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Abstract

Seismic coupling helps define how large the earthquake potential of a region is, as well as the
presence of asperities along plate zones. This work seeks to provide an improved picture of the seismic
coupling for the Aegean-Anatolian region by taking advantage of extensive seismic and geodetic
datasets. To estimate coupling, we compiled a series of by-products that are specific ingredients also
for seismic hazard studies. With these by-products, we found that the seismogenic thickness is thinner
(10-15 km) or thicker (20 to 30 km) to the east and to the west, respectively and even deeper along the
Hellenic subduction zone. The b-value ranges between 0.9 and 1.1 for the entire area with high values
concentrated at locations of Late Miocene to -recent volcanism whereas low b-values (<0.8) concentrate
along most of the Northern Anatolian fault zone that may suggests stress accumulation. Seismic
coupling is low (<35%) or intermediate (35% - 70%) in most of the area, while the Karliova triple
junction, on a N-S-oriented belt along the boundary between western and central Anatolia, and the
southeastern Peloponnese are fully coupled, suggesting a full seismic release of the entire deformation
budget. An intermediate value of seismic coupling is observed for the eastern and central segments of
the Northern and Eastern Anatolian Fault zones, for part of the Hellenic volcanic arc, the Kefalonia
Transform Fault and the Corinth gulf active faults. Considering historical earthquake data, these
intermediate coupling values indicate either aseismic deformation or catalog incompleteness.
Furthermore, the time period since large magnitude earthquakes clearly raises the possibility of
impending earthquakes on the Northern and Eastern Anatolian Fault zones. A broad seismic gap is
evidenced along the Hellenic subduction zone, because of the reduced coupling and the absence of ~M8
earthquakes in the last 700 years, at least. We conclude that in most of the central Aegean Sea aseismic
deformation prevails as suggested by the small value of coupling and the modest seismic release over
the last millennium.

Keywords: geodetic and seismic moment-rates, seismic coupling, seismic hazard, seismogenic
thickness, b-value, Aegean-Anatolia

1. Introduction

The remarkable increase of GNSS-based networks has enabled an improved focus on geodetic
moment-rates estimation in all tectonic regions worldwide (e.g. Ward, 1998; Pancha et al., 2006;
Mazzotti et al., 2011; Scholz and Campos, 2012; Déprez, et al., 2013; Métois et al., 2013; D’ Agostino,
2014; Carafa et al., 2017; Palano et al., 2018). Since the pioneering work of Kostrov (1974),
understanding how strong the coupling between deformation and earthquake generation is, remains a
challenge in seismology. Coupling estimates are difficult especially in subduction zones, partly because
of their high deformation rate (Ruff and Kanamori, 1980; Uyeda, 1982; Scholz and Campos, 2012).
Furthermore, the amount of crustal strain released by earthquakes reflects the rate of long-term tectonic
deformation only partially. Despite the variety of methods for estimating seismic and geodetic moment-
rates, the results do enable to distinguish regions where the total deformation-rate budget is entirely
released by seismicity (e.g. Mazzotti et al., 2011; Pancha et al., 2006; D’ Agostino, 2014; Sparacino et
al., 2020), from those whose excess deformation, is potentially accommodated by other processes, such
as aseismic slip, or strain accumulation related to impending large earthquakes (Masson et al., 2005;
Palano et al., 2018, 2020; Déprez, et al., 2013). Seismic coupling is therefore a key parameter to assess
how large the earthquake potential is in any region. Earthquake asperities correlate with areas of high
coupling, but their persistence over different seismic cycles may vary according to stress accumulation
(e.g. Corbietal., 2017).



