSO (Fig. 9). Whenever more than one
MT solution is available from the different bulletins, we pri-
oritize local institutes (INGV for Italian earthquakes, SED
for earthquakes in Switzerland, ARSO for Slovenia), unless
they indicate high uncertainties. Furthermore, EM-RCMT
with great experience for the Mediterranean and surrounding
areas is favored over GEOFON solutions and over GCMT.

We used a clustering algorithm (Cesca, 2020) based on the
Kagan angles between all focal mechanisms obtained in this
study and reported in the catalogs to define classes of sim-
ilar mechanisms (Fig. 9). The clustering tool uses the DB-
SCAN clustering algorithm (Ester et al., 1996), which relies
on two parameters, the maximum acceptable similarity dis-
tance (eps) between two events, here eps = 0.14, and the min-
imum number of neighboring items (nmin), here nmin = 6.
We choose a rather large eps value to emphasize patterns of
general similarity between mechanisms. In a second step, we
assign all remaining earthquakes to the cluster to which they
have the smallest rotation angle.

Within the Alps, we observe four dominant groups of focal
mechanisms (Fig. 9). Roughly E-W-striking thrust faulting is
observed in the eastern Southern Alps (northern Italy) and at
the central southern margin of the mountain range (blue focal
spheres). A group of similar strike-slip-faulting earthquakes
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are aligned parallel to the northern deformation front of the
Alps (green focal spheres, Fig. 9). A second group of strike-
slip mechanisms is situated in the transition of the Alps to the
Dinarides and in the northern Dinarides (purple and green
focal spheres). NW-SE-striking normal faulting events are
found in the NW Alps (red focal spheres), while mechanisms
are more heterogeneous in the SW Alps.

3.2 Distribution of centroid depths

The resolved centroid depths within the Alps range from
about 2 to 15km, pointing to a shallow seismic activity
within the mountain range. A total of 80 % of the studied
events have depths shallower than 10km. A comparison of
our inverted centroid depths to the depths published in the
event catalogs is limited for two reasons. First, the event
depths were fixed in some of the published moment tensor
inversion results, and second the depth estimates differ sig-
nificantly among the different catalogs. We find a good cor-
respondence with less than 3 km difference for > 60 % of the
events to at least one of the published solutions. For another
26 %, we report differences between 3 and 5 km.

In Fig. 10, we display the depth distribution of mecha-
nisms depicted in Fig. 9 sorted by faulting type. In the left
panels, the focal mechanisms derived from the aforemen-
tioned bulletins are shown, while our own centroid solutions
are provided in the right panels. While the depth in the cat-
alogs may be partly fixed during the inversion, the centroid
depth is determined during the MT inversion in our approach.
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Uncertainties of our solutions are mostly in the range of 1 to
3km. Many events within the Alpine mountain range are
shallower than 10 km (Fig. 10d—f). While we obtained depths
below 5km for all normal faulting events in the NW Alps,
depths of up to 15 km are observed for thrust-faulting events
occurring between 2016 and 2019 in the eastern Southern
Alps.

Centroid depths in the Apennines can be significantly
larger. Thrust and normal faulting events are roughly sep-
arated into two NW-SE-running bands, with more thrust
events in the NE and more normal faulting events in the
SW part. Normal faulting and strike-slip events occur pre-
dominantly at shallower depths (< 20km) than the thrust-
faulting events with depths of often 30-50 km.

4 Discussion

4.1 Dominant mechanisms and the regional stress
regime

The distribution of our mechanisms coincide well with long-
term seismological and tectonic observations. The moment
tensor solutions obtained from small to moderate earth-
quakes during 4 years with an enhanced station density in the
course of the AlpArray project allows for identifying multi-
ple seismotectonic domains. The faulting styles of these do-
mains are in agreement with those derived from longer-term
moment tensor catalogs (Fig. 9). Furthermore, new solutions
for regions of sparse seismicity like the northern Central
Alps provide new insights into recent activity. Thrust fault-
ing related to the N—S compression between the European
plate and the Adriatic plate is mainly observed in the eastern
Southern Alps, strike-slip faulting is observed in the northern
Dinarides and along the northern Alps and normal faulting is
observed in the NW Alps (Fig. 9).

The orientations of P and T axes of the moment tensor
solutions across the Alps provide information on local defor-
mation regimes. Their distribution across the mountain belt
points out both local and regional heterogeneities (Fig. 11).
In addition to the direct interpretation of P and T axes, we
apply a stress inversion approach based on the minimization
of the seismic energy released on unfavorably oriented faults
(Cesca et al., 2016) in volumes of comparably high seismic
activity (Fig. S2). Stress inversion results provide the orien-
tations of the most compressive (o7), the intermediate (07),
the least compressive principle stresses (03), and the relative
stress magnitude R = (o1 — 02)/(01 — 03). A homogeneous
stress field is assumed within the selected rock volume and
time period for each subregion.

In the following, we describe the patterns of P and T axes,
as well as the local stress regimes in the different seismotec-
tonic domains, which were inferred from the moment tensor
solutions. In doing so, we first concentrate on the typical N-S
compressional regime in the central to eastern Southern Alps
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(Region 2 and 3 in Fig. 1), before we focus on the transition
to the strike-slip regime in the northern Dinarides (Region 4
in Fig. 1). Subsequently, the deformation regime in the West-
ern Alps (Region 1 in Fig. 1) is discussed. Additionally, we
discuss the findings for the neighboring northern Apennine
mountain range (Region 5 in Fig. 1).

At the southern margin of the central Southern Alps, we
observe predominantly thrust mechanisms with NNW-SSE-
to-NW-SE-oriented P axes in the central Alps, close to Lake
Garda, to NNE-SSW-oriented P axes further east (Fig. 11a,
features d and e). Our stress inversion results confirm dom-
inating compression from the central to eastern Southern
Alps with sub-horizontal o7 orientation (Fig. S2), which is in
agreement with the stress map of the Mediterranean and Cen-
tral Europe (Heidbach et al., 2016). Seismic activity at thrust
faults originating from the N-S convergence of the Adriatic
and Eurasian plates in the Southern Alps are well known and
have been described by various studies (e.g., Pondrelli et al.,
2006; Anselmi et al., 2011; Poli and Zanferrari, 2018). Ac-
cording to Cheloni et al. (2014), the SE Alpine thrust front
absorbs about 70 % of the convergence between the conti-
nental plates. In the transition from the Southern Alps to the
northern Dinarides a rotation of the P axes from NW-SE
to NNE-SSW is observed (Fig. 11a, features a—c). Despite
increased uncertainties due to the relatively low number of
available MT solutions, we observe a similar rotation of o7y.
Although less distinct, this rotation can also be seen when
looking at the stress direction obtained from thrust MTs in
Heidbach et al. (2016). The changes in the orientation of the
thrust mechanisms may be attributed to the bending of the
southern thrust front of the Alps and to the transition to the
strike-slip fault systems in the Dinarides.

The transition from dominant thrust faulting close to Friuli
to the strike-slip events to the east and in the northern Di-
narides was also described by Pondrelli et al. (2006) and
is mapped by the change from a sub-vertical to an al-
most horizontal o3 direction (Fig. S2). Moulin et al. (2016)
describe right-lateral motion (3.8 +0.6mmyr—!) on three
main Dinaric faults and suggest that the system of NW-SE-
oriented right-lateral strike-slip faults might be the northeast-
ern boundary of the Adriatic microplate.

The W Alps show more heterogeneous faulting compared
to the Southern Alps and the northern Dinarides. We obtained
four new MT solutions indicating NW-SE-striking normal
faulting east of Lake Geneva in the NW Alps, in agreement
with the orientation of T axis at a high angle to the bending of
the orogen described by Delacou et al. (2004). Our MT solu-
tions and the catalog solutions show normal faulting, thrust
faulting, and some oblique strike-slip faulting events in the
W to SW Alps (Region 1 on Fig. 1). Despite the small num-
ber of moment tensors, we can also infer a rotation of the
T axes in the southwestern Alps. In contrast to the north-
western Alps, where the tensional axis points at an exten-
sion along the mountain belt, the T axes of the focal mech-
anisms are oriented roughly perpendicular to the Alpine arc
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and Patacca et al. (2008). PL marks the Periadriatic line, and SK marks the Split—Karlovac Fault. The outlines of spatial clusters of increased

seismic activity from Fig. 12a are indicated for orientation.

(Fig. 11b, features f and g). The stress inversion results indi-
cate an extensional regime in the Western Alps with a sub-
vertical o7 orientation. However, across the large region the
uncertainties of the stress inversion are relatively high. This
is in agreement with the co-existing thrust faulting, normal
faulting, and strike-slip faulting also shown by Delacou et al.
(2004) and Heidbach et al. (2016).

Along the Apennines, thrust faulting is dominant at the
northern arc, while normal faulting earthquakes are domi-
nant southwest of the ridge of the Apennines. The NW-SE
orientations of the 7' axes of the normal faulting events are
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perpendicular to the elongation of the mountain belt as also
described by Pondrelli et al. (2006). The vertical o7 direction
and the NE-SW-oriented, horizontal o3 direction confirm an
extensional stress regime (Fig. S2). In contrast, a compres-
sional regime is observed along the NE arc of the Apennines
with P axes of the thrust-faulting events oriented NW-SE to
NE-SW (Fig. 11).
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Figure 11. Regional distribution of (a) P, (b) 7, and (c) B axes
of focal mechanisms presented in Fig. 9. Colors correspond to
mechanism classes as shown in Fig. 9. Only areas with more than
five events in a latitude-longitude grid of 1° x 1° are shown. Ar-
eas a to h mark features that are discussed in the text.

4.2 CMT solutions in the seismotectonic context

Since only a few focal mechanisms are available for large
parts of the Alps, we additionally take into account recent
seismicity (Fig. 12a, ¢ and d), historical large earthquakes
(Fig. 12b), and GNSS data (Fig. 12e and f) to analyze our
results in the seismotectonic context and draw a more de-
tailed picture of the seismic and tectonic activity in the
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study area. To emphasize areas of significant seismic ac-
tivity (Fig. 12a), we cluster the earthquakes in the seismic-
ity catalogs by INGV, GEOFON, and GCMT according to
their epicentral locations using the DBSCAN clustering al-
gorithm (Ester et al., 1996) implemented in the Python pack-
age scikit-learn (Pedregosa et al., 2011). The merged cat-
alog comprises more than 50000 earthquakes with M) >
2.0 (1983-2017). The recent seismic activity can be traced
back to historical times. Figure 12b shows historical earth-
quakes from the European Archive of Historical Earthquake
Data 1000-1899 (AHEAD; Locati et al., 2014; Rovida and
Locati, 2015) based on the SHARE European Earthquake
Catalogue (SHEEC; Stucchi et al., 2013) and the ISC-GEM
catalog (Storchak et al., 2013, 2015; Bondar et al., 2015;
Di Giacomo et al., 2015, 2018) with My, > 5.5.

In general, the seismicity along the southern margin of
the Alpine mountains is higher than along its northern coun-
terpart. Apart from the large cluster of seismicity in the
Apennines, we identify five dominant clusters and several
smaller ones mainly located at the margins of the Alps
(Fig. 12a). The largest seismicity clusters correspond to the
numbered regions shown in Fig. 1. To avoid confusion with
the mechanism-based clustering we here continue writing
region (R) when referring to these clusters of epicenters.
We focus on the analysis of the largest clusters, for which
we were able to obtain multiple moment tensor solutions
between 2016 and 2019. Following the Alpine arc from
west to east, the first cluster is located in the Western Alps
at the French—Italian border (R1 in Figs. 12a and 1), and
two smaller clusters are found in the region around Lake
Garda in the central Southern Alps (R2) and north of it. Two
more clusters of high seismicity are situated in the eastern
Southern Alps in the border region between Italy (Friuli)
and Slovenia (R3), and in the northern Dinarides (R4). Fig-
ure 12a indicates dominant faulting styles for each clus-
ter, namely thrust faulting for regions 2 and 3 around Lake
Garda and in the eastern Southern Alps and strike-slip fault-
ing in the northern Dinarides (R4). In the epicentral cluster
of the Apennines (RS), two representative mechanisms re-
flect the separation of dominant normal and thrust-faulting
earthquakes SW and NE of the ridge, respectively. Due to
the heterogeneous faulting in the Western Alps, we assign no
representative mechanism.

The cluster of high seismicity in the eastern Southern Alps
(Fig. 12a) is located close to the epicenter of the 1976 Friuli
earthquake (My 6.0; Pondrelli et al., 2001). The observed
E-W-striking thrust events map the regional dominant stress
field (Fig. 9), evolving from the underthrusting of the Friuli
Plain beneath the Alps (e.g., Cipar, 1980). Focal mechanism
solutions of the 1976 mainshock and aftershocks show simi-
lar thrust mechanisms, partly with a small strike-slip compo-
nent, and are associated with the complex Periadriatic over-
thrust system (e.g., Cipar, 1980; Bressan et al., 1998; Pon-
drelli et al., 2001, 2006; Poli and Zanferrari, 2018; Sle-
jko, 2018). Only a few tenths of kilometers to the west
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Figure 12. Characteristics of recent and historical seismicity and strain from GNSS data. (a) Seismic activity between 1978 and 2017;
M; > 2.0; from GEOFON, INGV, and GCMT catalogs; and colored according to epicentral clusters of seismicity. Representative MTs
from Fig. 9. Numbers refer to regions (1) W Alps, (2) Lake Garda, (3) eastern S Alps, (4) N Dinarides, and (5) Apennines. (b) Historical
earthquakes with My, > 5.5 from the European Archive of Historical Earthquake Data 1000-1899 (AHEAD) (Locati et al., 2014; Rovida
and Locati, 2015; Stucchi et al., 2013) and ISC-GEM catalog (1906-2016) (Storchak et al., 2013, 2015; Bondér et al., 2015; Di Giacomo
et al., 2015, 2018). (c, d) Maximum event depth and the cumulative seismic moment on a grid with a spacing of 0.25° x 0.25° latitude and
longitude. (e, f) Absolute value of the spatial gradient of the relative uplift rate as a proxy for vertical strain rates and observed GNSS
shear strain rate (second invariant of strain tensor); both are obtained from GNSS data of the EUREF WG on European Dense Velocities
(Brockmann et al., 2019). Black dots indicate seismicity, M; > 2.0. Events with MT solutions are color-coded as in Fig. 9. Exposed and
subsurface faults (solid and dashed lines) are simplified from Schmid et al. (2004, 2008), Handy et al. (2010, 2015), and Patacca et al.
(2008). PL marks the Periadriatic line, and SK marks the Split-Karlovac Fault. Topographic data are from the SRTM-3 (Farr et al., 2007)
and ETOPO1 (Amante and Eakins, 2009) datasets.

of the Friuli area we observe strike-slip faulting (Fig. 9).
Anselmi et al. (2011) report the occurrence of both thrust
and strike-slip faulting for this area, mostly in agreement
with an E-W to ENE-WSW minimum horizontal stress re-
ported by Montone et al. (2004). Large historical events are
reported along the southern margin of the Alps between Lake
Garda (R2), the eastern Southern Alps (R3), and the tran-
sition to the northern Dinarides (R4) (Verona 1117, Slove-
nia 1511, and Carinthia 1348, all M, > 6.7). Similar high-
seismicity and cumulative seismic moments during the last
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decades (Fig. 12d) are observed here. Within the seismicity
cluster close to Lake Garda, Italy, the observed thrust mecha-
nisms are typical for earthquakes located in the Giudicarie re-
gion close to the Ballino—Garda fault that runs through Lake
Garda (Vigano et al., 2008).

Less frequent large historical earthquakes with magnitude
estimates between My, 5 and 6 are reported in the Western
Alps and the Dinarides (R2 and 4). Within the last decades,
earthquakes with 4 < M| < 5 are observed across a wider
part of the Western and Southern Alps, but magnitudes rarely
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exceed Mj 3.5 in large areas of the Central to NE Alps. The
Eastern Alps north of the Periadriatic line and the area be-
tween the seismically active regions in the Western Alps
and the Central Alps have particularly low seismicity rates
(Fig. 12a). While at least three large earthquakes occurred in
the eastern part of Switzerland in historical times, seismic-
ity in this region appears to be relatively low in recent years
(Fig. 12a and b).

