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Abstract: The 27 September 2021 damaging mainshock (M 6.0) is the first known strong earthquake
that ruptured the Arkalochori area, Crete Isl., Greece, during the entire historical period, making
it an unexpected event in the long-term sense. The area is characterized by the presence of the
normal active Kastelli Fault (KF) striking NNE-SSW and dipping towards ~WNW. The KF, of surface
exposure only ~6 km, at its southern tip is truncated by the nearly perpendicular active Nipiditos
fault. The main shock was preceded by foreshock activity lasting for ~3.9 months, thus the mainshock
turned out to be an expected event in the short-term sense. Maximum ground subsidence of ~20 cm
was estimated from InSAR images, but this also incorporates deformation that may have been
caused by the largest aftershock (My5.1) of 28 September 2021. The fault model produced from the
inversion of INSAR observations indicated strike 216°, dip towards ~NW at angle 53°, rake —95°,
and is consistent with fault-plane solutions obtained from routine moment tensor analysis. The
geodetic seismic moment calculated from the Okada’s formalism is 1.14 x 108 N-m (My6.0), while a
maximum slip of 1.03 m was found at depths from 3.5 km to 5 km. The entire aftershock epicenters
cloud strikes in a ~SW-NE direction but is distributed in two clusters, the southern and the northern
ones. The foreshock cloud, the main slip patch, the deformation area, and the strongest aftershocks
all fall within the southern cluster. The foreshocks concentration at the deepest edge of the main slip
patch was a foreshadow of the mainshock nucleation area. The northern cluster, which is very likely
due to the gradual expansion of aftershocks, is situated in the KF hanging wall block. To interpret the
main seismic slip in the southern cluster area we propose the existence of a buried KF segment at the
SSW-wards prolongation of the emerged at the surface segment. Assuming a rectangular seismic
fault stress drop Ao~7 bars was found. However, for a circular fault area, which in this case is more
realistic, we get Ao = 55 bars. This is a relatively large value for Greek earthquakes but is explainable
by increased fault rigidity as a result of the long repeat time of strong earthquakes in KF.

Keywords: 27 September 2021 earthquake; Crete; Greece; foreshocks; aftershocks; InNSAR data
inversion; source model; buried normal fault

1. Introduction

On 27 September 2021 (06:17:21.3 UTC) a strong earthquake associated with normal
faulting ruptured the central part of the island of Crete, Greece, at ~20 km to the south
of Heraklion, the capital city of the island (Figure 1). Moment magnitude, My, of 5.9
or 6.0 has been determined by various seismological centers (see data compilation in
https:/ /www.emsc-csem.org/Earthquake/index_tensors.php; last access 17 December
2021) but local magnitude M} 5.8 was initially calculated by the National Observatory of
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Athens (NOA, http:/ /www.gein.noa.gr/en/seismicity /earthquake-catalogs; last access
17 December 2021). The earthquake caused one fatality, about 20 injuries and extensive
building damage in the area of Arkalochori town and in other villages of the area. No
co-seismic surface faulting along the fault trace was observed in association with that
earthquake. The main shock was preceded by a persisting foreshock activity since the
beginning of June 2021, with the strongest foreshock of M4.6/Mj 4.8 occurring on 24
July 2021. Intense aftershock activity followed the main shock with the largest aftershock
(My5.1/Mp 5.3) taking place on 28 September 2021.

TURKEY

22

Figure 1. Seismotectonic setting of the study area [1,2]. Key: rectangle shows the Crete area illustrated
in Figures 2 and 3; arrows show lithospheric plate motions; the African (Nubian) lithosphere subducts
from the Mediterranean underneath the Aegean Sea at the southern Eurasian plate margin along
the Hellenic Trench system e.g., [3]; PTT, PLT and STR stand for Ptolemy, Pliny and Strabo trenches,
respectively; star shows the epicenter of the My,6.0 27 September 2021 mainshock; red triangle stands
for Heraklion (HE), the capital city of Crete.
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Figure 2. Rupture zones (ellipses) and occurrence years (AD) of the most important historical shallow
earthquakes in the Crete area. Ellipses size scales with the estimated earthquake magnitude, M,
which ranges from 6.3 & 0.2 for 1595, to 8.0 £ 0.3 for 1303 and to 8.3 & 0.3 for 365; M is equivalent to
M,y. Epicenters of the most important historical intermediate-depth earthquakes are also illustrated
as black circles; magnitudes are 7.6 &= 0.3 for 1856 and 6.6 =+ 0.3 for 1870. Figure reproduced from [1].
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Cretan Sea