The Aegean and Anatolian microplates is affected by the highest deformation region of the
Mediterranean (Figure 1), with complex tectonics leading to many large magnitude earthquakes in the
past. The seismic and the associated tsunami hazard are the highest in Europe (e.g. Shaw and Jackson,
2010; Giardini et al., 2014; TSUMAPS, http://www.tsumaps-neam.eu). The first estimations of the
seismic coupling for selected regions conducted by Jackson and McKenzie (1988), Papazachos and
Kiratzi (1996), Ward (1998), Laigle et al. (2002), Jenny et al. (2004), Rontogianni (2010), Vernant et
al. (2014) and Chousianitis et al. (2015), still leave many open questions. Despite the copious datasets
and different parameterization and/or assumptions, the aforementioned studies only identified a few
regions where the estimated geodetic/tectonic moment-rate is released purely by seismic activity, such
as the Cephalonia Transform Fault (central Ionian Sea) and the westernmost branch of the North
Anatolian fault, in the North Aegean Trough. Furthermore, the remaining part of central and northern
Greece is believed to deform in aseismic mode (Rontogianni, 2010; Chousianitis et al., 2015). The
behavior of the Hellenic subduction zone is widely debated with contrasting results, ranging from fully
coupled (Ganas and Parsons, 2009) to various degrees of uncoupled deformation (e.g. Papazachos and
Kiratzi, 1996; Scholz and Campos, 2012; Apel, 2011; Vernant et al., 2014 and references therein). In
Anatolia, the first estimation of seismic coupling (Ward, 1998) concluded that the observed deformation
is largely aseismic. Since then, no other estimations have been performed, despite its high seismic
hazard (e.g. Bohnhoff et al., 2016 and references therein).

The contrasting results for the Aegean region, coupled with the lack of updated and robust
estimation for the Anatolian region, call for a re-examination of the degree of coupling for this broader
zone of the Nubia-Eurasia margin. Previous efforts were partially limited by the strong heterogeneity
and granularity of information (either seismic or geodetic) available for the entire region. Therefore,
our first step in acquiring a consistent estimate of the coupling is to compute uniform and homogeneous
ingredients by using and merging high quality geodetic and seismic data. Our approach estimate
moment-rates and seismic coupling on 2° x 2° square cells with a 75% overlap and does not require an
a priori zonation, that could be sometimes subjective. The compilation of seismicity records from
existing catalogs (either historical or instrumental) has been done with the aim of minimizing the impact
of' the large heterogeneities of available records (e.g. spatial coverage of each catalog, duplicated events,
magnitude determination). We therefore compute input parameters for the coupling estimation, such as
the maximum expected magnitude, the seismogenic thickness and the coefficients of the Gutenberg and
Richter (1956) frequency-magnitude distribution relation, as homogeneously as possible for the entire
area. In addition, based on an extensive combination of recent GNSS velocities integrated with those
reported in previous works, we compiled a dense velocity field that is essential for deriving the geodetic
moment-rates. Finally, the seismic coupling estimation enables characterizing the crustal deformation
modality (seismic versus aseismic), as well as identifying potential seismic cycle gaps over the entire
region, thereby providing additional constraints on modern seismic hazard estimates.

2. Background

The Aegean-Anatolian region, located in the collision zone between the African, Arabian and
Eurasian plates (Figure 1), undergoes a series of diverse and complex long-lasting tectonic processes
(e.g. McKenzie et al., 1970, Sengor and Yilmaz, 1981). Since the Jurassic, the convergence between
Africa and Eurasia plates has led to the development of a circum-mediterranean Alpine belt (van
Hinsbergen et al., 2020 and references therein), with different partially independent segments. Among
these, the Hellenides were divided into northern and southern segments (Doutsos et al., 2006;
Papanikolau, 2010). The northern segments remained trapped in the continental collision (occurring at
rates of ~5-10 mm/yr) against the Apulian foreland (a northern promontory of the African plate; Figure
1). At the margin of the southern segment, rapid subduction of the African plate beneath western Turkey
and the Aegean regions developed (with current rates of ~40 mm/yr; Reilinger et al., 2006), forming



the Hellenic subduction zone (e.g. Papanikolau, 2010; Jolivet and Brun, 2010). Such a rapid subduction
with slab roll-back caused the extension of the continental crust and volcanism in the overlying Aegean
region (Koukouvelas and Aydin 2002; Kokkalas et al. 2006; Jolivet et al., 2013).

After the Late Eocene (~35 Ma), the Arabian continental margin, facilitated by negative
buoyancy, moved northward and under-thrusted the Eurasian plate (Jolivet and Faccenna, 2000), while
the onset of the continental crustal thickening began in the Late Oligocene (~25 Ma; Mouthereau et al.
2012. The continuing northward migration of the Arabian with respect to the stable Eurasia plate
resulted in crustal shortening and the thickening of the Eastern Anatolian Plateau as well as, after the
Late Miocene, widespread volcanism (Figure 1) along the southern sector of the Central Anatolian
Plateau (e.g. Sengor et al., 2003). After the Early Pliocene, the Arabia-Eurasia collision was arranged
by the westward extrusion of a continental block along two major strike-slip faults, the North and East
Anatolian fault zones, respectively (NAFZ and EAFZ; e.g. Sengor et al., 2005; Bulut et al., 2012). The
EAFZ is a left-lateral fault system extending from the Karliova triple junction, where it joins the NAFZ,
toward the southwest for about 600 km to the Hatay triple junction (Mahmoud et al., 2013). NAFZ is a
right-lateral fault system extending for ~1200 km from the Karliova triple junction in the east to the
northern Aegean Sea in the west (Bohnhoff et al., 2016). NAFZ marks a narrow fault zone along its
eastern and central parts, while it branches into two or three sub-parallel strands along its western
portion (e.g. Marmara Sea and North Aegean Trough; Koukouvelas and Aydin, 2002).

