N

N

An Atypical Shallow Mw 5.3, 2021 Earthquake in the
Western Corinth Rift (Greece)
Jiri Zahradnik, El Madani Aissaoui, Pascal Bernard, Pierre Briole, Simon
Buftéral, Louis de Barros, Anne Deschamps, Panagiotis Elias, Christos

Evangelidis, loannis Fountoulakis, et al.

» To cite this version:

Jifi Zahradnik, E1 Madani Aissaoui, Pascal Bernard, Pierre Briole, Simon Bufféral, et al.. An Atypical
Shallow Mw 5.3, 2021 Earthquake in the Western Corinth Rift (Greece). Journal of Geophysical
Research: Solid Earth, 2022, 127 (9), pp.e2022JB024221. 10.1029/2022JB024221 . hal-03781958

HAL Id: hal-03781958
https://hal.science/hal-03781958

Submitted on 28 Oct 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03781958
https://hal.archives-ouvertes.fr

'.) Check for updates

A G s

> SPACE SCIENCE

JGR Solid Earth

RESEARCH ARTICLE
10.1029/2022JB024221

Key Points:

e Seismic, geodetic and tide gauge
records in Corinth rift reveal a rare
shallow rupture (~0-5 km) on a
south-dipping offshore normal fault

e The shallow rupture was preceded,
triggered, and followed by
microearthquakes mostly occurring
deeper, on the detachment layer

e The causative fault is along-dip
segmented and rooted beneath
detachment as inherited from fault
interactions during the rift evolution

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

J. Zahradnik,
jiri.zahradnik @mff.cuni.cz

Citation:

Zahradnik, J., Aissaoui, E. M., Bernard,
P., Briole, P., Bufféral, S., De Barros,
L., etal. (2022). An atypical shallow
Mw 5.3, 2021 earthquake in the
western Corinth rift (Greece). Journal
of Geophysical Research: Solid Earth,
127, €2022JB024221. https://doi.
org/10.1029/2022]B024221

Received 16 FEB 2022
Accepted 2 SEP 2022

© 2022. American Geophysical Union.
All Rights Reserved.

An Atypical Shallow Mw 5.3, 2021 Earthquake in the Western
Corinth Rift (Greece)

Jifi Zahradnik! (2, El Madani Aissaoui?
Louis De Barros* (), Anne Deschamps*
Fountoulakis® (), FrantiSek Gallovi¢!
Ktenidou® (*, Sophie Lambotte? (), Olivier Lengliné®
Vladimir Plicka! (2] Alexis Rigo® (2, Zafeiria Roumelioti!’
Sokos!® (2, and Nicholas Voulgaris’

, Pierre Briole® (), Simon Bufféral’® (=,
, Christos P. Evangelidis® (), Ioannis
, George Kaviris” (2, Olga-Joan
, Mark Noble® (2,
, Efthimios

, Pascal Bernard?
, Panagiotis Elias®
, Vasilis Kapetanidis’
, Helene Lyon-Caen®
, Anna Serpetsidaki'

'Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic, 2Equipc de Sismologie, Institut de
Physique du Globe de Paris, Paris, France, *Laboratoire de Géologie, CNRS, Ecole Normale Supérieure, PSL University,
Paris, France, “Université Cote d’Azur, CNRS, Observatoire de la Cote d’Azur, IRD, Géoazur, Nice, France, *National
Observatory of Athens, Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing, Athens, Greece,
®National Observatory of Athens, Institute of Geodynamics, Athens, Greece, 'Section of Geophysics—Geothermics,
Department of Geology and Geoenvironment, National and Kapodistrian University of Athens, Athens, Greece, SEOST,
ITES, Université de Strasbourg, CNRS, Strasbourg, France, °Centre de Géosciences, MINES ParisTech, PSL University,
Fontainebleau, France, '’Department of Geology, University of Patras, Patras, Greece

Abstract Moderate-to-large earthquakes in rifts may occur on leading boundary faults or inner antithetic
faults. Here we show a rare case of the 2020-2021 seismic sequence in the Corinth rift, that culminated in
the shallow rupture of the antithetic fault, neither preceded nor followed by the leading fault rupture. The
hypocenter of the largest shock (Mw 5.3 of 17 February 2021) was located at ~8 km depth. However, seismic
waveform data, supported by satellite-geodetic and tide gauge measurements, pointed to rupture at shallow
depth (~3 km), where no earthquakes were previously observed. We show that the earthquake most probably
ruptured two orthogonal, conjugate fault segments: a weak nucleation phase occurred in the microseismically
highly active sub-horizontal detachment layer, followed — a few seconds later — by a larger, shallow moment
release on a high-angle, south-dipping normal fault. The latter is the Mornos offshore fault, antithetic to the
leading, north-dipping Psathopyrgos fault. Our study presents the first instrumental/observational evidence
of a very shallow Mw 5+ event in this rift — and one of the few reported worldwide. The depth limit of the
main shallow slip patch coincides with the expected crossing of the Mornos fault with the Psathopyrgos fault,
stressing the importance of fault segmentation and rooting inherited from the rift history. This unusual shallow
slip in a depth range with little background seismicity and few aftershocks needs to be further investigated by
dynamic modeling as a possible prototype of hazardous events in rift environments.

Plain Language Summary The Corinth rift is a key tectonic element in the Eastern Mediterranean,
separating mainland Greece from the Peloponnese. The rift is highly seismically active, yet geologically
complex and not fully understood. Between December 2020 and February 2021, thousands of small
earthquakes and two Mw > 5 events occurred there. Microearthquakes migrated in the rift on a subhorizontal
detachment layer, separating the brittle and ductile crust. Similar activity has been well known for decades.
However, the Mw 5.3 mainshock of February 17 was peculiar. While it nucleated at a depth of ~8 km on the
detachment, most of the slip occurred at unusually shallow depths of ~0-5 km. This major rupture segment,
well constrained by seismic, geodetic, and tide gauge data, is interpreted here as a rare shallow activation of a
south-dipping offshore western continuation of the Trizonia fault system. This continuation is most likely the
Mornos fault, lying opposite (antithetic) to the major north-dipping Psathopyrgos fault which outcrops on the
southern coast. The present complexity of these structures is a result of the tectonic evolution of the rift during
the last 0.4 Myr. The gained knowledge, supplemented by new offshore measurement techniques, will improve
seismic and tsunami hazard assessment.

1. Introduction

The crustal extension has a variety of forms depending on the involved lithospheric plates (oceanic and continen-
tal rifts, back-arc basins, orogen-collapse zones, distributed extensional faulting in high-topography regions, etc.).
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Earthquakes in extensional environments typically occur on normal faults; yet another mechanism is also often
encountered, such as strike-slip in transtensional shear zones. In rifts, major earthquakes are generally expected
to occur on segments of high-angle bordering faults that control rift evolution (Chéry, 2001; Ebinger et al., 2019).
However, during the rift development, the leading role can be transferred to other faults (Cowie et al., 2017; Ford
et al., 2016). Thus, the association of earthquakes with specific faults can be challenging, particularly offshore, in
the inner gulfs or seas of the rifts. The outstanding question is how various types of deformation (e.g., swarm-like
microseismicity on detachments, or earthquake sequences on steep faults) complement each other in the rifts.
In this paper, we address this question in one of the most active rifts of Europe — the Corinth rift in the Eastern
Mediterranean.

Before discussing the Corinth rift, we briefly review extensional zones in general, e.g., what types of seismicity
we may face and where large earthquakes could be generated. Extension in continental non-magmatic rifts takes
place in the form of brittle faulting and creep. Aseismic creep operates primarily in the lower crust (Doglioni
et al., 2015). A sub-horizontal, low-dip (<30°) transition layer of complex rheology is created between the lower
ductile and upper brittle crust, substantially assisted by mantle fluids (Le Pourhiet et al., 2003). This low-dip-an-
gle layer called detachment can host microearthquakes, often in swarms, e.g. in certain parts of the Apennines,
Italy (Waldhauser et al., 2021). The amount of extension accommodated by microearthquakes can be significant
(e.g., 30% of the geodetically measured extension in Taupo Rift in New Zealand, as shown by Mouslopoulou
et al., 2013). The physical nature of microearthquakes can be explained, for example, as Riedel's secondary shear
structures in a creeping zone (Lecomte et al., 2012). In metamorphic core complexes, the detachment zones are
exhumed, appearing as faults, e.g., the Simav detachment fault in Menderes graben (Oner & Dilek, 2011). Never-
theless, significant earthquakes rupturing low-angle normal faults (LANF) are uncommon and still under debate
(Styron & Hetland, 2014). Ide et al. (2011) reported a few LANF Mw > 6 earthquakes near the Pacific subducting
plate, possibly caused by stress rotation due to the Mw 9.0 2011 Tohoku earthquake. One segment of the complex
Ms 6.9 1980 Irpinia earthquake was also interpreted as LANF (Bernard & Zollo, 1989).

Moderate-to-strong earthquakes, requiring a sufficient fault-rupture length, are usually associated with high-angle
normal faults in extensional areas. Interactions among them are common, including joint activation of several
synthetic and antithetic faults. A typical example is the 2016 Apennines, Italy seismic sequence, with joint
involvement of the Vettore fault and the Norcia Antithetic fault (Figure 1c of Walters et al., 2018); their intersec-
tion might have determined the bottom limit of the slipped area at ~6 km depth. The steep faults may have roots
in the detachment layer (see Figure 4 of Waldhauser et al., 2021). Long faults in wide grabens can penetrate to the
lower crust as in the Tanganyika rift (Craig et al., 2011). In the long term, deep fault roots in creeping shear zones
may allow for stress loading of the shallow fault segments (Cowie et al., 2013; Kato et al., 2009). In the short
term, rupture can be initiated on a low-angle structure and propagate upwards on a high-angle fault (Braunmilller
& Nabélek, 1996). A horizontal rupture propagation along high-angle normal faults can dominate for M6+ earth-
quakes; an example is the Mw 6.3 Lesvos, Aegean earthquake of 2017 (Kiratzi, 2018), dynamically modeled by
Kostka et al. (2022). Fault interactions can also include a simultaneous or sequential rupture of conjugate faults,
as observed and theoretically justified for the Mw 6.6 Niigata-ken Chuetsu-Oki earthquake of 2007 (Aochi &
Kato, 2010).

Seismicity in shallow crustal layers of some extensional regions is low or absent, and physical reasons for such
quiescence are not always precisely known. For example, low seismicity has been documented in the uppermost
5 km of the Marangu basin in the Tanganyika rift (Lavayssiere et al., 2019) and the upper 1.5 km in the Taupo
rift, New Zealand (Mouslopoulou et al., 2013). On the contrary, aftershocks of recent normal-faulting (non-rift)
earthquakes in the Apennines, mentioned above, do not mark any substantial near-surface seismically silent
layer, and background seismicity during 2008-2020 in the Irpinia faults area (southern Italy) extended up to the
Earth surface (Picozzi et al., 2022). Although the sub-surface aseismic layers can participate in the rift extension,
e.g., via inelastic yielding (Kaneko & Fialko, 2011), their transition to brittle deformation is less understood. In
general, if a shallow layer operates in the velocity-strengthening mode, it may inhibit rupture nucleation but can
support a rupture growth from a nearby, perhaps deeper, velocity-weakening zone (Kaneko et al., 2010). In the
present paper, we demonstrate a practical example of how these processes may lead to the occurrence of a shallow
moderate earthquake in a previously quiescent upper part of a rift.
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1.1. Corinth Rift

The Corinth rift is an outstanding example of an extensional crustal structure in the Aegean region (Eastern
Mediterranean). It is an active half-graben with an inner gulf, separating the Peloponnese from mainland Greece.
It belongs to one of the most seismically active regions of the country, hosting historical M7 earthquakes and
instrumental events up to Mw 6.7 (Makropoulos et al., 2012; Stucchi et al., 2013). According to Griinthal and
Wahlstrom (2012), historical seismicity in the rift included two events of M7, namely in 1402 and 1889. Regard-
ing Mw 6.5-7.0, eleven of them occurred between 1580 and 1887, and two after 1900. The locations of histor-
ical events, shown in the inset of Figure 1, are only approximate, and cannot be associated with geologically
well-identified faults. For example, the M7 of 1889 was recently reinterpreted as Mw~6.5, which occurred
~60 km westward, outside the rift (Albini et al., 2017).

