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Abstract

The Near Fault Observatories (NFOs) community is one of the European Plate Observing System
(EPOS, http://www.epos-eu.org) Thematic Communities, today consisting of six research infra-
structures that operate in regions characterised by high seismic hazard originating from different
tectonic regimes.

Earthquakes respond to complex natural systems whose mechanical properties evolve over time.
Thus, in order to understand the multi-scale, physical/chemical processes responsible for the fault-
ing that earthquakes occur on, it is required to consider phenomena that intersect different research
fields, i.e., to put in place multidisciplinary monitoring. Hence, NFOs are grounded on modern and
multidisciplinary infrastructures, collecting near fault high resolution raw data that allows gener-
ation of innovative scientific products.

The NFOs usually complement regional backbone networks with a higher density distribution of
seismic, geodetic, geochemical and other geophysical sensors, at surface and sometimes below
grade. These dense and modern networks of multi-parametric sensors are sited at and around active
faults, where moderate to large earthquakes have occurred in the past and are expected in the future.
They continuously monitor the underlying Earth instability processes over a broad time interval.
Data collected at each NFO results in an exceptionally high degree of knowledge of the geometry and
parameters characterizing the local geological faults and their deformation pattern. The novel data
produced by the NFO community is aggregated in EPOS and is made available to a diverse set of stake-
holders through the NFO Federated Specific Data Gateway (FRIDGE). In the broader domain of the
Solid Earth sciences, NFOs meet the growing expectations of the learning and communication sectors
by hosting a large variety of scientific information about earthquakes as a natural phenomenon and
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a societal issue. It represents the EPOS concept and objective of aggregating and harmonising the
European research infrastructures capabilities to facilitate broader scientific opportunity.

The NFOs are at the cutting edge of network monitoring. They conduct multidisciplinary experi-
ments for testing multi-sensor stations, as well as realise robust and ultra-low latency, transmis-
sion systems that can routinely accommodate temporary monitoring densification. The effort to
continuously upgrade the technological efficiency of monitoring systems positions the NFO at the
centre of marketing opportunities for the European enterprises devoted to new sensor technology.
The NFOs constitute ideal test beds for generating expertise on data integration, creating tools for
the next generation of multidisciplinary research, routine data analysis and data visualization. In
particular focus is often on near-real time tools and triggering alarms at different levels are tested
and implemented, strengthening the cooperation with the Agencies for risk management. NFOs have
developed innovative operational actions such as the Testing Centre for Earthquake Early Warning
and Source Characterisation (CREW) and detailed fast ground shaking and damage characterization.
Complementing the recent growth of modern laboratory and computational models, the NFOs can
provide interdisciplinary observations of comparable high resolution to describe the behaviour
of fault slip over a vast range of spatial and temporal scales and aiding to provide more accurate
earthquake hazard characterizations.

Keywords: Near Fault Observatories; Research infrastructures; Active faults; Multidisciplinary
approach; High resolution data products

1. Introduction
1.1 Mission

The Near Fault Observatories in Europe target understanding the physics of faulting including the transition
between stable and unstable fault slip behaviour and the near-surface response to earthquake shaking. Also crucial
is the estimation of the seismic hazard and ultimately the mitigation of risk for exposed populations and infra-
structures.

The idea of performing and implementing interdisciplinary investigations and alert systems, targeting crustal
faults, requires consideration of the geological structures as complex natural systems whose physical and chemi-
cal properties evolve over time. Thus, the inference of the multi-scale processes associated with earthquakes and
faulting requires considering phenomena studied in different research fields: this is the road of integration that
has led to the birth and development of the NFO community in Europe. NFOs were identified as required infra-
structures by EPOS, the European Plate Observing System. NFOs are innovative, advanced research infrastructures
based on dense, state-of-the-art networks, that continuously monitor instability processes developing on under-
lying faults, over a broad time scale, from seconds to years. NFOs collect multi-parametric near-fault data and
provide advanced scientific products to the earth science community and other stakeholders through EPOS-related
services. Some NFOs that provide mono-thematic data, with specific, fault-related scientific objectives, have a plan
to integrate multi-disciplinary data in the infrastructure in the near future.

NFOs complement the existing regional geophysical monitoring networks. Generally, these independent back-
bone networks are characterised by relatively coarse station spacing with similar sensor types (in most cases sev-
eral tens of kilometres) that are not coordinated. In contrast, as multi-disciplinary densifications, NFOs can be
considered as on-field laboratories that illuminate underlying active faults by recording and analysing multi-dis-
ciplinary signals related to the processes that occur beneath our feet, down to very small scales. NFOs aim to trace
the evolution of fault systems, through accurate detection [Ross et al., 2019], location [Waldhouser and Ellsworth,
2000; Chiaraluce et al., 2011] and characterization of micro-seismicity [Abercrombie, 2015; Supino et al., 2019],
to intercept the aseismic forcing mechanisms, such as creeping, that may influence future rupture development
[Bouchon et al., 2021] and to identify the diffusive processes associated with fluid migration and fluid-rock interac-
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tion [Miller, 2013]. Owing to the long-time scales related to a full single seismic cycle for a large (e.g., tens of kilo-
metres long) fault, NFOs focus on high resolution deformation episodes occurring along small patches of the main
faults or along minor faults that pertain to the major system. In this framework, more frequent small events (with
M ~3) can be considered as local mainshocks, considerably shortening the seismic cycle. This provides scientists
the opportunity to test models and hypotheses on a more robust statistical basis and to follow the pre-, co- and
post-seismic phases of an active fault, even if small (e.g., from hundreds of meters to a few kilometres), with all
the related scaling problems. At the same time, the collected information on the geometry and deformation style
of the major faults can be used to develop ground shaking scenarios that account for diverse slip distributions and
rupture directivity models [Evangelista et al., 2017].

1.2 The NFO community in EPOS

The NFO community in Europe originated under the FP7 European project NERA - Network of European Re-
search Infrastructures for Earthquake Risk Assessment and Mitigation (2010-2014), when a networking initiative
started to coordinate efforts of different institutions owning dense observatories on faults, culminating in sharing
of technology know-how and data analysis best-practice. The success of the initiative led to the NFO communi-
ty becoming a Thematic Working Group of the EPOS-PP — Preparatory Phase (EU project funded under the FP7
programme - 2010-2014). In the EPOS-IP project (EPOS Implementation Phase, funded under the Horizon 2020
programme - 2015-2019) the NFO community was officially recognized as one of the Thematic Core Service (TCS).
During EPOS-IP, the current foundations for our community were built, through the definition of a Consortium
Agreement that comprised a Legal, Governance and Financial framework. Further, services dedicated to NFOs we
developed to make data, data products and software interoperable and accessible through the EPOS data distri-
bution platform, the Integrated Core Service Central Hub system (ICS-C; https://www.ics-c.epos-eu.org/). During
the EPOS-IP project, the community successfully negotiated the validation phase that required reaching technical,
financial and governance targets. The community also received concurrent support from the SERA project - Seis-
mology and Earthquake Engineering Research Infrastructure for Europe — (EU project funded under the INFRAIA
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Figure 1. Location of Near Fault Observatories in Europe. The map also shows the time derivative of the deformation vec-
tors with arrows, whose length is associated with the amplitude of the strain rate (Serpelloni p.c.). Seismicity is
also superimposed on the map, with colours associated with event depth. The NFOs are in regions with different
strain rate and kinematics, featuring shallow and medium depth seismicity.
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Horizon 2020 programme, 2017-2020) to develop and apply advanced strategies and techniques of data analysis
for microseismicity.

Today, the NFO community is a TCS of the EPOS delivery framework. The NFOs comprise six members and one
observer. They span different tectonic regimes, different areas and different space scales over Europe (Figure 1), all
of them at sites of elevated seismic hazard. They include plate boundary systems at the Marmara Sea and the Corinth
rift. In mountain settings, NFOs monitor the Alto Tiberina and Irpinia faults in the Apennine Mountain range, the
Vrancea fault in the Carpathian Mountains, the Valais in the Alps and the Slovenian Karst region in the Dinarides.
They look at diverse faulting mechanisms (strike-slip, normal and thrust), high to low angle, shallow to deep faults,
as well as regions with fast and slow strain rate accumulation. Each fault zone can generate large earthquakes
(M > 6) that pose substantial seismic hazard. Two of the zones, Marmara Sea and Corinth, include offshore seismic
sources that pose an additional, even though low, tsunami hazard. The focus of the observatories varies, ranging
from small- to large-scale seismicity and includes the role of different parameters, such as fluids in fault initiation,
the geometrical and mechanical structure of fault systems, site effects and secondary phenomena, such as landslides
and tsunamis. In response to their specific objectives, the NFOs operate a diverse set of instrumentation to monitor
the surface and sub-surface using seismic, deformation, strain, geochemical and electromagnetic equipment.