The Hellenic subduction zone (Figure 1) is confined between the right-lateral Cefalonia
transform fault (CTF, hereinafter) to the west and the Pliny-Strabo shear zone (PSSZ, hereinafter), to
the east (Kokkalas et al. 2006). The southwest-trending CTF marks the transition between the
westernmost termination of the Hellenic subduction and the continental collision zone (between
northern Hellenides and the Apulian platform) to the north (Louvari et al., 1999 and references therein).
The PSSZ is a left-lateral tectonic belt characterized by heterogeneous tectonic features, which has
recently been interpreted as the surface expression of a tearing process between the Aegean lithosphere
in the NW and the African lithosphere in the SE (Ozbakir et al., 2013; Howell et al., 2017). Eastward
of PSSZ, the Cyprian Arc arranges the transition from the Hellenic subduction to the continental
collision between the Anatolian plate in the north and the Nubian plate in the south (Wdowinski et al.,
2006).

In the last three decades, several authors have focused on the seismic coupling for the Aegean-
Anatolian region, using different geologic, geodetic and seismic datasets and adopting different
formulations (see Table 1 for a summary). An early estimation was done by Jackson and McKenzie
(1988), who inferred a substantial aseismic behavior of the Hellenic subduction zone. Similar results
were obtained later by Vernant et al. (2014), who inferred a seismic coupling of 10% along the entire
Hellenic subduction interface and a 5700-8300 year recurrence time for 365 CE-type Crete events.
Moreover, Ward (1998) estimated a seismic coupling of 66% and 22% for the Aegean and the Anatolian
regions, respectively, while Laigle et al. (2002) suggested that in the lonian Islands region, the
subduction zone is fully coupled. Jenny et al. (2004) inferred moderate to large seismic coupling along
the CTF and the western segments of NAFZ, and significant uncoupling (up to 90%) along the Southern
Aegean Sea and the Hellenic subduction zone. Rontogianni (2010) observed a large seismic strain
deficit for most of Greece, therefore highlighting the possibility of future large earthquakes to fill the
deformation deficit. Chousianitis et al. (2015) observed that in the central lonian Sea, the geodetic strain
is fully seismically released, while in other sectors of Greece the geodesy-based moment-rates were at
least 2 times higher than the earthquake-based ones, evidencing a possible seismic catalog
incompleteness (e.g. western Peloponnese, Epirus, North-western Aegean Sea) or important aseismic
deformation (e.g. Gulf of Corinth).

3. Data



3.1 Seismic catalogs

The occurrence of several large earthquakes in the Aegean-Anatolian region is well-
documented in remarkably complete historical records and written sources (Bohnhoff et al., 2016). By
taking into account both the SHEEC and SHARE-CET catalogs (https://www.emidius.eu/SHEEC;
Stucchi et al., 2013; Griinthal et al. 2013; Papadopoulos, 2011), we compiled a catalog of 678 historical
earthquakes (HE, hereinafter) occurring in the investigated area during the 1003 - 1903 period and with

estimated moment magnitude M, >5. Historical seismicity is widespread over the whole investigated
area (Figure 2), with the strongest earthquakes (M>7) mainly concentrated along the western and eastern
sectors of NAFZ, the EAFZ and along the Hellenic Trench (see also Table S1 in Supplementary
material). The largest earthquake occurred in on August 8, 1303 (M,, 8.26, Stucchi et al., 2013), with
the estimated epicenter located to the east of Crete.