The observed depth ranges of our MT solutions (Fig. 10)
are in accordance with the maximum depths in the long-term
seismic catalogs of GCMT, INGV and GEOFON, including
> 50000 earthquakes with M) > 2.0 (Fig. 12c). While the
Moho depth increases gradually from less than 30 km at the
northern margin of the Alps to above 50km in the central
part of the orogen (Spada et al., 2013), we do not observe any
gradual change in the event depth. The catalogs and our own
centroid depths show that seismicity is shallow across most
of the Alps with rare deeper events (< 30km) at the south-
ern margin, where the Moho is at about 40 km depth (Spada
et al., 2013). These few deeper events are located above the
Moho. Maximum depths of above 60 km are observed in the
Apennines.

The joined interpretation of seismicity, GNSS data, and
MT solutions shows how the overall spatial distribution of
faulting styles in the study area can be interpreted in the
regional tectonic regime. Figure 12e and f present the spa-
tial gradient of the uplift rates and the horizontal strain
rates, computed from the GNSS data of the EUREF WG
on European Dense Velocities (http://pnac.swisstopo.admin.
ch/divers/dens_vel/index.html, last access: December 2020,
Brockmann et al., 2019). Please refer to the Supplement for
additional methodological information. Following Keiding
et al. (2015), we use the spatial derivative of the uplift rate
as a proxy of vertical strain rates (Fig. 12e).

Within the Alpine mountain range, the GNSS data show a
consistent uplift relative to the surrounding areas (Fig. S3).
Figure 12e and f emphasize the relation between recent seis-
mic activity and both high spatial gradients of the uplift rate
(Fig. 12e) and the shear strain rate (Fig. 12f) across large
parts of the study area. The largest gradients of the uplift
rate, high shear strain rates, and highest seismicity rates are
observed in the eastern Southern Alps (R3 in Fig. 12a) and
in the Apennines (RS in Fig. 12a). The distribution of the
cumulative seismic moment (Fig. 12d) agrees particularly
well with the distribution of shear strain rates (Fig. 12f). We
observe typically E-W-striking thrust faulting in the east-
ern Southern Alps, as also described in many previous stud-
ies (e.g., Pondrelli et al., 2006; Poli and Zanferrari, 2018).
High horizontal velocities point to the shortening and crustal
thickening in the eastern Southern and Eastern Alps due to
the convergence of Adriatic and European plate (Fig. S3),
in accordance with Serpelloni et al. (2016) and Sternai et al.
(2019). Southeast of this area, at the transition to the northern
Dinarides (Regions 3-4), the uplift gradients are low, while
increased shear strain rates agree with our dominant strike-
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slip mechanisms (see also Serpelloni et al., 2016) and right-
lateral motion on the Dinaric strike-slip faults (Moulin et al.,
2016).

While there is no significant shear strain in the Western
and Central Alps, we depict two subparallel bands of moder-
ate spatial gradients of the uplift rate running roughly along
the northern and the southern margin of the Alps. These two
bands result from the overall relative uplift of the Alps and
also have higher seismicity rates compared to the central
Alpine belt. In the SW Alps, the largest events cluster in the
transition area between relative uplift and subsidence, indi-
cated by the band of increased spatial gradient of the uplift
in Fig. 12e. Normal faulting events are dominant. Intraplate
shear strain rates are relatively low in the entire Western and
Central Alps.

The Adriatic plate, which is the upper plate in the Alpine
subduction zone, rotates counterclockwise relative to Europe
around an Euler pole located in the western Po plain or
Western Alps (D’ Agostino et al., 2008; Weber et al., 2010;
Le Breton et al., 2017). The rotation results in varying con-
vergence rates across the Alps. Le Breton et al. (2017, 2021)
infer a rotation of about 5.25° during the last 20 Myr result-
ing in convergence rates ranging from 5.5mmyr~! in the
NW Adria (Western Alps) to 7.5mmyr~! in the NE Adria
(eastern Southern Alps) (Fig. 1). In comparison, kinematic
reconstructions of Van Hinsbergen et al. (2020) involve less
convergence but a higher rotation of Adria relative to Europe
(10°), leading to 2.5 mm yr~! convergence in the NW Adria
to 6.25mmyr~! in the NE Adria. Recent GPS data indi-
cate little to no horizontal movement in the Western Alps
but more than 2 mm yr~' NNW-ward movement of Adria in
the eastern Southern Alps (see Fig. S3), which is in agree-
ment with increased seismicity rates. The Western Alps are
closer to the location of the Euler pole of the rotation of the
Adriatic plate, and therefore convergence rates are lower. Re-
cent GPS measurements and the computed horizontal strain
rates even indicate the absence of convergence (D’ Agostino
et al., 2008, and Fig. S3). Therefore, the uplift pattern of the
Western and Central Alps (Figs. 12e and S3) and the seis-
micity clusters in the W Alps need to be attributed to other
mechanisms. Sternai et al. (2019) propose that isostatic ad-
justment to deglaciation and erosion and mantle-related pro-
cesses such as slab detachment or asthenospheric upwelling
may jointly explain the observed uplift pattern. The assump-
tion of a stress or strain field that is not dominantly effected
by the convergence of Europe and Africa was also proposed
by Delacou et al. (2004) based on focal mechanisms and
stress inversion in the Western Alps. Our moment tensor so-
lutions indicating normal and strike-slip faulting, as well as
the P and T axes, match these observations from GNSS data.

The seismic activity along the northern margin of the Alps
is in agreement with the increased gradient of uplift in this
area. However, the occurrence of strike-slip faulting earth-
quakes described in this study can hardly be explained by
vertical strain, especially on favorably oriented faults. How-
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ever, pre-existing faults may be unfavorably oriented, the
stress field may be heterogeneous and local anomalies may
not be resolved by the sparse GNSS network. Rather low
seismicity is further observed in the eastern Po plain, where
high spatial gradients of the uplift rate are observed. The high
absolute gradient here can be attributed to the relative subsi-
dence of the sediments in the Po plain (see Fig. S3) (Carmi-
nati and Martinelli, 2002) but not to a tectonic uplift which
would likely be accompanied by seismic activity.

5 Conclusions

Centroid moment tensor inversion provides insight into fault-
ing mechanisms of earthquakes and related tectonic pro-
cesses. In this study, we used the AlpArray seismic net-
work to analyze the mechanisms of earthquakes occurring
from 2016 to end of 2019. Thanks to the flexible inversion
tool Grond, we were able to test different inversion setups
in order to derive guidelines for MT inversions in complex
tectonic settings such as the Alps. These guidelines and the
proposed tests can, on the one hand, facilitate future studies
of faulting mechanisms in the Alps and, on the other hand,
help to derive workflows to obtain reliable moment tensors
in other dense networks or complex study regions. We eval-
uated the results with respect to their uncertainties and pa-
rameter trade-offs. For subsets of events, we tested various
frequency bands, distance ranges, and different input data
types comprising time domain full waveforms, frequency do-
main amplitude spectra, time domain cross-correlation fit-
ting, waveform envelopes and combinations of these. In the
case of our study area, for most earthquakes with magnitudes
larger My, 3.3, we find that a combination of time domain
full waveforms and frequency domain amplitude spectra in a
frequency band of 0.02-0.07 Hz is most suitable. The dense
deployment of the AASN is ideal to study the effect of (man-
ually introduced) azimuthal gaps. While a higher azimuthal
station coverage is favorable in general, we find that a small
number of stations with little azimuthal coverage may be suf-
ficient depending on the location of the stations with respect
to the strike direction of the fault. Performing CMT inver-
sions constraining the solutions to a pure double-couple MT,
a deviatoric MT, or a full MT, indicates that for the specific
Alpine context with a dense network DC components are re-
liably resolved independent of the applied constraint. While
allowing for non-DC components reduces the overall mis-
fit, the CLVD and the isotropic components cannot be dis-
tinguished unambiguously. We propose performing similar
tests prior to MT inversions for other study areas, when earth-
quake magnitudes are small, the crustal structure is complex,
the number of stations is limited, or other factors might hin-
der straightforward inversions.

Relying on the results of the methodological tests, we per-
formed deviatoric MT inversions for events with My, > 3.1.
We present 75 solutions with reasonably low uncertainties
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occurring between 2016 and 2019. With four years of ac-
quisition of small to moderate earthquakes in the course of
the AlpArray project, we are able to identify seismotectonic
domains that are representative in faulting styles of those
derived from long-term seismic observations. We compare
the derived MT solutions to historical earthquakes, recent
seismicity, published focal mechanisms, and GNSS defor-
mation data. Our moment tensor results indicate that while
the Alps represent a rather heterogeneous study area, the re-
gion is characterized by compartments of different tectonic
movement in close proximity. Typical ENE-WSW-to-E-W-
striking thrust faulting is observed in the Friuli area in the
eastern Southern Alps related to the N-S convergence of
the Eurasian and Adriatic plate (Pondrelli et al., 2006; Poli
and Zanferrari, 2018) and counterclockwise rotation of Adria
relative to Europe (e.g., D’Agostino et al., 2008; Le Bre-
ton et al., 2017). Strike-slip faulting with similarly oriented
P axes is observed parallel to the northern margin of the Cen-
tral Alps and in the northern Dinarides, which is in agree-
ment with right-lateral strike-slip faults and high shear strain
rates. In contrast, NW-SE-striking normal faulting events
with NE-SW-oriented T axes are observed in the NW Alps.
Faulting styles in the SW Alps are more heterogeneous, with
a majority of events related to an extensional stress regime.
Simultaneous observations of low horizontal strain rates and
normal faulting earthquakes are in agreement with studies
proposing that relatively high uplift rates in the Western Alps
are attributed to processes other than the Europe—Adria con-
vergence. Based on a clustering of epicenters, we identify
five main seismically active regions, namely the Western
Alps, the region around Lake Garda, the eastern Southern
Alps, the northern Dinarides, and the Apennines. Areas of
high seismicity are mostly located in the proximity of the
southern margin of the Alps, where significant vertical or
horizontal strain rates are reported. Maximum observed mag-
nitudes coincide with regions of increased seismicity and sig-
nificant historical earthquakes but rarely exceed My, 5.0. In
contrast, seismicity is particularly low in the Eastern Alps
and in parts of the Central Alps. The depths inferred from
our moment tensor inversions and the depths in seismic cat-
alogs indicate that the seismic activity in the Alpine moun-
tain ranges is predominantly shallow with only few events in
depth greater than 15 km in the eastern Southern Alps. Sig-
nificantly deeper earthquakes are observed in the Apennines.

Code and data availability. The moment tensor inversions were
performed using the free and open-source inversion tool Grond
(Heimann et al., 2018). Figures were plotted using pyrocko
(Heimann et al., 2019) and GMT (Wessel et al., 2013).

The topographic data for the maps were taken from the SRTM-3
(Farr et al., 2007) and ETOPO1 (Amante and Eakins, 2009) (NOAA
National Geophysical Data Center 2009: ETOPO1 1 Arc-Minute
Global Relief Model. NOAA National Centers for Environmental
Information. Last access: December 2020).
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Seismic catalogs are from the following sources: earthquake
information and focal mechanisms are provided by the below-
mentioned institutes. Swiss Seismological Service (SED) (Deich-
mann et al., 2004, 2006, 2008, 2009, 2010, 2011, 2012; Baer et al.,
2005, 2007; Diehl et al., 2013, 2014, 2015, 2018; Diehl, 2020);

Slovenian Environment Agency (ARSO) (Ministrstvo za okolje
in prostor Agencija RS za okolje, 2018, 2019, 2020);

INGV (Italy) (Scognamiglio et al., 2006), http://terremoti.ingv.
it/en (last access: December 2020);

GEOFON (Germany) event locations were obtained from
the GEOFON program of the GFZ German Research Center
for Geosciences using data from the GEVN partner networks:
https://geofon.gfz-potsdam.de/eqinfo/list.php (last access: Decem-
ber 2020);

EM-RCMT (European-Mediterranean Regional Centroid-
Moment Tensors) http://rcmt2.bo.ingv.it/ (last access: Decem-
ber 2020), (Pondrelli, 2002);

SISMOAZUR (France) http://sismoazur.oca.eu/focal_
mechanism_emsc (last access: December 2020) provide MTs
obtained using FMNEAR (Delouis, 2014);

GCMT (Lamont-Doherty Earth Observatory of Columbia Uni-
versity, USA) https://www.globalcmt.org/ (last access: Decem-
ber 2020) (Dziewonski et al., 1981; Ekstrom et al., 2012).

Permanent seismic networks are as follows. The permanent sta-
tions of the AlpArray are part of existing European regional net-
works (RD — RESIF, 2018, GU — University Of Genova, 1967, CZ
— Institute Of Geophysics, 1973, ST — Geological Survey — Provin-
cia Autonoma Di Trento, 1981, G — Institut De Physique Du Globe
De Paris (IPGP) and Ecole Et Observatoire Des Sciences De La
Terre De Strasbourg (EOST), 1982, CH — Swiss Seismological Ser-
vice, 1983, OE — ZAMG, 1987, MN — MedNet Project Partner In-
stitutions, 1990, HU — Kovesligethy Radé Seismological Observa-
tory, 1992, GE — GEOFON Data Centre, 1993, RF — University Of
Trieste, 1993, FR — RESIF, 1995, IV — INGV Seismological Data
Centre, 2006, BW — Department Of Earth And Environmental Sci-
ences, Geophysical Observatory, University Of Munchen, 2001, SX
— Leipzig University, 2001, NI — OGS and University Of Trieste,
2002, TH - Jena, 2009, OX — OGS, 2016).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/se-12-1233-2021-supplement.

Team list. The complete member list of the AlpArray Work-
ing Group can be found at http://www.alparray.ethz.ch and the
complete list of the Swath-D Working Group can be found at
https://doi.org/10.14470/MF7562601148.
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1 INTRODUCTION

SUMMARY

Clusty is a new open source toolbox dedicated to earthquake clustering based on waveforms
recorded across a network of seismic stations. Its main application is the study of active faults
and the detection and characterization of faults and fault networks. By using a density-based
clustering approach, earthquakes pertaining to a common fault can be recognized even over
long fault segments, and the first-order geometry and extent of active faults can be inferred.
Clusty implements multiple techniques to compute a waveform based network similarity
from maximum cross-correlation coefficients at multiple stations. The clustering procedure is
designed to be transparent and parameters can be easily tuned. It is supported by a number
of analysis visualization tools which help to assess the homogeneity within each cluster and
the differences among distinct clusters. The toolbox returns graphical representations of the
results. A list of representative events and stacked waveforms facilitate further analyses like
moment tensor inversion. Results obtained in various frequency bands can be combined to
account for large magnitude ranges. Thanks to the simple configuration, the toolbox is easily
adaptable to new data sets and to large magnitude ranges. To show the potential of our new
toolbox, we apply Clusty to the aftershock sequence of the My, 6.9 25 October 2018 Zakynthos
(Greece) Earthquake. Thanks to the complex tectonic setting at the western termination of the
Hellenic Subduction System where multiple faults and faulting styles operate simultaneously,
the Zakynthos data set provides an ideal case-study for our clustering analysis toolbox. Our
results support the activation of several faults and provide insight into the geometry of faults
or fault segments. We identify two large thrust faulting clusters in the vicinity of the main
shock and multiple strike-slip clusters to the east, west and south of these clusters. Despite
its location within the largest thrust cluster, the main shock does not show a high waveform
similarity to any of the clusters. This is consistent with the results of other studies suggesting a
complex failure mechanism for the main shock. We propose the existence of conjugated strike-
slip faults in the south of the study area. Our waveform similarity based clustering toolbox is
able to reveal distinct event clusters which cannot be discriminated based on locations and/or
timing only. Additionally, the clustering results allows distinction between fault and auxiliary
planes of focal mechanisms and to associate them to known active faults.