Other than moderate-to-large earthquake sequences, the Corinth rift has a rich microseismic (mostly swarm-like)
activity. The microseismicity of the rift has been precisely monitored for the last 20 years. Particularly the west-
ern Gulf of Corinth (WGoC) is covered by a dense network of the Corinth Rift Laboratory (CRL; http://crlab.
eu). The seismic activity, including more than 200,000 located events, is characterized by frequent earthquake
swarms (De Barros et al., 2020; Duverger et al., 2015, 2018; Kapetanidis, 2017; Kapetanidis et al., 2015; Kaviris
et al., 2017, 2018; Mesimeri et al., 2016; Pacchiani & Lyon-Caen, 2010). The swarms migrate below the gulf
and coastal areas. This seismicity is confined to a sub-horizontal detachment zone at depths of 5-10 km, slightly
dipping to the north, and the migration can be explained by pore-pressure diffusion (Bourouis & Cornet, 2009;
Lambotte et al., 2014), possibly combined with fluid-flow driven aseismic slip episodes (De Barros et al., 2020).
Regarding shallow aseismic slip in the Corinth rift, we have no information apart from a single observation of a
short-lived (30 minutes) transient slow-slip event in 2001 (Bernard et al., 2006).

In the WGoc, the surface fault traces could be extrapolated down to some seismic clusters at the detachment (see,
e.g., Figure 6.19 of Kapetanidis, 2017, or Figure 5 of Duverger et al., 2018). However, no systematic correlation
has been found between the microseismicity and the major high-angle normal faults bounding the rift. The main
reason is the absence of seismicity in the topmost 4 km of WGoC:; in the long term, the number of events shal-
lower than 4 km is less than 1%. Contrary to the swarm migrations and fluid effects on the detachment, referenced
above, this 4-km-deep seismically quiescent layer has remained to date practically uncommented in the existing
body of literature. This paper demonstrates its crucial significance.

Only two earthquake sequences within WGoC have so far enabled the investigation of likely causative faults: the
most recent destructive earthquake of Mw 6.3 in 1995, which caused 26 fatalities and damaged the city of Aigion
(Bernard et al., 1997), and the two major events (Mw 5.3 and 5.2) of the 2010 Efpalio sequence (Kapetanidis
& Papadimitriou, 2011; Sokos et al., 2012; see also Figure 5.16 of Kapetanidis, 2017). Their rich aftershock
sequences occurred at depths greater than 4 km. The 1995 mainshock (centroid depth 7.5 km) was interpreted as a
LANF aligned with the detachment layer (Bernard et al., 1997); the horizontal projection of the fault plane of the
1995 event is shown in Figure 1. The two 2010 earthquakes occurred on the northern coast of the gulf, near the
surface trace of the major rift-bounding, south-dipping Marathias fault. With centroid depths of 4.5 and 6.0 km,
the events appeared to have slip areas located slightly above the detachment zone. The Marathias fault was most
likely not the causative one; association with shorter faults in the region, parallel to Marathias, dipping both to the
north and south, were considered possible but such studies were inconclusive (Sokos et al., 2012).

The Psathpyrgos fault (Figure 1), marking the western termination of the rift, is a north-dipping, high-angle
normal fault, ~10 km long, outcropping on the southern coast, which controls the long-term tectonic evolution of
the western rift (e.g., Chéry, 2001; Ford et al., 2016; Palyvos et al., 2007). However, none of the instrumentally
observed moderate earthquakes in WGoC nor any of the major historical earthquakes of 1748, 1817, 1861, 1888,
and 1889, with estimated magnitudes from M5.9 to M6.7, were associated with this fault (Albini et al., 2017).

To summarize, in WGoC we do not observe recent seismic activity on shallow parts of the major rift-bounding
steep normal faults. In this respect, the Corinth rift differs from other extensional regions, e.g. the Apennines,
where microseismic activity on detachments coexists with the recently active high-angle normal faults, as
discussed in the preceding section. Most of the (abundant) activity of the last 20 years in WGoC is related to
the subhorizontal detachment zone at depths of ~5-10 km. The depths of 0—4 km appeared quiescent until the
most recent reactivation of the western rift, in 2020-2021, for which preliminary results (Kaviris et al., 2021)
indicated a possible rupture of the largest event of the sequence (Mw 5.3) at a very shallow depth, < 4 km. The
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Figure 1. The 17 February 2021 earthquakes in the western Corinth gulf. (a) Hypocenters of the mainshock (Mw 5.3,
blue), foreshock (Mw 4.2, red), and aftershock (Mw 4.3, green) are shown with stars, their uncertainty with samples of the
probability density function (the colored ‘clouds’), focal mechanisms by beachballs. Near seismic, GNSS, and tide gauge
stations are also shown (see legend). The epicenters of the 2010 Efpalio events (Mw 5.3 and 5.2, the blacks stars) and the
fault plane of the 1995 Aigion earthquake (Mw 6.3, the bold edge is the fault top) are included. Numerous small gray circles
depict the previous microseismic activity of 2000-2015 (Duverger et al., 2018), mapping the detachment layer. Faults

after Boiselet (2014). Upper inset: Historic seismicity after Griinthal and Wahlstrom (2012); the catalog starts at 1000 CE.
Lower inset: Broader area. (b) and (c) Vertical cross-sections passing through the mainshock hypocenter (projection of
microearthquakes + 4 km off profile). Uncertainty of centroid position is indicated by double-arrow in panel (b).

existence and characteristics of seismogenic structures at these shallow depths however remain unclear, which
demands in-depth multidisciplinary study. The goal of this study is to demonstrate a rare case of a moderate
earthquake in a long-term quiescent zone, located above the detachment. The observations can hopefully attract
the attention of experts in dynamic source modeling, thus yielding in the future a better understanding of this rare
phenomenon. Furthermore, this study may improve the understanding of seismic hazards in extension tectonic
areas.
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1.2. The Mw 5.3 Event of the 2020-2021 Seismic Crisis

Seismic activity at depths ~5-10 km in the western Corinth rift increased in 2020-2021. The spatiotemporal
behavior was analyzed by Kaviris et al. (2021) and Mesimeri et al. (2022). The crisis, involving thousands of
events, evolved in the form of three spatial groups and temporal stages, migrating through the WGoC. The
groups, defined in Kaviris et al. (2021), are shown in Figure S1 in the Supporting Information S1. The largest
event of Mw 5.3 occurred on 17 February 2021 (hereafter Feb17, for short). It was accompanied by only two
nearby events of Mw ~ 4, one foreshock and one aftershock, all occurring within two hours (Figure 1). The
earthquakes took place less than 20 km from Patras, the third largest city in Greece. They caused limited damage
to the highway and railroad connecting the cities of Patras and Aigion, due to ground subsidence on the hang-
ing wall of the Psathopyrgos fault. Thus, fundamental questions arise as to whether the Mw 5.3 earthquake of
Feb17 ruptured part of the nearby Psathopyrgos fault, or was rather related to other structures, e.g. antithetic,
south-dipping faults in the Gulf, like the Marathias or Trizonia fault systems, shown in Figures 1 and 2 (Beckers
et al., 2015; Bell et al., 2008, 2009; Lambotte et al., 2014; Moretti et al., 2003; Palyvos et al., 2005). Such ques-
tions are of major importance for seismotectonic and seismic hazard studies, given that the Psathopyrgos fault is
in its late interseismic phase, as determined by Boiselet (2014).

As indicated by Kaviris et al. (2021), although the hypocenter was located at a depth of ~8 km, on the detachment,
both the Global Navigation Satellite System (GNSS) data and the seismic data (i.e., centroid position) pointed to a
major slip occurring at a shallower depth of <4 km. In the moment-tensor catalog of the University of Patras for
the WGoC (Serpetsidaki et al., 2016, 2021), from 2006 to 2020 (before the crisis), only three events of Mw > 4.5
had centroid depth shallower than 5 km. In general, only a few earthquakes of Mw ~ 5 worldwide, and not only
in normal-faulting systems, have their slip localized at shallow depths ~0-5 km (e.g., Champenois et al., 2017,
Delouis et al., 2021; Ellsworth et al., 2019; Figueiredo et al., 2022; Liu & Zahradnik, 2020; Lépez-Comino
et al., 2016; Wei et al., 2013). As some of them are shallow due to anthropogenic (triggered/induced) origin, the
causative structures responsible for the very shallow slip of the natural Feb17 event above the rift detachment are
worth studying. Compared with other earthquake sequences in WGoC, the low aftershock productivity of Feb17
is also uncommon. This sequence included ~5 times fewer M > 2 aftershocks than the sequences following the
Mw 5.0 event of 7 November 2014, offshore Aigion (Kaviris et al., 2018) and ~12 times fewer than those follow-
ing the Mw 5.3 event of the 2010 Efpalio sequence.

Despite the abundant data provided by the CRL network, the association of the Feb17 event with one or more
causative faults is challenging. Using all available data — including seismic waveforms, GPS, InSAR, and tidal
gauges — we attempt to establish the rupture characteristics of the mainshock to assess a comprehensive picture of
this atypical earthquake and its structural relationship with the rift fault system and the detachment layer.

The paper is structured as follows: A point-source modeling of the mainshock is carried out, yielding incon-
sistency between the relatively deep hypocenter, shallow centroid, and normal focal mechanism. To resolve the
inconsistency, two-segment faulting is proposed involving both nodal planes, with weak nucleation at depth and
a major moment release near the surface. Additional observational evidence and modeling are used to validate
the model, including Empirical Green's Function modeling, backprojection, GNSS, Synthetic Aperture Radar
Interferometry (InSAR), tide gauge data, Coulomb stress transfer, and microseismicity. Then, we correlate the
proposed shallow causative fault with known structures of the Gulf. Finally, we discuss broader aspects of the
Corinth rift faulting.