We also compiled a catalog of instrumental seismicity (IE, hereinafter) by merging the records
reported in the following online catalogs (see Supplementary material for more information):

e National catalog for Greece (Figure S1) managed by the “Institute of Geodynamics-National
Observatory of Athens” (http://www.gein.noa.gr/en/seismicity/earthquake-catalogs);

e National catalog for Turkey (Figure S2) managed by the “Kandilli Observatory and Earthquake
Research Institute of Bogazici University” (http://www.koeri.boun.edu.tr/sismo/2/earthquake-
catalog);

ISC catalog (Figure S3) (http://www.isc.ac.uk);

ISC-GEM catalog (Figure S4) (http://www.isc.ac.uk/iscgem/index.php);

The resulting catalog has a time span from August 1903 to December 2020 for a total amount
0f 864,298 events, with ranges in magnitude and depth from 1.5 to 7.8 and from 0 to 50 km, respectively.
The largest earthquakes reported in the catalog (Figure 2) occurred along the central (i.e., the 1944 M,,
7.6 Ulumescit event and the 1943 M,, 7.5 Comert-Ilgaz one) and eastern sectors of NAFZ (i.e., the 1939
M,, 7.8 Erzincan event), and in the southern Aegean region (i.e. the 1956 M,, 7.7 Amorgos event).

3.3 GNSS data

We analyzed an extensive GNSS dataset by collecting raw observations from SOPAC
(ftp://garner.ucsd.edu/pub), EUREF (https://www.epncb.oma.be), NOAA (ftp://alt.ngs.noaa.gov/cors)
and UNAVCO (ftp://data-out.unavco.org). The GNSS phase observations were processed by using the
GAMIT/GLOBK 10.7 software (Herring et al., 2018) following the approach described in Palano et al.
(2020) in order to estimate a consistent set of positions and velocities in a fixed Eurasian reference
frame (Palano et al., 2017). To improve the spatial density of the geodetic velocity field over the study
area, we integrated our solutions with those reported in recent literature (Nocquet, 2012; Tatar et al.,
2012; Aktug et al., 2013; Tiryakioglu et al., 2013; Vernant et al., 2014; Chousianitis et al., 2015; Metois
et al., 2015; England et al., 2016; D’Agostino et al., 2020) by solving for Helmert transformation
parameters that minimize the differences between velocities at common sites (e.g. Herring et al., 2018).
We removed all sites having a formal error greater than 1.5 mm/yr (e.g. 3 times larger the average error
of the whole dataset) in their velocity; all the removed sites correspond to literature solutions and
account for less than 5% of the whole dataset. The final velocity field is reported in Figure 3a and Table
S2.

We estimated the horizontal strain-rates using the method of Shen et al. (2015), which allows
us to model the horizontal velocity gradients on a regularly spaced grid by means of a least squares
inversion (see Supplementary Material). To estimate strain-rates along the Hellenic and the Cyprian
subduction zones, we defined a composite velocity field (Figure S5) given by our final velocity field
and by the one, computed on a 0.5° x 0.5° grid, from the expected motion of the Nubian plate with
respect to the Eurasian one. The subduction interface by Basili et al. (2013) is used to define the northern
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boundary of the Nubian velocity field. Our final strain-rate field is reported in Figure 3b (see also Figure
S6 and the associated text in the Supplementary Material for additional details).

4. Methods and parameters definition

We present the approaches and the mathematical formulation for intermediate parameters and
seismic and geodetic moment-rates computation. Subsequently, we discuss how these parameters have
been estimated and their relative impact on the moment-rates computation.

4.1 Seismic source zonation and cell size definition

The seismic and geodetic moment-rates comparison, as well as seismic hazard, are usually
performed on seismically homogeneous source zones that are defined on the basis of tectonic,
geological and seismic considerations (e.g. Mazzotti et al., 2011, Erdik et al., 1999). Available seismic
zonations for the study area (e.g. Giardini et al., 2013 and references therein) consist of several small
size sources along main active faults. Most of the seismic sources are not fully covered by GNSS
stations, so that the strain-rates information can only be derived from the velocity interpolation. To
overcome such limitations and enable a common estimation for different tectonic settings without the
need for a priori tectonic information, we adopt a spatially extended parameterization for the seismic
sources. We divided the study area into a regular grid with square cells of 2° x 2° and a 75% overlap.
The chosen cell size is consistent with the rupture length of a M=8 earthquake (Wells and Coppersmith,
1994), and the 75% overlap results in a 0.5° x 0.5° pseudo-grid, matching the size of the seismic source
zones (Giardini et al., 2013).