Key words: Persistence, memory, correlations, clustering; Seismicity and tectonics; Frac-
tures, faults, and high strain deformation zones.

spatial and temporal seismicity patterns in great detail. In gen-
eral, earthquakes occur along pre-existing faults. Both, the extent

The world-wide increasing number of seismic stations, even de- and the stress state of seismogenic faults are of interest for struc-
ployed in areas of moderate seismicity, significantly lowers earth- tural studies and for seismic hazard assessment at local, regional or
quake detection thresholds. This enables seismologists to study global scale. The association of seismic events to faults is a major
2044 © The Author(s) 2020. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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but also challenging task. Depending on the location of active faults,
fault identification may involve field investigations (i.e. mapping,
trenching, etc.), aerial investigations (analysis of satellite images
or air-born lidar) or seismic-reflection/bathymetric data. Following
large-magnitude earthquakes (M,, > 6), the geometry of the fault
associated with the main rupture, as well as its slip distribution, is
often estimated using seismological and geodetic tools (e.g. Koper
et al. 2011; Yokota et al. 2011; Grandin et al. 2015; Cirella et al.
2020).

Moment tensor inversion represents a powerful tool to identify
earthquake faulting mechanisms. Focal mechanisms obtained for
seismic sequences are often used to obtain insight into the faulting
style and the extent of an active fault (e.g. Orgiilii & Aktar 2001;
Serpetsidaki e al. 2010; Asano et al. 2011; Herrmann et al. 2011)
or the geometry of multiple faults (e.g. Cesca et al. 2017). Although
moment tensor inversion provides valuable insights, it has several
limitations that complicate the identification of active faults. First,
robust moment tensor inversions require a detailed knowledge of
velocity structures and station instrumentation. Furthermore, the
quality of moment tensor solutions strongly depends on the radiated
frequencies: for lower magnitude events moment tensor inversion
is often not feasible. In these cases, the signal to noise ratio is only
sufficient at higher frequencies which cannot be modelled using
simple 1-D velocity models. Finally, the causative fault plane cannot
be distinguished from the auxiliary plane of the moment tensor (MT)
without additional geological (e.g. fault geometry) or geophysical
constraints (e.g. GPS displacements or aftershock distributions).

The clustering of earthquakes into groups of similar events is an-
other approach to analyse the observed seismicity regarding under-
lying seismogenic processes. The clustering analysis can be based
on various parameters such as: (1) spatial and/or temporal distribu-
tions (e.g. Frohlich 1987; Shearer et al. 2005; Ansari et al. 2009;
Ouillon & Sornette 2011; Mouslopoulou & Hristopulos 2011; Mes-
imeri et al. 2019; Czecze & Bondar 2019); (2) the smallest rotation
between moment tensors (e.g. Cesca 2020); (3) P and S polarities
(e.g. Shelly et al. 2016) or (4) waveform similarities, as for exam-
ple in Tsujiura (1983), Maurer & Deichmann (1995), Shearer ef al.
(2003), Barani et al. (2007), Trugman & Shearer (2017), Ruscic
et al. (2019), Abramenkov et al. (2020) and in this study.

The clustering based on waveform similarity favours fault map-
ping by considering locations and mechanisms, since waveforms
are inherently sensitive to both. Waveform similarity is generally
assessed by cross-correlating waveforms of earthquakes at one or
multiple stations. Very high waveform similarities (i.e. >0.9-0.95)
are attributed to so-called repeaters (e.g. Geller & Mueller 1980;
Igarashi et al. 2003; Baisch ef al. 2008; Han et al. 2014). According
to Geller & Mueller (1980) repeaters are located at distances smaller
than a quarter of the dominant wavelength, however, also larger
spatial separation was reported (e.g. Arrowsmith & Eisner 2006).
Similar waveforms, observed at multiple stations, imply similar fo-
cal mechanisms and travel paths (locations and depths, e.g. Maurer
& Deichmann 1995). Thus, the identification of clusters of similar
events can shed light on the fault geometry and on the faulting style.
In favourable conditions, waveform similarity studies can help to
identify faults and map their geometries (e.g. Tsujiura 1983; Maurer
& Deichmann 1995; Shearer ef al. 2003). The waveform similarity
based clustering approach is independent from the uncertainty of
the hypocentral locations, therefore it can be applied even when
hypocentral locations are poorly constraint. Only at a later stage of
this study, when fault planes are inferred from the clusters, the loca-
tion uncertainties are considered. Waveform similarity is also used
to identify groups of events for relative relocation methods (e.g.
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Shearer et al. 2005; Trugman & Shearer 2017). High waveform
similarities among a small magnitude foreshock or afterhock with
a larger main shock with a known focal mechanism can be used to
infer a similar mechanism for the weaker event. Such analyses can
also be used for a more advanced declustering of a catalogue, not
only relying on occurrence times (Barani et al. 2007), as well as for
determining event pairs for an empirical green’s function analysis.

Here we use a density-based clustering approach, which allows
grouping earthquakes with a wide range of magnitudes, locations
and focal mechanisms. End members of a density-cluster are not
required to be as similar as neighbouring events, if they are con-
nected via multiple events with gradually changing locations or
mechanisms. Consequently, we are able to assign individual earth-
quakes assumed to be produced along an elongated fault into a
single cluster.

Here, we introduce a new open-source, user-friendly and highly
adaptable waveform clustering toolbox, named Clusty. The tool-
box allows correlating and clustering hundreds to few thousands of
events recorded by a network of stations based on what we refer to
as the network similarity of the event pairs. We implemented dif-
ferent approaches to combine the waveform similarities computed
for multiple stations across a network, allowing a comparison of the
clustering methods and their results. In the development of the code
we put emphasis not only on computational efficiency and the sta-
bility of results, but also on a broad range of analysis and plotting
tools. Apart from the resulting catalogue of clustered events and
accompanying plots, Clusty provides a list of representative events,
i.e. one event for each cluster that is most similar to the rest of the
cluster. The representative events can be used to perform moment
tensor inversions aiming for a representative focal mechanism for
each cluster.

In this study we apply the clustering toolbox to the aftershock
sequence of the 25 October 2018 M,, 6.9 Zakynthos (Greece) earth-
quake (Chousianitis & Konca 2019; Cirella et al. 2020; Ganas et al.
2020; Karakostas et al. 2020; Mouslopoulou et al. 2020; Sokos et al.
2020). The data set includes >2300 events with M > 2.8 recorded at
33 stations from 25/10/2018 to 14/11/2019. The catalogue is avail-
able in Mouslopoulou et al. (2020). Zakynthos is located in the prox-
imity of the western termination of the Hellenic subduction zone.
The region is known for its high seismic activity and a great variety
of faulting mechanisms (Mouslopoulou ef al. 2020). Serpetsidaki
et al. (2010) studied another seismic sequence offshore Zakynthos
in April 2006 and emphasized the importance of the identifica-
tion of active faults for regional seismic hazard assessment. Our
waveform-based clustering analysis provides a better understand-
ing of the geometries and kinematics of the faults involved in the
2018-2019 aftershock sequence. Further, we associate moment ten-
sors inverted for representative events to the individual clusters. The
identification of different waveforms excited by spatially clustered
earthquakes provides evidence for the presence of various faulting
styles on neighbouring faults, an outcome that is in agreement with
the local geology (Mouslopoulou et al. 2020) and the regional stress
field (Konstantinou et al. 2017).

We use the Zakynthos application to assess the stability of the
clustering results, using different clustering settings, frequency
ranges and discuss limits and opportunities of the toolbox. In Sec-
tion 2, we describe the work-flow of the clustering toolbox Clusty.
We applied our toolbox to the Zakynthos Earthquake aftershock case
study and present the results of the clustering analysis in Section 3.
We discuss both, the methods and the application with respect to
the clustering results, inferred fault geometries and methodological
limitations in Section 4.
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Figure 1. Schematic workflow diagram for the waveform-based network
similarity clustering toolbox Clusty.

2 METHODOLOGY: THE CLUSTY
NETWORK SIMILARITY CLUSTERING
TOOLBOX

Clusty is a flexible, efficient and user-friendly python toolbox ded-
icated to seismic cluster analysis based on waveform similarity
across a network of stations. It is based on the seismological python
library Pyrocko (Heimann et al. 2017) and is running on Linux
systems including desktop and server environments.

The general workflow is sketched in Fig. 1. As input Clusty
requires an earthquake catalogue, waveform data and station meta-
data. If phase picks are not available, it is possible to compute
theoretical arrival times using a chosen 1-D velocity model and
cake, a tool implemented in Pyrocko to solve ray theory problems
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for layered earth models (Heimann et al. 2017). The user can ei-
ther select a fixed time window for each phase or use our empirical
relations (i.e. for surface waves: [fonset — 105, fonset + (3/fmin) +
10s] and for body waves: P: [tp — 2, ts], S: [ts — 2, 1.5(ts — tp)]).
Clusty preprocesses the waveforms, that is downsampling and band-
pass filtering, and applies thresholds for inter-event distances (either
epicentral (in this study) or hypocentral), event-to-station distances
and signal-to-noise ratio (SNR). While none of these thresholds are
strictly required, we recommend using them for computational ef-
ficiency. Distance-based thresholds should be set conservatively to
avoid rejecting event pairs or station-event-pairs due to mislocated
events. A minimum station—event distance is recommended as the
clustering method assumes a station—event distance that is large
compared to the event—event distance.

The workflow can be quickly adjusted to three channel or single
channel data. For all event pairs passing the thresholds, Clusty com-
putes the maximum cross-correlation coefficient (cc) at each sta-
tion and for each component. For computational efficiency, this step
runs in parallel on a user-defined number of cores on the CPU. Only
event-pairs, that exceed an additional cc threshold (e.g. >0.7) at a
minimum number of stations (e.g. >5), with a minimum azimuthal
station coverage (e.g. >60°) are considered in the subsequent analy-
sis. However, it is important to notice that once these conditions are
satisfied, all stations which passed the primary SNR and distance
thresholds (and not only those passing the cc threshold) will be
considered for the network similarity computation to assure that the
statistics are not biased. The cc threshold does not represent a mea-
sure of the minimum similarity among events in the later applied
clustering process. It only assures higher computational efficiency.

By applying the above mentioned thresholds, we reduced the
number of calculated cross-correlations in our test data set from
more than 378 million (45 stations, 3 components, 2367 events)
to about 5 million. The pre-processing of the waveforms and the
calculation of the cc values is the computationally most expensive
step within Clusty. In the frequency band of 0.05-0.20 Hz (allowing
a downsampling to 10 Hz) it takes about 4 hr on a cluster using 16
cores. All further steps within Clusty require only a few minutes on
a single core. A memory saving option is available, so that Clusty
can also be used on personal computers.

The cc values of the event pairs at each station are combined to
a network similarity for each component using one of the methods
described below. Subsequently, the components can be combined or
analysed individually, for example to compare the results obtained
from horizontal and vertical components. The network similarity
matrix is then used as input for the clustering algorithm DBSCAN
(Ester et al. 1996, see Section 2.2). The choice of appropriate clus-
tering parameters is often difficult and sometimes subjective. To
overcome these difficulties we implemented tools for testing vari-
ous sets of clustering parameters and compare them using multiple
analysis plots (see Section 2.3).

To analyse earthquakes with a broad range of magnitudes, the
entire workflow can be repeated using different frequency bands.
The resulting cluster labels can be harmonized with respect to a
defined reference frequency band to create a joint cluster result
catalogue. The user can run Clusty in one flow, but tuning the
settings of the network similarity computation and the clustering
parameters is a crucial point in this analysis. Therefore all steps
can be run separately and repeated (e.g. computation of cc, network
similarity, clustering, plotting of the results).

Settings for the toolbox like frequency filters, downsampling,
SNR thresholds to retain or reject events as well as the choice
of methods to compute the network similarity can be defined in a
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configuration file. We provide an example configuration file in the git
repository including information on the settings used for this study
(https://git.pyrocko.org/clusty/clusty, last accessed October 2020).
Clusty returns several figures to evaluate and present the results
together with the output from the cluster analysis (i.e. clustering
matrices and event-cluster identification). In addition, Clusty can
provide stacked waveforms for each cluster as well as a list of
representative events for subsequent studies.

2.1 Network similarity computation

The network similarity nsim of two events with index i and j (event
pair ij) across a network of stations s with components ¢ can be com-
puted based on the maximum cross-correlation coefficients cc; .
using a variety of methods implemented within the clustering tool-
box to allow an easy comparison of different techniques. The net-
work similarity of each event-pair is a value between 0 and 1, with
1 being the highest correlation.

For each pair of events 7, j the maximum, the mean or the median
of the ccj;., value of all stations s (separate components ¢) can,
among other methods, be used as a measure for network similarity.
These three methods are computationally very efficient. However,
the mean of the cc values of all stations is generally prone to outliers
especially when calculated from a small sample of events, while the
maximum of the cc values can be distorted in case of highly corre-
lated monotonous noise or band-limited stations, for example due
to high near-surface attenuation (Aster & Scott 1993). Moreover,
the maximum-method is based on the cc value of a single station
and cannot separate two different mechanisms which may radiate
similar, highly correlated waveforms in the particular direction of
the station. Therefore Aster & Scott (1993) suggest using the me-
dian of the cc values of all stations as best practice to determine the
degree of similarity between two events. Consequently, the maxi-
mum value should only be used for testing, to adjust time windows
and select appropriate bandpass filters or in cases where only single
stations close to the epicentre have a sufficient SNR (Ruscic et al.
2019). For smaller magnitudes only the closest stations are expected
to record an event, therefore it helps to use the mean or median of
those stations that comply with the given SNR threshold.

For the same reason Maurer & Deichmann (1995) introduced an
asymmetrically trimmed mean for the computation of the network
similarity nsim; . across a total number of M stations: For each event
pair the lowest k per cent of the cc values are removed before the
mean is computed:

M—kM
1

nsimij.c = m ; CCij.c.s» (1)

where ccjj., is sorted by descending cc value. Lower cc values
between events at some stations do not necessarily imply weaker
correlation of the events in regard to mechanism and location but
can also be caused by other influences, such as variable site effects
or noise conditions (Akuhara & Mochizuki 2014).

The network similarity of an event pair can also be computed as
a weighted sum of the cc values at all stations. The weights w;; . are
the absolute differences between the first and the second maximum
of the according cross-correlation function (Shelly ef al. 2016):

M

nSl.mij,c = E CCijc.s Wijeys- 2)

s=1

The use of a weighted sum limits the influence of poorly correlated
records from distant or noisy stations and stabilizes the computation.
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However, we recommend to use a threshold for a required cc value
at a minimum number of stations. Further, the resulting weights
should be analysed along with the network similarity to avoid that
the result is dominated by few stations only.

Another approach to combine the cc values of all stations is a
composite correlation measure computed as the Mth root of the
product of the cc values (Stuermer et al. 2011):

M
nsimy e = [[ J(cerje ™. ©)

s=1

Stuermer et al. (2011) combined P and S cc values extracted from
the same single component trace in the product. When using three
component data, we first compute the Mth root of the product for
each component ¢ separately, and then combine the obtained net-
work similarities in a consecutive step.

The network similarity matrices nsim;;. are computed for the
different components c (e.g. Z, N and E) separately and subsequently
combined as a weighted sum:

c
nsim;; = E nsim;j . we. “4)
c=1

The weighting of the components w, is defined in the configura-
tion file. A component-based weighting allows compensating site-
effects, which can lead to complex horizontal traces. The weighting
can also compensate for variations in waveforms originating from
different mechanisms that affect horizontal and vertical components
differently. By comparing the results of independent phases (e.g. P
and S or Love and Rayleigh) and components (i.e. Z, N and E)
one can learn about the sensitivity of the waveforms in regard to
different faulting types.

2.2 Event clustering

For the clustering algorithm input, the network similarity matrix
(with 1 being the highest correlation) is converted into a distance
matrix (with 0 corresponding to identical events). To avoid con-
fusion with the spatial distance we hereafter refer to it as the
similarity-distance. At the current version of the clustering tool-
box, the density-based DBSCAN algorithm (Ester ef al. 1996), as
implemented in the python package scikit-learn (Pedregosa et al.
2011), is used for clustering. Other clustering algorithms, such as
OPTICS (Ankerst et al. 1999) or k-means (Lloyd 1982) can be
added by the user depending on the clustering targets.

Clusters derived using the DBSCAN algorithm can have any
shape and the number of clusters is not predefined. Further, the
algorithm allows for unclustered events (a noise class). Following
the definitions of Ester et al. (1996), events belonging to one cluster
are either core events or border events. Core events have at least
a minimum number of neighbouring events (MinPts) within the
similarity-distance Eps. Events at the border of the cluster (bor-
der events) are connected to at least one core point, but have less
then MinPts neighbouring events within the similarity-distance Eps.
Clusters are formed based on the concept of density reachability. An
event i is considered directly density-reachable from a core event j,
if it is within the similarity-distance Eps. Further the events 7 and j
are density-connected if they are density-reachable through one or
more density-connected core events.