1.3 The TCS Delivery Framework

The mission of the TCS NFO is to provide a sustainable platform for coordination between each European ob-
servatory, sharing data and products promoting best practice that ultimately will foster breakthrough research on
faulting and earthquakes. his effort is regulated through the Consortium Agreement (CA), representing the NFO
reference framework, specifying the relationship between Parties, their rights and obligations, as well as providing
organisational, managerial and financial guidelines.

The TCS portfolio comprises data access, visualization and processing tools, testing facilities and transnational
access. Data access from NFOs follow existing EPOS TCS services where they exist for seismic and GNSS datasets
(raw data and high-level products) and provide new NFO-specific access services otherwise such as for Vp/Vs time
series, high resolution earthquake catalogues and geochemical data. To process multi-disciplinary time series and
intersect information appearing in different records, NFOs have developed tools that will help in providing im-
proved models of transient processes in/around fault zones and in building advanced databases and catalogues of
such processes. These tools will be in the future included in the Virtual Laboratory service. Also, the NFO commu-
nity has developed a testing facility, built on real-time and offline high-resolution data, to foster the development
of next generation methodologies and software for real-time monitoring of faulting processes. For physical access,
NFOs will open their on-field laboratories to design new experiments, to test new instruments, to validate meth-
odologies and real-time software, approaching breakthrough scientific questions.

Data and products delivered by the TCS are intended to provide the Earth Sciences scientific community with
a fundamental dataset that can accelerate to advancement in understanding fault system behaviour. Data and
high-resolution data products will provide clues to understand the forcing mechanisms associated to earthquakes
(fluid migration, creeping), the preparation phase of large earthquakes, the partition of the slip in seismic and
aseismic contributions, as well as markers for changes in the mechanical properties of the faults. The NFOs rep-
resent ideal testbeds for generating expertise on data integration, for creating tools for the next generation of
multidisciplinary research, advanced routine data analysis, also grounded on machine learning and artificial intel-
ligence, and data visualization, for developing new experiments and survey through transnational access. These
integrated datasets alongside provision of virtual and physical access to NFOs is expected to create positive feed-
back to solve the puzzle of faulting and associated deformation. The NFO delivery framework also facilitates tech-
nological and knowledge transfer for scientific and technical training, as well as public outreach, at different levels:
general education of public on natural hazards and seismo-tectonic processes, higher education (summer schools,
masters and postgraduate research) on advanced instrumentation techniques, multi-parameter analysis of crustal
processes. Bringing together multidisciplinary data and expertise at a single site to be processed and integrated,
will put important pieces in the puzzle of earthquake mechanics. Finally, besides the monitoring of the faults be-
fore the occurrence of main events, the dense NFO networks can also improve operational actions conducted in the
aftermath of a large earthquake, such as Earthquake Early Warning (EEW) and detailed, fast ground shaking and
damage characterization during the on-going rupture on the fault.
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2. The Near Fault Observatories in Europe

In the following, we introduce the six NFOs that have formally signed the CA. The six NFO infrastructures are
indicated in Figure 2. NFOs are usually operated by a single National organisation but can also be represented by
multiple National and European organisations. The complexity beyond National Research Infrastructures (NRIs)
is managed at the NFO level. NFOs, in line with other TCS service providers, fully adopt the EPOS data policy and
permit open and free distribution of their own data and products through the EPOS services, on behalf of the data
owners (Suppliers), and in compliance with FAIR principles.

In future, new NFOs can be expected to join the community. Recently the Slovenian Karst NFO has joined the
Consortium as an Observer; a status formally recognised by the community, allowing potentially new NFOs to par-
ticipate in the CA board meetings and initiatives. This is an initial step prior to becoming a full member in the future.

Figure 2. Maps of the six European Near Fault Observatories showing details of each infrastructure. The symbols indi-
cate: yellow squares for seismic stations, blue squares for GNSS stations, purple drops for radon stations, green
drops for CO, stations. A red circle with a seismogram inside indicates multi sensor sites; in TABOO they stand
for co-located seismometer, strainmeter, pore pressure gauge and optic fiber cable within boreholes, in Irpinia
for fibre cable and seismometer, for Vrancea infrasound array and seismometer and for Corinth strainmeter,
borehole water-level, tide gauge and meteorological sensors.

2.1 The Corinth Rift Laboratory (CRL)

The Western Gulf of Corinth (WGoC) is a 110-km-long rift dominated by active, ~E-W-trending normal faults,
located in Central Greece. An extension rate of 15 mm/yr in a N9°W direction has been determined [Briole et al.,
2021]. It is characterized by significant seismic activity, with the occurrence of destructive earthquakes [Mak-
ropoulos et al., 2012]. In 1995 the Ms= 6.2 Aigion earthquake occurred, caused by an offshore low-angle fault [Ber-
nard et al., 1997]. In the beginning of the 21st century, the Corinth Rift Laboratory network (CRL) was established
(http://crlab.eu/), covering an area of ~30 x 30 km2, centred between Patras to the west and Aigion to the east [Cor-
net et al., 2004], with main scientific goal to investigate in detail the intense and continuous microseismic activity
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and deformation. Currently, CRL is the only multinational NFO. The European Institutions that form CRL are the
Centre National de la Recherche Scientifique (CNRS, France), the National and Kapodistrian University of Athens
(NKUA, Greece), the University of Patras (UPATRAS, Greece) the National Observatory of Athens (NOA, Greece) and
Charles University (CUP, Czech Republic).

CRL is a dense network of 29 permanent seismological operated by CRL (CL network, DOI: 10.15778/RESIF.CL),
NKUA (HA network, DOI: 10.7914/SN/HA), UPATRAS (HP network, DOI: 10.7914/SN/HP) and NOA (HL network,
DOI:10.7914/SN/HL). HA, HP and HL networks also belong to the Hellenic Unified Seismological Network [HUSN;
Evangelidis et al., 2021]. CRL is equipped with 16 GNSS stations installed by CRL and NOA [Ganas et al., 2008;
Chousianitis et al., 2021]. Furthermore, two multiparameter sites are operated in CRL (see Figure 2). The first is
RIZA which is equipped with borehole three-component strainmeter, rainmeter, borehole water-level and atmo-
spheric pressure sensors. The second site is MOKI, where the multparameter instruments are borehole three-com-
ponent strainmeter, tide gauge, borehole water-level and atmospheric pressure sensors. Seismological data are
available through the European Integrated Data Archive (EIDA) nodes at RESIF and NOA [Evangelidis et al., 2021].
EIDA has declared the virtual network identifier NFOCRL for all seismic stations within the CRL perimeter.

CRL also distributes scientific products, such as phase and focal mechanism data NKUA, NOA and UPAT. GNSS
data and positioning solutions are now available at the CRL portal (https://crlab.eu) and will migrate to the EPOS
data portal.

The use of the freely available CRL data highlighted that most seismicity is clustered, with the frequent occur-
rence of swarms, as the 2001 Agios Ioannis [Pacchiani and Lyon-Caen, 2010], the 2013 Helike [Kapetanidis et al.,
2015, 2021; Kaviris et al., 2017] and the 2015 Malamata [De Barros et al., 2020] ones. Geodetic studies, from per-
manent and campaign GNSS network measurements and InSAR, identified the deformation sources of the Aigion
[1995] and Efpalio [2010] earthquakes, as well as slow aseismic shallow slip [Elias and Briole, 2018]. The recent
2020-2021 seismic crisis was studied by the CRL research group [Kaviris et al., 2021]. In the latter case, the analysis
of the CRL multiparametric data significantly contributed to understand the seismogenic process. Combined seis-
mological and geodetic data were considered in order to constrain the geometry and kinematics of the structures
that hosted the major events of the 2020-2021 seismic crisis. In addition, the significant role of CRL tide-gauge
data, analyzed along with seismological and GNSS recordings, is proven in ongoing research that aims to identify
the rupture process of the largest event of the sequence that occurred on 17 February 2021.

The wealth of the multiparametric CRL data led to the in-depth knowledge of the seismogenesis in the West-
ern Gulf of Corinth. The dual behaviour of certain fault segments, subject to transient creep and to pore pressure
diffusion, has been identified in the WGoC. The detailed analysis of multiparametric CRL data also led to the iden-
tification of a brittle, highly fractured layer in depths between 6 km and 9 km, where the major normal faults of the
CRL area are rooting [Lambotte et al., 2014; Duverger et al., 2018]. It is obvious that the free provision of CRL data,
scientific products and services to the whole community will significantly contribute to the detailed knowledge
of the mechanics and kinematics of the area, with a high scientific impact, as it will be possible to apply similar
procedures in other regions worldwide.