Figure 3. Simplified map of 26 active faults identified on Crete from several sources (see text in
Section 2.1) dashes on downthrown side. Key: rectangle indicates the study area shown in Figure 4; 1:
Zou Fault zone, 2: Sykia Fault, 3: Mouliana Fault, 4: Ierapetra Fault zone, 5-6: Elounta Fault zone, 7:
Nipiditos Fault, 8: Geraki Fault, 9: Kastelli Fault, 10: Paralia Tersa Fault, 11: Asimi Fault, 12: Pompia
Fault, 13: Foumofaraggo Fault, 14: Giouchtas antithetic Faults, 15: Krousonas Fault, 16: Anogia Fault,
17: Ideon Fault, 18: Zaros Fault zone, 19: Spili Fault, 20: Selia Fault, 21: Sfakia Fault, 22: Pemonia
Fault, 23: Malaxa Fault, 24: Rodopos Fault zone, 25-26: Gramvousa Fault zone.
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Figure 4. Foreshocks (red circles) and aftershocks (black circles) of the 27 September 2021 main shock
(large star). Stars of small and medium sizes show the largest foreshock of 24 July 2021 and the
largest aftershock of 28 September 2021, respectively. Key: star = earthquake epicenter; KF = Kastelli
Fault; GFZ = Geraki Fault Zone; NF = Nipiditos Fault; WGF = West Giouchtas Fault; EGFZ = East
Giouchtas Fault Zone; white triangle = settlement; the inferred buried KF segment is illustrated in
green; ellipse shows the surface projection of the main shock slip area in the fault plane determined
from the inversion of INSAR observations (see explanations in Section 3).
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Crete is situated at the front-arc of the Hellenic Subduction Zone (HSZ) (Figure 1) and,
therefore, it is characterized by high seismicity with earthquake magnitudes that reach
up to ~8.0 (see review in [1]). From an exhaustive examination of the seismic history of
the area [2], it comes out that no shallow strong earthquakes with epicenters lying on the
island occurred during the instrumental period of seismology, i.e., since 1900. During the
less complete historical period, there is evidence for only very few strong earthquakes that
possibly ruptured on the island (Figure 2). The mainshock of 27 September 2021 is the only
known strong earthquake that ruptured the Arkalochori area ever. Therefore, the study
of this earthquake is of particular importance for understanding the seismotectonics of
the area.

In this paper, we investigate the seismogenic process, the causative fault associated
with the Arkalochori mainshock and the seismic potential of the area from the short- and
long-term perspective. To this aim, we compiled tectonic data and mapped the main faults
which have surface exposure in the study area, evaluated fault-plane solutions, developed
a fault model for the mainshock based on the inversion of ground deformation detected
by InSAR, analyzed the main features of the foreshock and aftershock sequences and
calculated the co-seismic stress drop.

2. Materials and Methods
2.1. Geotectonic Setting

The island of Crete is located in the central part of the HSZ and on the overriding
plate (Figure 1). The geotectonic position of the island explains the intense Late Quaternary
active tectonics [4-6] and the high level of seismicity in the area [1,2,7-9]. Active faults
have been mapped in several sites on the island [10-17] (Figure 3). The active tectonics on
Crete is associated with significant regional uplift (>6 mma~') and fresh traces of normal
faults [18]. The stress field on the island and its surroundings appears complex, with
NNE-SSW shortening prevailing offshore, close to the Hellenic trench to the south of
Crete [19-22] (Figure 1). In contrast, onshore and close to the island extension prevails in
directions E(SE)-W(NW) and roughly N-S. The extensional field is associated with steep
young scarps along normal or oblique-slip faults [13,18].

The epicentral area near Arkalochori town is situated within the Heraklion sedimen-
tary basin, which is fault-controlled and characterized by a tabular in shape basin that
accumulates Neogene sediments. The Kastelli Fault (KF), which is of particular interest for
understanding the seismotectonics of the 2021 earthquake, bounds the Heraklion basin to
the east (Figures 3 and 4). However, based on fault features such as trace length, offset, and
proximity of fault traces to the basin border (Table 1), we concluded that the Geraki Fault
is the major fault in the area although the KF is the most active one. Very likely the two
faults belong to a crustal-scale fault zone. On the other hand, the Nipiditos Fault is the best
well-exposed fault near the epicentral area and truncates the southward prolongation of
both the Geraki and Kastelli Faults. The Heraklion basin is dominated by a high called “the
Giouchtas horst” [10,23-26]. This structure is delimited by the East and West Giouchtas
Faults, which are two ~N-S trending antithetic faults (Figure 4). To the south, the Heraklion
basin is bounded by an almost E-W mountainous range that separates the Heraklion Basin
from the Messara Basin lying to the south.

Table 1. Main tectonic features of the faults in the area of the 2021 Arkalochori strong earthquake.

Fault Name Trace Length (km) Strike Offset (m)
Kastelli 6.0 NNE 160
Geraki 13.5 NE 677

Nipiditos 12.0 WNW 690
East Giouchtas 5.6 NNW 200

West Giouchtas 6.1 NNW 300
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From the main fault features summarized in Table 1, we concluded that most faults
expose fresh fault scarps, run along the mountain range fronts, separate topographic highs
from the basin and accumulate a surface offset ranging from 160 m to 690 m. In general,
these faults juxtapose Triassic limestones against flysch, marls and unconsolidated alluvial
to colluvial sediments [10,23,26]. Almost all these faults appear to control triangular facets
and relatively fresh fault scarps. In addition, within the southern part of the Heraklion
basin rivers are characterized by deep incision, suggesting that the basin is a youthful
stage of landforms. Based on the fault truncation, we consider the Nipiditos Fault as the
youngest in the area. Faults like the Kastelli, Geraki and East Giouchtas ones are older but
still active.