The DBSCAN clustering procedure starts with the selection of an
arbitrary event of the data set. All events that are density-reachable
from this very first event (with respect to Eps and MinPts) are
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retrieved. A cluster is only formed if there is at least one core event.
If not, DBSCAN visits the next point of the database. This process
is continued until all points have been processed (Ester et al. 1996).
Events not lying within similarity-distance Eps of any other event
are assigned to a noise class (unclustered). Eps and MinPts need to
be tuned by the user according to the data set.

2.3 Tuning of the clustering parameters and graphical
analysis of clustering results

Our clustering toolbox provides several analysis plots that facilitate
the tuning of the clustering parameters and the evaluation of the
stability of the clusters. Further, these plots provide detailed insight
into the clustering results. The plotting tools can also be used to
analyse, compare and choose multiple target frequency bands to
include surface waves for larger, distant events and body waves for
smaller, local events. The graphical output is generated using GMT
(Wessel et al. 2013) and the python plotting packages matplotlib
(Hunter 2007) and plotly (Plotly Technologies Inc. 2015). The plots
presented in this section illustrate the analysis that was performed
to obtain optimal clustering settings and stable results for the appli-
cation to the aftershock sequence of the 25 October 2018 Zakynthos
M, 6.9 earthquake in Greece.

Clusty allows the user to run the entire clustering process for
different DBSCAN parameters (Eps and MinPts) in parallel to com-
pare the results. As mentioned above, the input similarity-distance
matrix for DBSCAN is computed from the cross-correlations of
waveforms. Therefore the similarity-distance radius (Eps) is di-
rectly related to the underlying physical process and a rough first
estimate of Eps can be made based on expected similarities. How-
ever, the expected cc values, and consequently, the optimal Eps
value may vary depending on the length of the considered wave-
form time windows, the frequency content as well as on site and
noise conditions at the stations. An Eps of 0.1 implies that a pair of
connected events has at least a network similarity of 0.9. Depend-
ing on the chosen method for the network similarity computation,
waveform cross-correlation values at single stations can be smaller
if other stations with higher values compensate for it. Eps needs
to be adjusted to the purpose of the clustering. Using a small Eps
value allows finding very similar events or repeaters. However, in
this case other events are omitted, which would still be considered
similar when clustering is performed using a higher Eps for fault
identification and tracing.

Ester et al. (1996) suggested a k-nearest neighbour (k-NN)
plot (Fig. 2a) to choose the Eps parameter. Therein, the average
similarity-distance of every sample to its k nearest neighbours (here
corresponding to the MinPts parameter) is calculated and plotted
in an ascending order to visually find a "knee’, that corresponds to
the optimal Eps value for the given data set (Ester ef al. 1996). In
Fig. 2(a), the sorted similarity-distances of the kth nearest neigh-
bours are shown for MinPts values from 5 to 8. For MinPts 5, sig-
nificant gradient changes are seen for Eps values of 0.16 and 0.21
(red arrows in Fig. 2a). For increased MinPts values these gradient
changes are observed for larger Eps values. However, we prefer
smaller Eps values, because otherwise we observe rather unstable
and heterogeneous clusters in our application (Fig. 2b and following
paragraphs). Therefore, we suggest three additional metrics to con-
strain a range of appropriate DBSCAN clustering parameters for
fault tracing purposes: (1) the silhouette score, (2) the number of
clusters and (3) the total number of clustered events. These metrics

reflect the ensemble of all clusters, while the influence of differ-
ent parameter sets onto single clusters can be analysed using more
sophisticated analysis tools, introduced hereafter. Fig. 2(b) shows
these metrics for Eps values between 0.01 and 0.30 and MinPtS
values of 5 and 8. The trends of the three curves are similar for both
MinPts values. The silhouette score is a measure of the homogeneity
of all clusters (Rousseeuw 1987), here neglecting the unclustered
events. It is the mean of the silhouette coefficients of all clustered
events. The silhouette coefficient of a single event expresses how
similar that event is compared to the other events within the same
cluster and compared to the events of the nearest other cluster. The
silhouette coefficient is defined as:

s = (icd — ned)/max(icd, ned), %)

where ncd is the mean nearest cluster similarity-distance for
each event and icd is the mean intracluster similarity-distance
(Rousseeuw 1987). The silhouette coefficient ranges between —1
and 1, where 1 corresponds to a cluster of identical events, that
are completely different from events belonging to other clusters.
Coefficients between —1 and 0 indicate that the similarity-distance
of an event with respect to events of other clusters is smaller than
the average similarity-distance to events of its own cluster. We use
the implementation of scikit-learn (Pedregosa et al. 2011) to cal-
culate the silhouette coefficients. The silhouette score in Fig. 2(b)
is largest at very low Eps values, when only highly similar earth-
quakes are assigned to one or few clusters. Thereafter, the silhouette
score decreases with increasing Eps value, so in fact we are visually
searching for local maxima or changes in the gradient of the curve,
but not for the global maximum. The shift between the two lines
for MinPts 5 and 8 (grey and black, respectively) in Fig. 2(b) is the
result of an increased number of earthquakes required per cluster for
higher MinPts values. The first cluster can therefore only be found
for a slightly higher Eps value in case of a higher MinPts value.
In both curves a local maximum is seen at an Eps value of 0.06.
Several minor changes in the gradient are observed between 0.10
and 0.14, followed by a major gradient change at 0.15 (black arrow
in Fig. 2b). Below Eps 0.15, the silhouette score is relatively stable
on a low level. By decreasing the Eps only by 0.01 or 0.02 we ob-
tain significantly higher silhouette scores, thus more homogeneous
clusters (Fig. 2b), a prerequisite for a reliable identification of ac-
tive faults. The total number of clusters and the number of clustered
events decreases with increasing MinPts, resulting from a higher
required number of earthquakes to form a cluster. The number of
clustered events increases rapidly until an Eps value of 0.13 (MinPts
S, green arrow in Fig. 2b) and 0.16 (MinPts 8) and shows a smaller
gradient afterwards. Local maxima of the number of clusters are
found for 0.10 and 0.13 (blue arrow in Fig. 2b) for MinPts 5 and
0.13 for MinPts 8. For larger Eps values single clusters collapse into
larger, more heterogeneous ones, as can be seen in the flow diagram
(Fig. 3).

The flow diagram helps to assess the stability of the clustering
results. It allows a comprehensive comparison of clustering results
obtained using different clustering parameters (Fig. 3) or waveform
frequency filters (Fig. S1). Fig. 3 shows the flow diagram of clus-
tering results obtained for an Eps range of 0.06—0.30. The width of
the connecting bands between two clusters obtained with two sets
of parameters is proportional to the number of common events. In
this way, the diagram reflects conserved quantities as well as the
splitting or merging of clusters (Fig. 3). In Fig. 3 the small clusters
in the lower part of the diagram remain stable over a wide range
of Eps values. The two largest and distinct green and light blue (3
and 5) clusters collapse into one heterogeneous cluster when Eps
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Figure 3. Screenshot of the interactive flow diagram for a comparison of clustering results obtained with Eps values between 0.06 and 0.30, MinPts 5
(0.05-0.2 Hz). Black represents the noise cluster (here reduced in size to emphasize the clustered events). Same colours represent the same cluster. The size of
the clusters varies depending on the required similarity (Eps value), the block size is proportional to the number of events within the cluster. The grey bands
connect clusters obtained with different clustering parameters which share at least one event. The thickness of the grey bands is proportional to the number of
shared events. This representation allows evaluating the stability of cluster results when changing clustering parameters.

increases from 0.14 to 0.15. For Eps values as small as 0.06 only few
small clusters are found. For Eps = 0.30 large clusters with clearly
distinguishable event types (when using a smaller Eps) collapse into
one cluster.

When using multiple clustering settings, the resulting clusters as
well as their labels will differ. Therefore, we implemented a function
that provides harmonized cluster labels across the different cluster-
ing results. The harmonization of labels can lead to a discontinuous
cluster label numbering but assures that labels are persistent.

Finally, we introduce two more visualization tools to analyse
the clustering parameters and control the clustering results: the
silhouette coefficient plot (Figs 4a—c) and the event-connectivity
plot (Figs 4d—f). Both depict the homogeneity and the connectivity
within each cluster or among different clusters, respectively.
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The silhouette coefficient plot (Figs 4a—) shows how similar
each event is to the events in its own cluster compared to the events
of the most similar cluster (Rousseeuw 1987). Each coloured block
represents the events of one cluster, sorted by their silhouette coef-
ficient. The silhouette plot helps to find appropriate Eps and MinPts
settings and the optimal number of clusters by evaluating the simi-
larity of events within each cluster. The connectivity plot (Figs 4d—f)
provides a complementary visualization of the similarity between
events as well as between clusters. Within this force-directed projec-
tion (Fruchterman & Reingold 1991) the relative distance between
events or clusters of events represent their similarity. When choos-
ing Eps=0.06 (Figs 4a and d) only a few, very similar events are
clustered. However, the visualization of the connectivity (Fig. 4d)
shows that there are many more clusters of similar events. This
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cannot be seen from the silhouette plot alone (Fig. 4a). By increas-
ing Eps to 0.13 (Figs 4b and e) all clusters are well separated and
homogeneous, except for cluster 3 and 18. For Eps=0.30 (Figs 4c
and f) the central clusters collapse into one. In the latter case, the
silhouette plot indicates that the clusters are generally more hetero-
geneous and larger. We want to stress the importance of the analysis
of both, the similarity between separated clusters as well as among
the events that belong to the same cluster, before interpreting the
results. The user can get insights into the quality of the performed
clustering analysis by comparing the presented plots for a range of
parameters.

Clusty provides maps and waveform plots as final graphical
output along with the catalogue of clustered events (for examples,
see also Section 3). Station-wise waveform plots display all aligned
waveforms per cluster and component. The waveform plots provide
another direct visualization to evaluate the similarity of waveforms.
We would like to point out that the clustering algorithm, the plots
to evaluate the stability of the results (flow diagram, silhouette and
connectivity plots) and the final maps may be used independently

with any other distance matrix provided by the user. For example,
these distance matrices could be based on Kagan angles or spatial
distances.

3 APPLICATION: OFFSHORE
AFTERSHOCK SEQUENCE OF

THE M 6.9 ZAKYNTHOS EARTHQUAKE,
GREECE

3.1 Study area

The study area is located at the western margin of the Hellenic Sub-
duction System (HSS), along which the oceanic lithosphere of the
African Plate is subducted beneath the continental lithosphere of the
Eurasian Plate with a NE dipping slab (Fig. 5). Within the study area,
faults of varying geometries and slip movements (Mouslopoulou
et al. 2020) accommodate the northward kinematic transition from
convergence to strike-slip (i.e. Pérouse et al. 2017; Sachpazi et al.
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2000). Although all types of faulting (thrust, normal and strike-slip)
may occur (Konstantinou et al. 2017; Mouslopoulou et al. 2020),
thrust faulting appears to prevail south and southwest of Zakynthos
(Papadimitriou et al. 2013; Wardell et al. 2014), while strike-slip
faulting is dominant to the northwest (Louvari ez al. 1999; Sachpazi
et al. 2000), onshore Peloponnese (Feng et al. 2010; Stiros et al.
2013) and in the offshore area between Zakynthos and Peloponnese
(Kokkalas ef al. 2013; Haddad et al. 2020; Mouslopoulou et al.
2020). Normal faulting is accommodated in the shallower sections
of the crust (above 15 km), often at high angles to the prevailing
strike of the mapped thrust/strike-slip faults (Mouslopoulou et al.
2020).

The study region is characterized by intense seismic activity and
strong main shocks (M > 6, Papazachos & Papazachou2003). On 25
October 2018, a magnitude M,, 6.9 earthquake struck southwest of
Zakynthos (Chousianitis & Konca 2019; Cirella ez al. 2020; Ganas
et al. 2020; Karakostas et al. 2020; Mouslopoulou et al. 2020; Sokos
et al. 2020). It occurred after a 4-yr-long phase of seismic unrest
which was probably triggered by a slow-slip event (Mouslopoulou
et al. 2020) and was followed by strong aftershock activity, which
is still ongoing (Mouslopoulou et al. 2020; Sokos et al. 2020).
The complex moment tensor of the main shock, with a significant
non-double couple component, was attributed to subevents of thrust
faulting and moderately dipping right lateral strike-slip faulting, in
accordance with the African—Eurasian Plate motion (Cirella et al.
2020; Mouslopoulou et al. 2020; Sokos et al. 2020). While seismo-
logical results alone cannot clearly discriminate between a splay-
thrust and a subduction-thrust fault scenario for the main candidate
earthquake fault, the scenario of a splay-thrust fault is supported by
published seismic-reflection and bathymetric data (Mouslopoulou
et al. 2020) and the recording of a minor tsunami that suggests
rupture of the sea-bed (Cirella et al. 2020).
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Our study is based on the catalogue of the aftershock se-
quence reported by Mouslopoulou ef al. (2020). It consists of
>2300 events (M,, >2.8), including about 80 double-couple so-
lutions showing a large variability of thrust, normal and strike-slip
mechanisms. This hints at the activation of a complex fault sys-
tem, in accordance with local fault diversity (e.g. Konstantinou
et al. 2017; Mouslopoulou et al. 2020). Thanks to the complex
tectonic setting, together with the multitude of activated faults,
we consider the Zakynthos data set an ideal case study for our
clustering analysis tool. The waveform data of the networks HA,
HC, HL, HP, HT, MN (University Of Athens 2008; Technologi-
cal Educational Institute Of Crete 2006; National Observatory Of
Athens, 1. O. G. 1997; University Of Patras, G. D. 2000; Aristo-
tle University Of Thessaloniki Seismological Network 1981; Med-
Net Project Partner Institutions 1990) used in this study was ob-
tained using the pyrocko fdsn client to access the databases of
the National Observatory of Athens Seismic Network (NOA, http:
//'www.gein.noa.gr/en/), GEOFOrschungsNetz (GEOFON; https://
geofon.gfz-potsdam.de/), Observatories and Research Facilities for
European Seismology (ORFEUS; https://www.orfeus-eu.org/), In-
corporated Research Institutions for Seismology (IRIS; https://ww
w.iris.edu/hq/) and Instituto Nazionale di Geofisica e Vulcanologia
(INGV; http://webservices.ingyv.it).

3.2 Results

Here, we present the clustering results for the Zakynthos data set
obtained using a 30 per cent-trimmed mean for the calculation
of the network similarity from waveforms of the seismic stations
presented in Fig. 5. Vertical (HHZ) and horizontal (HHN and HHE)
components were combined with weightings of 0.4, 0.3 and 0.3,
respectively. Only event-pairs with cc values >0.7 and an SNR > 2
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at more than five stations, covering a minimum azimuthal range of
60°, are considered. We discuss the choice of the network similarity
computation method and the DBSCAN clustering parameters (here:
Eps 0.13, MinPts 5, primary frequency band 0.05-0.20 Hz, time
window 80 s) in Section 4.

We used four different frequency bands to account for surface
waves (0.02-0.15 Hz and 0.05-0.20 Hz) and body waves (0.1—
0.5 Hz and 0.2-1.0 Hz). The overall patterns of clustered events are
similar in all four frequency bands. Considering the stability and
homogeneity as well as the total number of clustered events, the
frequency band 0.05-0.20 Hz provides the best results. Using this
frequency band, the clustering toolbox grouped 387 of 2361 (16 per
cent) earthquakes with M,, > 2.8 into 22 clusters (Fig. 6a). 75 per
cent of the events in the catalogue were rejected because they did not
meet the quality thresholds (SNR, min. number of available traces)
described above. Despite the small number of events compared to
the total number of events in the catalogue, we consider the clustered
events representative for the entire aftershock sequence as they cover
70 per cent of the cumulative moment.