2.2 The Irpinia Near Fault Observatory (INFO)

The Irpinia Near Fault Observatory -INFO - (http://isnet.unina.it) is a natural laboratory (see Figure 2) that
monitors the underlying fault system along the Campania-Lucania Apennine chain (Southern Italy), a normal
fault environment, frequently struck by destructive earthquakes, with a recurrence period of events with M> 5.5 of
about 30 years [Cinti et al., 2004], and the last major event in the area being the M=6.9, 1980 Irpinia earthquake.
This area undergoes an extensional rate of ~3 mm/yr, as inferred from geodetic measurements [D’Agostino et al.,
2010]. Present-day low-magnitude seismicity (M < 3.5) occurs in the shallow portion of the crust, is organized in
seismic sequences [Festa et al., 2021] and appears spread into a large, fractured volume confined in the graben
responsible for the 1980 earthquake. Beyond the large seismic hazard of the area, the main scientific questions
targeted by this infrastructure is to understand the role of fluid-rock interaction and fluid diffusion - water and
carbon dioxide [Amoruso et al., 2014], in the production of the earthquakes, and the contribution of the charging
process of shallow aquifers in affecting the stress of rocks at seismogenic depths [D’Agostino et al., 2018]. INFO is
ultimately aimed to catch and track the preparatory phase of large events in the area, through the fine characteri-
zation and modelling of the seismicity and the deformation.
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INFO is managed by the University of Napoli Federico II and operates the Irpinia Seismic Network (ISNet), a
dense, high-dynamic range seismic network of 31 stations, covering an area of about 120 x 90 km?2, deployed within
two concentric ellipses, with the major axis parallel to the Apennine chain [[annaccone et al., 2010]. The average
inter-station distance within the inner part of the infrastructure is less than 10 km. All stations are equipped with
a strong-motion accelerometer and a weak motion sensor, the latter being a short-period, a broadband velocimeter
or an accelerometer with lower full-scale to record both strong and weak motions associated with earthquakes and
ambient noise. ISNet provides real-time data with a controlled delay, allowing the infrastructure to be the Italian
backbone for testing EEW systems [Satriano et al., 2011]. The seismic network is complemented with 9 additional
broadband stations from the national network, 15 GNSS stations, managed by INGV, and two seismic arrays of 5
six-component stations at the centre of the network. Recently, a 1.1 km fibre optic cable (FibIR) has been installed
near the emergence of the main fault that generated the 1980 earthquake, and it is now sensed by a DAS, in the
frame of the IrpiDAS survey. In the near future, the area will be also covered with additional GNSS and geochemical
stations, to better constrain the ground deformation and monitor geochemical fluids.

2.3 The Marmara Sea Observatory

The North Anatolian Fault Zone (NAFZ) is one of the largest plate-bounding transform faults that separate the
Anatolia and Eurasian plates and extends for 1600 km between Eastern Anatolian and the Northern Aegean. The
Anatolian block is moving westward with respect to the collision zone between the Eurasian and Arabian Plates, at
a rate of ~25 mm yr-1 east of the Sea of Marmara, activating major strike-slip and N-S extensional normal fault-
ing earthquakes south of the Marmara region [Armijo et al., 2002]. Along the NAFZ a series of large earthquakes
occurred since 1939, starting from Erzincan in the eastern Anatolia and propagating westward toward Istanbul
and Marmara region located, where the devasting Izmit earthquake occurred in 1999. West of the Izmit rupture a
~100 km long seismic gap exists along the fault portion placed below the Sea of Marmara connecting the Ganos
[1912, Mw7.3] and Izmit [1999, Mw7.4] ruptures; such a segment can generate an earthquake with magnitude ~7.1
[Ergintav et al., 2014]. The 30-year probability for an event M > 7 below the Sea of Marmara is estimated at 35- 70%
[Parsons, 2014].

There are many multidisciplinary geophysical networks monitoring the heterogenous pattern of interseismic
loading of the area, showing both creeping and locked segments [Ergintav et al., 2014; Schmitbull et al., 2015;
Klein et al., 2017; Lange et al., 2019; Yamamot et al., 2019]. The backbone of the monitoring systems has been built
by local Universities like Bogazi¢i University (BU-KOERI, Istanbul University) and governmental organizations like
AFAD, TUBITAK and General Directorate of Mapping (GCM). BU-KOERI’s National Earthquake Monitoring Center
(NEMC) is a 24/7 operational centre comprising 136 broad-band (BB) and 107 strong motion (SM) sensors at the na-
tional level. About 200 digital strong motion accelerometers are operated by KOERI as dense urban network in and
around Istanbul (Rapid Response and Early Warning System). KOERI also operates 5 sea-floor multi-instrument ob-
servation systems in the Sea of Marmara, actually deserving renovation, and acts as the National Tsunami Warning
Centre for Turkey under the ICG/NEAMTWS initiative. AFAD’s Earthquake Data Center System of Turkey (TDVMS)
is a system which pairs up all the earthquake data obtained from seismic stations all around Turkey and shares these
data via its web portal. It also operates like BU-KOERI and run more than 1000 BB and SM stations. GCM controls
more than 150 Continuous GNSS stations, including other geodesic networks (e.g. gravity, sea-level monitoring).

At the same time, many international efforts have been posed to better define the earthquake hazard pattern
of the region. For example, to monitor the offshore microseismic activity in the NAFZ nearby Istanbul, below the
Cinarcik Basin (CB), a permanent seismic array [PIRES; Bohnhoff et al., 2013] was installed on the Prince Islands in
2006, at a very close proximity to the main fault. Jointly operated by German Research Centre for Geosciences Pots-
dam (GFZ) and BU-KOERI, PIRES allows to constrain the spatiotemporal character of the microseismicity based
on well-constrained hypocenters is performed to understand the interaction between fault segments of the NAFZ
along the CB [Bohnhoff et al., 2013]. To extend this study, in 2013 the GONAF project [Geophysical borehole Obser-
vatory at the North Anatolian Fault; Raub et al., 2016] started under a joint research venture between German GFZ
and Turkish Disaster and Emergency Presidency (AFAD), Turkey. The aim of this project is to monitor earthquake
activity at low magnitude-detection threshold in the Istanbul and eastern Sea of Marmara region where a major
(M >T7) earthquake is pending. In this context, also borehole strainmeters have been installed together with US
agency UNAVCO [Bohnhoff et al., 2010 and Martinez-Garzon et al., 2019].
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However, in 2014, the Marmara region has been designated a “Permanent Supersite” by the CEOS (Committee
on Earth Observation Satellites) under GEO Geohazard and Natural Laboratories Initiative (GSNL). This initiative
provided the opportunity to measure the surface displacements, in terms of mean deformation velocity maps and
corresponding time-series, affecting the Marmara Region via the exploitation of SAR data acquired by the differ-
ent satellite systems investigate. The achieved results can be fruitfully compared with the available independent
in-situ measurements (e.g., GPS data, Strainmeter) providing additional constrains and details [Diao et al., 2016;
de Michele et al., 2017; Aslan et al., 2018; Martinez-Garzén, 2021]. In this framework, a core study group has been
established in the consortium of the European Commission funded MarSite (New Directions in Seismic Hazard
Assessment through Focused Earth Observation in the Marmara Supersite) project (2012-2016). MarSite organized
as the demonstrator for integrating satellite and in-situ observations and for providing integrated access to data
until the end of the project.

From the end of the MarSite project, most of the activities and related data and scientific products, were
reorganized and harmonised within the Marmara Near Fault Observatory, coordinated under EPOS support. Per-
manent and temporary sets of data have been standardised following communal open access sharing rules and
new web services have been implemented in the EPOS framework. Not all the existing infrastructures have been
already harmonised; this is a long process deserving time to be pursued. For sure NFO community represents an
optimal opportunity to create a common scientific environment primarily finalised to gain valuable information
about the off-shore unbroken segments of the region to be shared with decision-makers to improve the hazard
maps of the Marmara (specially Istanbul) and their risk-plans. At the same time, NFO novel platforms for data
exposure and sharing will represent an occasion as well to provide to every kind of users with all the available
data and scientific products generated by such an important suite of multidisciplinary monitoring and research
infrastructures.

2.4 The Alto Tiberina Near Fault Observatory (TABOO)

The Alto Tiberina fault (ATF), located along an extending sector, at a rate of about 3 mm/yr [Serpelloni et al.,
2006], of the Northern Apennines (Central Italy) is a 60 km long very low-angle normal fault (mean dip 20°) that is
the target of TABOO (The Alto Tiberina Near Fault Observatory), a permanent monitoring infrastructure managed
by the Istituto Nazionale di Geofisica e Vulcanologia [INGV; Chiaraluce et al., 2014].

Taboo is a state-of-the-art dense network (see Figure 2) with mean inter-distance of about 5 km between mul-
tidisciplinary sensors, deployed both at surface and within shallow boreholes (< 250 m). Stations record and trans-
mit in real time via dedicated Wi-Fi technology; then data is stored in standard formats on open access thematic
portals and distributed via web services.