2. Seismic Single-Fault Model
2.1. Basic Data and Methods

Seismic data employed in this section consist of arrival times and full waveforms from local and near-regional
networks comprising broadband, strong-motion, and short-period sensors. For the location of the mainshock and
Mw 4 events, we manually re-picked P and S waves at 26 stations within distances of 27 km. The events were
located with the probabilistic Oct-Tree method implemented in the NonLinLoc code (Lomax et al., 2001). The
mainshock waveforms were analyzed at 13 stations at distances of 7 to 59 km; strong-motion records were used
at stations where the collocated broadband sensor data was clipped. We employed the local 1D velocity model
of Rigo et al. (1996), hereafter denoted as R-model; see Figure S1 in the Supporting Information S1. The model
is based on seismic travel times and has been used in most previous earthquake studies of the region. Centroid
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Figure 2. A two-segment source model of the mainshock. (a) Possible subevents Subl and Sub2 as found from a grid search of subevent pairs along an oblique trial
line A-A’. The subevents (circles) at the trial source positions 1-8 are scaled with the moment and colored with the time of the peak moment rate. The individual
subevent pairs are marked by the dashed lines with arrows that connect Subl and Sub2 of the alternative pairs; one of the subevent pairs is denoted by beachballs.
Epicenter is denoted by star. (b) Conceptual view of an initial minor stage, Subl (cyan), on a low-angle north-dipping plane near hypocenter (star), and a later major
stage, Sub2 (magenta), on a high-angle south-dipping plane near the surface. The two planes are conjugated. (c) The same model in a vertical cross-section and properly
rotated beachballs; seismicity up to +2 km off the section. (d) The moment-rate function (full line) with contributions of the two subevents (Subl cyan, Sub2 magenta).
Also included in panels (a) and (c) is seismicity plotted with equal-sized small circles, i.e., the spatial group #3 of Figure S1 in the Supporting Information S1.

This group has been defined in Figure 4 of Kaviris et al. (2021) and was mainly activated in the period of 17-28 February 2021. The subhorizontal seismo-active
structure in panel (c) is the detachment layer. Major faults are included after Boiselet (2014), except the Mornos fault, which is plotted schematically following figure
9.1 of Beckers (2015) and will be in-depth analyzed later in Figure 9. Bathymetry from the European Marine Observation and Data Network (EMODnet), see Data

Availability Statement.

moment tensors (CMTs) were calculated with the Isola software (Sokos & Zahradnik, 2013; Zahradnik &
Sokos, 2018). Isola inverts full displacement waveforms for a point-source moment tensor (MT) by the weighted
least-squares method. Various weighting schemes are used, e.g., weights dependent on epicentral distance,
including total removal of a single station or their groups (randomly or systematically), and variations in the
results contribute to the assessment of the uncertainty of the focal mechanism. The MT can be full, deviatoric,
or DC-constrained. A grid search of the centroid is made in space and time, using various grids. As the centroid
position (C) is calculated independently of the hypocenter (H), their relative position is useful in identifying
which nodal plane is the fault plane (the H-C consistency concept; Zahradnik et al., 2008). The consistency means
that if we construct nodal planes passing through the hypocenter, the centroid should be situated in one of the two
planes, or at least closer to one plane than to the other. The concept works well mainly for precisely located M > 6
events with a significant (~10 km) distance between H and C. In this paper, the H-C concept is used rather as
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an indication, because the magnitude is smaller. The Isola software also includes tools for multiple-point source
inversion, which will be discussed later.

2.2. Hypocenter

The Feb17 mainshock, located with the R-model, is at 21.94°E, 38.36°N, depth 7.9 km, with uncertainties of
+0.6 km and +1.6 km in the horizontal and vertical direction, respectively; the origin time is 03:36:06 UTC.
The uncertainties correspond to the 68% confidence ellipsoid fitted to the samples of the probability density (the
samples form the ‘clouds’ plotted in Figure 1). For the ellipsoid, see Figure S4 of Kaviris et al. (2021). Hereafter,
the likely hypocentral depth range of ~6—10 km, also valid for the largest foreshock and aftershock, is referred
to as ‘deep’.

2.3. Centroid

For a robust first approximation of the mainshock point-source model, we search for the centroid depth in a
vertical grid below the epicenter, in the depth range of 1.5-8.5 km (Figure S1 in the Supporting Information S1),
using the frequency range of 0.05-0.10 Hz at all stations. Here, the low-frequency limit is dictated by noise. The
high-frequency limit of 0.10 Hz is chosen to reduce the effects of the imprecision of the velocity model; it means
that in this range the departures of the model from real structure produce smaller waveform misfits than at higher
frequencies. Indeed, the inaccuracy effect increases with the increasing ratio between the epicentral distance and
shortest wavelength (e.g., Hallo & Gallovi¢, 2016; Zahradnik & Sokos, 2018). For better understanding, consider
an example: with the minimum shear velocity of 2.7 km at the topmost 4 kilometers in the R-model, the shortest
shear wavelength is 27 km, and thus the most distant station (59 km) is at only 2.2 shortest wavelengths from the
source.

The waveform fit of the deviatoric MT model is satisfactory (global variance reduction from 13 stations
VR = 0.88). The MT features a high double-couple (DC) part, DC > 90%. Waveform data indicate centroid
depths of ~1-4 km, a scalar moment ~1.0 X 10'7 Nm (Mw = 5.3), and a focal mechanism with the strike/dip/rake
angles in the range of (260°-290°)/(30°-40°)/(-100° to —80°), respectively. This uncertainty of the focal mecha-
nism reflects varying trial depths and weighting schemes of the stations. The single solution reported by Kaviris
et al. (2021), i.e., 266°/33°/-104°, conjugate with 103°/58°/-81°, is consistent with the indicated uncertainty
range. This solution also fits most of the first-motion polarities. Analogous parameters can be obtained with a
100% DC-constrained MT inversion. At trial centroid depths near the hypocenter, the waveform fit deteriorates,
and DC is below 50% (Figure S1 in the Supporting Information S1). A normal-faulting mechanism was also
reported in the Global Centroid Moment Tensor, GCMT catalog (see Data Availability Statement).

A second approximation of the point-source model is searched in a series of 2D grids (5 X 5 points distributed
horizontally with a 2-km step, centered below the epicenter), repeatedly applied at depths between 1.5 and 8.5 km
with a 1-km step. Here, we use frequencies up to 0.1 Hz at ‘distant’ stations, between 26 and 59 km, and up to
0.2 Hz at ‘near’ stations at distances smaller than 26 km, to improve the spatial resolution. The best-achieved
waveform fit is still satisfactory (VR = 0.78), the preferable depth being 1.5 or 2.5 km. The best-fitting horizon-
tal position of the centroid is at the epicenter, or within +1 km (Figure S1a in the Supporting Information S1).
The location of the centroid above the hypocenter indicates an H-C inconsistency. If we construct nodal planes
passing through the hypocenter, the centroid is off the two planes (Figure S1c in the Supporting Information S1).
Therefore, a simple interpretation of the mainshock with both H and C lying in a single nodal plane (i.e., the fault
plane) is hardly admissible. As such, the data cannot be explained with the rupture nucleating at H, propagating
along a nodal plane, and evolving to a major slip at C on the same nodal plane.

3. Seismic Two-Fault Model

To alleviate the discrepancy between the hypocenter, centroid, and nodal planes, in the following we propose
that the Feb17 mainshock consisted of two fault segments, as shown in Figure 2. We shall try to quantitatively
support this ad-hoc (or on-purpose) hypothesis by modeling multi-parametric observations, starting with seismic
data. We assume that both nodal planes are activated during the mainshock; the rupture process starts close to
the ‘deep’ hypocenter on the north-dipping plane (the cyan area in Figure 2b) and ends with the major moment

ZAHRADNIK ET AL.

7 of 26

85U017 SUOWWOD @AIEaI 3(dedl|dde auy Ag peusenoh ae ssjolie VO ‘8sN JO s3I 10} ArIq1T 8Ul|UO /8|1 UO (SUOPUOD-PUR-SULIBY/LIOD™A8 | 1M ARe.q 1 [BU 1 [UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[2202/0T/82] uo ArigiTauluo A8 1IM ‘NSNISINDA!E [fwod Ad TZzi208r2z02/620T 0T/10p/uod A8 im Areiqijeuliuosgndnbe;/sdny wouy pepeojumoq ‘6 ‘2202 ‘9566912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/20227B024221

release on the south-dipping plane at ‘shallow’ depths, near the epicenter (the magenta area in Figure 2b). The
northward and southward dip of the planes will be justified later; it is not critical here as we consider the point
sources.

The model is tested in the Isola software using multiple-point source (MPS) modeling of near-regional wave-
forms; specifically, we apply a joint inversion for subevent pairs and their moment-rate functions (see Appendix
of Zahradnik & Sokos, 2014). The source is parametrized with two points of given focal mechanisms. Here-
after, both have the same 100% DC focal mechanism based on our CMT. Moment-rate functions of the point
sources are expressed as sets of shifted elementary functions (e.g., triangles) whose weights are calculated by
the non-negative least squares method (Lawson & Hanson, 1974). Waveform fit at all stations is simultaneously
optimized by systematically inspecting all possible pairs of points on a spatial grid. The method provides a suite
of pairs with nearly equally good waveform fit. For methodical details and a recent application of the method,
see Liu and Zahradnik (2020). As the MPS inversion needs higher frequencies than CMT, it requires additional
constraints. For this purpose, the total CMT moment value is kept fixed and trial source positions are searched on
aline grid. The individual moments, positions, and moment-rate time functions of the two subevents are left free.

3.1. Subevent Pairs

We tested several geometrical configurations of trial source positions and frequency ranges to obtain robust
results. Here we present an oblique trial source line that lies in the plane with strike/dip = 100°/60° and is orthog-
onal to the strike of the focal mechanism. The line is discretized with 8 grid points and 1-km steps, spanning
depths from 0.6 km (trial point 1) to 6.7 km (trial point 8); see Figure 2a. To resolve the two sources, we inverted
waveforms up to 0.1 and 0.3 Hz at the ‘distant’ and ‘near’ stations, respectively. Modeling frequencies higher
than 0.3 Hz would need a more precise velocity model. In Figure 2a, we present a suite of subevent pairs that all
provide a waveform fit within a 10% threshold relative to the optimal fit. In this suite, representing the model
uncertainty, the following features can be identified: (a) An early weak rupture appears at depth (trial points 5-8);
as the waveform fit does not significantly prefer any of these grid points, the early stage has a poor spatial reso-
lution. This initial episode is hereafter referred to as subevent 1 or Subl. (b) A relatively well-resolved late and
large moment release occurs near the surface at trial points 2-3, called Sub2. (¢c) The moment ratio Sub1/Sub2
of the indicated pairs (Figure 2a) is 0.22—0.30. (d) When constraining the moment of Subl1 to zero, Sub2 remains
at its shallow position. As an example, one of the possible pairs (subevents 1 and 2 at depths of 5.8 and 1.5 km,
respectively) is shown in Figure 2 by beachballs; the moment ratio Sub1/Sub2 = 0.23. Resolved moments of Sub1
and Sub2 correspond to Mw 4.8 and 5.2, respectively. The waveform fit for this model is illustrated in Figure
S2a in the Supporting Information S1. This is a tentative model supporting our two-segment hypothesis, where
Sub2 is better constrained than Subl. When removing Subl, waveform fit is only slightly worse (Figure S2b in
the Supporting Information S1). The situation is similar to that in Figure 4 of Frietsch et al. (2021) who note that
visual comparison of waveforms for single-fault and two-fault models is not very efficient when one of the subev-
ents is significantly greater than the other. It means that our waveform data do not necessarily require the Subl
but they allow for its presence at depth, which was strongly suggested by the hypocenter location. However, when
modeling our earthquake with just a single patch constrained to the depth of 7.5 km, waveform fit is significantly
worse due to the absence of the dominant shallow moment release (Figure S2¢ in the Supporting Information S1).