The results of the primary frequency band are combined with the
other, secondary frequency bands, mainly to account for smaller
events with a low SNR at low frequencies. About 50 events were
added to the clustering results, resulting in a total of approximately
430 clustered events. For each cluster, we computed deviatoric MTs
(Fig. 6a) for one representative event using the probabilistic full
waveform inversion framework Grond (Heimann ef al. 2018), fol-
lowing the approach described in Mouslopoulou et al. (2020). The
inversion includes 101 bootstrap chains with different weightings
of the station-component-based misfits. The ten best MTs of each
bootstrap chain, referred to as the ensemble of solutions, are used
to analyse the uncertainties of the best solution obtained in the
inversion.

Fig. 7 shows the temporal activity and moment release of the
clusters. 84 per cent of the cumulative seismic moment of the af-
tershocks is released within the first month of the sequence. The
central clusters (3, green; 4, pink; 5, light blue and 20, blue) are
activated soon after the main shock. Our representative mecha-
nisms (Fig. 6a) as well as the MT solutions of Mouslopoulou ef al.
(2020) for events belonging to the central clusters (3, 4, 5, 20 in
Fig. S2) indicate predominantly thrust faulting. The thrust clus-
ters 3 and 5 release 50 per cent of the cumulative seismic moment
of the 1-yr aftershocks sequence or 70 per cent of the cumulative
seismic moment of the clustered events (Fig. 7, inset). The prox-
imity to the main shock, the time of initiation and the thrust nature
of these events collectively suggest that they may be directly trig-
gered by slip during the main shock. This is further supported by
the representative mechanisms of cluster 3 and 5, which resem-
ble the geometry resolved for the thrust part of the main shock
by Sokos et al. (2020) and Mouslopoulou et al. (2020), possibly
reflecting slip on the same (or neighbouring) fault. The represen-
tative mechanism of cluster 4 (Fig. 6a) shows a shallowly dipping
(<10°) fault plane, however, its slip mechanism cannot be resolved
unambiguously.

Following the rupture of the thrust clusters 3 and 5, and within
hours of the main event, several strike-slip faults were activated
north and south of the main shock’s epicentre (Fig. 7), contributing
significantly (12 per cent) to the total moment release of the after-
shock sequence (Fig. 7, inset). West of the island of Zakynthos, we
observe two NE-SW elongated seismicity clusters, which are asso-
ciated with strike-slip faulting: overlapping clusters 11, 18 and 35
and the isolated cluster 7 (Fig. 6a). The small strike-slip cluster 24
abuts against the cluster 5 which is associated with thrust faulting.
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Due to the vicinity of these two clusters, the smaller strike-slip clus-
ter cannot be detected based on spatio-temporal clustering. While
the strike-slip clusters 7 and 24, which are located to the east and to
the west of cluster 5, respectively, are active within the first ten days
after the main shock, the activity of the overlapping strike-slip clus-
ters 11, 18 and 35 starts two months later (Fig. 7). Cluster 33, which
overlaps spatially with cluster 11, 18 and 35, in contrast is active
within the first days after the main shock and shows a more oblique
mechanism (Fig. 6). South of the main shock, three spatially and
temporally overlapping strike-slip clusters (8, 15, 23) show a similar
elongation in NE-SW direction (Fig. 6a). There, the activity starts
within the first week after the main shock. The mechanisms of the
three representative events of these clusters, together with the solu-
tions from Mouslopoulou et al. (2020) (Fig. S2) indicate strike-slip
on NS or EW striking fault planes, incompatible with the distribu-
tion of hypocentres. The latest cluster in the aftershock sequence is
cluster 27 (red cluster in Figs 6a and 7), located to the south of the
main shock. It is associated with a thrust slip on a NW-SE striking
plane. The cluster consists of eight highly similar events.

4 DISCUSSION

In the introduction we briefly described the problem of the identifi-
cation of active seismic faults and two related seismic methods,
MT inversions and clustering of earthquakes based on selected
precomputed features. Unlike the clustering of seismic events by
their moment tensor, the clustering based on waveform similarities,
which we propose here, is able to resolve closely located faults of
different mechanisms without the limitation to larger magnitudes.
Spatial clustering analysis is not limited by the magnitude, either,
but is not able to resolve differences in the faulting mechanism.
The clustering approach upon waveform similarity reflects the sen-
sitivity of mechanism, location and depth, thus, providing a tool
for the identification of active faults. Following a discussion on the
methodological implementation, we review how a joint analysis of
the clustering results and M T solutions for representative events can
help to identify and describe active faults.

4.1 Discussion Part I: On the methodological
implementation

The clustering toolbox presented here is dedicated to the study of ac-
tive faults based on the waveform similarities of event pairs across a
network of seismic stations. Compared to a single station approach,
the network similarity has several advantages. By taking into ac-
count spatially distributed stations, a larger portion of the seismic
radiation pattern is considered. Therefore a network similarity al-
lows distinguishing mechanisms which cannot be distinguished in
single station approaches. Especially in narrow frequency bands, it
is possible to achieve high correlations at single stations that are
excited by different faulting mechanisms. Further, even for a single
high quality station noise conditions may vary temporarily and data
gaps are likely. Using multiple stations in our network similarity
approach assures the most efficient use of the available data.

We tested all methods for the network similarity computation
(Section 2) by applying them to the aftershock sequence of the 25
October 2018, Zakynthos Earthquake. We observe that the network
similarity based on the highest cc value across the network cannot
resolve small differences between clusters of similar location and
mechanism. The other methods implemented in the toolbox, that is
median, mean, trimmed mean, the weighted sum and the composite
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Figure 6. (a) Combined waveform-based clustering results for the aftershock sequence of the 25 October 2018, M,, 6.9 earthquake offshore Zakynthos, Greece
(black MT). Clusters and representative MTs are colour-coded. Cluster label numbers are discontinuous due to harmonization of different Eps values and
frequency bands (see Figs 3 and 4). Open grey circles represent events rejected from the clustering analysis due to selection criteria. The primary frequency
band results (0.05-0.20 Hz) are shown as dots, diamonds refer events added to the clusters using the secondary frequency ranges. For the four largest clusters
surface projections of the nodal planes of the representative MTs are shown in (b)—(e). Causative planes are coloured. For cluster 3 the strike angle is poorly
resolved in the MT solution. The red arrows show the slip direction on the shallow nodal plane (green rectangle). Dashed lines depict the principle axes of
principle component analyses of epicentres (see Section 4). Offshore faults are compiled and reinterpreted by Mouslopoulou et al. (2020) from bathymetric
data and seismic-reflection profiles provided by Kokkalas et al. (2013), Wardell et al. (2014) and EMODnet Bathymetry Consortium (2018).

correlation measure (see Section 2.1), return comparable results
after slightly adjusting the clustering parameters. For the sake of
clarity, we only refer to the 30 per cent-trimmed mean network
similarity when discussing the choice of the clustering parameters
and the clustering results.

In the methodological section, we introduced the density-based
DBSCAN clustering algorithm (Ester ef al. 1996; Pedregosa et al.
2011). DBSCAN does not require that all events within one cluster
are (highly) similar to all other events. Instead, it is sufficient that
events within one cluster are connected by more similar events.
Events with small differences in waveforms due to gradual changes
in site effects, faulting mechanism or the travel path (location) can
still belong to the same cluster if there are other connecting events
in between them. Consequently, this approach is not only able to
identify repeaters (e.g. Figs 4a, d and 8) (Geller & Mueller 1980),
but allows grouping of events located on elongated faults. In our
clustering toolbox we allow for unclustered events: If an event is not
exhibiting a high similarity to any cluster of events, it is assigned
to the noise class. In contrast, for instance the k-means clustering
algorithm assigns every event to one of the given clusters without
allowing for a noise class (Lloyd 1982). Therefore, we do not rec-
ommend using k-means for fault mapping purposes. Furthermore,
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in contrast to density-based clustering algorithms like DBSCAN,
centroid-based clustering like k-means require a predefined number
of clusters. Another common density-based clustering algorithm is
OPTICS (Ankerst et al. 1999). Contrary to DBSCAN, which has
a fixed radius Eps, OPTICS can handle varying cluster densities.
However, for the fault tracing, we intend to have fixed criteria in
regard to the required similarity of events and therefore use a fixed
search radius. Thus, we rely on DBSCAN that assures that the event
similarities, which result from physical processes and interevent
distances, are comparable between the clusters. However, since our
toolbox is set-up in a modular fashion, more methods can easily be
implemented.

Clusty is applicable to different seismological scales since it di-
rectly uses waveforms and does not require precomputed features,
such as moment tensors, characteristic functions, polarities or am-
plitude ratios. Potential applications range from acoustic emissions
in laboratory or mining experiments to sequences of regional seis-
micity. Days to weeks long swarm activity as well as yearlong
seismic sequences can be analysed. The flexibility in combining
results from different frequency bands allows to investigate events
with a large range of magnitudes. Thanks to the output of repre-
sentative events of each cluster and stacked waveforms (optional),
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panel). See Fig. 5 for station locations. Numbers below the station name indicate the number of stacked traces versus the number of events within the clusters.
Differences arise from waveform quality thresholds or missing data. When lowering the Eps to 0.06, cluster 3 splits up into smaller, more homogeneous

subclusters (right-hand panel).

further analyses, such as subsequent moment tensor inversion, is
facilitated.

The clustering toolbox returns several analysis plots to cali-
brate the settings for each study and to avoid black-box like usage.
The DBSCAN parameter Eps should always be carefully adjusted.
Larger values result in larger and more heterogeneous clusters. In
contrast, low Eps values result in a higher similarity within the single
clusters at the cost of a smaller number of clustered events, eventu-
ally losing information on the fault orientation. This trade-off needs
to be considered when choosing an Eps value. We recommend test-
ing different Eps values in parallel, for example from 0.05 to 0.30,
and inspect what can be learned with respect to event clusters. We
chose the Eps value of 0.13 for the cluster analysis after the joint
consideration of the analysis tools as presented in Section 2. By

123

testing different MinPts values, we find that the parameter does not
significantly influence the observed pattern of earthquake cluster-
ing. To allow for smaller clusters to be included in the results, we
set MinPts to 5.

Fig. 8 (left-hand panel) shows the aligned waveforms of clusters
3, 5 and 8 at two stations located north and east of the epicentral
region (Fig. 5). The stacked waveforms of cluster 3 are clearly
more diffuse than those of the other clusters. When lowering the
Eps to 0.06 the large cluster 3 splits up into multiple homogeneous
subclusters (right-hand part of Fig. 8 and see also Fig. 3). While the
homogeneity within the subclusters is much higher, this approach
substantially reduces the total number of clustered events (40 in 5
subclusters versus 126 in one cluster), showing a trade-off which
was previously described.
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4.2 Discussion Part II: On the application to the
Zakynthos sequence

By applying the clustering toolbox to the aftershock sequence of
the Zakynthos Earthquake, we are able to assign about 430 events
to 22 distinct clusters. This is five times the number of aftershocks
(~80) that were clustered using the Kagan angle in Mouslopoulou
et al. (2020). The increased number of clustered events enables
a more precise characterisation of seismic patterns. Contrary to
other clustering approaches that use event locations and/or times
(e.g. Mouslopoulou & Hristopulos 2011; Ouillon & Sornette 2011;
Karakostas et al. 2020), here we are able to distinguish events that
are located close to each other but have different focal mechanisms
and, thus, are expected to excite different waveforms, as seen for
thrust cluster 5 and strike-slip cluster 24. Karakostas et al. (2020)
identify 8 clusters for the same aftershock sequence based on event
locations. We identify several additional small clusters (e.g. 24, 14
and 30), extending the insight into the complex fault system. Spatial
or temporal clustering cannot separate events in complex faulting
patterns as seen for the southernmost strike-slip clusters 8, 15, and
23. Cluster 33 overlaps spatially with clusters 11, 18 and 35, but the
waveform similarity clearly separates these event groups, which are
also separated temporally by 2 months.

Location errors need to be taken into account in the analy-
sis of structures inferred from the clustering results. Earthquake
(re-)location offshore Zakynthos is challenging due to the effects
of a non-homogeneous velocity model, large azimuthal gaps and
a sparse station coverage (e.g. Karastathis ef al. 2015; Sachpazi
et al. 2016). The locations and their uncertainties in the catalogue
of Mouslopoulou et al. (2020) that we use here, were obtained using
NonLinLoc (Lomax et al. 2000, 2009). The clustered events in this
study have median uncertainties of 1.8 km and 2.7 km in horizontal
and vertical direction, respectively (95 per cent confidence interval:
3.8 and 4.5 km). Due to the location errors, we do not consider any
small structures (<10 km) in our analysis of fault planes.

Moment tensor solutions for representative events or for stacked
waveforms of all events in a cluster enable the interpretation of
the seismicity clusters with respect to faulting styles and fault ori-
entations. Using stacked waveforms for each cluster can facilitate
moment tensor inversion if the SNR of single events is too low
otherwise. However, stacked waveforms need a particularly care-
ful checking due to possible artefacts. For the application to the
Zakynthos aftershock sequence the magnitudes of the representa-
tive events (M,, 3.5-4.6) allow for full waveform moment tensor
inversions. In case of cluster 3, we report the moment tensor for
the event with the second highest silhouette coefficient, because
its magnitude is significantly larger (M4, 4.6 versus 3.9), provid-
ing a more stable MT result. Since Clusty is based on the Pyrocko
python package, subsequent MT inversions using the probabilistic
inversion framework Grond (Heimann et al. 2018) are facilitated.

The representative MTs show a wide variety of faulting types
including thrusts, strike-slips and few normal faults. In general, our
results are consistent with the MT solutions from Mouslopoulou
et al. (2020) (Fig. 6a and Fig. S2). The P axes of their MTs are ori-
ented NE-SW in general agreement with the regional compression.

For 15 of our 22 clusters, there is at least one MT available
from Mouslopoulou et al. (2020, Fig. S2). Our representative MT
solutions and MTs from Mouslopoulou et al. (2020) for events
that belong to our clusters differ by a Kagan angle <30° for >50
per cent of the clusters and by <40° for 12 of our 15 clusters,
respectively, implying homogeneous clusters. A Kagan angle of
30° is often used as a threshold for similar focal mechanisms in
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literature (e.g. Lee et al. 2014), while an angle «60° still indicates
a good correspondence (Pondrelli e al. 2006; d’ Amico et al. 2011).
The large clusters 3 and 5 have increased mean Kagan angles of 40
and 55°, respectively. The variations of mechanisms in clusters 3
and 5 might primarily reflect varying dips of thrust fault planes.

For cluster 3, Mouslopoulou et al. (2020) report oblique strike-
slip MTs for four earthquakes besides the predominant thrust mech-
anism. The oblique strike-slip and thrust mechanisms within this
cluster cannot be distinguished, even when the Eps value is as low
as 0.06. In our clustering approach we use a broader frequency band
(0.05-0.20 Hz) compared to the MT inversions by Mouslopoulou
et al. (2020). Repeating the MT inversion for all events for which
solutions are reported by Mouslopoulou et al. (2020) in a broader
frequency band (0.02-0.07 Hz), we obtain thrust mechanisms with
minor oblique components. Kagan angles between our representa-
tive event for cluster 3 and our own MT solutions for the events that
were also reported by Mouslopoulou ef al. (2020) result in a mean
angle of 25°, indicating similar event mechanisms. We assume that
the narrower bandwidth used by Mouslopoulou et al. (2020), along
with the unfavourable station distribution along the coast, results in
two possible mechanisms that could not be distinguished in the MT
inversion in the case of these four events.

Varying fault plane dip angles could be attributed to listric thrust
faults offshore Zakynthos (Kokinou et al. 2005; Papoulia & Makris
2010; Kokkalas et al. 2013). Cluster 3 was active immediately after
the main shock (Fig. 7). As the cluster is located within the main
shock rupture area (Sokos et al. 2020), its heterogeneity may be
linked to the complexity of the main shock, which possibly involves
two overlapping events (Mouslopoulou ez al. 2020; Sokos et al.
2020). The main shock itself does not belong to any of the clusters.
Its waveforms are different probably because of its larger magni-
tude (and lower corner frequency) and/or because of its rupture
complexity.

Strike-slip clusters are activated to the south and to the north
of the M,, 6.9 epicentre few days after the main shock (and after
the activation of the dominant thrust clusters 3 and 5). Activity on
these distinct faults may have been triggered by stress perturbations
imposed by the main shock and aftershock activity. The overlapping
strike-slip clusters 11, 18, 35 southwest of the island of Zakynthos
are activated two months after the main shock.