While seismic data from TABOO reveal release of microseismicity, at a consistently high rate on the ATF fault
plane, including repeating earthquakes (RE), no historical earthquake can be unambiguously associated with the
activation of the whole ATF [Chiaraluce et al., 2007 and references therein]. REs [Valoroso et al., 2017] together
with a steep gradient in crustal velocities [Vadacca et al., 2016], measured by GNSS, and transient surface motion,
lasting for few months and coinciding with seismic swarms [Gualandi et al., 2017 and Vuan et al., 2020], support
the hypothesis that portions of the ATF are creeping aseismically. Recent studies document that any given patch of
a fault can creep, nucleate slow earthquakes, and also host large earthquakes [e.g., Iquique earthquake, Ruiz et al.,
2014; Tohoku earthquake, Kato et al., 2012 and Parkfield, Veedu and Barbot, 2016]. Why a fault patch would switch
from one mode of slip to another one runs contrary to the standard theory. Thus, these observations are forcing
a revolution in our way of thinking about how faults accommodate slip. However, the interaction between creep,
slow and regular earthquakes is still poorly documented by observation. TABOO is currently collecting unique data
needed to address such questions; by illuminating the physics that allows for both seismic and aseismic slip on a
single fault patch, will have important implications for seismic hazard and risk assessment globally.

2.5 The Valais Observatory

The NFO VALAIS is a particularly dense multidisciplinary component of the monitoring infrastructure in Swit-
zerland, operated by the Swiss Seismological Service at ETH Zurich. It is centred around the Canton of Valais in
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the SE corner of the country and in the high Alps. Although damaging earthquakes are rare in Switzerland when
compared to more seismically active regions, such events have occurred and will continue to do so. Over the past
700 years, a total of 28 events of magnitude Mw = 5.5 are known, twelve of which caused severe damage (Intensity
of VIII or higher). The Valais region is the area of greatest seismic hazard in Switzerland and has experienced a
magnitude 6 or larger event every 100 years (1524, 1584, 1685, 1755, 1855, 1946), with the last magnitude 6.1 earth-
quake in 1946 close to Sion and Sierre [Fritsche and Fah, 2009]. This area and in particular the region of Visp holds
special interest: on average, the Visp region has been struck by damaging earthquakes every 40 years, with the last
in 1960 reaching a macroseismic intensity of VIII. The Visp event of 1855 is the largest in Switzerland in the last
300 years. In addition to elevated seismic activity, the extreme topography, with steep unstable slopes and deep
soft soil valleys, and extreme climate, with large glaciers and deep snow cover, add to the total hazard level in the
Valais. The area has experienced great damage from earthquake ground motion and different secondary phenome-
na, such as liquefaction in the Rhone plain, landslides and rock fall [Fritsche et al, 2012]. The human impact of the
last centuries has further raised the hazard. River regulations, advances in engineering methods and population
growth have meant settlements and industries are now sited in seismically vulnerable areas.

The particular densification of the seismic monitoring in the Valais, as well as the introduction of complementa-
ry multidisciplinary instrumentation, including those with the potential to provide precursory information, began
during the COGEAR project [Fih et al, 2012] and continues today. NFO Valais comprises 16 co-located broadband
and strong motion stations and 37 strong motion stations (see Figure 2) that are openly available and also inte-
grated in the backbone national network (Swiss Seismological Service (SED) at ETH Zurich; 1983). NFO Valais sta-
tions, like all the NFO ones, are updated under EIDA virtual network code (e.g., NFOVALAIS). Multiple additional
temporary stations are also routinely available. GNSS and magnetotelluric sensors complement this network. The
network features 2 boreholes at Visp and Collombey that include multiple downhole accelerometers and a string of
pore-water pressure sensors. The seismic network is densest along the Rhine valley, with multiple strong motion
stations located in the towns of Visp and Sion that demonstrate the strong and variable site amplifications that
can be observed across the heavily populated deep alluvial basin. The network allows the detection and location
of microseismicity in high resolution, since in this area swarms are common. The SED/ETH team has focused on
the real-time double difference relocations and a weekly updated multi-event re-located catalogue, allowing high
precision solutions for any sequence. Another key feature of this network is the longevity of the stations - many of
the broadband stations date back over 20 years. The available waveform archive also includes all digitised triggered
earthquake records from short period stations dating back as early as 1976, and strong motion stations dating back
to 1992. Today, the NFO Valais seismic stations are all optimised for extreme low-latency data and contribute to
the the emerging early warning infrastructure in Switzerland [Massin et al, 2021].

2.6 The Vrancea Observatory

Vrancea area, located within the bend region of the Carpathian orogen and characterised by compressional tec-
tonic, is one of the most active seismic zones with intermediate depth earthquakes in Europe. Vrancea seismic zone
consists of both intermediate and crustal depth earthquakes (30-180 km) with the shallower ones (depth <50 km)
usually generating moderate events (M,, < 5.5), while the deepest (70-180 km) reaching M, 7.0.

Vrancea is an observatory composed by state of art networks of multidisciplinary sensors whose backbone con-
sists of seismic stations together with both infrasound and seismic arrays. All seismic stations are equipped with
both short period/broadband and strong motion sensors and are located at the surface or within shallow boreholes.
While the infrasound arrays are of course located at surface. Then, GNSS antennas, radon monitoring system, me-
teorological stations, electromagnetic stations and atmospheric ionization monitoring systems complement the
infrastructure [Marmureanu et al., 2021; Toader et al., 2021]

Such a high-resolution multidisciplinary monitoring and research infrastructure consents the availability of a
large variety of data to better understand the possible extension at depth of the signature of active tectonic pro-
cesses.

However, although deep, the major seismic events occurring in Vrancea are not only felt in a very large area
but generate massive damage [earthquake intensities up to IX recorded in Bucharest for 1977 Mw 7.4 event,
Marmureanu et al., 2011]. And it is for this reason that starting from 2012 National Institute for Earth Physics
designed the NFO seismic network in Vrancea area to be fully operational for an efficient Early Warning System
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(EWS). The seismic infrastructure is (spatially and technically) tailored to detect and locate strong and intermedi-
ate depth earthquakes.

EWS main target it is represented by Bucharest capital city hosting almost 2 millions of people. Until now the
existing EWS issued more than 50 successful alerts, all with a leading time larger than 25 seconds, to ~450 legal
authorities going from emergency response agencies, via SMS gateway. 16 additional dedicated EWS receivers are
located in between Romania and Bulgaria at various governmental agencies, including a nuclear-powered research
institute in Bucharest and Vidraru Dam. The alerts are also sent to nuclear power plants “Kozloduy” in Bulgaria
and Cernavoda [Marmureanu et al., 2021]. Having the NFO community the leadership in EWS services, furnishes
the great opportunity to continuously test and update innovative schemes and benchmarking systems such as the
communication freely to users through social platforms, currently counting in Romani ~14000 users.

3. FRIDGE: the NFO Federated Data Gateway

NFOs contribute to the EPOS enterprise by delivering (long) time-series of multidisciplinary and high-reso-
lution raw data collected near active faults and derived cutting-edge scientific products (named high level data
products in the EPOS taxonomy).

For raw data (and station information) repository and distribution, the community benefits as much as possible
of the existing services. This is the case of the seismological and geodetic community already possessing format
and metadata recognised as standard by the community. Thus, these data are delivered and distributed through the
existing European nodes organised and managed by the respective thematic communities.

In the last years, all NFO seismological (velocimetric and accelerometric) data from both permanent and tem-
porary (during experiment) stations, have been converted into the standards decided by the seismological com-
munity and together with the stations (and metadata) information have been moved to the closest European In-
tegrated Data Archive (EIDA) node ready to be distributed [Strollo et al., 2021]. In order to facilitate the NFO data
identification, discovery and download, together with the Seismology TCS, we created the NFO Virtual Networks
(VN), allowing the user an easier and more comprehensive way to discover and download the data. Now, all the 6
NFOs have a VN code identifying the infrastructure.

The same concept is being developed for the geodetic data, working in close collaboration with the GNSS TCS.
The community is currently inserting/uploading the NFO GNSS station information (and metadata) into the nodes
of the newly implemented GLASS open-source platform.

Since the NFO also provide additional data and products that are not provided by other TCS, these NFO Specific
Data, defined as raw data and high-level data products originally not having a standard (e.g., format, unit of mea-
surements, metadata), the NFO community built a dedicated portal named FRIDGE, standing for Federated Specific
Data Gateway (http://fridge.ingv.it).

NFO Specific Data are the continuous raw geochemical data (e.g., radon counts, CO, flux time series), with
associated meteorological parameters. High level data products cover diverse disciplines characterizing the NFOs,
such as seismology (e.g., vp/vs time series, various generation and typology of earthquake catalogues, velocity and
attenuation models, historical earthquakes), geodesy (e.g., strain-rate time series) and geology (e.g., fault invento-
ries, geological maps). Thus, the process of distributing NFO specific data and products included not only planning
FRIDGE from the computer science perspective but also the identification of new standards. An example of this
activity comes from the work we carried out and/or currently undergoing, together with the volcanological and
seismological communities (always within the specific harmonization groups), in order to standardise geochemical
data and seismological data products, respectively.