The moment-rate function is demonstrated in Figure 2d. The time function is calculated as a linear combination
of delta functions with non-negative weights. With the maximum frequency of 0.3 Hz, each delta function is
approximately equivalent to a triangle of an effective duration T, where 0 < T < 3 s. The largest weights deter-
mine the individual source episodes. For instance, Figure 2d shows an early, relatively weak rupture of the deep
trial point 7, close to t = 0.5 s (relative to origin time at t = 0), followed by two larger moment-release episodes
in shallow point 2 at t ~2 and 3 s. For illustration, we plotted the moment rate as superposed from triangles with
T =1 s, thus estimating the duration as 3.5 s.

3.2. Fault Planes

In our waveform modeling, both proposed point-source subevents have the same focal mechanism, that of the
CMT. There was no reason to propose mixed-type faulting. Mixed faulting styles may include, for example,
superposition of strike-slip and normal faulting (Hallo et al., 2017; Tinti et al., 2021), or strike-slip and reverse
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faulting (e.g., Hallo et al., 2019; Liu & Zahradnik, 2020; Sokos et al., 2020). They are often indicated by large
compensated-linear-vector-dipole (CLVD) components, which is not our case, as we obtained the deviatoric
CMT with DC ~100%. To keep the same normal-faulting focal mechanism of the subevents, but to respect
their different depths, we propose that Subl and Sub2 ruptured the conjugate nodal planes, i.e., the low-dip
and high-dip planes, respectively, as shown by the cyan and magenta small surfaces plotted in Figure 2b. The
reasons for this assumption are: (a) Geometrically, the best-fitting planar approximation of many foci situated on
the Corinth Rift detachment was found to agree with the low-angle nodal planes (Rietbrock et al., 1996). (b) A
low-angle fault plane has been preferred for the Mw 6.3 Aigion 1995 earthquake, with hypocentral and centroid
depths of 10 and 7.2 km, respectively (Bernard et al., 1997). (c) Comparing our CMT nodal planes with the
nearby high-angle north-dipping Psathopyrgos fault and the low-angle detachment (Figure 2c), the latter is more
likely at the assumed deep position of Subl. (d) The low-angle nodal plane of Subl passes near the hypocenter,
thus meeting the H-C consistency criterion in the initial rupture stage. 5) The high-angle south-dipping plane of
Sub2 is acceptable at shallow offshore depths in the studied region (De Barros et al., 2020).

4. Finite-Extent Model of the Shallow Slip
4.1. Apparent Source Time Functions (ASTFs)

Finite-source signatures of the major near-surface rupture (Sub2), that appear in waveforms at relatively high
frequencies (~1 Hz) cannot be resolved by synthetic modeling. At these frequencies, we would need a more
precise velocity model than available. Instead, for a finite-extent source model, we apply the empirical Green's
functions method, EGF (Figure 3). As opposed to common frequency-domain deconvolution methods, we
work fully in the time domain. At each station, the mainshock record is expressed as a weighted linear combi-
nation of records of a small event, the so-called EGF event. The apparent source time function (ASTF), or
moment-rate time function, having the same area (i.e., total seismic moment) at all stations, is parametrized with
equally shifted triangles. The weights are calculated by a non-negative least-squares inversion of waveforms, as
shown in Figure S3 of the Supporting Information S1. Our inversion is performed on band-pass filtered wave-
forms in the range of 0.1-1.0 Hz and the duration of the triangles is set to 1 s. The used low-frequency limit is
dictated by noise in the EGF event, and the high-frequency limit compromises the space resolution and stability
of the subsequent inversion of ASTF for slip. Finding a suitable EGF event is a challenge because seismic-
ity around Feb17 was lower than during the previous stages of the 2020-2021 activity. Fortunately, there is a
nearby, normal-faulting foreshock, Mw 4.2 (20210217, 02:33, 21.9479°E, 38.3632°N, hypocenter depth 8.9 km,
strike/dip/rake = 255°/39°/-105°, Figure 1). Employing this EGF event, the inferred ASTFs, shown in Figure 3a,
reveal a clear azimuthal variation. Minimum durations and maximum amplitudes are encountered in the azimuths
NS8O°E - N100°E, suggesting an eastward source directivity. It means that Feb17 is directive in the horizontal
direction, as analogously observed in other normal-faulting environments, e.g., in the Apennines (Calderoni
et al., 2017; Pacor et al., 2016; Pino & Mazza, 2000). The mean ASTF duration of 3.3 s is compatible with the
previous estimate from the MPS modeling.

4.2. Slip Distribution

Further, these ASTFs are inverted into a slip-distribution model using the method of Mori and Hartzell (1990)
and the STF inversion code of Dreger (1994). A predefined planar fault is divided into uniform subfaults. The
slip-rate function of each subfault is a triangle of predefined duration (rise time, 7). Slip at each subfault is calcu-
lated under the assumption that the rupture propagates radially from the specified nucleation (initiation) point,
at a constant speed Vr. Values of Vr and rise time t are searched to optimize the match between observed and
synthetic ASTFs, which is quantified by variance reduction. We assume a fault much larger than the assumed slip
patch, i.e. 19 x 15 km along strike and dip, respectively, gridded with 1 X 1 km subfaults.

As a preliminary step, in Figure S4 of the Supporting Information S1 we first test both geometries inferred by our
CMT solution, i.e. the north- and south-dipping faults. The two faults are passing through the hypocenter (depth
7.5 km), and rupture is initiated at that point. The largest variance reduction is achieved for Vr = 2.7 km/s and
7 = 1.0 s, almost identical for both tested planes (VR ~ 0.94). The ASTFs inversion provides slip weights for the
considered subfaults, which are converted to slip values using a prescribed seismic moment (in our case the CMT
moment of 1.0 X 10'” Nm). In the tested models, ~90% of slip appears concentrated in an area of ~30 km? with

ZAHRADNIK ET AL.

9 of 26

85U017 SUOWWOD @AIEaI 3(dedl|dde auy Ag peusenoh ae ssjolie VO ‘8sN JO s3I 10} ArIq1T 8Ul|UO /8|1 UO (SUOPUOD-PUR-SULIBY/LIOD™A8 | 1M ARe.q 1 [BU 1 [UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[2202/0T/82] uo ArigiTauluo A8 1IM ‘NSNISINDA!E [fwod Ad TZzi208r2z02/620T 0T/10p/uod A8 im Areiqijeuliuosgndnbe;/sdny wouy pepeojumoq ‘6 ‘2202 ‘9566912



A~y
NI Journal of Geophysical Research: Solid Earth 10.1029/2022JB024221

ADVANCING EARTH
AND SPACE SCIENCE

a) b)

0
Gkm
r
24
45 2
SERG 18 /g
DLFA 5 S
90 27 2
9 @
LTK 6
135 8
GUR 0
KLV1 2
LAKA o
180 £
5
£
DRO <
225
UPR
AXS
38.5° 1 I 38.5°
B 270
AGRP
PVO
315
38° 1 ) ) - 38°
ANX A Accelerometer o C:
360 A seismometer d
40 km
time (s) 21.5° 22¢ 22.5° 23°

Figure 3. Finite-extent modeling of the shallow rupture. (a) Apparent source time functions, ASTFs, for frequencies up to 1 Hz derived by the empirical Green's
function method, EGF (full black lines). Azimuthal variation of the durations around a ~3-second mean is well fitted by an eastward-directivity model (the green cosine
curve and the arrow pointing to the directive azimuth of ~90°). (b) Slip patch derived by inverting the ASTFs on a south-dipping plane (the Sub2 plane of Figure 2b).
The mean slip is ~15 cm. The model has been constrained by the CMT solution to have the center of the patch (centroid) situated at a shallow depth below the epicenter
(E). The small star on the fault depicts the inferred (possibly formal) shallow rupture initiation point. The short white arrow between the small star and the patch center
in panel b is a schematic of the source directivity. The large star marks the hypocenter (H). Synthetic ASTF's for this model are shown in panel a (dashed red lines). (c)
The employed seismic stations.

a mean slip close to 15 cm. In both slip distributions, the slip appears mostly to the east of the hypocenter and is
confined at depths larger than ~6 km. This solution with a deep slip thus contradicts the well-constrained shallow
centroid depth of the CMT, so the hypothesis of a rupture initiation at the hypocenter should be rejected. It means
that the dominant, radiative part of the rupture could not simply expand near the hypocenter.

A more realistic model (than that in Figure S4 of the Supporting Information S1) can be obtained when consid-
ering that this slip inversion method only reveals a slip distribution relative to the adopted nucleation point, as
the mainshock and EGF event records are aligned to their first-arrival times. Thus, to the first order, shifting
the nucleation point results in shifting the slip pattern as a whole, keeping their relative position accordingly.
Therefore, as a second step, we apply the prior CMT constraint of the shallow centroid above the hypocenter. We
cannot improve the waveform fit compared to the preliminary step but can obtain the same fit (VR = 0.94) with
slip distributed at shallow depths ~0-5 km. To this goal, we assume a nucleation point at a mid-depth, 2.5 km,
see the small star in Figure 3b. Now we satisfactorily fit the observed ASTFs (VR = 0.94 in Figure 3a), while
the resulting slip is distributed at depths 0-5.5 km, consistent with the shallow centroid depth. The eastward shift
of the patch relative to the nucleation point (Figure 3b) explains the observed azimuthal variation of the ASTFs
(directivity). The split of the slip patch in two maxima is probably an artifact due to the effect of the weak initial
Subl, which cannot be removed from the inverted ASTFs.

It is noted that the shallow nucleation point in Figure 3b is not the earthquake hypocenter, but a point that we
inferred as a suitable representation of the initiation of the shallow rupture, Sub 2. We can consider that point

ZAHRADNIK ET AL. 10 of 26

85U017 SUOWWOD @AIEaI 3(dedl|dde auy Ag peusenoh ae ssjolie VO ‘8sN JO s3I 10} ArIq1T 8Ul|UO /8|1 UO (SUOPUOD-PUR-SULIBY/LIOD™A8 | 1M ARe.q 1 [BU 1 [UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[2202/0T/82] uo ArigiTauluo A8 1IM ‘NSNISINDA!E [fwod Ad TZzi208r2z02/620T 0T/10p/uod A8 im Areiqijeuliuosgndnbe;/sdny wouy pepeojumoq ‘6 ‘2202 ‘9566912



~I1
A\-"Ul Journal of Geophysical Research: Solid Earth 10.1029/2022JB024221
AND SPACE SCIENCE
385 as a ‘second hypocenter’ (in analogy with Gallovi¢ et al., 2020), but in the
) Feb17 event, it cannot be reliably detected in seismograms. Thus, compared
38450 to the relatively well-constrained horizontal position of the centroid from the
CMT inversion (~ center of the slip patch), the existence and position of the
proposed shallow nucleation point (the small star in Figure 3b) at ~1 km
i WNW of the centroid cannot be independently validated.
3 3835
= 4.3. Coulomb Stress
3 383 bars To justify the shallow slip of the Feb17 event, we analyze in Figure 4 the
15 static Coulomb stress transfer ACFS. We use the code Coulomb3.4 (Lin &
Stein, 2004; Toda et al., 2005, 2011) and calculate ACFS = At + p Ao,
8251 1 where At is the shear stress change (positive in slip direction), Ac is the
normal stress change (positive for unclamping), and p is the friction coeffi-
382 : : . : : : : cient. We assume an elastic half-space characterized by the standard values
218 2185 219 2195 22 2205 221 2215 222 | |os ) - o -
Longitude (°) of Poisson's coefficient, Young's modulus, and the friction coefficient of
385 i i i i i i i 0.25, 8 x 10° bars, and 0.4, respectively, together with the regional stress
B) 10 field for the Corinth Gulf area (Kassaras et al., 2016). Two causative faults
38450 are considered: (A) The stress-generating fault is the fault of the Mw 5.0
105 earthquake of 12 12 January 2021 — the largest event of the crisis on the
northern coast, i.e., the second biggest magnitude event during the crisis. The
384 fault model of this event is represented in Figure 4a, as proposed in Figure S2
o L of Kaviris et al. (2021). (B) The stress generating fault is the deep nucleation
-538.35- segment Subl of our Sub1-Sub2 model.
§ ' We proceed in three steps. First, in Figure 4a, the Coulomb stress due to
383 fault A is resolved at optimally oriented normal faults at the depth of 2 km.
Irrespective of the exact position and geometry of the target fault, elevated
38250 stresses are indicated near the epicenter. Second, we use the same generating
fault (A) and consider receiving fault Sub2, with its position, size, and focal
mechanism. This gives the Coulomb stress of ~0.3 bars on Sub2. Third, in

382 . . . . . . .
218 21.85 219 2195 22 2205 221 2215 222
Longitude (°)

Figure 4. The Coulomb stress transfer. (a) The Coulomb stress (bars)

due to the Mw 5.0 earthquake of January 2021 (fault 0), resolved at
optimally-oriented normal faults at depth of 2 km. Rectangles 1 and 2 depict
subevents Subl and Sub2 of the February 17 mainshock. (b) The Coulomb
stress (bars) due to Subl, resolved on the assumed fault plane of Sub2. Star is
the epicenter of the Feb17 event.