The identification and tracing of fault planes cannot be automated
in this study. Increased vertical uncertainties of the hypocentres in
the studied catalogue inhibit the direct fitting of fault planes into
clouds of clustered events. Instead, we use their epicentral locations,
geological constraints, and the projection of the two nodal planes of
the representative MTs onto the surface (Figs 6b—e) to distinguish
the fault plane from the auxiliary plane. The nodal planes are centred
at the mean cluster location. The area of the nodal planes is estimated
using an empirical relation to the cumulative seismic moment
magnitude of the cluster following Wells & Coppersmith (1994).
Local magnitudes are converted to moment magnitudes using an
empirical relation derived from the MT solutions of Mouslopoulou
et al. (2020). Since we only analyse event clusters with a moderate
cumulative moment, we assume that a square-shaped fault model is
representative for the fault plane (Delouis et al. 2009). We compare
the projected planes and the epicentre distribution to distinguish
the fault plane from the auxiliary plane. Additionally, we apply a
Principle Component Analysis (PCA, Jolliffe 2002; Shearer et al.
2003) to each cluster by determining the eigenvectors (v, v,) and
eigenvalues (1, A,) of the covariance matrix of the epicentres within
each cluster. The length of the axes (dotted lines in Figs 6b—e) is
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Table 1. Results of the joint interpretation of the clustering analysis and the representative MTs (nodal
plane orientation) for clusters containing >10 earthquakes (7¢y). Time period is activity in days after the
main shock. Interpreted fault planes in bold type. TF, thrust fault; SSF, strike-slip fault; NF, normal fault.

Cluster ey Time MLy.x  cum. moment Nodal planes Mechanism
label period (Nm) (strike/dip/rake)

3 126 0-23 5.9 1.3e+18 134/84/83, 4/8/138 TF
5 75 0-47 5.7 4.7e+17 138/37/68, 344/55/105 TF
14 11 0-74 4.6 2.6e+16 284/80/-70, 39/22/-152 NF
7 24 3-20 53 2.3e+17 124/51/-9, 219/82/-140 SSF
8 22 5-67 5.2 1.2e+17 256/84/7,165/82/173 SSF
23 12 7-27 5.1 6.9e+16 84/72/-8, 176/81/-162 SSF
11 10 83-87 4.7 2.1e+16 131/63/3, 40/87/153 SSF
18 15 87-187 4.1 1.3e+16 302/83/-23, 35/66/-173 SSF
12 10 199-226 4.9 4.3e+16 128/70/-14, 223/75/-159 SSF

estimated from the 95 per cent confidence interval. When using
epicentres (2-D case), the eigenvector of the largest eigenvalue can
be interpreted as the strike direction of the fault, while the smaller
eigenvalue can provide insight into the dip of the fault. For steep
faults we expect A; > >2A,, while A; & A, represents a low-angle
dip.

We test the results of Clusty against structural fault mapping off-
shore Zakynthos by focusing on prominent seismicity patterns: (1)
the central thrust clusters 3 and 5 north of the M,, 6.9 epicentral area
and (2) the large strike-slip clusters 7 and 8 north and south of the
epicentral area. Figs 6(b) and (d) show the central clusters 3 and 5.
The representative MT for cluster 3 has one steeply dipping (84°)
SE-NW striking nodal plane and one shallowly dipping (<10°),
NS striking plane. Due to the shallow dip angle of the latter and the
unfavourable station distribution, it is difficult to resolve the strike
angle of this nodal plane: among the ensemble of MT solutions hav-
ing a small misfit the strike direction of the low-angle dipping nodal
plane varies between NNW and N. Despite the limited resolution
of the strike angle, both, the orientation of the P- and 7-axis and
the NE-ward slip of the shallow nodal plane (red arrow in Fig. 6d),
are distinct and in agreement with the tectonic setting. Considering
the broad scatter of the epicentres and the regional tectonic setting
we identify the shallowly dipping nodal plane as the fault plane
(coloured nodal plane in Fig. 6d). It has a similar orientation as the
fault planes that Cirella et al. (2020) and Ganas et al. (2020) inferred
for the main shock by jointly considering geodetic and seismic data.
However, in contrast to our representative MT of cluster 3, the main
shock mechanism has a large strike-slip component (Cirella et al.
2020; Ganas et al. 2020; Mouslopoulou et al. 2020; Sokos et al.
2020). The PCA supports the identification of the causative plane,
as both PCA axes have a similar length, which indicates a low dip
angle. However, in this case of two axes of similar length the PCA
cannot resolve the strike direction of the fault plane. For cluster 5,
both nodal planes (striking NNW and SE) could explain the scatter
of events. A mapped thrust fault coincides with the NNW strike
direction and ENE dip direction of the first nodal plane as well
as with the major axis from the PCA (Fig. 6b). The identification
of the causative plane is further supported by the regional tectonic
setting. (Fig. 6a). The lack of seismic activity between the two large
thrust clusters (3 and 5) may reflect a locked patch on an otherwise
creeping fault plane (Moreno et al. 2011) or a rupture on two fault
segments with deviating geometries, as seen in Fig. 6(a). However,
it may also reflect a bias from the short observational period (~1
yr).

For cluster 7, the SW striking nodal plane of the representative
MT clearly coincides with the elongated epicentre distribution. This

makes the selection of the fault plane unambiguous, also when rely-
ing on the PCA results (Fig. 6¢). Cluster 8 is an example of a more
complex fault system. The two steeply dipping nodal planes strike
in SSE and WSW direction while the cluster is elongated in NE-SW
direction, as indicated by the PCA (Fig. 6e). Consequently, an unam-
biguous identification of the fault plane is not possible. Considering
similar observations for the clusters 15 and 23 we propose that this
deviation is not caused by limitations in the analysis or a systematic
bias in epicentre locations. Instead, it may be attributed to multiple
strike-slip faults forming a bookshelf structure (en-echelon). Sokos
et al. (2020) decompose their main shock moment tensor into one
major strike-slip segment and a thrust segment. Similar to our find-
ing for clusters 8, 15 and 23, they describe that the N10°E striking
nodal plane of the strike-slip subevent is not in accordance with the
alignment of the aftershocks.

The strike-slip faults associated with clusters 7 and 8 (north and
south of the epicentral area) have not been constrained geologically
using the available bathymetric data, possibly due to their subtle
signature on the seabed and the limited resolution of the bathymetric
data. Seismic-reflection data are not available for these regions.
In addition to the mapped normal faults south of Zakynthos, we
identify strike-slip clusters (11, 18, 35) which are oriented parallel
to cluster 7 (Fig. 6a). This possibly implies the presence of NE-SW
trending strike-slip faults north and south of the M,, 6.9 epicentral
area, providing an example of how the toolbox Clusty can enhance
or complement available tectonic information on active faults which
might be of importance for seismic hazard scenarios.

Additional identified fault planes from the cluster analysis are
presented in Table 1. The analysis demonstrated here depends on
the availability of both, a sufficient number of cluster members with
reliable event locations, and representative MTs. This prevents a
fault plane identification for small clusters. If MTs are not available
or cannot be computed, the clusters of earthquakes can still be com-
pared to mapped faults, possibly providing additional information
on activated faults and on the faulting style.

In summary, we show how our new waveform-based network
similarity clustering toolbox Clusty helps to better constrain the
geometries and kinematics of earthquake sequences that rupture
multiple faults. We applied our toolbox onto the western-end of
the HSS in the eastern Mediterranean, a complex tectonic setting
where all types of faulting occur simultaneously. However, Clusty is
applicable on other multifault systems globally, including subduc-
tion terminations (e.g. Mouslopoulou ef al. 2019), closely spaced
faults in narrow rift basins (Nicol et al. 2006) or fault intersections
(Mouslopoulou et al. 2007). In ongoing studies we use it to analyse
acoustic emission activity from a mine-scale experiment as well as
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low magnitude seismicity in areas where moment tensor inversion
meets its methodological limits.

5 CONCLUSIONS

The open source toolbox Clusty clusters earthquakes based on the
waveform similarity across a seismic network. Thanks to compre-
hensive analysis tools, and the flexible choice of methods, the tool-
box provides an easily tunable workflow and produces transparent
results. Based on the analysis plots (i.e. flow diagram, silhouette
score plot, connectivity plots), the user can visually inspect the
results and select the most appropriate settings such as frequency
bands, the quality thresholds and DBSCAN clustering parameters
(Eps and MinPts). Besides the clustered catalogue and its graphical
representation, Clusty provides a list of representative events and op-
tionally stacked waveforms for each cluster to facilitate subsequent
analyses such as moment tensor inversions and fault plane identifica-
tions. The modular setup of the toolbox allows an easy adaption to a
broad range of applications e.g. local swarm like activity or regional
long-term seismic patterns. The toolbox is open-source and can be
downloaded at https://git.pyrocko.org/clusty/clusty. We applied the
clustering toolbox to a seismic sequence following the magnitude
M, 6.9 Zakynthos Earthquake, Greece. We show how clustering
parameters can be selected using the analysis plots provided by the
toolbox. As a result we identify 22 clusters comprising more than
430 events that represent >70 per cent of the cumulative seismic
moment released during the investigated time period. Relying on
full waveform analysis, we can distinguish closely located events
with different faulting styles. Moment tensor inversions for repre-
sentative events of each cluster complement the clustering analysis
of the seismic sequence. We show how our waveform-based clus-
tering approach can be used to discriminate the fault plane from
the auxiliary planes. Using 1 yr of seismic activity, we are able to
associate clusters of events to individual faults and shed light onto
the complex fault system in the study region. Thrust faulting is ob-
served in two large clusters that are activated immediately after the
main shock and remain active during the entire observation period,
although the largest portion of the seismic moment from these clus-
ters is released within the first days after the main shock. We suggest
that these events are closely related to the M,, 6.9 earthquake and
possibly occur on the same fault plane, accommodating subduction-
related strain. However, the main shock itself does not show a high
waveform similarity compared to these clusters. Clusty suggests
the presence of strike-slip faults north and south of the main shock,
in areas which are poorly resolved by seismic-reflection data. The
results are broadly compatible with the geometry and kinematics of
offshore faults mapped using seismic-reflection profiles and bathy-
metric data.
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6 DATA AVAILABILITY

The code for the toolbox is open-source and can be accessed at
https://git.pyrocko.org/clusty/clusty. The event catalog used in this
study can also be downloaded from the git repository (database last
accessed in November 2019). The waveform data is freely available
via the FDSN services (see section 3.1).
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CHAPTER 8

Discussion

In this chapter, I discuss the major findings of this thesis. Instead of repeating the discussions
and conclusions of the single publications, I herein focus on the research questions and
objectives that were formulated in chapter 2. These research questions concern mainly two
aspects of seismic source studies in the Alps between 2016 and 2019: (1) The challenges and bene-
fits from working with an outstanding large seismic network like the AASN and (2) addressing the
challenges of source studies in a study area with low to moderate magnitude earthquakes, high relief
differences and a heterogeneous crustal structure.

8.1 Challenges and opportunities of large seismic networks

Altogether, the AASN and Swath-D comprise more than 700 seismic stations [Heit et al., 2021; Hetényi
et al., 2018; AlpArray Seismic Network, 2015]. The even spacing of about 60 km across the AASN and
of about 15 km in the Swath-D implies a significant densification of the regional networks [Hetényi
et al., 2018; Heit et al., 2021], even in seismically not very active regions. Dealing with such an extensive
dataset bears new opportunities for many seismological studies, but also poses new challenges.

8.1.1 Facing data and metadata quality issues

Most generally, the increasing amount of seismic data due to world-wide growing networks as well as
large temporary installations leads to a variety of new problems, especially when processing the data
routinely using automated procedures like for example machine learning approaches [e.g. Cauzzi et al.,
2021]. Accordingly, tools to perform automated (meta-)data quality checks experience an increasing
demand.

Seismological analysis such as moment tensor inversion rely on correctly reported station meta
data, sensor orientations and low waveform noise levels. When running first CMT inversions in 2017,
I found that a significant number of stations could not successfully be used in the inversion. Wrong
amplitude gain factors and misoriented stations resulted in increased misfits and unstable inversions.
A careful analysis of data and metadata was needed to identify, report and correct malfunctioning
stations or metadata.

In the case of the AASN and the Swath-D, long-term PSDs are provided for many stations by the
network operators [e.g. Fuchs et al., 2016; Molinari et al., 2016; Govoni et al., 2017; Vecsey et al., 2017].
PSDs provide characterizations of the noise conditions at a seismic station in time periods of days to
years. The necessity to assess the data quality of the AASN prior to seismic analysis is confirmed by
the study of Kolinsky et al. [2019], who removed on average 19% of the AlpArray stations prior to
their analysis of Rayleigh wave arrival angles. They followed multiple steps to check the waveform
quality including checks for data gaps, visual inspections, comparisons of group velocity dispersion
curves, wavefront maps to check phase arrival times and beamforming to check the consistency among
neighboring stations [Kolinsky et al., 2019].

In order to systematically check all stations of the AASN, I developed the AutoStats@) toolbox
presented in chapter 4 [Petersen et al., 2019]. Compared to the noise PSDs, which rely on continuous
data of several weeks or months, 1 follow a different approach using teleseismic earthquakes. This
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allows using the polarization of incoming Rayleigh waves to check sensor orientations. Additionally,
using events with different travel paths avoids bias from large-scale crustal structures which may effect
amplitude gains or apparent azimuths when using events from one direction. The reliability of all
implemented tests depends on the data availability of azimuthally well distributed teleseismic events.
I identified a number of issues covering misoriented sensors, interchanged and locked components,
wrong gain factors in the metadata and other errors in the transfer functions.

In the second study in chapter 5, I applied the orientation test to the Turkish KOERI network. The
KOERI network covers the Eastern Mediterranean Region, including the North Anatolian fault, and
is therefore of great importance for seismic studies. In addition to the Rayleigh-wave polarization test
of the AutoStats@ toolbox we used a P-wave polarization method. The P-wave polarization approach
relies on particle motions of first arrivals of a large number of distant events located in two azimuthal
directions. Time windows of each event are manually checked. Due to the large number of events, the
uncertainties are relatively small with standard deviations often below 3°. In contrast, the Rayleigh
wave approach in AutoStats@ uses a smaller number of evenly distributed earthquakes. The test is
fully automated and hence less time consuming. However, we observe increased standard deviations
of 5-8°, as only one event of every azimuthal direction is used and structures along the travel paths
may bias the backazimuth estimates. The comparison with the results from the P-wave polarization
indicates that we solve the problem of increased uncertainties by using the median instead of the mean
of the results from the different directions. We find that the results of both approaches agree well
within 10° for 80 % of the stations.

In addition to the two studies which are included as chapters of this thesis, AutoStatsQ) was used by
both network operators and scientists who wanted to check seismic stations prior to further analysis.
GEOFON recently included the possibility to detect quality problems of data and metadata using
AutoStats@ [Quinteros et al., 2021]. Heit et al. [2021] used the AutoStats@) toolbox to check the
orientation of the Swath-D network and found three sensors with >20° misorientation. Evangelidis
et al. [2021] followed our approach to test the sensor orientations of the seismic networks of Greece
and Cyprus. Cambaz et al. [2021] applied the toolbox in a second study to the KOERI network.
In addition, I used the tool to investigate gain problems and sensor orientations prior to single and
multi station analyses in Mayotte where only few remote stations are available [Cesca, 2020]. ORFEUS
(Observatories & Research Facilities for European Seismology) recently started coordinating workshops
on data and metadata quality, where I presented AutoStats@ in September 2020 and February 2021.
Furthermore, I recently received the positive respond that future developments of AutoStats@ will be
supported by the ORFEUS Software Development Grant to integrate the tool into ORFEUS work
flows.

The tests in AutoStats@ are designed for application to broad band stations. Relying on Rayleigh
waves for the orientation test, it cannot be applied to short period stations where the frequency content
of the Rayleigh waves are significantly below the lower corner frequency of the instrument. Additional
tests relying on body waves are currently implemented (see outlook in chapter 9).