2.2. Fault-Plane Solutions

A compilation of fault-plane solutions produced for the Arkalochori main shock
through moment tensor solutions can be found in the EMSC site (Table 2). Although
the fault-plane solutions are in general consistent with each other, their similarities and
differences are reflected in the average strike, dip and rake (slip vector) calculated for each
one of the two nodal planes (NP’s) (Table 2). The fault-plane solutions indicate that the
mainshock was associated with normal faulting and only a small strike-slip component
was involved. A similar solution is evident for the largest foreshock (My,4.6) and aftershock
(My5.1) (Table 2) although, in the latter, the strike-slip component is increased. However,
the methods for the determination of fault-plane solutions do not disclose which one of the
two NP’s is the true fault-plane. In the absence of surface fault rupture, the geometry and
kinematics of the mainshock causative fault were determined from the geodetic ground
deformation detected by INSAR images and supported by the spatial distribution of the
foreshocks and aftershocks as well as of the geotectonic setting of the area.

Table 2. Average (Ay) geometric features of the nodal planes (NP) determined for the mainshock
of 27 September 2021 in 10 fault-plane solutions produced by several national and international
seismological centers (see https:/ /www.emsc-csem.org/Earthquake/index_tensors.php, last access
17 December 2021). Average NP geometric features have been also determined for the largest
foreshock and the largest aftershock but only from two solutions.

Date Time . o .0 o
DD.MM.YYYY HH:MM:SS Mw NP Strike(")  Dip()  Rake ()
1 34+16  43+17 —92+16
27 September 2021 06:17:21 60 5 opi1s 49413 85409
1 43 37 —82
24 July 2021 02:07:37 46, -~ = o5
1 5 64 ~112
28 September 2021 04:48:08 5.1 > 229 33 _51

2.3. Deformation and Fault Model from InSAR

Synthetic Aperture Radar (SAR) is a powerful remote sensing satellite sensor used for
Earth observation [27]. It emits electromagnetic radiation and then coherently records the
amplitude and phase of the returned signal to produce images of the ground. Spaceborne
SAR interferometry is a technique that produces 3D topographic data of Earth’s surface
directly from two SAR images [28]. An extension of the basic technique, called differential
SAR interferometry (DInSAR), allows measurements of land deformation very precisely
with millimeter resolution. The DINSAR technique is based on the phase comparison of
multiple SAR images, gathered either simultaneously or at different times with slightly
different looking angles. Phase differences between pairs of SAR images gathered at
different times contain a phase term proportional to the target motion occurring along the
Line-Of-Sight (LOS) direction during that time interval [29]. Satellite radars are coherent
systems, i.e., they acquire both the amplitude data of the electromagnetic field detected
(module value) and the information associated with the sensor-target distance (phase
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value). The capability of SAR interferometry to remotely monitor areas much wider than
traditional surveying techniques, without the need to install in situ instrumentation, makes
this technique particularly suitable for regional-scale characterization in order to map
co-seismic deformation [30,31].

The Sentinel-1 Interferometric Wide-Swath (IWS) Single-Look Complex (SLC) images,
used for interferometric applications, consist of three sub-swaths and each sub-swath image
consists of a series of bursts. In order to generate interferometric pairs, we used (i) two
SAR images both ascending and descending geometries before (primary scene) and after
(secondary scene) the earthquake occurrence, and (ii) a Digital Elevation Model (DEM,
SRTM-3sec) of our study area. The processing steps included co-registration of the two
complex images, interferogram and interferometric coherence generation, interferogram
flattening using the SRTM-3sec 90 m DEM, adaptive filtering/estimation and generation of
phase unwrapping, phase to displacement and geocoding. These steps were performed
with the use of the ENVISARscape® software (L3Harris Geospatial, Boulder, CO, USA)
ascending and descending geometries. DINSAR displacement map in LOS was only able
to measure the path length difference between the earth surface and the satellite. This
is the characteristic limitation of SAR sensors. In order to record the vertical (up-down)
and horizontal (east-west) deformation, displacement decomposition of ascending and
descending LOS displacement products was carried out.

To analyze the co-seismic ground deformation caused by the 27 September 2021
earthquake we used twin mission Sentinel 1 A and B images. These are available for
free in medium resolution form [32]. The two interferometric pairs created from the two
different geometries of the ascending and descending orbit of the satellite are composed
by the next scenes: (i) primary 18 September 2021 and secondary 30 September 2021,
track 109, in descending geometry of acquisition, and (ii) primary 23 September 2021
and secondary 29 September 2021, track 102, ascending geometry. Copernicus Sentinel-1
SAR scenes, at C band of microwaves, are available freely from the Sentinel Hub portal
(https:/ /scihub.copernicus.eu/dhus/#/home; access date 10 October 2021) and provide
improved SAR SLC data covering the above-mentioned periods assuring: (a) continuous,
all-weather day and night imagery, (b) rapid revisit period in the same imaging mode
(6 days), (c) constant and regular acquisition to build a large global archive, and (d) wide
area coverage thanks to the 250 km image swath width.