FRIDGE is then a unique and coordinated access for NFO Specific Data pointed by both the EPOS-ICS-C plat-
form and services as well as by the indigenous users. From a technical point of view, FRIDGE has been thought
as a federator exposing HTTP API for discovering and querying all the available NFO datasets and combining
replies for the user (ICS-C or anybody) as well as for hosting a Virtual Laboratory, an engagement and knowledge
sharing instrument (see Figure 3). The federator is implemented in a modular way through Tornado Framework,
a python web server composed by a main module and different plugins for each web service implemented by the
single NFOs. This allows an easy development of new future services while reducing its maintenance. The fed-
erator exposes a set of APIs, through which it is possible to query the web services asking for the data provided
by the NFOs. When a user performs a request based on geographical coordinates, the federator addresses and
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Figure 3. Design of the Virtual Laboratory in FRIDGE aimed at visualization and combination of multidisciplinary data
and products, which are available at the FRIDGE portal.

redirects it to the corresponding NFO. The federator exposes their APIs also to the Fridge web portal that offers
an alternative graphical user interface (GUI) to search and download data and data products, and view time series
and graphical maps.

The availability of such a diverse kind of time series gives to the scientific stakeholders the novel opportunity to
start looking together at interdisciplinary data and derived scientific products collected in the same area and at the
same time. These actions, opening to the possibility of connecting different observations to the same phenomena,
can also give the rise to a new generation of scientists capable right from the beginning to consider multidisci-
plinary data.

4. CREW

Consisting of dense, modern and low-latency infrastructures, the NFOs are also ideal sites to process real-time
data, making them test-beds for experimenting Earthquake Early Warning (EEW) systems. EEW systems can be
used to activate security actions and mitigate the seismic risk during an occurring earthquake. In this context, the
community has developed the platform CREW - EU Testing Centre Early Warning & Source Characterization - to
test state-of-the-art systems, software and platforms, to provide a fair comparison of methodologies, based on
community-based performance criteria, providing a complete report of the results.

From a technical point of view, CREW (Figure 4) is structured in virtual machines, such that each system can be
fully configured and customized according to its architecture by the relevant experts during the initial set-up and
tuning phase that precedes the formal testing. This includes the installation and tuning of the Operating System
and the installation of support tools that might be needed to achieve its full potential.

Today, CREW compares the EEW software PRESTo [Satriano et al.,2011] and VS - Virtual Seismologist [Behr et al.,
2016], on the real time data streaming from ISNet [Festa et al., 2021]. Each virtual guest has been assigned the same
amount of (virtual) hardware resources, so that its final performances will only depend on the EEW software al-
gorithms and configuration, given the availability of the same set of recorded waveform data in a timely fashion.

Inputs and outputs to each EEW system are provided in a standardized and widely accessible format. Each EEW
systems, receive data in an identical manner from the SeedLink server and produce real-time alarm messages
in case of earthquake detection. A new alarm is issued every time the estimate of a relevant earthquake source
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Figure 4. The CREW workflow and infrastructure. Real-time data flow in the server where software runs on different
virtual machines to define alerts, that will be compared with authoritative bulletins.

parameter produced by the system is changed (e.g., earthquake location, magnitude) or when a new data input is
included in the evaluation (a new P- or S-wave arrival time). The Testing Centre server hosts the QFeed2 software
from ETH (written in Java), which retrieves the seismic bulletins for the Irpinia region, namely the authoritative
one from INGV (http://terremoti.ingv.it/) and the bulletin published by INFO (http://isnet-bulletin.fisica.unina.
it/cgi-bin/isnet-events/isnet.cgi). The latter might be more complete in terms of lower magnitudes for events well
located within the network. The earthquake information from the bulletins is parsed and inserted in a PostgreSQL
database, which forms the authoritative source of real earthquakes and source parameters. This event database is
also updated when the external agencies revise some of their published information.

Finally, a GUI (http://Iccepos.fisica.unina.it) has been implemented that consists of a web application that can
list the alarm messages from each system as compared to reference seismic bulletins, plot them on a map and pro-
vide statistics about the quality and speed of the outputs of each system.

Scientists can access to CREW for testing new EEW software or some parts, to compare against state-of-the-art
software, through the direct plugin of their modules and the control of parametrization. Also, a user can evaluate
the performance of existing, state-of-the-art software on their own data, finely tune the system parameters and
design tailored decision modules. Access to CREW may be granted as Transnational Access [TNA; Wessels et al.,
2022].

Beyond scientists, additional stakeholders can be public agencies representatives, and private companies. With-
in testing EEW in CREW, stakeholders can design and evaluate the performances of software to be interfaced with
actuators for end-to-end EEW applications: this will include target-oriented software and output combination and
a direct connection of this output to appropriate decision modules, for risk mitigation actions specific to the site
to protect. The CREW will also act as a flywheel for the NFO, EEW and earthquake source communities, allowing to
share know-how and high-quality data with a broad population of researchers, favouring indeed their enlargement
and interaction, and to promote leading-edge science and technology. Finally, the CREW may become a proof-of-
concept of testing facilities that can be exported to other scientific environments and topics.

5. Future perspectives of the European NFOs

The understanding of the slow and fast deformation within the Earth crust associated with fault slip is one of
the major challenges in Earth sciences. The European NFOs plan to integrate state-of-art field observations with
novel instruments, such as borehole seismometers and strain meters, fibre optic cables, dense geodetic and geo-
chemical networks, monitoring several parameters. The resulting data, distributed to the scientific community, will
be complemented with geologic studies of fault zone structure, analytical methods and laboratory experiments, to
illuminate the geophysical processes at very different scales.

The NFO challenge is the achievement of a new expertise able to process and integrate multidisciplinary data
and place them in the puzzle of earthquake mechanics, based on state-of-the-art tools (e.g., Artificial Intelligence).
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This opening is a great opportunity to train a new generation of scientists with the know-how of modelling and
interpreting long time series of high-resolution multidisciplinary observations attributable to the same underlying
natural phenomena.

NFOs are also ideal sites for meeting the growing expectations of the learning and communication sectors by
hosting a large variety of scientific information about earthquakes as a natural phenomenon and a societal issue.
At the same time, by working on the improvement of predictive models for future large earthquakes, based on
multi-parameter monitoring of diverse types of transients, NFOs contribute to better configure the next genera-
tion of the monitoring systems and to provide interpretation and communication models for the authorities and
public both before and during the occurrence of a large event. Within this context, disaster managers and related
scientific disseminators are among the main stakeholders. Improved monitoring of active faults posing high haz-
ard to society, as well as progress in the knowledge of seismic faulting, including inspection of different signals,
will enhance our common capabilities to face and assess seismic hazard at different spatial and temporal scales.
In this perspective, a new generation of near-real time tools and triggering alarms at different levels can be tested
and developed, strengthening the cooperation with the Agencies for risk management. A series of various actions
like meetings of experts, simulated operations, including educational experiences for the population, can also be
tested.

However, the processing of continuous and large data flow is expected to progress with time, in particular for
the multi-sensor correlation analysis. These tools will evolve with the improved models of transient processes
in/around fault zones. NFO can provide the finest context to exploit this expertise and testing. The NFOs are
expected to become ideal sites for hosting state-of-the-art experiments for testing in situ both new scientific
ideas/models and new geophysical instruments or arrays. A NFO would provide the proper environment in terms of
reference instrumentation, data and infrastructures facilities. The accessibility of NFOs databases allows for rap-
idly evaluating and selecting the most appropriate site for the instrument or software testing and/or new scientific
hypotheses validation. This will achieve synergies in research, monitoring and tools (e.g., automatic analysis) by
sharing technological best practice for implementation (e.g., boreholes instrumentation for multi-sensor stations)
and technological issues regarding instrumentation and software.

The NFOs are also the natural sites for scientific drilling experiments, as testified by the fact that several sites
have already been declared of interest for ICDP and IODP.

ICDP and IODP have been already involved in drilling the rift of Corinth. The AIG10 borehole of about 1000 m
provided cores of the Aigion fault, an active normal fault placed at the centre of CRL-NFO, within the Deep Geo-
dynamic Laboratory (DG-LAB project; Cornet and Vardoulakis, ICDP proposal 2003). The objective of the project
was a better understanding of the physics of faulting in an extensional tectonic regime, with special attention to
interactions between fluids and faulting.

The Gulf of Corinth was also the site of an IODP project dedicated to the seismic sounding and deep sediment
coring in the central part of the gulf [McNeill et al., 2018].