Figure 4b, the Coulomb stress due to fault B is resolved on the Sub2 fault
plane, again considering its position, size, and focal mechanism. This adds
another 0.3 bars on Sub 2. Thus, the total stress increase on the shallow Sub2
plane, due to the combined effect of the major north-coast January 12 event
and the deep nucleation Subl, i.e. A plus B, is estimated as 0.6 bars.

5. Further Validations of the Two-Fault Model

Here we apply additional data and techniques to further examine the herein
proposed two-segment hypothesis. First, we investigate the mainshock
rupture kinematics with the near-regional seismic backprojection method
modified from Evangelidis (2015).

5.1. Backprojection of Seismic Waveforms

The Source-Scanning Algorithm (SSA) (Kao & Shan, 2004, 2007) has been implemented for the identification
of the spatio-temporal evolution of the Feb17 event. For this analysis, eight strong-motion and three broadband

stations within ~50 km epicentral distance have been selected, as shown in Figure 5a. We process this dataset by

applying a 2-8 Hz bandpass filter and converting waveforms to envelopes. A 4-D spatial-temporal grid with a

1-km spatial and 0.1-s temporal step is employed. For each point and time, the brightness function is calculated

by stacking the waveforms based on the expected S-wave travel times. To reduce the effects of velocity-model

inaccuracies, instead of waveforms we use their envelope amplitudes averaged in a time window of 0.3 s around

the expected arrival. As such, large brightness function values (bright-spots) are likely to emerge at space points

and times close to real radiators of the high-frequency (HF) waves, tracking the rupture propagation process. As
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Figure 5. Seismic backprojection - maximum brightness locations in space and time. (a) Strong-motion (SM) accelerometer and broadband seismometer (BB) stations
used in this method; distance circles at 25 and 50 km from the epicenter (star) are presented by dashed lines. (b) Bright spot locations plotted as circles colored with
time and sized proportionally to maximum brightness values; suggested subevents Subl and Sub2 are shown for comparison. The normalized maximum brightness
variation with time is presented in the inset. Shown by a horizontal dashed line is the amplitude threshold below which the brightness is neglected for stability reasons.
(c) The N-S vertical cross-section along profile AA’ is shown in panel (b) Star is the hypocenter. The dashed lines indicate the two proposed fault planes.

illustrated in Figure 5b, for this earthquake, the brightness function starts to rise shortly after the origin time,
attends a maximum at ~2.3 s later, and has an overall duration of ~4 s. Spatially, the HF energy is released initially
in the area around the hypocenter and then migrates ~1.8 s later to shallower depths and slightly southward.

To assess the resolution of the applied method we also performed synthetic tests; the two most important of them
are shown in Figure S5 of the Supporting Information S1. First, we forward simulated noise-free seismograms
for two subsequent point sources in a layered velocity model, each one of a 2-second duration (located in the
assumed positions of subevents Subl and Sub2). Using the same velocity model, the backprojection method
successfully retrieved the temporal complexity. The spatial position of the subevents was horizontally smeared in
their neighborhood yet successfully retrieved vertically. Secondly, a simpler test (equivalent to the array response
function) was performed with a single source in the hypocenter. In this test, we observed an almost ideal image
of the source, without major artifacts, with just a very small (negligible) E-W drift. This test confirmed the suita-
bility of the station coverage and indicated that the scatter of bright spots in the first test is due to the complexity
of the source process.

Comparing real-data analysis in Figure 5 with the synthetic tests in Figure S5 of the Supporting Information S1,
we find a closer similarity with a two-source test, yet the real-data time function indicates a rather continuous
temporal evolution (instead of two individual separate events). Therefore, the backprojection method is in general
agreement with our two-fault hypothesis. Indeed, the vertical cross-section in Figure 5c confirms the start of
the source process (Subl) at the hypocenter depth of ~8—10 km followed later by the shallow dominant rupture
episode (Sub2) at a depth of ~2—4 km.

5.2. GNSS and InSAR Data

To strengthen the seismic indication of shallow slip, we add also geodetic data. We compare the geodetic
prediction of our source model with updated static displacements values at GNSS stations, which were newly
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Figure 6. GNSS-horizontal and InSAR-east data. (a) Cross-section AA’ (also in panel b) of the modeled south-dipping fault planes and the root-mean-square (rms)
misfit of GNSS. The best-fitting planes (blue) are centered around a 2-3 km depth. Large and small cross (X) symbols, forming a vertical line in panel a, depict
seismic centroid and its uncertainty, respectively. (b) The InSAR-east displacement component is color-coded, while the synthetic displacement model is shown with
iso-displacement contour lines (labeled in millimeters). Projections of the rectangular faults (from panel a) are shown by white dashed and solid lines. The latter
highlights the best-fitting fault centered below the epicenter (star). Diamonds depict the three GNSS sites of the dominant displacement, LAMB, XILI, EYPA. Small
circles on the south coast depict the eight highest-coherence points of InSAR data. For the arrows, see the inset.

determined by exploiting a ~1-year time series after the event, longer than in Figure 3 of Kaviris et al. (2021).
Additionally, for InSAR processing, we use the available SENTINEL-1 acquisitions with the tropospheric noise
minimized and the common mode signal amplified.

Static horizontal GNSS displacements <14 mm (with uncertainties + 2 mm) produced by the Feb17 event were
preliminarily interpreted as the slip on a rectangular north-dipping fault, centered at a depth of ~2.5 km (Kaviris
etal., 2021). Vertical GNSS data have lower accuracy. Here we re-examine the horizontal GNSS data and confirm
that they indeed imply a slip at shallow depth. The geodetic data allow for a variety of fault positions and geome-
tries, including the south-dipping fault —i.e. our hypothetical shallow subevent (Sub2), as illustrated in Figure 6a.
As the ground displacement is dominated by the shallow source, the geodetic data cannot constrain the minor,
deeper nucleation subevent (Subl).

We complemented the GNSS records with InSAR data. Twelve Sentinel-1 acquisitions were used before and
twelve after the Feb 17 earthquake, belonging to ascending and descending tracks. To avoid mixing with the
deformation produced by the January 12 event, the first used acquisition is from one day after that event. For the
ascending track, 175, the first one was acquired on January 13, at ~04:40 UTC, and for the descending one, 80,
on the same date at ~16:30 UTC. All the succeeding acquisitions were separated by six days. Thus for each track,
six acquisitions were dated before and six after the earthquake. From these data, 72 interferograms were produced
with the Diapason service of the European Space Agency's Geohazard Exploitation Platform (GEP), see Data
Availability Statement. The processing included: selecting the interferograms with adequate coherence, correcting
for the stratified and turbulent tropospheric noise using zenith tropospheric delays from the Generic Atmospheric
Correction Online Service for InSAR (GACOS), (Yu et al., 2017; 2018a; 2018b), removing the relative offset
using the most coherent and low altitude pixels, masking the sea manually, unwrapping using Statistical-Cost,
Network-Flow Algorithm for Phase Unwrapping (SNAPHU) software (Chen & Zebker, 2002), averaging, cali-
brating with the GNSS and decomposing into two line-of-sight displacements (Dalla et al., 2012), and finally
extracting the east and vertical displacement components. The full chain processing was performed separately for
the north and south coast, revealing the InSAR east-component uncertainty of +4 mm and +3 mm, respectively.
The InSAR vertical components are not considered here because they might be affected by post-seismic second-
ary ground motion, for instance, due to underground sediments compaction of deltaic areas (Briole et al., 2021;
Elias & Briole, 2018). The areal distribution of the InSAR east displacement is shown in Figure 6b.
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For quantitative modeling, we selected the InSAR east data just at eight highest-coherence points from the south
coast (each one extracted by averaging 16 nearest scatterers at a maximum distance of 80 m). These data were
merged with the horizontal GNSS data, and their modeling was performed with the Inverse6 code (Briole, 2017),
using the method described by Briole et al. (1986). The inversion is mostly controlled by the three nearest GNSS
stations because the selected InSAR data have unequal distribution and larger uncertainty (Figure 6b). In a series
of performed tests, designed to check the feasibility of south-dipping faults (strike/dip/rake = 100°/50°/-90°),
we inverted for the fault position, dimension, and uniform slip. The lowest root-mean-square (rms) misfit of the
GNSS data (rms = 2.1 mm) and the InSAR east data (rms = 3.4 mm) were found for the shallowest faults centered
at a depth of 2-3 km, near the seismic centroid (Figure 6a). A similar fit to geodetic data was also obtained with
shallow low-angle north-dipping faults; such solutions are not discussed here because, as shown later, they are
not supported by geological data.

In Figure 6b the InSAR east component can be qualitatively compared with modeling. We observe a remaining
tropospheric noise but it is within the uncertainty level of the observed displacements. Considering the low
signal-to-noise ratio, the discrepancy between the model and the InSAR east component is within an expected
range. The same inversions solely with GNSS data led to the same results, i.e. the faults centered at a depth of
2-3 km, confirming the robustness of the procedure as well as the small contribution of the InSAR data. The
center of the best-fitting fault is projected to surface at 21.939°E, 38.365°N, i.e. near the Feb 17 epicenter. The
moment is 1.2 X 107 Nm, typical along-strike and along-dip fault lengths are 5.0-5.5 km, and 4.5-5.0 km,
respectively, and uniform slip ~15 cm, compatible with the seismic model. This implies that aseismic, short-term
postseismic moment release on this fault, if any, is smaller than the coseismic moment release. Finally, note that
the fault centered at the depth of 2-3 km is in agreement with seismic backprojection where major brightness
spots appear between depths of 2 and 4 km.

5.3. Tide Gauge Data

Obviously, an Mw 5.3 earthquake could not generate a strong tsunami enabling a detailed characterization of the
faulting process. Nevertheless, a small tsunami was observed, which is used for partial validation of the proposed
shallow slip model.