The AutoStats() toolbox uses waveform data to detect gain problems. However, gain errors are
often (not always) introduced by wrong transfer functions. Tests to check the consistency and com-
pleteness of the metadata of a network are currently not implemented in AutoStats@). Such checks
could comprise for example comparing channel names of waveform data and meta data and check-
ing the dip and azimuth angles of the components. P. Kolinsky (University of Vienna, ORFEUS
quality workshop 2021) additionally suggests to check poles and zeros against a database of all sen-
sors that are used on a regular basis. Compared to downloading and processing all waveform data,
the metadata checks would be faster. Yet, following this approach alone, errors in the waveform
data could not be detected. Therefore, the metadata checks would not replace the tests currently
included in AutoStats@, but would be performed additionally. Among other recently developed and
publicly available tools is, for example, the Seismic Data (and metadata) Amplitude Anomaly Score
(sdaas, https://github.com /rizac/sdaas, last access Feb. 2021). This program detects anomalies in the
waveform amplitudes of seismic data using a pre-trained isolation forest model. The tool can detect
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suspicious amplitude gains with a rating between 0 and 1, while it does not provide correction factors
like AutoStats@. Additional tests, e.g. on sensor orientations, are not implemented. Other new data
and metadata testing approaches within the ORFEUS community are currently under development
for example by P. Kolinsky (University of Vienna) and L. Vecsey (Czech Academy of Sciences). I am
in contact with these researchers to share our experiences towards the development of consistent data
and metadata checks (see also outlook in chapter 9).

The various applications of AutoStats@) to the AASN and other networks have shown that regular
checks of seismic stations are needed in order to avoid bias in seismological studies due to wrong gains
or orientations.

8.1.2 Opportunities for source studies in the Alps

The temporarily densified network allows lowering the detection threshold of small magnitude earth-
quakes and provides the opportunity to perform high quality MT inversions for moderate earthquakes
in the entire study area with a constant good azimuthal station coverage (chapter 6, Petersen et al.
[2021a]). In general, CMT inversion in the Alps is challenging due to three main factors: (1) Seis-
micity in the Alps is low to moderate with Mw>4.0 events mainly occurring in the SE Alps and
the neighboring areas in the N Dinarides and N Apennines [e.g. Faenza et al., 2009]. (2) High topo-
graphic relief differences between the Alpine foreland, mountains and valleys exist, and (3) the crustal
structure is extremely complex with subducted, accreted and tilted blocks, which lead to significant
heterogeneities in the subsurface velocities [e.g. Handy et al., 2010; Hetényi et al., 2018; Diehl et al.,
2009; Molinari et al., 2015; Késtle et al., 2018].

Moment tensor solutions for earthquakes with magnitudes above Mw 4.0 or Mw 3.5 are provided
by regional research institutes in online bulletins and yearly reports (see also Introduction, chapter 1).
Due to the rather low seismicity in the Alpine mountains, these comprise only few MT solutions per
year. As an example, INGV published two MT solutions for Alpine earthquakes in 2018 [Scognamiglio
et al., 2006]. In the same year, GEOFON published only a single MT solution for earthquakes in
the Alps (https://geofon.gfz-potsdam.de/eqinfo/list.php, last access March 2021) and the reports on
earthquakes in Switzerland contain two MT solutions for 2018 [Diehl et al., 2021].

In our study, we addressed the challenges of source studies of Alpine earthquakes with magnitudes
below Mw 4.0 in order to increase the number of available CMT solutions in the study region. In
theory, two approaches can be followed. Either the forward modeling of synthetic waveforms can
be improved to better fit the observed waveforms at higher frequencies, or features of the observed
waveforms can be extracted to simplify the input data of the inversion.

The first approach depends on the availability of detailed crustal velocity models, which are not
yet available for the Alps. Ideally, these would be 3-D models including topography and with a high
resolution to forward model path effects of P and S phases in frequency ranges »0.1 Hz. Wang and
Zhan [2020] have recently shown that 3-D velocity models can significantly improve the amplitude and
phase fits of M1>3.5 events in California. The recent publications by Kiihn et al. [2020] and Dost et al.
[2020] show that full moment tensor solutions can be computed for earthquakes with Mw>2.0 when
representative (1-D) velocity models are available and the seismic network is sufficiently dense. They
used 15 stations located within 10 km distance, complemented by more distant stations, and show that
variations in the velocity model can result in shifts in the centroid location, rotated mechanisms and
unstable CLVD components [Kithn et al., 2020]. Similar tests on our own CMT inversions of regional
Alpine earthquakes (Mw>3.3) using surface waves indicate that these are not strongly influenced
by changes in the velocity model. However, when testing higher frequencies (>0.1 Hz), the forward
modeled P and S phases do not match the complex recorded ones. Furthermore, the station spacing of
more than 50 km in the AASN is much larger than that of comparable studies on small earthquakes [e.g.
Kiihn et al., 2020]. At the time of writing this thesis, improved velocity models are being computed for
the Swath-D and other regions by other projects within the AlpArray initiative (see Outlook chapter
9).
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In my thesis, I relied on the second approach to handle the challenges of MT inversion for small
earthquakes and tested many options to combine the time domain full waveforms in the CMT inversion
with extracted waveform features. Following the examples by Cesca et al. [2010, 2013] and Domingues
et al. [2013], I combined the time domain full waveforms with amplitude spectra. Amplitude spectra
are less sensitive to trace misalignments and phase shifts, which may result from simplified velocity
models. Additionally, I tested cross-correlation based fitting approaches [e.g. Stdhler and Sigloch,
2014; Kiihn et al., 2020] of the full time domain waveforms, which are not disturbed by mismodeled
amplitudes [e.g. Cabieces et al., 2020] as amplitudes are normalized. Furthermore I followed the ideas
of Zahradnik and Sokos [2018] and Dahal and Ebel [2020] and implemented simplified and smoothed
waveform envelopes, although the simplification results in a limited precision. In Petersen et al. [2021a]
I combined all these input data types in various ways and investigated their ability to resolve the focal
mechanisms of test events in multiple frequency bands between 100 s and 0.7 Hz. In chapter 6 I showed
how more than 50 stations were used to study the effect of large azimuthal gaps. These tests require a
large number of stations in different distances as provided by the AASN. In addition, the dense network
allowed us to study the azimuthal dependency of the resolution of non-DC components. The developed
guide lines allow to invert for most earthquakes with magnitudes Mw>3.3 and some additional smaller
ones. Thanks to the AlpArray seismic network, our methodological tests and the developed guidelines,
we were able to report MT solutions for 75 earthquakes in the Alps and neighboring regions. For 40 %
of these earthquakes, no solutions were provided by the regional research centers and institutes.

For earthquakes with magnitudes below Mw 3.3 the SNR of surface waves is at limit. The decrease
of the SNR (or even the excitation) of surface waves with decreasing magnitudes may be related to
the smaller source dimensions [Wyss and Brune, 1968]. Most often, we can only use a few seismic
stations within a distance of less than 100 km and in some cases the surface waves are not distinct
enough for MT inversion. Within the average station spacing of 60 km significant changes in the
topography and the subsurface structure of the Alpine mountain belt hinder forward modeling body
waves (>0.1 Hz) sufficiently well, even when relying on extracted waveform features. However, in
areas of low to moderate seismic activity like the Alps, lower magnitude earthquakes are important
to consider when studying active faults [compare also Ebel, 2008; Brodsky, 2019; Ross et al., 2019],
as discussed in section 8.3.

8.2 Seismic source processes in the Alps and their link to tectonic
state

Relying on the results of the quality control and the tests of inversion set-ups, moment tensor solutions
for 75 earthquakes with magnitudes Mw>3.1 were obtained (see also chapter 6, Petersen et al. [2021a]).
Due to the limited time span of the temporary installation of the seismic network, I additionally
collected moment tensor solutions of various available catalogs since the 1970ies. These joined catalogs
from INGV, GEOFON, EM- RCMT, SISMOAZUR, SED and ARSO comprise about 330 earthquakes.
Most of these earthquakes are located in the Apennines, the SE Alps and in the Northern Dinarides.
Significantly less solutions are available across the Alps (see also Fig. 9 in Petersen et al. [2021a],
chapter 6). While many other publications focus on local features in the Alps, I decided to study
the bigger picture across the entire mountain range and neighboring regions, analyzing the seismic
activity and dominant faulting mechanisms as well as deformation regimes (chapter 6).

Due to the previously discussed challenges of MT inversion for small earthquakes (i.e. unmodeled
path effects, low SNR of surface waves) the total number of MT solutions to study a large region
like the Alps is rather small. However, 75 earthquakes (Mw>3.1) for the years 2016-2019 imply an
increase of 40 % compared to the number of events in the joined catalogs for the same time period. In
a highly complex region like the Alps the number of available MT solutions limit the study of single
faults or fault systems. Even when considering the published MT solutions of the last decades, many
empty spots on the map remain and detailed studies of single faults are not possible. In order to study
the deformation regimes across the entire mountain belt, I compared spatial patterns of pressure and
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tension axis and performed stress inversions using my own MT inversion results as well as published
MT solutions. Additionally including the seismic activity of the past decades, historical large events
and strain data, allows identifying and characterizing different seismo-tectonic domains of the Alps.

I identified clusters of increased seismic activity, namely in the eastern Southern Alps, the Lake
Garda region in the central Southern Alps, the Western Alps, as well as the Northern Dinarides and
the Northern Apennines in the vicinity of the Alps. In contrast, seismicity is particularly low in the
Eastern Alps and in parts of the Central Alps, as also described by low values of seismic hazard on
regional hazard maps [Giardini et al., 2014]. Compared to the Apennines, seismicity can be described
as low across the entire Alps, except for the eastern Southern Alps.

The orientation of P and T axis of the MT solutions across the mountain range indicate varying
dominant deformation regimes from extensional regimes in the Western Alps to compressional regimes
in the eastern Southern Alps. These deformation regimes are in agreement with observations from
geological and tectonic studies. The N-S convergence of Africa and Europe led to the subduction of
the European plate underneath the Adriatic micro plate and to the counter-clockwise rotation of the
Adpriatic micro plate relative to Europe [D’Agostino et al., 2008; Le Breton et al., 2017; Le Breton et al.,
2021]. Since Neogene the rotation has resulted in higher convergence rates in the eastern Southern
Alps than in the Western Alps [Le Breton et al., 2017; Le Breton et al., 2021; Van Hinsbergen et al.,
2020]. This in agreement with higher recent measurements from GPS data [e.g. D’Agostino et al.,
2008] as well as higher seismicity rates in the eastern Southern Alps [Petersen et al., 2021a].

Typical ENE-WSW to E-W striking thrust faulting, related to the convergence of Adria and Europe
and the resulting underthrusting of the Friuli Plain beneath the Alps [Cipar, 1980] is mainly observed
in the Southern Alps and has been reported in publicly available earthquake catalogs as well as in
many studies on the 1976 Friuli earthquake and ongoing seismic activity [e.g. Pondrelli et al., 2001,
2006; Slejko, 2018; Poli and Zanferrari, 2018; Bressan et al., 1998]. The distribution of devastating
historical earthquakes points at the increased seismic hazard in the SE Alps. Strike-slip faulting with
similarly oriented P-axis compared to the thrust events in the SE Alps is observed in the northern
Dinarides as well as along the northern margin of the Alps. The strike-slip faulting earthquakes in
the northern Dinarides are in agreement with the right-lateral strike-slip faults [Moulin et al., 2016]
and support the assumption of a distributed activity of faults, rather than a single major structure,
as recently proposed by Griitzner et al. [2021]. The dominant normal faulting events in the NW Alps
point at an extensional regime, supported by the absence of significant horizontal strain and relatively
high uplift rates. Extensional patterns of focal mechanisms in the W Alps have been described in
various studies [e.g. Sue et al., 1999, 2007]. The stress map of the Mediterranean and Central Europe
shows similarly oriented tensional axes [Heidbach et al., 2016]. Recent GPS measurement indicate
very little horizontal movement in the Alps. Therefore, the high uplift rates need to be attributed to
other causes then the N-S convergence [Sternai et al., 2019].

While our study of CMT solutions in the Alps provides an overview of dominant regional faulting
patterns and seismotectonic activity across the mountain range, the number of MT solutions alone
does not allow studying single faults in greater detail. The number of earthquakes with moment
tensor solutions is in many regions too small to perform stable stress inversions and to characterize
local patterns in detail.

8.3 Why small earthquakes matter: Inclusion of earthquakes with
Mw<3 to study active faults

I have discussed above that CMT inversion of earthquakes with low magnitudes in the Alps is a chal-
lenging task. Especially in study areas where few Mw>4 events per year or in the case of limited
monitoring periods, including earthquakes with low magnitudes can be crucial to identify and char-
acterize active faults and fault systems [e.g. Ross et al., 2019]. The extent and the stress state of
seismogenic faults is of major interest for seismic hazard assessment. Following the Gutenberg-Richter
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law, decreasing the lower bound of the earthquakes taken into account by one or two magnitude units,
respectively, will increase the number of earthquakes by a factor of ten or even 100 [Gutenberg and
Richter, 1944]. Thus, seismic fault studies can benefit greatly from lowering the magnitude threshold
of the considered set of events. Additionally, small earthquakes may pose a significant hazard, when
located at shallow depth [Briseghella et al., 2019] or acting as triggers for landslides or avalanches
[Pérez-Guillén et al., 2014].

To map the extent, geometry and orientation of a seismic fault based on seismicity, earthquakes
that occur on the same fault need to be identified. Approaches to find clusters of events can rely on
obtained focal mechanisms [e.g. Cesca, 2020], locations [e.g. Ouillon and Sornette, 2011] or directly
on waveforms [Shearer et al., 2003]. A clustering of earthquakes based on focal mechanisms requires
the possibility to compute these in the first place. For small magnitude earthquakes focal mechanisms
are often obtained from first motion polarity readings, in case a sufficient number of stations records
distinct phase onsets. However, these mechanisms are only representative for the very first moment of
the rupture process and the instability of the take-off angles of shallow events may introduce significant
errors [Hardebeck and Shearer, 2002].

The clustering of earthquakes based on their locations is often applied to study seismogenic pro-
cesses and to group events pertaining to the same fault. Ouillon and Sornette [2011] use a spatial
clustering approach to identify active faults and fault patches in California. They infer the existence
of a deformation zone around the faults rather than smooth faults planes. Mouslopoulou and Hristop-
ulos [2011] study clusters of relocated events and propose the interaction of several neighboring faults.
Location based clustering approaches assume that closely located earthquakes belong to the same
fault. The measure of closeness is herein relative and defined with respect to the distribution of all
events that are considered. Differences between waveforms of earthquakes in the same cluster are not
taken into account and therefore the existence of multiple different faulting mechanisms within one
location-based cluster can remain undetected. In the case of a complex fault system with multiple
faults in close proximity (bookshelf structures, en-echelon structures), a location-based approach is
therefore not sufficient.

We developed the clustering toolbox Clusty to respond to the necessity of including waveforms
recorded across a seismic network in the clustering of earthquakes (Chapter 7). Seismic waveforms are
sensitive to location and mechanism, therefore this clustering approach helps fault characterization.
Maurer and Deichmann [1995] studied micro earthquake clusters in the Swiss Alps using a waveform-
similarity clustering approach and confirmed that the active fault planes of two clusters correspond
to mapped structures in the study area. Shearer et al. [2003] compute waveform cross-correlations to
study >14000 aftershocks of the 1994 Northridge Mw 6.7 earthquake in California. Based on reloca-
tions they infer the extent and orientation of possible fault planes and suggest a complex aftershock
activity. In the development of the waveform-based network similarity clustering toolbox Clusty, we
follow these approaches and include a number of different options to compute the network similarity
from the waveform similarities obtained at multiple seismic stations. These options are based on the
work of Aster and Scott [1993]; Maurer and Deichmann [1995]; Shelly et al. [2016] and Stuermer et al.
[2011]. By taking into account the waveform similarity on a network of stations instead of a single
station, a larger portion of the radiation pattern is considered. Further, this allows comparing earth-
quakes even when parts of the stations have data gaps. By offering a number of different methods to
compute the network similarity, it is possible to compare results to other studies and to compare the
stability of results obtained from the different methods. The design of the clustering tool is flexible
and transparent in order to facilitate its application to a large number of different data sets. The
tool follows an automated work-flow, which does not require any manual preprocessing of the input
waveform data. The user of the toolbox benefits from a large number of graphical output, which
allows assessing not only the final results, but also allows for evaluating the similarity of earthquakes
within a cluster and among different clusters. In our opinion to evaluate both is necessary to avoid a
black box-like usage of any clustering algorithm. Therefore multiple settings can (and should always)
be tested at the same time.
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As a test data set for our toolbox we chose the aftershock sequence of the Zakynthos 2018 Mw 6.8
earthquake, which comprises >2300 earthquakes (Mw >2.8) in a complex and heterogeneous study
area [Mouslopoulou et al., 2020]. We showed that the density-based (chain-like) clustering approach
helps to recognize earthquakes on a common fault even over long fault segments, when gradual changes
of the waveforms occur due to location differences [Petersen et al., 2021b]. The first-order geometry
and extent of active faults can be inferred from the extent of the clusters. For each cluster, I performed
CMT inversions of representative events. The joint analysis of the representative mechanism and the
distribution of earthquakes belonging to the same cluster sheds light on the geometry of the active
fault plane and helps to distinguish fault plane and auxiliary plane. Based on our clustering analysis,
we propose the existence of conjugated strike-slip faults located to the south of the study area and
reveal event clusters, which cannot be discriminated based on the event locations alone.