As a final step, geophysical modeling of the seismic fault based on the Okada [33]
formalism was generated, using the geodetic data derived by LOS ascending and descend-
ing displacement products. A number of sampled points from the raster displacement
DInSAR maps were used in order to generate the modeled co-seismic signal through Non-
Linear and Linear inversions, thus allowing inferring the geometry, kinematics and slip
distribution in the seismic fault.

2.4. Foreshocks and Aftershocks

The 27 September 2021 mainshock came after a space—time seismicity cluster, which
lasted for nearly four months. Based on the seismicity analysis of the area we support
that the cluster preceding the main shock was a sequence sharing the two main properties
characterizing foreshocks, i.e., high seismicity rate and low b-value. Given that other
types of earthquake sequences, such as aftershocks and swarms, are also characterized
by high seismicity rates, the b-value is of fundamental importance for the discrimination
of foreshocks from other types of earthquake sequences. In background seismicity, the
b-value usually equals ~1 [34,35]. It has been found that in foreshocks the b-value is lower
than aftershocks, in swarms and background seismicity [35-45].

The parameter b is the slope of the frequency-magnitude distribution (FMD), known
as G-R law [46], which is expressed by the formula (1):

logN = 0« — bM €))
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N is either the discrete frequency of magnitudes M in each magnitude bin or the cu-
mulative frequency of magnitudes >M; «, b are parameters determined by the earthquake
catalog data, where b expresses the relative number of the small magnitude earthquakes
to the large magnitude ones and « is a measure of the seismicity level. In terms of geo-
physics, the b-value is considered as a stress meter e.g., [35]. In this context, low b indicates
high material heterogeneity and concentrated stress while high b implies asymmetrically
distributed stress.

In this context we investigated the foreshock nature of the space-time cluster preceding
the 2021 mainshock and its discrimination from the background seismicity period. The
cluster was characterized by a drastically increased seismicity rate since the beginning
of June 2021. The background seismicity was considered for the area extending from
34.95° N to 35.34° N and from 25.02° E to 25.45° E (Figure 4). To secure homogeneity of
the seismicity catalog we analyzed background seismicity for the period extending from
1 January 2011 until 31 May 2021. Seismicity data for the foreshocks, the mainshock, the
aftershocks as well as for the background seismicity period have been retrieved from the
earthquake catalog of the National Observatory of Athens (NOA, http://www.gein.noa.
gr/en/seismicity /earthquake-catalogs; last access 9 December 2021), which lists the results
of the daily routine seismicity analysis. In this catalog, the earthquake magnitude is given
in scale of local magnitude, M; . Moment magnitudes have been also determined but only
for a few strong shocks of magnitude over 4.5.

Calculations of the b-value and of the seismicity rate, r, have been performed for com-
plete segments of the earthquake catalog which lists My, magnitudes. The completeness
magnitude threshold, M, and the respective b-value in a catalog segment were estimated
with the Maximum Curvature (MAXC) technique [47,48], which is incorporated in the
z-map toolbox for seismicity analysis [49]. The seismicity rate was calculated from the
formula (1), which provides rate calculations nearly identical with calculating the mean
number, n, of earthquake events occurring in a given time interval, t, expressed in days:
r =n/t (events/day). The dimensions of the aftershock area are useful to interpret the
seismotectonics of the mainshock and to calculate stress drop. Empirical formulas connect-
ing the length, L (km), and lateral width, W (km), of the aftershock area were calculated
from the empirical relationships (2) and (3), which have been found for earthquakes in the
Mediterranean region [50]:

logL = —1.49 + 0.47M,, 2

logW = —1.07 + 0.34M,, 3)

2.5. Stress Drop

The stress drop is an important parameter of the seismic source since it shows the
difference between the shear stress before the seismic slip episode and after the slip has
terminated. Most earthquakes have Ao in the range from 10 to 100 bars, with intraplate and
interplate earthquakes trending toward the higher and lower ends of this range [51]. How-
ever, the stress drop of Greek and other Mediterranean earthquakes, calculated by several
methods and for a wide magnitude range from about 1 to 7.5, is relatively low varying from
about 1 to 30 bars [52-59]. The stress drop associated with the 2021 Arkalochori mainshock
has been calculated from the seismic fault dimensions based on the InNSAR fault model and
on the aftershock area. The stress drop averaged over the fault is approximated by:

Ao=u-D/L 4)

where 1 = shear modulus, D = average slip on the fault plane and L = length of the fault
plane. It has been shown (see review in [60]) that for a circular fault model with seismic
moment M, and radius R the stress drop is:

Ao =7/16 (My/R%) (5)


http://www.gein.noa.gr/en/seismicity/earthquake-catalogs
http://www.gein.noa.gr/en/seismicity/earthquake-catalogs

GeoHazards 2022, 3

113

On the other hand, for a rectangular fault model, for dip-slip faulting and under the
assumption that the Lamé constants are A = 1, we get:

Ao =8/3m (My/W?L) (6)
where W is the fault width and 7t = 3.14 is a constant.