ICDP is instead currently involved in (e.g. STAR, standing for A Strainmeter Array Along the Alto Tiberina Fault
System, Central Italy project in TABOO-NFO area; https://www.icdp-online.org/projects/world/europe/northern-
apennines-italy/). STAR is an ongoing project led by INGV in collaboration with UNAVCO US agency, finalised to the
instrumentation with strain- and seismometers of six 80-160 m deep vertical boreholes surrounding the creeping
portion of the ATF. Each station, named “small observatory”, is also equipped with surface GPS, meteorological
instruments, and fibre optic cables (see Figure 5).

The suite of instruments will enable the collection and calibration of strain records with exquisitely high pre-
cision, allowing for a quantitative characterization of ATF creep (~1 mm over <1 km?2), enhanced monitoring of
microseismicity (below Mc 0.5), and allowing correlation between degassing (CO5, Rn) measurements and subsur-
face strain. Importantly, the spatiotemporal characteristics of creep on the ATF bear directly on the relationship
between seismic and aseismic processes, including possible stress triggering of large earthquakes by transient
creep events, an issue of global importance in the seismic hazards’ community.

This TCS will experience for the first time the technological integration of multidisciplinary observing systems
in diverse tectonic environments. Shared technical basis, as well as strengthened cooperation between institu-
tions, will foster exchange of scientific analysis techniques (both strategies and implementations) and will help
to lower costs of new scientific achievements. The need for a continuous upgrade in the technological quality and
density of multi-parameter monitoring systems clearly represents a big opportunity of growing market for the
European industrial sector for new technologies. At the NFOs a new generation of multidisciplinary experiments
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Figure 5. TSM2 observatory site: a single site hosting strain- and seismo-meters within a 160 m deep borehole, roundtrip
fibre optic cable and pore pressure gouge within a pipe installed within the same hole. At the well head, covered
by the small brick cottage (on the left), is visible the GNSS antenna, while in the centre of the picture there is the
aluminium cover to protect the sensor pocket installed on the surface. On the right, the wood hose hosting the
acquisition and satellite transmission system with Meteo antennas on the roof. The power system composed by
a set of solar panels are placed in the front of the house.

can be established, testing multi-sensor stations, as well as fast and light transmission systems for temporary
densification of monitoring instruments. This environment will allow the NFO community to develop strong syn-
ergies also with small medium enterprises able to construct state of art sensor prototypes that can be tested in a
controlled environment with a large number of external constraints deriving from dense permanent networks.

Thus, NFOs are entirely qualified as a network for transnational Education and Training. Common portals with
a large choice of training possibilities may highlight the large variety of the instrumental, scientific and natural
contexts offered by the NFOs. The NFO community will provide many opportunities for scientific and technical
training as well as public outreach, at different levels: general education of public on hazard and natural seismic
and tectonic processes, higher education (summer schools, masters and postgraduate research) on advanced in-
strumentation techniques and multi-parameter analysis of crustal processes.

For these reasons, we expect the implementation of many Near Fault infrastructures in the coming years, fo-
cused on the physics of tectonic faulting and able to generate data and scientific products interrogating a broad
spectrum of fault slip behaviour [Peng and Gomberg, 2010]; key ingredient for the next generation of scientists
finally able to embrace a real multidisciplinary investigating approach.

References

Abercrombie, R. E. (2015). Investigating uncertainties in empirical Green’s function analysis of earthquake source
parameters. J. Geophys. Res., 120, 6, 4263-4277.

Amoroso, O, A. Ascione, S. Mazzoli, J. Virieux and A. Zollo (2014). Seismic imaging of a fluid storage in the actively

extending Apennine mountain belt, southern Italy, Geophys. Res. Lett., 41, doi:10.1002/2014GL060070.

14



Near Fault Observatories in Europe

Armijo, R., B. Meyer, S. Navarro, G. King, A. Barka, (2002). Asymmetric slip partitioning in the Sea of Marmara pull-
apart: a clue to propagation processes of the North Anat, lian Fault?, Terra Nova, 14, 2, 80-86, https://doi.
org/10.1046/j.1365-3121.2002.00397.x.

Aslan, G.; Z. Cakir, S. Ergintav, C. Lasserre, F. Renard Analysis of Secular Ground Motions in Istanbul from a Long-
Term InSAR Time-Series (1992-2017), (2018). Remote Sens., 10, 408. https://doi.org/10.3390/rs10030408.

Behr, Y., J. F. Clinton, C. Cauzzi, E. Hauksson, K. Jonsdoéttir, K., C. G. Marius, A. Pinar, J. Salichon and E. Sokos
(2016). The Virtual Seismologist in SeisComP3: A new implementation strategy for earthquake early warning
algorithms, Seism. Res. Lett., 87, 2A, 363-373.

Bernard, P., P. Briole, B. Meyer, ]. Gomez, C. Tiberi, C. Berge, R. Cattin, D. Hatzfeld, C. Lachet, B. Lebrun, A. Deschamps,
F. Courboulex, C. Larroque, A. Rigo, D. Massonnet, P. Papadimitriou, J. Kassaras, D. Diagourtas, K. Makropoulos,
G. Veis, E. Papazisi, C. Mitsakaki, V. Karakostas and E. Papadimitriou (1997). The Ms=6.2, June 15, 1995
Aigion earthquake (Greece): Evidence for low-angle normal faulting in the Corinth rift, J. Seismol. 1, 131-150,
doi:10.1023/A:1009795618839.

Bohnhoff, M., Bulut, F., Dresen, G. et al. (2013). An earthquake gap south of Istanbul, Nat Commun., 4, 1999, ,https://
doi.org/10.1038/ncomms2999.

Bouchon, M., H. Karabulut, M. Aktar, S. Ozalaybey, ]. Schmittbuhl, M. P. Bouin and D. Marsan (2021). The nucleation
of the Izmit and Diizce earthquakes: some mechanical logic on where and how ruptures began. Geophys. J.Int.,
225,3,1510-1517.

Briole, P., A. Ganas, P. Elias, and D. Dimitrov (2021). The GPS velocity field of the Aegean. New observations,
contribution of the earthquakes, crustal blocks model, Geophys.J. Int., 226,468-492, doi: 10.1093/gji/ggab089.

Chiaraluce L., A. Amato, S. Carannante, V. Castelli, M. Cattaneo, M. Cocco, C. Collettini, E. D’Alema, R. Di Stefano,
D. Latorre, S. Marzorati, F. Mirabella, G. Monachesi, D. Piccinini, A. Nardi, A. Piersanti, S. Stramondo, L. Valoroso
(2014), The Alto Tiberina Near Fault Observatory (Northern Appennine, Italy). Ann. Geophys. 57, 3, 2014,
S0327, doi: 10.4401/ag-64.

Chiaraluce, L., C. Chiarabba, C. Collettini, D. Piccinini and M. Cocco (2007). Architecture and mechanics of an
active low-angle normal fault:Alto Tiberina Fault, Northern Apennines, Italy, ]. Geophys. Res., 112, B10310,
doi:10.1029/2007JB005015.

Chiaraluce, L., L. Valoroso, D. Piccinini, R. Di Stefano and P. De Gori (2011). The anatomy of the 2009 ’Aquila normal
fault system (central Italy) imaged by high resolution foreshock and aftershock locations, J. Geophys. Res.,
116,B12.

Chousianitis, K., X. Papanikolaou, G. Drakatos, and G.-A. Tselentis (2021). NOANET: A Continuously Operating
GNSS Network for Solid-Earth Sciences in Greece, Seism. Res. Lett., 92 3, 2050-2064, doi: 10.1785/0220200340.

Cinti, F. R., L. Faenza, W. Marzocchi and P. Montone (2004). Probability map of the next M > 5.5 earthquakes in Italy.
Geoch. Geophys. Geosys., 5,11, https://doi.org/10.1029/2004GC000724.

Cornet, F. H., P. Bernard, and I. Moretti (2004). The Corinth Rift Laboratory, Compt. Rendus Geosci., 336, 4/5, 235-241,
doi:10.1016/j.crte.2004.02.001.

Cornet F.H., M.L. Doan, I. Moretti and G. Borm (2004). Drilling through the active Aigion Fault: The AIG10 well
observatory, C.R. Geoscience, 336, 395-406.

D’Agostino, N., A. Avallone, D. Cheloni, E. D’anastasio, S. Mantenuto and G. Selvaggi (2010). Active tectonics of the
Adriatic region from GPS and earthquake slip vectors, J. Geophys. Res., 113, B12.

D’Agostino, N., F. Silverii, 0. Amoroso, V. Convertito, F. Fiorillo, G. Ventafridda and A. Zollo (2018). Crustal deformation
and seismicity modulated by groundwater recharge of karst aquifers, Geophys. Res. Lett., 45, 22, 12-253.