Two tide gauges located in the Corinth Gulf recorded sea-surface variations caused by the Feb17 mainshock, with
a crest-to-crest amplitude of ~5 cm at the Monastiraki (MOKI) station of CRL, 5 km north of the epicenter, and
~4 cm at the Aigion (AIGI) station of the Intergovernmental Oceanographic Commission (I0OC), 17 km to the
south-east (Figure 7). We compare this signal with the one produced by trial source faults of the 5.6 km length,
3.5 km width, striking N103°E and dipping 58° to the south, with a uniform 15 cm slip of rake —81° and varying
the fault-center depths from 2.5 to 7.0 km. The tsunami modeling is based on the calculation of static displace-
ment on the surface of a homogeneous elastic half-space caused by an assumed instantaneous rectangular dislo-
cation (Okada, 1985), transformed through the water column as described in Glimsdal et al. (2013). We propagate
the resulting tsunami wave according to the nonlinear shallow water equations in a Cartesian coordinate system
(e.g., Heinrich et al., 2021), using the European Marine Observation and Data Network (EMODNET) bathyme-
try through the WGoC (“mother grid”) and the Navionics nautical charts close to the Monastiraki Bay (“refined
grid”), see Data Availability Statement and Figure S6 in the Supporting Information S1.

MOKI station (Figure 7, panels b and d) is situated in the near-field of the source and records the sea level with
a 1 Hz sampling frequency, which makes it less prone to aliasing. The waveform is thus better recorded, yet
accurate simulation requires refined bathymetry. Indeed, the MOKI station is situated in a small bay that is prone
to numerical oscillations, while the real oscillations are attenuated due to their small signal-to-noise ratio. As a
result, simulated and observed time series rapidly diverge (after a few minutes). However, as tsunami wavelength
mainly depends on the coastal shape for comparable fault sources, we mostly look at the first wave polarity, to
confirm the focal mechanism compatibility, and the crest-to-crest amplitude, depending on the source depth, the
amount of slip, and the attenuation of the waves. On the other hand, the AIGI station (Figure 7¢) being more
distant and only sampled at 16.6 mHz, is more robust but less discriminating.

The observation of a rapid sea-level oscillation at MOKI station 2 minutes before the arrival of the first major
wave, identified as the immediate response to the seismic waves, enables anchoring the time t = 0 of the tsunami
simulation, thus avoiding any clock error larger than a few seconds. As a consequence, the simulation reproduces
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Figure 7. Tide gauge data. (a) Two tide gauges, the fault model, and simulated water level at time t = 0+, i.e., immediately after the dislocation. (b) Observed sea level
variations at MOKI station, corrected from first-order tide cycles (raw and filtered data, see the legend). (c) Examples of simulated water variations at AIGI station

on the mother grid, compared with ~1-min sampled real data. (d) Examples of simulated water variations at MOKI station on the refined grid, compared with 1-sec
sampled real data. The finely sampled observed points appear as a black solid line. See Figure S6 for details and the link in Data Availability Statement for animation.

the tsunami travel time for the two stations, validating both the propagation model and the epicenter location.
Moreover, both stations show a compatible first waveform, starting with a downward motion, which tends to
confirm a predominantly normal focal mechanism. The modeled amplitudes in both stations rule out a centroid
deeper than ~ 6—7 km; indeed, a centroid at such depths would not be detected by the existing tide gauges. On the
other hand, ruptures with centroid shallower than 3 km are also less likely as they would imply amplitudes signif-
icantly greater than those observed. Therefore, the best-fitting depths of fault centers to simulate the tsunami
waves in the assumed source model are in the range of 3—5 km. Thus the tidal variations, GNSS data, and back-
projections agree with each other at the ~ 3-km depth of the likely shallow source center.

5.4. Microearthquakes — Foreshocks and Aftershocks

Finally, we relocate abundant microearthquakes in a close space-time vicinity of the mainshock. We shall show
that practically all the activity concentrated near the deepest part of the seismic process of the Febl7 event
(Subl), not only including foreshocks but also aftershocks. While Kaviris et al. (2021) presented a seismic cata-
log based on manual picks and absolute locations, here we adopt a different method — we produce a catalog based
on automatic picks and relative relocations. Thus we can analyze a large number of events that better illuminate
the geometry of the seismically activated structures.

Automatic picking of P and S arrival times was performed for sixteen stations up to epicentral distances of
~25 km using the deep neural network algorithm Phasenet (Zhu & Beroza, 2019). The event association was
performed with the associator REAL, based on a grid search (Zhang et al., 2019). The association was followed
by the initial absolute location using VELEST code (Kissling et al., 1995), starting from the R-model (Rigo
et al., 1996). A local (Richter's) magnitude was also estimated. Next, cross-correlation was computed between
all pairs of events in a time window of 5.12 s (starting 1 s before the P-wave) at all stations and all available
channels. If the correlation coefficient at eight or more stations was higher than 0.7, which is our threshold, the
two events were merged into the same group, and their waveforms were stacked. The groups of more than three
events were used for template matching detection (Lengliné et al., 2016). The final stage consisted of calculating
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differential arrival times for all these pairs of events on the P- and S-wave. Windows of 1 and 3 seconds were
used for the P- and S-waves, respectively, and records were filtered between 2 and 30 Hz. These differential
arrival times were used to relocate the events with the Growclust software (Trugman & Shearer, 2017). Relo-
cation uncertainties for the earthquakes between 16 and 19 February have been estimated using the bootstrap
procedure of the latter software. The 50 runs of the code with a resampled data vector led to a mean uncertainty
of 217 m horizontally and 277 m vertically. In total, the catalog contains 98095 events for the period from
22/12/2020 to 28/02/2021 (see Data Availability Statement). In this set, 15871 events, including mainshock
and the largest foreshock and aftershock could not be relocated, because their waveforms did not correlate with
other events within the adopted threshold. These events were assigned the initial location or the location of the
template event that detected them.

Here, we use the new catalog to analyze the relocated microseismicity in the vicinity of the Feb17 event. In
Figure 8a we demonstrate that the seismicity within 24 h before the mainshock covered a broad region east of the
epicenter (representing migration from the north coast), but the foci distribution pattern was sharply limited or
stopped at its western end, just near the hypocentral zone of Feb17. In 24 hours after the mainshock, the seismicity
was boosted and concentrated in an ~8 X 8 km region. This boost was approximately omnidirectional, including a
westward spread of the activity, beyond the limit of the previous day. Thus we focus on a specific region (see the
large red rectangle in Figure 8a) which is further illustrated in Figures 8b and 8c. We find the following: 1) Within
24 h after the mainshock, a region free of aftershocks (a gap) appeared near ~38.36°N, 21.92°E. This region
can mark the proposed initial deep rupture stage (Subl) of our hypothetical two-segment mainshock model. 2)
A properly chosen closer 3D view (Figure 8c, and Figure S7 in the Supporting Information S1) shows that the
gap is surrounded by four clusters (1-4) active during the day after the mainshock, while only one of the clusters
(no. 1) was activated already during the previous day. The clusters can indicate off-plane aftershocks of the Subl
stage, caused by stress load from Subl. The gap is robust relative to location errors (Figure S8 in the Supporting
Information S1). 3) A planar 3 X 3 km fault segment, with a strike ~260° and dip ~30° as proposed for Subl in
our two-fault hypothesis, is compatible with the gap defined by the four clusters near its corners. This small after-
shock gap could be geometrically fitted by a subhorizontal plane (dip ~ 10°), indicating a possible relation of the
initial mainshock stage to the detachment surface. 4) Vertically, the thickness of the observed micro-seismically
activated zone is about 3—4 km. This zone can be considered as the bottom limit of the proposed shallow major
slip patch (Sub2) if the latter extends down to ~5—6 km (Figure 3b).

Very few aftershocks of the first 24 hours are detected above the massively activated microseismic zone; there are
just six events at depth <5 km in the cross-section of Figure 8b (i.e., within +4 km laterally from the indicated
profile A-A’). For another vertical cross-section, see Figure 9. As already mentioned, the mainshock, as well
as the major foreshock and aftershock could not be relocated by the methods of this section; it is because their
waveforms are poorly correlated with smaller events. Thus we can neither confirm nor reject their shallow depths.
Their absolute hypocenter locations are rather similar to the mainshock (Figure 1).

The above-presented interpretation speculated about the possible small aftershock gap between four clusters; the
gap was fitted by a small fault segment in agreement with the focal mechanism of the initial deep rupture episode
(Subl) on the north-dipping nodal plane. Nevertheless, the relocated events allow for various (non-unique)
formal planar approximations. In Figure S7 of the Supporting Information S1 we also emphasize the overall main
trend of the seismicity in a longer time interval (up to 10 days after the mainshock), and within a larger region
(between 21.88°E and 21.96°E). Here we can fit very well the foci distribution by a south-dipping planar segment
~11 x 8 km, extending between depth ~6-10 km, and featuring strike/dip = 100°/50°. We recall that strike/
dip = 100°/50° is a typical fault geometry for the north coast of the Gulf (De Barros et al., 2020). Nevertheless,
despite the strike and dip mimics our Sub2, the south-dipping structure revealed in Figure S7 of the Support-
ing Information S1 should not be confused with Sub2 of our two-segment hypothesis, as Sub2 is shallower.
Instead, we propose that deep microseismicity in Figure S7 of the Supporting Information S1 reveals a root of a
south-dipping high-angle normal fault, analyzed in the following discussion and Figure 9.

It is difficult to correlate the relocated foci with fault structures. Strictly speaking, although several planar approx-
imations are formally possible, none of them may be physically valid. Detachment is a complex, highly fractured,
medium where a simple concept of ‘fault plane’ should be considered with caution, particularly when explaining
just the small initial phase of the mainshock. Clusters of foci are not observed to align along with a well-defined
structure but show multiple shorts segments with various orientations. They may also only highlight small areas
of stress concentrations or areas with mechanical weaknesses, such as fault intersections.
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Figure 8. Relocated microseismicity +24 h relative to origin time of the mainshock. (a) The western stop (limit) of the
activity before the mainshock, and the nearby aftershock gap, are marked by a small transparent rectangle. The large red
rectangle is detailed in panels b and (c) (b) Vertical cross-section along profile A-A’. (c) The gap in-between four clusters
(1-4) is fitted with a fault segment that may correspond to the proposed deep Subl on the detachment layer. The events
occurring 24 hours before and after the mainshock are shown with rectangles and circles, respectively, both color-coded

with depth. Plotted here are 2554 relocated events of local magnitude 0.9-3.7. Since the mainshock could not be relocated,

as explained in the main text, its position (the star) is shown here according to the absolute location of the present paper and
Kaviris et al. (2021). The absolute locations can be compared only qualitatively with the relocated catalog. They differ on
average by less than 1 km horizontally, with the standard deviation of ~800 m, and slightly more vertically, but the difference
for the mainshock is larger, ~1 and ~2 km in the horizontal and vertical direction, respectively.

6. Discussion
6.1. Well-Revealed and Less Well-Revealed Features of the Feb17 Rupture Process

Here we briefly compile and compare some of the findings of the data analyses shown above. The Feb17 has
been interpreted as an earthquake occurring on conjugate fault planes at different depths; this can be denoted as
vertical (or down-dip) source segmentation. Compared to the fault segmentations recognizable on the Earth's

ZAHRADNIK ET AL.