3. Results
3.1. Ground Deformation from INSAR

The ground deformation caused by the earthquake of 27 September 2021 is displayed
in wrapped interferograms and displacement maps in LOS (Figure 5) as well as in vertical
and east-west decomposed displacement maps (Figure 6). During the unwrapping step of
processing the wrapped interferometric phase was converted to a displacement map in LOS.
In this study, the Minimum Cost Flow (MCF) algorithm was used e.g., [61]. A comparison
of LOS displacements from the observed and modeled data indicates low residuals for both
the ascending and descending geometries, particularly for the former one (Figure 7).
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Figure 5. Wrapped interferograms (up) and LOS displacement maps (down) in ascending (a) and
descending (b) geometries for the 27 September 2021 earthquake. Symbol key: red line illustrates the
surface exposure of Kastelli Fault (KF in Figures 2 and 4); rectangle shows the surface projection of the
geodetically determined fault plane (see Section 3.2); stars show epicenters of the largest foreshock
of 24 July 2021 (1), mainshock of 27 September 2021 (2), largest aftershock of 28 September 2021 (3);
black dots illustrate positions of settlements.



GeoHazards 2022, 3

114

25.23 25.26

Stironas

25.29 26.32 25.35

Nipidites
AV

25.17 25.2 25.23 25.26 25.29 25.32 25.35

Thrapsano -
3 2 E
‘Stironas X9

K
Arckalochori< -
Nipidites

Partira Avli

élem_
0.

E-W Displacement (m)

-Wesl
-0.1

.1 0

25.26 25.35

(b)

2517 252 2523 2529 2532

Figure 6. Vertical displacements (a) and E-W (b) direction for the 27 September 2021 earthquake.

Vertical Displacement (m)
252 25.23 25.26 25.29 25.32
(@)
Symbol key as in Figure 5.
OBSERVED MODELED

35.285°

35.188°

35.091°

25.148° 25.246° 25.343°

-0.138 -0.092 -0.046 0.000
LoS Displ. (m)

35.285°

35.188°

35.001°
]

25.148° 25.246° 25.343°

[ ee— |
-0.138 -0.092 -0.046 0.000

LoS Displ. (m)

RESIDUALS

35.285°

35.188°
[

35.001°
|

25.148° 25.246° 25.343°

~EE O
-15-10-5 -1 0 1 51015
(m'107%)

RESIDUALS

-l---

OBSERVED MODELED

|

35.229°
35.229°

35.229°

35.158°

35.158°
]

35.158°
|

35.087°
35.087°
35.087°

25.194° 25.265° 25.337° 25.194° 25.265° 25.337° 25.194° 25.265° 25.337°

-15-10-5-1 0 1 51015

-0.12_-0.06 0.00
(m-107%)

LoS Displ. (m)

-0.12 -0.06 0.00 -0.18

LoS Displ. (m)

-0.18

Figure 7. Comparison of LOS displacements from observed and modeled data for the 27 September
2021 earthquake using the ascending (up) and descending (down) geometry.

A clear pattern of five fringes forming a relatively small lobe of subsidence is evident
in both the wrapped ascending and descending interferograms (Figure 5). From the LOS
displacement maps, a ground displacement up to —18 cm has been estimated. Subsidence
up to —22 cm has been estimated from the displacement decomposition in the vertical
(up-down) direction (Figure 6). However, no uplift displacement was detected. According
to the horizontal (east-west) displacement map (Figure 6), a pattern is evident showing
an eastward movement (blue color) up to 14 cm to the west of Arckalochori town and
westward movement (red color) up to 7 cm to the east of Arckalochori. The horizontal
displacement could be attributed to horizontal motion caused by the strike-slip component
involved in the focal mechanism of the mainshock.
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3.2. Fault Model from INSAR Inversion

The best-fit geodetic source solution determined for the earthquake of 27 September
2021 (Figure 8) from the inversion of INSAR observations provides a seismic fault dipping
to ~NNW with strike SW-NE (216°), dip angle 53° and rake —95° (Table 3). This solution is
consistent with the NP2 of the fault-plane solution obtained from moment tensor analysis
(Table 2). The geodetic seismic moment calculated through the Okada formalism [33] results
a seismic moment equal to 1.14 x 10'® N-m, which corresponds to earthquake magnitude
M,,6.0. This is coincident with the magnitude determined from seismic methods. The
main seismic slip patch ranges in depth from 2.5 to 10 km but the maximum slip of 1.03 m
occurred at a depth range from ~3.5 km to 5 km, which is close to the centroid depth
of 6 km determined by NOA (https://www.emsc-csem.org/#2; last access 17 December
2021). The seismic slip pattern indicates a circular source with a radius R ~ 4.5 km. From
a worldwide empirical relationship (7) among magnitude and subsurface rupture length
(SRL) for normal faulting [62] we get M,, = 5.8 for SRL = 9 km:

M,, - 4.34 +1.54 -1og(SRL) @)

Width 12.00 km
-~

4 + ¢

f— = — e

Length 18.00 km

0.0 0.2 0.4 0.6 0.8 1.0
Slip {m)

0.8 1.0

4 0.6
Slip {m)

(a) (b)

Figure 8. Modeled geodetic seismic fault for the 27 September 2021 earthquake in 3-D illustration (a)
and in vertical profile along SW-NE strike (b).