De Barros, L., F. Cappa, A. Deschamps, and P. Dublanchet (2020). Imbricated aseismic slip and fluid diffusion drive
a seismic swarm in the Corinth Gulf, Greece, Geophys. Res. Lett., 47, 9, doi: 10.1029/2020GL087142.

de Michele M, S. Ergintav, H. Aochi, D. Raucoules (2017). An L-band interferometric synthetic aperture radar study on the
Ganos section of the north Anatolian fault zone between 2007 and 2011: Evidence for along strike segmentation
and creep in a shallow fault patch, PLoS ONE, 12, 9, e0185422. https://doi.org/10.1371/journal.pone.0185422.

Diao, F.; T.R. Walter, F. Minati, R. Wang, M. Costantini, S. Ergintav, X. Xiong, P. Prats-Iraola (2016). Secondary
Fault Activity of the North Anatolian Fault near Avcilar (2016). Southwest of Istanbul: Evidence from SAR
Interferometry Observations, Remote Sens., 8, 846, https://doi.org/10.3390/rs8100846.

Ergintav, S., R.E. Reilinger, R. Cakmak, M. Floyd, Z. Cakir, U. Dogan, R.W. King, S. McClusky, H. Ozener, (2014).
Istanbul’s earthquake hot spots: geodetic constraints on strain accumulation along faults in the Marmara
seismic gap, Geophys. Res. Lett., 41, 16, 5783-5788. https://doi.org/10.1002/2014GL060985. 2014GL060985.

15


https://doi.org/10.1046/j.1365-3121.2002.00397.x
https://doi.org/10.1046/j.1365-3121.2002.00397.x
https://doi.org/10.3390/rs10030408
https://doi.org/10.1038/ncomms2999
https://doi.org/10.1038/ncomms2999
https://doi.org/10.1029/2004GC000724
https://doi.org/10.1371/journal.pone.0185422
https://doi.org/10.3390/rs8100846
https://doi.org/10.1002/2014GL060985.%202014GL060985

Lauro Chiaraluce et al.

Evangelidis, C. P. et al. (2021). Seismic waveform data from Greece and Cyprus: Integration, archival, and open access,
Seismol. Res. Lett., 92, 3, 1672-1684, doi: 10.1785/0220200408.

Evangelista, L., S. Del Gaudio, C. Smerzini, A. d’Onofrio, G. Festa, I. Iervolino, L. Landolfi, R. Paolucci, A. Santo and
F. Silvestri (2017). Physics-based seismic input for engineering applications: a case study in the Aterno river
valley, Central Italy, Bull. Earth. Eng., 15, 7, 2645-2671.

Fdh, D., J. R. Moore, J. Burjanek, I. Iosifescu, L. Dalguer, F. Dupray, C. Michel, J. Woessner, A. Villiger, J. Laue,
I. Marschall, V. Gischig, S. Loew, A. Marin, G. Gassner, S. Alvarez, W. Balderer, P. Kastli, D. Giardini, C. Iosifescu,
L. Hurni, P. Lestuzzi, A. Karbassi, C. Baumann, A. Geiger, A. Ferrari, L. Laloui, J. Clinton and N. Deichmann
(2012). Coupled seismogenic geohazards in Alpine regions, Bollettino di Geofisica Teorica ed Applicata, 53,
4. doi: 10.4430/bgta0048.

Festa, G., G. M. Adinolfi, A. Caruso, S. Colombelli, G. De Landro, L. Elia, A. Emolo, M. Picozzi, A. Scala, F. Carotenuto,
S. Gammaldi, A. G. Iaccarino, S. Nazeri, R. Riccio, G. Russo, S. Tarantino, and A. Zollo (2021). Insights into
Mechanical Properties of the 1980 Irpinia Fault System from the Analysis of a Seismic Sequence, Geosci., 11,
1,28.

Fritsche, S. and D. Fdh. (2009). The 1946 Magnitude 6.1 Earthquake in the Valais: Site- Effects as Contributor to the
Damage, Swiss J. Geosci., 102, 423-439, doi:10.1007/s00015- 009-1340-2.

Fritsche, S., D. Fdh and G. Schwarz-Zanetti (2012). Historical intensity VIII earthquakes along the Rhone valley
(Valais, Switzerland): primary and secondary effects, Swiss ] Geosci, doi: 10.1007/s00015-012-0095-3.

Ganas, A., G. Drakatos, S. Rontogianni, C. Tsimi, P. Petrou, M. Papanikolaou, P. Argyrakis, K. Boukouras, N. Melis,
and G. Stavrakakis (2008). NOANET: the new permanent GPS network for Geodynamics in Greece, Geophys.
Res. Abs., 10, EGU2008-A-04380.

Gualandi, A., C. Nichele, E. Serpelloni, L. Chiaraluce, L. Anderlini, D. Latorre, M. E. Belardinelli, and J].-P.
Avouac (2017), Aseismic deformation associated with an earthquake swarm in the northern Apennines (Italy),
Geophys. Res. Lett., 44, doi:10.1002/2017GL073687.

Iannaccone, G., A. Zollo, L. Elia, V. Convertito, C. Satriano, C. Martino, G. Festa, M. Lancieri, A. Bobbio, T. A. Stabile,
M. Vassallo and A. Emolo (2010). A prototype system for earthquake early-warning and alert management in
southern Italy. Bull. Earth. Eng., 8(5), 1105-1129

Kapetanidis, V., G. Michas, G. Kaviris and F. Vallianatos (2021). Spatiotemporal properties of seismicity and variations
of shear-wave splitting parameters in the Western Gulf of Corinth (Greece), Appl. Sci., 11 (14), 6573, doi:
10.3390/app11146573

Kapetanidis, V., A. Deschamps, P. Papadimitriou, E. Matrullo, A. Karakonstantis, G. Bozionelos, G. Kaviris,
A. Serpetsidaki, H. Lyon-Caen, N. Voulgaris, P. Bernard, E. Sokos and K. Makropoulos (2015). The 2013
earthquake swarm in Helike, Greece: Seismic activity at the root of old normal faults, Geophys. J. Int., 202,
2044-2073, doi: 10.1093/gji/ggv249.

Kato A., K. Obara K., I. Igara L., H. Tsuruoka H., S. Nakagawa and N. Hirata (2012). Propagation of Slow Slip Leading
Up to the 2011 Mw 9.0 Tohoku-Oki Earthquake, Science, 335, doi: 10.1126/science.1215141.

Kaviris, G., Elias, P., Kapetanidis, V., Serpetsidaki, A., Karakonstantis, A., Plicka, V., De Barros, L., Sokos, E., Kassaras,
1., Sakkas, V., I. Spingos, S. Lambotte, C. Duverger, O. Lengliné, Ch. Evangelidis, I. Fountoulakis, O.-]. Ktenidou,
F. Gallovic¢, S. Bufféral, E. Klein, E1 M. Aissaoui, O. Scotti, H. Lyon-Caen, A. Rigo, P. Papadimitriou, N. Voulgaris,
J. Zahradnik, A. Deschamps, P. Briole, and P. Bernard (2021). The Western Gulf of Corinth (Greece) 2020-2021
Seismic Crisis and Cascading Events: First Results from the Corinth Rift Laboratory Network, The Seismic
Record. 1, 85-95, doi: 10.1785/0320210021.

Kaviris, G., I. Spingos, V. Kapetanidis, P. Papadimitriou, N. Voulgaris, and K. Makropoulos (2017). Upper crust seismic
anisotropy study and temporal variations of shear-wave splitting parameters in the western Gulf of Corinth
(Greece) during 2013, Phys. Earth Planet. In., 269, 148-164, doi: 10.1016/j.pepi.2017.06.006.

Klein, E., Z. Duputel, F. Masson,., H. Yavasoglu, and P. Agram (2017). Aseismic slip and seismogenic coupling
in the Marmara Sea: What can we learn from onland geodesy? Geophys. Res. Lett., 44, https://doi.org/
10.1002/2017GL0O727717.

Lambotte, S., H. Lyon-Caen, P. Bernard, A. Deschamps, G. Patau, A. Nercessian, F. Pacchiani, S. Bourouis, M. Drilleau,
and P. Adamova (2014). Reassessment of the rifting process in the western Corinth rift from relocated seismicity,
Geophys. J. Int., 197, 1822-1844, doi: 10.1093/gji/ggu096.

Lange, D., Kopp, H., Royer, JY. et al. (2019). Interseismic strain build-up on the submarine North Anatolian Fault
offshore Istanbul, Nat Commun 10, 3006, https://doi.org/10.1038/s41467-019-11016-z.