17 of 26

85U017 SUOWWOD @AIEaI 3(dedl|dde auy Ag peusenoh ae ssjolie VO ‘8sN JO s3I 10} ArIq1T 8Ul|UO /8|1 UO (SUOPUOD-PUR-SULIBY/LIOD™A8 | 1M ARe.q 1 [BU 1 [UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[2202/0T/82] uo ArigiTauluo A8 1IM ‘NSNISINDA!E [fwod Ad TZzi208r2z02/620T 0T/10p/uod A8 im Areiqijeuliuosgndnbe;/sdny wouy pepeojumoq ‘6 ‘2202 ‘9566912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/20227B024221

surface, such as bends, relays, or jogs, vertical segmentation is particularly challenging. As pointed out by
Frietsch et al. (2021), distinguishing multiple subevents of down-dip segmented normal faults during moderate
earthquakes is a difficult and understudied topic, important for seismic hazard assessments. Thus, the proposed
two-segment faulting hypothesis must be critically examined as follows. The deep nucleation, Subl, is well
supported by the hypocentral location of the mainshock. It is partly supported by microearthquakes (foreshocks
and aftershocks) situated in the detachment layer and surrounding the proposed Subl patch. The assumed
low-angle north-dipping plane of Subl is consistent with the geometry of the detachment. The shallower depth
and south-dipping fault plane of the major moment release, Sub2, is confirmed by independent evidence (CMT,
GNSS, tide gauges). The bottom limit of the major slip patch Sub?2 is situated above the detachment, but only a
few shallow aftershocks are found close to the Sub2 patch (Figure 8b).

A link between the deep and shallower parts of the rupture is supported by the backprojection results but is debat-
able and its details remain unresolved. We have evidence from the EGF method that the entire rupture process
could not evolve from depth to surface as a simple radially propagating rupture. The near-surface major slip patch
of ~5 x 5 km and its eastward directivity were explained in the EGF-based finite-extent source model, which
required shallow nucleation — i.e., the ‘second hypocenter’. If the ‘second hypocenter’ is merely a product of the
applied methodology, an alternative explanation with a continuous rupture propagation from depth to surface
(partly indicated by backprojection) is acceptable. In short, the mechanical forcing process between the early
rupture (Subl) and the shallow subevent (Sub2) remains unclear: it could either be an upward continuous rupture
on unresolved fault fragments joining both large structures (consistent with the backprojection), or a dynamic/
static triggering from one fault patch to the other, lying a few kilometers above (consistent with static Coulomb
stress change and slip inversion).

6.2. Faults and Stress, Co-Existence of the Low- and High-Angle Faults

The dominant stress regime in the western Corinth Rift is extensional, characterized by the sub-vertical direction
of maximum principal stress c,; plunge of 6, ~ 80° (region 7 in Kapetanidis & Kassaras, 2019). As such, normal
faulting at the proposed south-dipping shallow plane of Sub2, occurring at an angle of 30°—40° relative to c,, is
compatible with optimally oriented ruptures and common friction values (Kanamori & Brodsky, 2004). Regard-
ing the low-angle faulting on the deeper north-dipping plane, suggested as a nucleation phase Subl, Rietbrock
et al. (1996) proposed several explanations, such as low apparent friction or a non-vertical ¢,. The latter expla-
nation would be compatible with observations from the Campotosto fault in the Apennines, where focal mecha-
nisms indicated a decrease of the ¢, plunge with depth (Figure 12 in Chiaraluce, 2012). Alternative explanations
of low-angle normal faulting include reactivation below frictional lock-up, facilitated by elevated pore pressure
(Collettini et al., 2011). This is an open question closely related to discussions of detachment rheology (Lambotte
etal., 2014).

6.3. Deep and Shallow Fault Segments

A co-existence of high-angle normal faults and deeper sub-horizontal detachment shear zones similar to the one
proposed here was typical for the 2016-2017 sequence of Central Italy (Waldhauser et al., 2021). Earthquakes
on the detachment zone occurred there “in response” to the high-angle normal faults. Contrarily, during the
8-month-long preparatory phase of the 2016 August earthquake, the microseismic activity was occurring on the
detachment and was then followed by an Mw 6.0 on steep normal faults (Vuan et al., 2017), as if the high-angle
faults were “unzipped” by the deeper activity. It seems that Feb17 was a short-term analogy of this long-term
process in Italy: The deep Subl (Mw 4.8) acted as a trigger for the shallow Sub2 (Mw 5.2), which was ready for
rupturing due to stress load induced by the preceding activity of January 2021. In this sense, and also because we
do not know the exact mechanical connection between Subl and Sub2, Subl could be considered as an immedi-
ate foreshock. In fact, a weak initial phase similar to Sub1 has already been detected in the Corinth rift for three
Ms > 6 events of 1981 (Abercrombie et al., 1995).

The microseismic layer in which Sub1 nucleated was described in detail by Lambotte et al. (2014) and Duverger
et al. (2015, 2018). These authors have clearly shown that this layer, into which the major normal faults are
rooting, is composed of multiple small faults, and thus presents a structure fragmented at a few-kilometers scale.
By simple geometric and energetic considerations, a large-scale efficient rupture propagation in such a medium
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is not expected; see also Kame and Yamashita (1997). However, Subl was followed by the rupture of the larger
and shallower fault segment Sub2. Dynamic modeling with adequate friction laws and prestress conditions, in
particular in the shallow crust, might explain this complex cascading event, following an approach similar to
Gallovic¢ et al. (2020) for the Mw 6.8 Elazig 2020 earthquake on the Eastern Anatolian fault. The deep nucle-
ation (Subl) and the major near-surface slip (Sub2) agree with current friction laws, according to which the
velocity-strengthening shallow regions can rupture due to nucleation in a nearby deeper velocity-weakening
region, while the shallow nucleation is inhibited (Kaneko et al., 2010). Velocity strengthening most probably
could explain the paucity of shallow aftershocks (Figures 2 and 8). Few aftershocks (M1 < 2.8) were also reported
for the exceptionally shallow (0-2 km) Mw 4.9 Le Teil (France) earthquake (Delouis et al., 2021). At the Campo-
tosto fault already mentioned, earthquake nucleation shallower than 6 km is also rare (Chiaraluce, 2012). Finally,
almost no aftershock originated at the shallow slip depth of the 2014 Mw 6.0 South Napa (California) earthquake
(Hardebeck & Shelly, 2016).

6.4. Association With a Geologic Fault

Is it possible to associate the proposed shallow faulting (Sub2) of the Febl7 mainshock with any known
south-dipping, high-angle tectonic element in the gulf? For example, south-dipping faults on the northern coast
have been discussed as possible causative faults of the 2010 Mw 5.3 and 5.2 Efpalio earthquakes (Elias, 2013;
Sokos et al., 2012). The WGoC, as well as the whole gulf, is characterized by WNW-ESE normal faults. Never-
theless, there are also significant differences between the western and eastern parts of the gulf, e.g., the basement
is significantly shallower in the western part, ~1.0-1.5 km, compared to ~3—4 km in the eastern part (Beck-
ers, 2015; Beckers et al., 2015; Taylor et al., 2011). Furthermore, the polarity and faulting style also vary along
the rift. According to Beckers (2015), the fault network is highly segmented in the western part, and the rift polar-
ity changes over small distances, in agreement with the longer-term features reported by Moretti et al. (2003),
emphasizing the activity of the south-dipping Trizonia fault system. Normal faulting and strike-slip motions seem
to coexist in the western part of the gulf (e.g., Beckers, 2015; Sokos et al., 2012).

Focusing within ~5 km of the Feb17 epicenter, the major normal faults are the north-dipping Psathopyrgos and
Lambiri faults along the southern coast, and the south-dipping fault system of Marathias along the northern
coast. Near the center of the basin, and closest to the epicenter, lies the western end of a significant offshore
structure: the south-dipping Trizonia Fault System (TZFS), which includes the Trizonia and Mornos faults,
shortly mentioned already in Figure 2, and discussed in detail here and in Figure 9. The most accurate and recent
mapping of this offshore fault system is presented in Figure 6 of Beckers et al. (2015), who depicted the detailed
segmentation of the Mornos fault system (referred to in their paper as the Managouli fault zone; MFZ). This fault
system appears to be complex, exhibiting slight strike changes, as well as a horst separating the north-dipping
and south-dipping normal faults, some of them also featuring strike-slip components. The main structure of
the Mornos system is antithetic to the Psathopyrgos fault, and although it is well imaged by reflection seismic
profiles, it is unclear whether it reaches the surface or remains blind (Beckers, 2015). The present-day Mornos
delta subsidence is located at the footwall of this fault, suggesting that the Mornos fault is either inactive or not
very active (Beckers, 2015; Elias, 2013; Parcharidis et al., 2013).

The major shallow subevent of the Feb17 mainshock (Sub2) is centered at 1-2 km south of the Mornos fault
system, making the latter a good candidate for having ruptured during the event. Also, to the first order, their
strike is similar. The source model appears shifted by a few kilometers westward of the mapped fault scarps F6
and F7 (Figure 9a), in an area where submarine slumps may blur or hide the MFZ expression according to Beck-
ers et al. (2015, 2018). Therefore, we suggest that the earthquake source activated a mostly buried segment of
the Mornos fault, on the southern slope of the horst (H4 in Figure 9), which may continue a few km westward.
This rupture would thus represent the westernmost activation of the entire TZFS, which likely dies away under
the Mornos delta edge. The alternative scenario, that of Sub2 occurring at shallow depth near the epicenter on
the second nodal plane of the moment tensor (north-dip at a low angle of 30°-40°), is unlikely. It would indeed
mean that the Psathopyrgos fault becomes listric at a very shallow depth, which is not supported by any geolog-
ical studies.

A better understanding of the tectonic and mechanical significance of the unusually shallow Feb17 event is
provided in a broader context of the geological history and development of the western rift of Corinth, as
proposed by Ford et al. (2016). They showed that the TZFS, active between 0.8 and 0.4 Myr, in conjunction with

ZAHRADNIK ET AL.

19 of 26

85U017 SUOWWOD @AIEaI 3(dedl|dde auy Ag peusenoh ae ssjolie VO ‘8sN JO s3I 10} ArIq1T 8Ul|UO /8|1 UO (SUOPUOD-PUR-SULIBY/LIOD™A8 | 1M ARe.q 1 [BU 1 [UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[2202/0T/82] uo ArigiTauluo A8 1IM ‘NSNISINDA!E [fwod Ad TZzi208r2z02/620T 0T/10p/uod A8 im Areiqijeuliuosgndnbe;/sdny wouy pepeojumoq ‘6 ‘2202 ‘9566912



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2022JB024221

38.4°

38.36° {1 e
I,

38.32°

Depth (km)

121

0 2 4 6 8 10 12
Distance (km)

Figure 9. Conceptual seismo-tectonic sketch of the Feb17 earthquake. (a) Surface projection of the main slip area (Sub2) is shown by the rectangle, centered below
the epicenter (star). The F6, F7, F8 faults, and horst H4 represent the western part of the Trizonia Fault System (TZFS), L1 and L2 are landslide head-scarps, M? is an
uncertain fault; after Beckers et al. (2015). The yellow dashed line is the expected shallow intersection line between the Psathopyros and Lambiri faults. The red dashed
line is an estimated intersection of the Psathopyrgos-Lambiri north dipping faults with the south-dipping fault system. The top (thicker) edge of Sub2 is located in the
continuation of F6 and H4, and close to M?, likely depicting the Mornos fault buried in the slumps of the Mornos canyon. (b) Vertical cross-section along profile A-A’
of the panel (a). It illustrates the geometrical/mechanical link of the involved local faults. The main rupture area (Sub2) is shown by a thick solid cyan line, centered
above the hypocenter (star). The small subhorizontal cyan line passing near the hypocenter is the proposed initial low-angle source segment (Subl). Small black circles
depict the previous seismicity of 2000-2015 (Duverger et al., 2018), mapping the detachment layer. Microseismicity one day before and ten days after the mainshock

is shown by color circles (see the color bar in panel a). Most of these microseismic events lie in the detachment layer. A small deeper group, shown by the cyan oval in
panel b, indicates the likely root of the Mornos fault.

the north-dipping Helike-Lakka-Panakaikon fault system (situated to the south of our study area), was mostly
deactivated by the northward shift of the rift. Since 0.4 Myr, the development of the Psathopyrgos and Marathias
fault system has dominated. As a consequence, the Trizonia fault zone, being a major structure, is likely rooted in
the detachment layer near the depth of 7-8 km, and so does also its westernmost segment, i.e., the south-dipping
Mornos fault. The growing Psathopyrgos fault has likely cut through the Mornos fault at a depth of ~4-5 km,
depending on the (uncertain) dip of the faults at depth (Figure 9b). A large tectonically cumulated slip of the
Psathopyrgos fault is thus expected to have produced a major along-dip segmentation of the Mornos fault, render-
ing unlikely a large-scale seismic rupture (M6+) spanning the entire 0—8 km depth range. Our model of the Feb17
rupture, limited to the upper part of the Mornos fault, is thus consistent with this geometrical step inherited from
the long history of the rift. However, this probably does not imply that its deepest part is deactivated.