Table 3. Seismic source solution for the 27 September 2021 earthquake determined from InSAR
analysis.

Date

Time Strike (°) Dip (°) Rake (°)

Moment M Maximum
(x10'8 N-m) w Slip (m)

DD.MM.YYYY

HH:MM:SS

27 September 2021

06:17:21 216 53 -95 1.14 6.0 1.03

3.3. Foreshocks

In the Arkalochori area, the increased activity started on 1 June 2021 and continued
until the noon of 25 September 2021 (last event on 13:11:13.0 UTC). It is evident that a lull of
activity was noted about the last two days preceding the mainshock. The largest foreshock
of M 4.8 occurred on 24 July 2021. Spatially the foreshock activity concentrated in a
relatively small area covering only partly the area that was later occupied by the southern
aftershock cluster (Figure 4) and the geodetically determined deformation area (Figure 5).
The spatial distribution pattern of the foreshocks illustrated in Figure 4 very likely is not
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an artificial one given that the RMS of the foreshocks epicenters determination was found
equal to 0.16 = 0.01, which is relatively small. As we will see later the foreshock’s RMS
value equals that found for the aftershocks. The foreshocks’ focal depths ranged between 5
and 20 km with an average of 10.6 & 2.3 km (Figure 9a). The same focal depth range was
found for the aftershocks (Figure 9b).

From the application of the MAXC technique in the earthquake catalog covering the
time period from 1 June to 25 September 2021 we found M. = 2.3 and b = 0.78 £ 0.05
(Figure 10a). However, for the background period, which extends from 1 January 2011 up
to 31 May 2021 and is characterized by the occurrence of only small magnitude earthquakes
(Mp, <4.0), we found M, = 2.0, b = 0.96 = 0.07 (Figure 10b). For a common lower magnitude
threshold of M. = 2.3 the seismicity rate was found r = 1.72 events/day for the foreshock
period and r = 0.02 events/day for the background period. The simultaneous drastic
increase of r and drop of b leave no doubt that the intense seismic activity preceding the
main shock was a typical foreshock sequence that lasted for about 3.9 months.

20"

25

30

25 X g

30

Jul

Oct 18 Oct 25 Nov 01

(b)

Figure 9. Focal depth versus time for foreshocks (a) and for aftershocks occurring up to 5 November
2021 (b). Stars show the largest foreshock of 24 July 2021 (a), as well as the main shock of 27 September
2021 and the largest aftershock of 28 September 2021 (b).
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Cumulative Moment [nm]

3.4. Aftershocks
Aftershock Spatial Distribution

The determination of epicenters of aftershocks that occurred up to 5 November 2021
is characterized by average RMS = 0.16 + 0.06. The aftershock epicenters are clearly
distributed in two main clusters covering the southern and northern sides of the entire
cloud (Figure 4). The along-strike length of the overall aftershock area (Figure 4) is L~20 km,
while the maximum lateral width of W~9 km is evident in the southern cluster. These
values are nearly the same as the length and width predicted by the empirical relationships
(2) and (3). Only the epicenters of the northern cluster fall in the hanging wall block of
the KF normal fault which is exposed at the surface. Furthermore, the northern cluster
abuts but does not overlap with the deformation area determined from InSAR images
(Figures 5 and 6). On the contrary, the southern cluster, which is the most extensive one,
nearly overlaps with the deformation area. The seismogenic layer of aftershocks ranges in
depth from 5 to about 20 km with the average depth being 15.1 & 4.1 km (Figure 9b).

All the earthquakes of magnitude > 4.0 that occurred in the entire foreshock-main
shock-aftershock sequence ruptured within the southern aftershock cluster. In addition, the
largest aftershocks of magnitude > 4.6 occurred within the first three days from the main-
shock occurrence. This is clearly reflected by the cumulative moment release (Figure 11a)
and the gradual decrease of aftershock magnitudes (Figure 11b). These results provide
strong evidence that the main rupture area did not expand beyond the area covered by the
southern aftershock cluster. The smaller in size northern aftershock cluster is very likely
due to the gradual expansion of the aftershock area away from the main seismic slip area.
These observations are of special importance for better understanding the geometry and
dimensions of the causative fault segment, for the calculation of the mainshock stress drop
as well as for the estimation of the remaining seismic potential in the area.

Magnitude

0+

T

Sep 27

Oct 04

Oct 11
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(a) (b)

Figure 11. Cumulative seismic moment release (a) and magnitude distribution versus time (b) for
the aftershocks occurring up to 5 November 2021. Star shows the largest aftershock (My5.1/M(,5.3)
that occurred on 28 September 2021.

3.5. Stress-Drop

A first effort has been made to calculate the stress drop associated with the mainshock
on the basis of the seismic fault dimensions. The circular fault model is a good approxi-
mation for no large earthquakes (M < 6.0). For the earthquake of 27 September 2021, this
model is supported by the nearly circular shape of the seismic slip area determined from
our geodetic solution (Figure 8b). Stress-drop of Ao = 55 bars has been found for geodetic
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seismic moment M, = 1.14 x 10!® N-m and source area with radius R = 4.5 km. Since in the
geodetic source model a small portion of seismic slip happened away from the main slip
patch, a total seismic slip area equivalent to the circular area of R = 5 km can be considered.
Then, the stress drop is reduced to 40 bars.