4.2 Methods for moment-rates estimation

For each computational cell, the seismic moment-rate ( M «is ) Nas been calculated by adopting

a truncated cumulative Gutenberg-Richter distribution (Hyndman and Weichert, 1983):

1 0[(67}))Mmax +a+d]

©b) ’ M

where:
® M, is the magnitude of the largest earthquake that could occur within the cell.
® ¢ is an asymmetric correction for the stochastic magnitude-moment relation.
o ¢ and d are the coefficients of the moment magnitude (M) - seismic scalar moment (Meis)
relation:

logMspis =cM +d, (2)

e ¢ and b represent the measure of the annual level of seismicity and the ratio between the number
of small and large earthquakes, respectively, of the Gutenberg and Richter (1956) recurrence
relation:

logN(M) =a—-bM , (3)

and are strictly related to moderate magnitudes of the catalog. N(M) is the cumulative number of
earthquakes with magnitude M and larger for each cell.

We assumed ¢ = 1.27, reflecting an average error of 0.2 on magnitudes (Hyndman and
Weichert, 1983), and ¢ = 1.5 and d = 9.1 for M,.;; in N m (Hanks and Kanamori, 1979), while the a, b



and M. values have been estimated for each cell on the basis of available historical (HE) and
instrumental (IE) seismic catalogs. Our IE catalog refers to different scales (see Supplementary
material), which should ideally be converted into moment magnitude (M,,) before computing (eq. 3).
However, we prefer to convert all earthquake magnitudes directly into scalar moments, because in any
case, both estimations will always suffer from substantial uncertainties.

The scalar seismic moment-rate can also be estimated by adopting the moment summation
approach of Kostrov (1974):

Mgeis = ﬁzgzl MS('Zi)S 4)

where N is the number of events occurring during a given time interval A7 in the volume A4 H; (with 4,
the surface area and H, the seismogenic thickness), M. is the scalar seismic moment of the n-th
earthquake from the N total earthquakes. We mainly focused on seismic moment-rate estimations from
the truncated Gutenberg-Richter distribution. However, in order to test sensitivity, we performed
additional computations by taking into account the Kostrov summation approach and using a catalog
(MS5E hereinafter) including all earthquakes with M>5 reported in the instrumental (IE) and the
historical (HE) ones.

Concerning the geodetic moment-rate, slightly different formulations relating the surface
strain-rates to scalar moment-rates over a seismic volume have been proposed in literature (see Pancha
et al., 2006 for an overview). Here we adopted the Savage and Simpson (1997) formulation, which
derive from the generic one proposed by Kostrov (1974) and allows to consider strains in multiple
directions:

Mgeod = ZHHSA[Max(lgHmaxl' |ghmin|: IgHmax + <9hmin|)] > (5)

where u is the shear modulus of the crust, H; is the seismogenic thickness over which strains accumulate
and its elastic part releases in earthquakes, 4 is the surface area of the selected cell, €xmax and xmin are
the principal horizontal strain-rates and Max is a function returning the largest of the arguments. We set
u=3.0"10" N m? (typical value of average crustal rocks; Turcotte and Schubert, 2002), while the
principal horizontal strain-rates have been estimated for each cell by taking into account the GNSS
velocity field.

5. Parameters estimation and results
5.1 Myax estimation

Different approaches can be used to estimate the M, value of a given region. In long-term
hazard models, the standard practice is to add 0.5 to the magnitude of the largest earthquake reported
in the historical catalog (Kijko and Graham, 1998), but this approach is very limited in those areas with
no significant historical record. M.« can also be estimated by adopting a law-scale relating magnitude
to fault dimension (Wells and Coppersmith, 1994), but several issues on fault segmentation arise.

We estimated M, by using the toolbox developed by Kijko and Singh (2011), which uses 12
different statistical procedures. The benefit of using this toolbox is that it provides reliable results under
different data restrictions (magnitude of completeness and temporal length of the catalogs, magnitude
distribution and uncertainties, number of earthquakes, etc.). We used as input the MSE catalog,
assuming an average error of 0.2 on magnitude values. M,,.» values have been estimated by considering
the same grid-knots of the other computations, where the cell’s size has been enlarged (3° x 3°) in order
to take the location uncertainties of historical earthquakes into account. For each cell, among the 12
estimated M, values, we chose the one associated with the smallest uncertainty.