The clustering toolbox was developed with the seismotectonic setting of the Alps in mind. To
study the state, orientation and extent of active faults, a sufficient number of earthquakes that map
this fault is needed. As the seismic activity is rather low, we need to rely on small magnitude events
for this purpose. Multiple co-located faults of different orientation and mechanisms are plausible in
the Alpine setting with a heterogeneous crustal structure. Therefore we implemented a waveform-
based clustering toolbox rather than relying on the locations and the few mechanisms for larger events
alone. Future applications to the earthquakes in the Alps are based on enhanced seismicity catalogs,
which are currently developed in the course of the AlpArray initiative. In the outlook in chapter 9 I
discuss in detail the ongoing work. I expect that Clusty can enhance the knowledge on active faults
and provide insight into ongoing seismo-tectonic processes in the Alpine mountain belt. Clusty allows
for combining various frequency bands, which will help to include micro earthquakes in the analysis
of the Alpine seismicity.

8.4 Towards a semi-automated work flow of source studies in the
Alps

One aim of this thesis was the development of a reliable and replicable work flow to study source pro-
cesses in the Alps. In our research questions, I raise the issue of an automation of such a work flow.
Fully automated determinations of source mechanisms and their fast distribution have been addressed
since the beginning of fast data transfer via the Internet [Kawakatsu, 1995; Pasyanos et al., 1996].
Providing fast and reliable MT solutions is of great importance to quickly estimate the potential dam-
age of large earthquakes and their tsunami potential [e.g. Kanamori and Rivera, 2008]. Furthermore,
an automation of inversion approaches is required in the case of large numbers of earthquakes for
which manual adjustments of inversion set-ups would result in excessive work loads [e.g. Trifu et al.,
2000]. Nowadays, automated CMT solutions are determined by a variety of regional to global data
centers and provided in online bulletins, mostly focusing on moderate to large earthquakes (Mw>4.0).
Recently developed approaches automatize not only the inversion procedure itself, using a fixed con-
figuration, but also the selection of inversion settings like for example the station weighting based on
noise levels and the selection of frequency ranges with a high SNR [Vackar et al., 2017]. Approaches
are developed and improved for regional and local seismic activity [e.g. Bernardi et al., 2004; Clinton
et al., 2006; Vackar et al., 2017; Niksejel et al., 2020], but also for mining-induced seismicity with
magnitudes below MI 2.0 [Sen et al., 2013].

Large magnitude events are rarely observed in the Alps and additionally the total number of
earthquakes for which a MT inversion is feasible is limited. Therefore, a very fast and fully automated
approach is not strictly required. However, guidelines developed towards an automation are interesting,
because they reflect a high degree of generalization. This provides reproducible work flows and lowers
the workload for subsequent MT inversions in the study area. Further, the testing procedure itself,
which was performed to find appropriate inversion set-ups (chapter 6, Petersen et al. [2021a]), may
serve as a guideline for other study areas.
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Concerning the presented full work flow from quality control to the study of faulting mechanisms
and active faults, several steps are automated. The quality control toolbox AutoStats@Q) was presented
in chapter 4 [Petersen et al., 2019]. The toolbox is highly automated and does not require any manual
preprocessing. It is applicable to large seismic networks as well as single stations. In the future, I
plan to extend the toolbox so that it will update the quality checks, whenever a large teleseismic event
occurs and raise warning if changes are detected (see outlook, chapter 9).

The implemented checks are independent of the target earthquake of the MT inversion. Therefore
an additional check of the SNR of the waveform data is needed in the CMT inversion, as part of
the utilized CMT inversion tool Grond [Heimann et al., 2018]. I implemented the option to use
automatically selected precomputed Green’s function databases [Heimann et al., 2019], based either
on the location of single seismic stations or on the earthquake epicenter. Our methodological tests
(chapter 6) provide guidelines for the selection of input data types as well as frequency and distance
ranges, which is helpful towards automation. However, in the case of high misfits, these settings need
to be adjusted reflecting varying station availability and noise levels. Compared to our relatively
wide frequency range, Barth et al. [2007] follow another approach and perform their MT inversions
in parallel in multiple narrow frequency bands (8 mHz) between 0.01 and 0.029 Hz. They compare
the variance of the different solutions and observe rotations between the solutions as well as varying
uncertainties. By relying on a wider frequency band instead, I avoid the danger of mismatching
phases and cover a larger range of magnitudes that can be inverted for with the same setting. As
we study lower magnitude earthquakes, SNRs are low at the frequency band of 0.01-0.03 Hz. Other
approaches towards automated MT inversions propose an automated selection of a subset of close
and well distributed seismic stations to accelerate the inversions [Jian et al., 2018]. I do not follow
similar approaches in our study because I want to use as many stations as possible in the inversions to
obtain reliable solutions. I therefore select stations based on the quality checks conducted beforehand,
the SNR of the waveforms and a maximum distance estimate based on the methodological tests.
In chapter 6 [Petersen et al., 2021a] I additionally discuss the influence of gaps in the azimuthal
distribution of seismic stations. In order to avoid running MT inversions when the number of stations
or the azimuthal coverage is insufficient, I implemented an optional check on the distribution of seismic
stations. Finally, Grond [Heimann et al., 2018; Kiihn et al., 2020] provides the user with uncertainties
by running all inversions in multiple independent bootstrap-chains. I assessed the stability of the
CMT solutions manually and evaluated whether adjustments are needed.

In order to include smaller earthquakes into the analysis of active faults we presented the toolbox
Clusty in chapter 7 [Petersen et al., 2021b]. This tool is easily applicable to new datasets and provides
a semi-automated work flow. Figures and output are generated automatically, but the user has to
select the appropriate clustering settings. The selection of clustering parameters is facilitated by the
option to run different settings in parallel. Analysis plots are provided to choose the appropriate set-up
among the parallel runs. This cannot be automated further. The final choice of settings depends on
the aim of the study, e.g. finding earthquakes of a general agreement in mechanism or repeaters, as
well as on the geological setting. Subsurface heterogeneities define how much waveforms of neighboring
earthquakes change.

To sum it up, the methodological steps presented in this thesis comprise quality control, CMT
inversions and waveform based clustering. The two toolboxes for quality control and clustering are
designed as automated as possible, keeping in mind high flexibility and user-friendliness. The CMT
inversion work flow is not automated, but the methodological tests provide guidelines for inversions
in the Alps and serve concepts for optimizing inversion set-ups in other study areas.
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The AlpArray seismic network was a temporary densification of the regional networks in the Alpine
area. Operation times of the majority of stations has ended by the time this thesis is finalized. While
some stations may remain as new permanent installations, future earthquakes in the Alps will not be
reported by such a large and dense network.

The first part of the thesis dealt with the development of a toolbox for automated quality control
of seismic metadata and waveform data, AutoStats@. In the two publications I applied the tool to the
AlpArray seismic network and the KOERI network. The results of the two studies were published and
network operators informed so that future studies can hopefully rely on higher quality datasets. The
AutoStats(@ tool has proven to be helpful to a wide community of users for checks of single stations,
small local networks, as well as large regional networks with several hundreds of stations. As pointed
out in the Discussion, it is currently used by the world-wide network operator GEOFON [Quinteros
et al., 2021] among others and further applications to other seismic networks are in preparation (e.g.
AFAD). The tool was developed and published in 2019 and has been maintained since then. New
functionalities were added with ongoing testing. These new features comprise a check for significant
timing errors in the order of > 2s and the possibility to check gains and orientations in a second
interactive mode using body waves. This can also be applied for short period stations, but needs
further testing. L. Vecsey (Czech academy of Sciences) recently presented a new methodology to
obtain sensor orientations with greater precision at the ORFEUS data quality workshop. In this
approach, Rayleigh waves recorded at multiple closely located stations are used to determine the
orientation of the horizontal components of a single station. By including several stations in the
analysis of each station, the result is obtained relative to a dynamic backazimuth instead of a fixed,
theoretical backazimuth. This prevents bias of the result due to travel paths deviating from the
theoretical backazimuth. A precision of 1-2 degrees can be achieved (L. Vecsey, pers. communication)
compared to standard deviations of 5-10 degrees of the single station approach. Kolinsky et al. [2019]
have shown that the Rayleigh wave arrival angles of teleseismic events at the stations of the AlpArray
seismic network can be influenced by huge structural anomalies. The single-station approach included
in AutoStats( is sufficient to identify large misorientations, but is not able to obtain a precision higher
than that of hand held magnetic compasses. Despite the increased standard deviation, we have shown
in chapter 5 [Biiyiikkakpinar et al., 2021] that the median of the results for azimuthally distributed
events agrees well with a more precise P polarization approach. In the near future, I am planning to
collaborate with L. Vecsey to integrate the extended multi station approach into AutoStats@. This will
allow to obtain precise orientations of stations where physical (re-)measurements with a gyrocompass
are not possible.

Since the time of development of the AutoStats() toolbox new versions of python packages that are
used within the tool were distributed. Therefore the maintenance of the toolbox is an ongoing task.
Although both the maintenance and as well as providing help for users is time consuming, the positive
feedback of the seismological community is motivating me to continue this work. Starting in June
2021, the development of an automated update add-on included in AutoStats@ for implementations
at data centers will be supported by the ORFEUS software development grant.

The second major part of this thesis dealt with analyzing the source processes of earthquakes
in the Alps with magnitude Mw>3.1. I found that for magnitudes from Mw 3.1 to Mw 3.3 I often
struggled with instable solutions resulting from low SNRs of surface waves and significant path effects
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at higher frequency body waves due to insufficient velocity models. For some regions of the Alps, new
velocity models are currently developed in the AlpArray project. I will test these new models in the
inversions for the earthquakes for which we were not yet able to obtain stable solutions. Furthermore,
I want to include topographic effects in the forward modeling of waveform data. While these effects
are negligible when using low frequency surface waves, their effects on higher frequency body waves
might need to be considered.

At the time of writing this thesis, other subprojects in the AlpArray initiative develop new, detailed
velocity models and detect and relocate micro earthquakes within the very dense Swath-D network in
the Eastern Alps [Jozi Najafabadi et al., 2020; Hofman et al., 2020]. When this work is finalized, we
plan to investigate the area in more detail by performing MT inversions using the new velocity models
and by applying the waveform based clustering toolbox, which was developed in the course of this
thesis. In a first feasibility test, I have applied the tool to a small seismic sequence in the SE Alps in
June 2019 (Fig. 9.1). The sequence consists of three earthquakes with Mw>3.0 and ten earthquakes
with 2.1>Mw>1.0 in close proximity, obtained from the catalog of the INGV. Additionally, R. Hoffman
detected >30 micro earthquakes, which are not yet relocated. I applied Clusty to the waveforms
recorded at stations in up to 100 km distance and find high waveform similarity among those events
with Mw 1.0 or larger. I plan to continue this study as soon as detections and relocations of the entire
operation time of the Swath-D seismic network are available. By using multiple frequency bands, I
assume that events with magnitudes below Mw 1.0 can be included in the analysis. The clusters of
relocated events will shed light on active faults. For each cluster, the tool provides one representative
event, which is the earthquake that is most similar to all other earthquakes in the cluster. I plan to
run CMT inversions for these events, as shown for the Zakynthos application example in chapter 7
[Petersen et al., 2021b]. In cases where I am not able to obtain a stable result, I will make use of
the option to stack all waveforms of the earthquakes belonging to the same cluster to emphasize their
characteristic features. The stacked waveforms can be used for a subsequent MT inversion, assuming
a fixed location.

When identifying earthquake clusters of high waveform similarity, one cannot simply map the value
of similarity into a value of maximum rotation between two focal mechanisms. We are planning to
implement an additional tool to assess the maximum possible rotation by forward modeling waveforms
from random mechanisms and comparing them to waveforms from a reference mechanism. This will
allow the user of the clustering toolbox to better understand the physical meaning of the achieved
network similarity values and it can help to understand the variability among earthquakes that belong
to a common cluster.

Clusty is currently applied to new datasets, among them a dataset of induced seismicity offshore
Spain [Cesca et al., 2021, in review| and an acoustic emission dataset from an in-situ hydraulic frac-
turing experiment in the Aspo hard rock laboratory in Sweden [Niemz et al., 2020, 2021]. Promising
first results show that Clusty provides new insights into the growth of induced fractures [Niemz et al.,
2021]. These applications demonstrate that the toolbox can be used across large magnitude scales,
from M<3.0 to M>5, and for a wide spatial range, with rock volumes ranging from several square
meters to regional earthquake sequences. Similar to the AutoStats@ toolbox, Clusty is part of the
Pyrocko ecosystem [Heimann et al., 2017]. As for all software developments, maintenance and user
support is an ongoing task. I am convinced that the tool will be applied to many more heterogeneous
datasets in the future.
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CHAPTER 10

Conclusions

This thesis investigates local earthquakes in the Alps employing multiple methods: The development of
an automated (meta-)data quality control toolbox laid the groundwork for the performance of CMT
inversions, which generated new interpretations in the seismo-tectonic context. A waveform-based
clustering tool was developed to further exploit the potential of small earthquakes for the study of
seismic faults in complex tectonic settings.

With world-wide growing seismic datasets like that of the AlpArray seismic network the demand
for automated quality assessment is increasing. The development of a flexible and automated toolbox
for metadata and data quality control facilitates a more effective use of these large datasets, avoiding
bias from e.g. misoriented sensors or erroneous amplitude gain factors. Within and beyond the
AlpArray initiative, AutoStats@) has been met with sustained interest and it has been applied to
multiple networks.

The detailed analysis of four years of moment tensor solutions was based on extensive methodolog-
ical tests. The results of this work enhanced the number of moment tensor solutions for earthquakes
occurring between 2016 and 2019. Against this backdrop, a joint study, which included long-term seis-
micity, historical earthquakes, stress inversion and strain from GNSS data, charted spatial patterns
of dominant deformation in the heterogeneous tectonic setting of the Alps. Operating with a limited
time frame these patterns still prove to be representative of long-term seismological observations. This
demonstrates the potential of temporary dense deployments for seismic source studies even in complex
tectonic settings.

Small earthquakes are key to study active faults in areas of low to moderate seismicity or in the case
of short deployment times of seismic networks. A waveform-based network similarity clustering tool
was developed to meet the specific challenges arising from the low signal-to-noise ratios and complex
waveform data. In order to shed light on the extent and geometry of active faults, the presented
toolbox Clusty can be applied across multiple magnitude and spatial scales. Joining the obtained
earthquake clusters with representative MT solutions can enlarge the knowledge about the complex
fault systems, as we have shown in the case study of offshore Zakynthos, Greece. Additionally, it
helped distinguishing the fault and auxiliary plane of moment tensors.

The outlook of this work presents ongoing and future implementations of new features and sketches
out ideas for the application of the developed tools to new use cases. The usage of new velocity
models in the MT inversions and the application of the waveform-based clustering tool to the Alps
will hopefully provide new insights into active seismic faults at local scale. This will be of importance
for understanding the link between the recent tectonic evolution and the seismic activity, and may
provide information for future seismic hazard studies.
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