Although the rectangular fault model is more appropriate for earthquakes of M > 6.0,
we considered this case too for reasons of comparison. The fault dimensions have been
taken from only the first three-day aftershock activity aiming to avoid overestimation
of the seismic slip area. Namely, the fault length is ~9 km and the lateral width is also
~9 km (Figure 4). However, taking into account that the upper limit of the seismic fault
surface is at depth 5 km and the average fault dip is 43° (Table 2), the down-dip width has
been found equal to 12.3 km. For seismic moment M, = 1.1 x 10'® N-m determined from
moment tensor solutions, e.g., by GEOFON (https://geofon.gfz-potsdam.de/data/alerts/
2021/ gfz2021sxyu/mt.txt; last access 9 December 2021) stress-drop Ao~7 bars has been
calculated.

4. Discussion

The results obtained call for the identification of the causative fault of the 27 September
2021 strong earthquake, which is of primary importance not only for understanding the
seismogenic process of the particular earthquake but also for the evaluation of the seismic
potential of the causative fault. The last issue can be examined in the short-term and
long-term time frames.

The geodetic fault model for the mainshock along with fault-plane solutions of the
mainshock, of the largest foreshock and of the largest aftershock, leave no doubt that the
rupture process was associated with ~WNW-ESE crustal extension of an NNE-SSW striking
normal fault. Such a fault geometry fits quite well to the geometrical features of the Kastelli
Fault (KF) (Figures 3 and 4). However, the length of the deformation and aftershock areas
considered together exceed by ~3 times the length of the KF surface exposure, which is only
~6 km. The reason is that the southern KF exposure is truncated by the very likely younger
Nipiditos fault, which strikes nearly perpendicular to the KF (Figures 3, 4 and 12). This
implies that the inferred southwards prolongation of KF has to be considered as a buried
fault segment as illustrated in Figures 4 and 12. Otherwise, the main aftershock cluster at
the south, the foreshock area and a large part of deformation covering the same cluster
area, all remain without tectonic interpretation. This analysis implies that the mainshock
rupture very likely occurred at the southern inferred KF fault segment. At all evidence,
the northern KF segment was activated only during the aftershock period as a result of
inelastic stress redistribution and an associated expansion of the aftershock area.

The vertical ground displacement of ~20 cm that we detected with InSAR techniques
in association with the 27 September 2021 mainshock (M. 6.0) incorporates also the ground
displacement that is possibly caused by the largest aftershock (M,,5.1). However, it is
not possible to discriminate the displacement caused by the aftershock since it occurred
only the next day after the mainshock. For other shallow earthquake cases of comparable
magnitude, it has been found that the displacement caused was on the order of 6 cm [63].
Therefore, the net ground displacement associated with the mainshock perhaps is about
15 cm. A minor deformation that may have been caused by the largest foreshock (M,4.6) of
24 July 2021 is not incorporated in the displacement detected for the mainshock. For another
earthquake of (My4.6), which occurred in central Greece on 2 December 2020, ground
displacement on the order of 3 cm was estimated from INSAR and GPS measurements [64].
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Figure 12. 3-D seismotectonic model seen from NW for the interpretation of the seismotectonics
associated with the 27 September 2021 Arkalochori main shock (star) and its dependent foreshocks
(red circles) and aftershocks occurring up to 5 November 2021 (black circles). The Nipiditos Fault,
which is younger than the Kastelli Fault (KF), truncates KF nearly perpendicularly (see also Figure 4).
Only the northern KF segment is exposed at surface. The main shock very likely ruptured the inferred
southern KF segment since all the foreshocks and aftershocks of My > 4.0 and a large part of the
geodetic deformation area all fall in that segment (see also text in Section 4 and Figure 4). The
aftershock activity expanded gradually to the northern KF segment.

The behavior of the aftershock activity is of significance for the evaluation of the
KF seismic potential in the short-term sense. The spatial aftershock distribution leaves
a relatively quiescent area between the two clusters (Figure 4). Although we already
noted that the spatial distribution is likely true, it should not be ruled out that it might
be improved by earthquake relocation techniques in the future. The separation of the
aftershock activity in two spatial clusters could be interpreted by the presence of the
Nipiditos Fault (NF) in the area (Figures 4 and 12). To the south of the KF truncation by
the NEF, the KF does not emerge at the surface. However, it is remarkable that the inferred
NF prolongation towards WNW strikes between the two aftershock spatial clusters, thus
creating a tectonic barrier between the two KF segments. Alternatively, but less likely,
the aftershock quiescent area might be due to the existence of an unbroken small asperity,
leaving open the possibility for a strong (magnitude ~5) late aftershock.