The pattern of M. (Figure 7a) is characterized by values ranging from 6.0 to 8.5. The highest
values (~8.5) have been estimated for a large sector of the Aegean region, mainly because of the
devastating My, 8.26 1303 Crete earthquake. Magnitude values within the 7.5-8.0 range were estimated
for the central and easternmost sector of NAFZ and along the Hatay triple junction, the PSSZ and
southern Peloponnese. Values within the 7.0-7.5 range were estimated for the western and eastern
sectors of NAFZ, the eastern sector of EAFZ, western Turkey and central and eastern Greece. Values
smaller than 7.0 characterize the remaining areas with lowest values (~6.0) in south-central Turkey.
Estimated uncertainties (Figure 7b) range from 0.25 to 0.48, with largest values found in southern
Greece and eastern Turkey (see also Table S3 in the supplementary material).

5.2 Coefficients of the Gutenberg-Richter recurrence relation

The coefficients @ and b of the Gutenberg-Richter recurrence relation (eq. 3) express the
frequency vs. magnitude distribution of earthquakes over a given space-time interval. The a-value
corresponds to the seismic-rate of the region, while the b-value describes the relative frequency of large
vs small events, regardless of population size. Typical values range in the interval 0.6-1.4 with a global
mean of ~1.0 (Frohlich and Davis, 1993). The b-value depends on factors, such as material
heterogeneity (Mogi, 1962) or applied shear stress (Scholz, 1968): low values, that is a high proportion
of major earthquakes, are inferred to indicate areas of crustal homogeneity and high stress, whereas,
high values indicate crustal heterogeneity and low stress (Mogi, 1962; Mori and Abercombie, 1997).

We estimate these coefficients within the 2° x 2°, 75% overlap grid. Computation has been
limited to cells with at least 40 earthquakes, by using the IE catalog and two different approaches: the
maximum likelihood estimation (MLE; Weichert, 1980) and the robust fitting method (RFM; Han et
al., 2015). Such a double computation has been performed in order to check the robustness of achieved
results.

The aforesaid parameters are estimated as:
1

T n (10) (kM —M¢hresn)

. (6)

M
a= loglo AT +b-Mipresn > (7)

where M are the magnitudes of the analyzed dataset, y,, is the sampling average of the magnitudes, and
Mipresn 18 the threshold magnitude which usually corresponds to the magnitude of completeness (M.)
of the catalog, i.e. the value below which the number of detected earthquakes is considered incomplete
(Rydelek and Sacks, 1989; Wiemer and Wyss 2000; Han et al., 2015). The parameter AT is the temporal
window covered by the catalog.

The a- and b-value distribution varies significantly over the area (see also Table S3 in the
supplementary material). The a-value ranges between 4.67-7.85 (Figure 5a) and 3.28-7.98 (Figure 5c)
from MLE and RFM, respectively. Values smaller than 5 can be observed mainly along the northern
border of the computation region, especially considering the MLE results, while similar ones coming
from RFM are also concentrated along the easternmost sector of the NAFZ. Values larger than 6.5
define, for both approaches, a near continuous region including western Turkey and Greece, with the
largest values (>7.5) along the PSSZ.

The b-value falls in the range of 0.66-1.37 (Figure 5b) and 0.50-1.26 (Figure 5d) from MLE
and RFM, respectively, showing a general agreement with small differences in the north-eastern sector
of the study area where RFM suggests smaller b-values. For most of the study area, values range within
the 0.9-1.1 interval, while small patches with values > 1.1 are observed for the southern Aegean Sea
and in south-eastern Turkey. The RFM approach results in larger b-values also for PSSZ.



Another computed parameter is Mc, i.e. the magnitude of completeness of the catalog. Although
the Mc values are computed from both methods, since the RFM approach is less sensitive to Mc values,
we refer only to the values estimated by the MLE approach. For most of Turkey, Mc is ~2.5 on average
(Figure 6), while in a large area of its western site, Mc ranges in the 3.3-3.6 interval. Regarding the
Greek region, Mc is ~2.6 on average for the central sector, while values of ~2.9 characterize north-
western Greek and most of the Aegean Sea; Mc values increase southward approaching the
Mediterranean offshore.