A potentially important tectonic element indicated by the microseismicity pattern (Figure 8, Figure S7 in the
Supporting Information S1) is highlighted by an oval in Figure 9b at depth 8—10 km, likely depicting a deep root
of the Mornos fault — in agreement with the above-debated rift development. Indeed, geometrical extrapolation
of the Mornos fault at depth matches the alignment of microseismic events between 8 and 10 km depth, within
the uncertainties of the fault dip and relative focal locations. Note that the root at 8—10 km depth, seismically
activated by the Feb 17 mainshock, was mostly seismically silent during the whole period 2000-2015 (Duverger
et al., 2018), as seen by the paucity of small black circles in the oval of Figure 9b. Thus, the Mornos fault appears
likely to be along-dip segmented into three pieces, being cut by the Psathopyrgos fault at 4-5 km depth and by
the active detachment at 67 km, each of these three segments presenting a specific seismic signature, either due
to different friction parameters, and/or due to a different stage in their loading cycle. The deep seismic root was
activated in the form of microearthquakes, not by penetration of Subl or Sub2 beneath detachment. The root is
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mainly formed by the foci of microearthquakes between 21.88°E and 21.96°E, and thus may correspond to the
western termination of the Mornos fault under the Mornos delta; this, in turn, suggests that the TZFS extends
westward far beyond the reported surface scarps. If confirmed in future studies, this effect may provide a hint for
resolving the respective chronology of the development of the TZFS and the Psathopyrgos-Lambiri faults.

7. Conclusion and Perspectives

The 2020-2021 seismic crisis in the western Gulf of Corinth culminated with an Mw 5.3 earthquake on 17 Febru-
ary 2021 (Kaviris et al., 2021). We investigated this event in detail because of the interest it presents in terms of
peculiar features as well as hazard — namely its proximity to the Psathopyrgos fault, a potential causative fault of
a future Mw 6+ event that could affect the cities of Patras and Aigion.

Seismological, geodetic, and tide gauge data of the CRL network were used to infer the kinematics of the rupture
process. The hypocenter was located at a depth of 8 + 1.5 km. The CMT revealed a normal faulting mechanism
and a shallow major moment release below the epicenter at depths ~0-5 km. The GNSS and InSAR data esti-
mated the main rupture depth at ~2-3 km, the tide gauge data modeling provided ~3-5 km, and seismic back-
projection indicated ~2—4 km. Thus, the combined data suggest a shallow moment release at a depth of ~3 km
with an uncertainty of 1-2 km. In such a geometrical configuration, the rupture could not have propagated from
the hypocenter to the centroid along a single nodal plane.

‘We combine the available pieces of evidence into a two-segment rupture model, involving both conjugate nodal planes.
Inversion of waveforms has been employed to jointly estimate the position, moment, and time-function of two-point
sources (i.e., the subevent pairs). According to these models, the rupture likely nucleated at the hypocenter forming
an Mw~4.8 subevent on the low-angle, north-dipping detachment zone. Soon after (~2 s) its initiation, the rupture
process continued with an Mw~5.2 subevent along a high-angle, south-dipping (dip ~50-65°) normal fault segment,
featuring eastward directivity (indicated by the EGF method) and releasing most of the seismic moment at the shallow
depths. This mechanism is possible because the shallow normal fault was stress-loaded by the preceding activity of
January 2021 and eventually triggered by the weak Mw~4.8 initial rupture, on the detachment layer. The participation
of both episodes of the mainshock, the deep and shallow one, was also confirmed by backprojection, but how exactly
the rupture propagated from one to the other remains unknown.

The occurrence of a shallow M5+ event in such an offshore environment in the western Gulf of Corinth has not
been instrumentally observed up to now. It can be interpreted as an activation of a south-dipping segment of the
Mornos fault system, at the western tip of the south-dipping Trizonia fault system. In the existing literature, the
Mornos fault has been investigated only recently, thanks to offshore seismic profiling, and seems to be one of
the five major faults in the studied region. The shallow slip distribution is consistent with a likely geometrical
barrier imposed by the leading Psathopyrgos fault, which has likely cut and segmented this south-dipping fault
at a ~4-5 km depth.

Further analysis of this event would be useful, namely a search for offshore surface ruptures in the sediments
of the seafloor, which would require shallow water seismics, and/or imagery. A remaining notable question (to
be answered by dynamic source modeling) is how the previously quiescent topmost layers of the rift enable the
Feb17 mainshock to rupture, while, at the same time, not provoking any significant shallow aftershock activ-
ity there. More research is also needed on the respective roles of major faults in WGoC. For example, are the
shallow parts of the Psathopyrgos fault at least partially releasing tectonic stress aseismically, as suggested by
the short-lived transient observed in 2001 (Bernard et al., 2006), thus transferring stress to the antithetic shal-
low Mornos fault? Or is Mornos a mature fault that can be triggered by small stress perturbations from nearby
swarms, without any decisive role of the Psathopyrgos fault?

Obviously, our study was challenged by the offshore character of the main event. In order to improve the
permanent monitoring of the western part of the rift, in the framework of the Corinth Rift Near-Fault Obser-
vatory, the innovative research infrastructure within the European Plate Observing System (EPOS), one may
investigate the feasibility and advantages of offshore monitoring with existing and emerging techniques. For
instance, while DAS systems interrogating submarine optic cables would considerably help with detecting
and locating shallow events (<5 km) beneath the gulf, the Brillouin Optical Time-Domain Reflectometer
(BOTDR) system for long-term, repeatable strain measurements on dedicated submarine cables would allow
detecting a continuous or transient slip in outcropping faults zones crossed by the fiber. Cabled OBS located
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in the gulf could also greatly improve real-time monitoring of the rift, in particular with innovative optical
seismometers (Bernard et al., 2019; Feron et al., 2020), which may considerably reduce the cost of their instal-
lation and maintenance. Such high-end equipment and techniques would meet societal needs for seismic and
tsunami early warning.

In a broader perspective, the message our work conveys with respect to similar extensional structures else-
where in the world is that a key role in their seismic hazard assessments can be played by marine geophysics
investigations, searching for major fault structures analogous to the Mornos fault of this paper. Steep inner
faults, synthetic/antithetic, together with onshore faults bounding the rift, all could in principle host future
large earthquakes. To understand all processes taking part in a rift, mapping the seismicity is important but not
sufficient. As we have shown, practically all seismicity in the Corinth Rift occurs in the form of microearth-
quakes on the detachment, and these are controlled by structures and rheology which differ from those of the
steep normal faults likely hosting moderate-to-large earthquakes. Current conditions at the steep shallow faults
are poorly known. The actual incohesive/cohesive characteristics of the involved fault rocks are controlled
by a complex interplay between lithology, pressure/temperature conditions, mechanical/chemical processes,
and fluids. Thus, in the Corinth rift or similar extensional structures elsewhere, we should anticipate future
ruptures occurring on steep faults even in the presently seismically inactive crustal volume above the detach-
ment, as demonstrated by the anomalously shallow Mw 5.3 earthquake highlighted in the study at hand.
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All data used in this study are publicly available. The new interactive seismic catalog of the National Observa-
tory of Athens was searched at https://bbnet.gein.noa.gr/HL/databases/database. For the moment-tensor cata-
log of the University of Patras, see http://seismo.geology.upatras.gr/heliplots/amt/MTcat.html%23tableMT.
The Global Centroid Moment Tensor Project database was searched using software www.globalcmt.org/
CMTsearch.html. The Coulomb software (Toda et al., 2011) is available at https://pubs.usgs.gov/of/2011/1060/.
For the most recent version of Isola software (Zahradnik & Sokos, 2018), see http://geo.mff.cuni.cz/~jz/
for_ISOLAnews/. Most figures were made using the Generic Mapping Tools (Wessel et al., 2019): https://
www.generic-mapping-tools.org/. For the European Space Agency's Geohazard Exploitation Platform, see
https://geohazards-tep.eu/. The EMODnet bathymetry was downloaded at https://portal.emodnet-bathyme-
try.eu and Navionics nautical charts at https://webapp.navionics.com/. Link to the Monastiraki “refined” grid
used for the tsunami simulation, and the animated gif of the tsunami simulated on EMODNET “mother”
grid: https://osf.io/7knup/?view_only=55141fc2e03643509b808d405ca7ac43. Link to AIGI tide gauge: Flan-
ders Marine Institute (VLIZ); Intergovernmental Oceanographic Commission (IOC) (2022): Sea level station
monitoring facility at https://www.ioc-sealevelmonitoring.org; https://doi.org/10.14284/482. Data from seis-
mometers and accelerometers can be retrieved from ORFEUS (https://www.orfeus-eu.org/data/eida/nodes/),
EIDA nodes at RESIF (Péquegnat et al., 2021), and NOA (Evangelidis et al., 2021). GNSS data and position-
ing solutions are available on the CRL portal (http://crlab.eu). Seismological data were acquired from stations
installed and operated by the following institutions: (a) the CRL team (CL network, data hosted at RESIF, https://
doi.org/10.15778/RESIF.CL), (b) the National and Kapodistrian University of Athens (NKUA) (HA network,
data hosted at NOA, https://doi.org/10.7914/SN/HA), (c) the University of Patras (HP network, data hosted at
NOA, https://doi.org/10.7914/SN/HP), which operates 11 stations jointly with Charles University, Prague, (d)
the National Observatory of Athens (NOA) (HL network, data hosted at NOA, https://doi.org/10.7914/SN/HL),
and (e) Institute of Engineering Seismology and Earthquake Engineering (ITSAK) (HI network, data hosted at
NOA, https://doi.org/10.7914/SN/HI). Stations by the last four institutes are also part of the Hellenic Unified
Seismological Network (HUSN), https://www.gein.noa.gr/en/networks-equipment/hellenic-unified-seismic-net-
work-h-u-s-n/. GNSS observations were made with 13 stations (installed since 2002), 12 operated by the CRL
team, and 1 by GI-NOA (Chousianitis et al., 2021; Ganas et al., 2008). The relocated automatic catalog (author:
O. Lengliné) can be accessed at https://doi.org/10.5281/zenodo.5909709. All the links to data and resources cited
above were last accessed in August 2022.
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