To evaluate the KF seismic potential in the long-term sense, it is necessary to examine
the seismic history of the area. The Arkalochori town dates back to at least the 16th century
AD. From a detailed seismic record of Crete [2] no earthquake disaster was reported in
the Arkalochori area until the earthquake occurrence of 27 September 2021. Earthquake
disasters have been historically reported in various places situated to the north and east of
the 2021 seismic source. For example, Heraklion, the capital city of Crete, suffered extensive
damage by the 29 May 1508 surface earthquake (M,6.5) and the 16 February 1810 possibly
interplate earthquake (My,6.9) [1,2] (Figure 2). Heraklion has been also hit heavily by large
intermediate-depth earthquakes, such as the 12 October 1856 one of M 7.6 (Figure 2).
However, intermediate-depth earthquakes are irrelevant to our discussion. In pre-historic
times, a destruction horizon found in the archaeological site of Archanes, a few kilometers
to the south of Heraklion, indicates strong earthquake occurrence possibly during the 17th
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century BC [65], see also review in [2]. However, the source of that earthquake remains
unknown although the Giouchtas Fault Zone (Figures 3 and 4) is a candidate. In conclusion,
we propose that it is unlikely to miss historical earthquakes of magnitude ~6 or larger
occurring in the Arkalochori area at least since the 16th century AD.

From the long-term perspective it is evident that the seismicity in the Arkalochori
area has been very low in the sense that no past strong earthquakes are known there.
The long repeat time of strong earthquakes in the study area, estimated on the order of
several hundred years, has also been supported by other authors from seismicity statistics
e.g., [66]. Palaeoseismological and historical data indicate that the East Giouchtas Fault is
characterized by a surface rupture with an estimated recurrence interval of about 2000 years
and slip rate in the order of 0.25-0.5 mm/yr [24]. Repeat time of strong earthquakes equal
to ~800 years has been estimated from tectonic observations on the KF and the Geraki Fault
considered together as a single fault zone [13].

The relatively high stress drop associated with the 27 September 2021 earthquake could
be attributed to increased fault rigidity, which is a characteristic of “strong” faults with
a long repeat time of strong earthquakes [67]. Further calculation of the stress drop, e.g.,
from spectra of S-waves, may help with cross-checking the value of stress drop found from
the seismic fault dimensions. From the standpoint of the earthquake’s long repeat time,
the Arkalochori 2021 mainshock was “unexpected” in the long-term sense and constitutes
one more example of the highly distributed seismicity associated with normal faulting
in the Greek area. Recent examples include the northern Greece earthquake (M 6.6) of
13 May 1995 [68], and the central Greece earthquakes of 7 September 1999 (M,,5.9) [69]
and of 3 and 4 May 2021 (M,6.3 and M,6.2) [70-72]. On the other hand, due to the high
seismicity rate observed from the beginning of June 2021, the national civil protection
services requested from experts the seismicity evaluation during July 2021. As a follow-
up, a clear recommendation to the local authorities was given for undertaking urgent
preparation measures according to the emergency plans. Consequently, the main shock
was “expected” in the short-term sense although no precise estimation of the expected
magnitude was possible.

5. Conclusions

The strong (M,y6.0) mainshock that occurred in the Arkalochori area of Crete Isl. on
27 September 2021 came after a nearly 4-month-long foreshock activity, which is character-
ized by a significant drop of the b-value and increase of the seismicity rate with respect to
the background seismicity of the area. The aftershock activity is spatially distributed in two
clusters, the southern and northern ones. The northern cluster is bounded to the east by
the ~6 km-long surface exposure of the active normal Kastelli Fault (KF). The KF southern
tip is truncated by the younger Nipiditos Fault, which strikes nearly perpendicular to KF.
The main shock as well as all the foreshocks and aftershocks of My, > 4.0 ruptured within
the southern aftershock cluster.

Analysis of InNSAR images showed that the deformation area nearly coincides with
the southern aftershock cluster while maximum subsidence of ~20 cm has been estimated.
From the inversion of InNSAR data, a geodetic solution of the seismic source was produced
showing the next fault features: strike 216°, dip angle 53°, rake —95°. The normal fault
plane dips towards ~NW. This solution is consistent with fault-plane solutions obtained
from routine moment tensor analysis. The geodetic seismic moment calculated through the
Okada’s formalism is 1.14 x 10'® N-m and corresponds to M,,6.0. The seismic slip occurred
at depths from 2.5 to 10 km while a maximum slip of 1.03 m was found at the depth range
from ~3.5 km to 5 km. The foreshock activity was developed at the southwestern edge
of the mainshock slip area and down-dip of it. This implies that the foreshock activity
was a foreshadow of the mainshock nucleation area. In the case of the Ionian Sea M,,6.8
earthquake of 25 October 2018, which was associated with thrust-oblique faulting, a similar
pattern was observed but the foreshock activity developed at the upper edge, and up-dip,
of the mainshock asperity [73].
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Atall evidence, the Arkalochori mainshock rupture occurred in the area of the southern
aftershock cluster. This implies the activation of an inferred buried southern KF segment.
The northern aftershock cluster is very likely due to the gradual expansion of the aftershock
activity. The stress drop associated with the mainshock was found as high as 55 bars for a
geodetic circular source of a radius of ~4.5 km but lower (~7 bars) for a seismic rectangular
source. These values are relatively high for Greek earthquakes and could be attributed to
increased fault rigidity due to the long repeat time of strong earthquakes in the Kastelli
Fault segments.
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