5.3 Seismogenic thickness

The thickness of the seismogenic layer is a key parameter for seismic hazard since it helps
constrain the maximum depth of faulting and the potential earthquake magnitude (Nazareth and
Hauksson, 2004). Previous computation of SCC in the study area adopted uniform and fixed values of
15 km (e.g. Jenny et al., 2004; Ward,1988; Rontogianni, 2010; Chousianitis et al., 2015). A valid
approach to estimate the thickness is given by the seismicity cut-off at depth, i.e., the depth above which
a given percentage (e.g. 90%, Miller and Furlong, 1988; 95%, Williams, 1996; Chiarabba and De Gori
2016) of the hypocenters or the moment release within a depth column occurs. Although the choice of
this percentage is related to the amount and quality of locations, the 90% value is widely used in seismic
hazard (e.g. Nazareth and Hauksson, 2004; Pancha et al., 2006; Stein, 2008; Smith-Konter et al., 2011).
Here, we adopt the 90% criterion to also balance between regions with different amounts of data. We
divided the study area into a regular grid with square cells (0.5° x 0.5°), with a 50% overlap and used
the IE catalog. We discarded all the events with fixed depth and considered only the cells containing at
least 30 events. Since earthquakes in our catalog do not report hypocentral vertical errors, we applied a
bootstrap statistic with replacement to account for depth uncertainty in the seismogenic thickness
estimation (see Supplementary material). Moreover, to test results sensitivity we performed additional
estimations by excluding all earthquakes with focal depths larger than 30, 35 and 40 km (Figure S7 of
the supplementary material), respectively. Seismogenic thickness values are similar for the eastern
sector and the northern portion of the western one, while results along the Hellenic subduction zone
show some differences.

In particular, along the subduction zone differences larger than 3 km, confined to a narrow belt,
arise from the comparison between ST30 and ST35, while differences larger than 4.5 km over a wider
region, result from the comparison between ST35 and ST40 (Figure S7). These results highlight the
dependence of seismogenic thickness estimations on the deep seismicity related to the subducting plate.
Here we refer to the ST35 results (Figure 4) marking two well-defined regions. The eastern region,
mainly in Turkey, is characterized by seismogenic thickness ranging in the 10-15 km interval, while the
western region, characterized by values ranging between 20-30 km, with the highest values along the
Hellenic subduction zone. Values larger than 32 km are found offshore. The well-defined boundary
between the eastern and the western sectors mirrors the one related to the Mc values (Figure 6),
suggesting a possible sensitivity of seismogenic thickness values to different earthquake magnitude
ranges in IE. To verify such a hypothesis, we performed an additional computation by taking into
account all events with M>3 (see Figure S8 in the supplementary material). In these new results the
well-marked boundary is always visible, therefore attesting to the robustness of our previous
estimations.

5.4 Moment-rates

The estimated moment-rates are reported in Figure 8 (see also Table S3 in the supplementary
material). Given the overall wide range of values, we simply refer to low (< 1.0 x 10" N-m yr™),
intermediate (1.0 x 10" - 7.0 x 10" N-m yr") and high (> 7.0 x 10'® N-m yr'') moment-rates values.



The seismic moment-rates estimated according to (eq. 1) are reported in Figure 8a and range in
the interval 8.2 x 10" - 9.8 x 10'® N-m yr'". Low values are concentrated in most of the study area,
especially on its eastern and northern sectors, characterizing large segments of the EAFZ and the NAFZ.
Intermediate values are found for southwestern Turkey and the majority of locations in Greece, whereas
high values are found only along the southern termination of the PSSZ and in western and central
Peloponnese, this latter being partially biased by the smearing in computation from the high seismic
release of adjacent areas.

As above mentioned, the seismic moment-rates were also estimated by using the summation
approach (eq. 4) and achieved values range in the interval 5.3 x 10" - 8.6 x 10" N-m yr"! (Figure 8b).
We find that our study area is characterized by low moment-rate values, whereas cells with intermediate
and high values concentrate along the central NAFZ and on the southeastern side of the Hellenic
subduction zone.

Results coming from both approaches are fairly similar (the ratio between the two estimates
range from 0.1 to 3) for most of the investigated area, therefore providing robust estimations on
upper/lower boundaries of moment-rates. Some cells with larger ratios are found in central and eastern
Turkey with differences mainly related to the different assumptions. The Kostrov approach (eq. 4)
simply normalizes the cumulative estimated moments for the recorded events by the temporal duration
of the catalog. As a result, this method is closely dependent on 1) the length of the catalog, and ii) the
possible lack of large earthquakes (with high recurrence rate compared to the catalog duration).
Conversely, the truncated cumulative Gutenberg-Richter distribution approach (eq. 1) takes into
account the incompleteness of the catalogue using the magnitude distribution of the events through the
estimate of the b-value, and therefore it is insensitive to the duration of the observation period. The
inspection of the temporal length of the MSE catalog (i.e. the catalog including all historical and
instrumental M>5 earthquakes) for each computational cell (Figure 9a) reveals that the average duration
is ~770 years with ~62% of the cells above this value and only ~10% with a duration less than 400
years. Cells having such a temporally short catalog are those in a large sector of central Turkey, which
featured two large earthquakes in the last century (e.g. the 1944 M,, 7.6 Ulumescit and the 1943 M,, 7.5
Comert-Ilgaz events).