16


https://www.researchgate.net/profile/Jochen-Woessner/publication/271825689_Coupled_Seismogenic_Geohazards_in_Alpine_Region/links/554b0f770cf29752ee7c38fb/Coupled-Seismogenic-Geohazards-in-Alpine-Region.pdf
https://doi.org/10.1002/2017GL072777
https://doi.org/10.1002/2017GL072777
https://doi.org/10.1038/s41467-019-11016-z

Near Fault Observatories in Europe

Makropoulos, K., G. Kaviris, and V. Kouskouna (2012). An updated and extended earthquake catalogue for Greece
and adjacent areas since 1900, Nat. Hazards Earth Syst. Sci., 12, 1425-1430, doi:10.5194/nhess-12-1425-2012.

Marmureanu, A., C. Ionescu, B. Grecu, D. Toma-Danila, A. Tiganescu, C. Neagoe, V. Toader, I.- G. Craifaleanu, C. S.
Dragomir, V. Meita, et al. (2021). From National to Transnational Seismic Monitoring Products and Services
in the Republic of Bulgaria, Republic of Moldova, Romania, and Ukraine, Seismol. Res. Lett., 92, 1685-1703,
doi: 10.1785/0220200393.

Marmureanu, G., Cioflan, C. O., Marmureanu, A. (2011). Intensity seismic hazard map of Romania by probabilistic
and (neo) deterministic approaches, linear and nonlinear analyses, Rom. Rep. Phys, 63, 1, 226-239.

Martinez-Garzon, P., M. Bohnhoff, D. Mencin, G. Kwiatek, G., Dresen, K. Hodgkinson, M. Nurlu, F. T. Kadirioglu and
R., F. Kartal (2019). Slow strain release along the eastern Marmara region offshore Istanbul in conjunction
with enhanced local seismic moment release, Earth Planet. Sci. Lett., 510, 209-218, doi.org/10.1016/j.epsl.
2019.01.001.

Martinez-Garzon, P., V. Durand, S. Bentz, G. Kwiatek, G. Dresen, T. Turkmen, M. Nurlu, and M. Bohnhoff (2021). Near-
Fault Monitoring Reveals Combined Seismic and Slow Activation of a Fault Branch within the Istanbul-Marmara
Seismic Gap in Northwest Turkey, Seismol. Res. Lett., XX, 1-14, doi:10.1785/0220210047.

Massin, F., J. Clinton and M. Bose (2021). Status of Earthquake Early Warning in Switzerland, Front. Earth Sci.,
9:707654, doi: 10.3389/feart.2021.707654

McNeill L. C. and the IODP Expedition 381 Participants (2018). Drilling the Corinth Rift: Resolving the detail of
active rift development. Preliminary Results. European Geosciences Union (EGU) General Assembly, 8-10 April,
2018, Vienna, Austria.

Miller, S. A. (2013). The role of fluids in tectonic and earthquake processes, In Advances in geophysics, 54, 1-46, Elsevier.

Pacchiani, F. and H. Lyon-Caen (2010). Geometry and spatio-temporal evolution of the 2001 Agios Ioanis earthquake
swarm (Corinth rift, Greece), Geophys. J. Int., 180, 59-72.

Panagiotis E. and P. Briole (2018). Ground deformations in the Corinth rift, Greece, investigated through the means
of SAR multitemporal interferometry, Geochem. Geophys. Geosys. 19, 4836-4857,d0i:10.1029/2018GC007574.

Parsons, T. (2004). Recalculated probability of M7 earthquakes beneath the Sea of Marmara, Turkey, J. Geophys. Res.
Solid Earth, 109 B5. https://doi.org/10.1029/2003]B002667. BO5304.

Ross, Z. E., D. T. Trugman, E. Hauksson and P. M. Shearer (2019). Searching for hidden earthquakes in Southern
California, Science, 364, 6442, 767-771, doi: 10.1126/science.aaw6888.

Ruiz S. M. Metoisa, A. Fuendaliza, J. Ruiz, F. Leytorn, R. Grandin, C. Vigny, R. Madariaga and ]. Campos (2014). Intense
foreshocks and a slow slip event preceded the 2014 Iquique Mw 8.1 earthquake, Science, 345, doi: 10.1126/
science.1256074.

Satriano, C., L. Elia, C. Martino, M. Lancieri, A. Zollo and G. Iannaccone (2011). PRESTo, the earthquake early warning
system for Southern Italy: concepts, capabilities and future perspectives, Soil. Dyn. Earthquake. Eng., 31, 2,
137-153, doi 10.1016/j.s0ildyn.2010.06.008.

Serpelloni, E., M. Anzidei, P. Baldi, G. Casula and A. Galvani (2006). GPS measurement of active strains across the
Apennines, Ann. Geophys., 49, 1, 319-329, doi:10.4401/ag-5756.

Strollo, A., D. Cambaz, J. Clinton, P. Danecek, C.P. Evangelidis, A. Marmureanu, L. Ottemoller, H. Pedersen, R. Sleeman,
K. Stammler, D. Armbruster, J. Bienkowski, K. Boukouras, P.L. Evans, M. Fares, C. Neagoe, S. Heimers, A. Heinloo,
M. Hoffmann, P. Kaestli, V. Lauciani, J. Michalek, E.O. Muhire, M. Ozer, L. Palangeanu, C. Pardo, ]. Quinteros,
M. Quintiliani, ].-A. Jara-Salvador, J. Schaeffer, A. Schloemer and N. Triantafyllis (2021). EIDA: The European
Integrated Data Archive and Service Infrastructure within ORFEUS, Seism. Res. Lett., 92, 3, 1788-1795, doi:
10.1785/0220200413

Supino, M., G. Festa and A. Zollo (2019). A probabilistic method for the estimation of earthquake source parameters
from spectral inversion: application to the 2016-2017 Central Italy seismic sequence, Geophys. J. Int., 218,
2,988-1007

Swiss Seismological Service (SED) at ETH Zurich; (1983): National Seismic Networks of Switzerland; ETH Ziirich.
Other/Seismic Network. https://doi.org/10.12686/sed/networks/ch

Toader, V.-E., V. Nicolae, I.-A. Moldovan, C. Ionescu and A. Marmureanu (2021). A. Monitoring of Gas Emissions in
Light of an OEF Application, Atmosphere, 12, 26, doi:10.3390/atmos12010026.

Vadacca L., E. Casarotti, L. Chiaraluce and M. Cocco (2016). On the mechanical behaviour of a low-angle normal fault:
the Alto Tiberina fault (Northern Apennines, Italy) system case study, Solid Earth, 7, 1537-1549, doi:10.5194/
se-7-1537-2016.

17


http://doi.org/10.1016/j.epsl.2019.01.001
http://doi.org/10.1016/j.epsl.2019.01.001
https://books.google.com/books?hl=en&lr=&id=ZTtgEAAAQBAJ&oi=fnd&pg=PA218&dq=info:xIf_Xf4nkikJ:scholar.google.com&ots=V_ilhzo_pp&sig=-hwHqGO10ta-lS3AK4Juuk9qL4o
https://doi.org/10.1029/2003JB002667
https://doi.org/10.12686/sed/networks/ch

Lauro Chiaraluce et al.

Valoroso, L., L. Chiaraluce, R. Di Stefano and G. Monachesi (2017). Mixed-mode slip behavior of the Altotiberina low-
angle normal fault system (Northern Apennines, Italy) through high-resolution earthquake locations and
repeating events, J. Geophys. Res.: Solid Earth, 122, doi.org/10.1002/2017JB014607.

Veedu, D. and S. Barbot (2016). The Parkfield tremors reveal slow and fast ruptures on the same asperity, Nature,
532,361-365, doi:10.1038/nature17190.

Vuan, A., P. Brondi, M. Sugan, L. Chiaraluce, R. Di Stefano and M. Michele (2020). Intermittent slip along the
Alto Tiberina low-angle normal fault in central Italy, Geophys. Res. Lett., 47, e2020GL089039, doi.
0rg/10.1029/2020GL089039.

Waldhauser, F. and W. L. Ellsworth (2000). A double-difference earthquake location algorithm: Method and application
to the northern Hayward fault, California, Bull. Seism. Soc. Am., 90, 6, 1353-1368.

Wessels, R., G. ter Maat, G., E. Del Bello, L. Cacciola, F. Corbi, G. Festa, F. Funiciello, G. Kaviris, O. Lange, ]. Lauterjung,
R. Pijnenburg, G. Puglisi, D. Reitano, C. Ronnevik, P. Scarlato, L. Spampinato (2022) Transnational Access to
Research Facilities: an EPOS service to promote multi-domain Solid Earth Sciences in Europe, Ann. Geophys.,
65, 2, https://doi.org/10.4401/ag-8768

*CORRESPONDING AUTHOR: Lauro CHIARALUCE,
Istituto Nazionale di Geofisica e Vulcanologia, INGV, Italy

e-mail: lauro.chiaraluce@ingv.it

18


https://doi.org/10.1002/2017JB014607
http://doi.org/10.1029/2020GL089039
http://doi.org/10.1029/2020GL089039
https://doi.org/10.4401/ag-8768
mailto:lauro.chiaraluce@ingv.it