These observations suggest that the estimates coming from (eq. 1) and (eq. 4) match for cells
with catalog duration of at least 400 years, whereas for cells with smaller time span catalogs, like those
located in central Turkey, results from (eq. 4) are overestimated. A duration of 400 years can be
considered as the minimal temporal length to reasonably capture the statistical long-term behavior of
seismicity over the study area.

The geodetic moment-rates estimated according to (eq. 5) are reported in Figure 8c and range
in the interval 5.8 x 10" - 1.5 x 10" N-m yr'. Low values are mostly concentrated in the area of
southern central Turkey and Cyprus, while moderate values are found in the rest of the area. High
moment-rates are present only in the Hellenic subduction zone in northwest Greece, and in the region
including the CTF, the gulfs of Patras, Corinth and the Peloponnese (Figure 8c).

6. Discussion

In this section, we first review and discuss the byproducts of the geodetic and seismic moment-
rates computation, which are significant for characterizing the seismicity and general features of the
area. We then present and discuss the moment-rates and the seismic coupling of the broad area.

6.1 Geodetic and seismic byproducts

The updated GNSS field provides very dense information on the present-day kinematics of the
study area (Figure 3a). In general agreement with previous studies (e.g. Reilinger et al., 2006; Le Pichon
and Kreemer, 2010; Pérouse et al., 2012; England et al., 2016), the most significant feature is the near-
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circular counterclockwise motion of the Aegean-Anatolian region with respect to Eurasia. Although
GNSS velocities appear relatively described by such a counterclockwise motion, they are not consistent
with a single rigid body rotation, since they show increasing values from eastern Anatolia (~20 mm/yr)
to the Aegean area (~30 mm/yr). The strain-rate field (Figure 3b) clearly depicts the strike-slip behavior
of NAFZ with extensional axes progressively rotating from E-W to N-S, respectively moving from the
eastern NAFZ toward the northern Aegean Sea. Such a rotation is coupled with an increase of the
extension, especially along the western NAFZ and the northern Aegean Sea, the latter extensional
component marked by the Aegean Trough before we reach continental Greece with a maximum of ~100
nanostrain/yr on the Gulf of Corinth, with a purely extensional environment. This diffuse N-S extension
spreads also over western Turkey and eastern Aegean Sea with values up to ~95 nanostrain/yr. Central-
southeastern Anatolia is characterized by a less pronounced extension with values up to 50 nanostrain/yr
for the EAFZ.

The Hellenic subduction zone is characterized by a pure compression up to 160 nanostrain/yr,
passing toward a strike-slip behavior along its edges at CTF and PSSZ. The compressional component
progressively vanishes eastward along the Cyprian arc, approaching the Hatay triple junction and the
Dead Sea fault system. Overall, our strain-rate field agrees with previous GNSS- and InSAr-based
estimations (Le Pichon and Kreemer, 2010; Pérouse et al., 2012; Weiss et al., 2020), but defines the
main tectonic features and kinematics of the entire Aegean-Anatolian region with higher resolution.

The Mc parameter is generally used to characterize the general efficacy of seismic monitoring
of a given area and the completeness of seismic bulletins. The Mc spatial pattern over the study area
(Figure 6) is heterogeneous and ranges in the 2.3-3.6 interval; it allows identifying some regions (e.g.
all cells with Mc>3.0) where densification of seismic networks would help reduce the magnitude
detection, ensuring a uniform monitoring.

Another relevant byproduct is the b-value of the Gutenberg-Richter recurrence relation. Our
results concur well for the Anatolian region with the ones reported in Kalyoncuoglu (2007). For most
of the study area, our estimated values fall in the 0.9-1.1 interval. Small patches with values greater
than 1.1 can be observed for the southern Aegean Sea and in south-eastern Turkey, in close
correspondence of the Late Miocene-recent volcanism, highlighting a heterogeneous crust with an
extraordinarily high number of small earthquakes in a low stress context (McNutt, 2005). A relative
increase of the b-value east of Creete may suggest a tendency to low stress accumulation along this
segment of the subduction zone. Patches characterized by values lower than 0.8 concentrate along most
of the NAFZ, suggesting a general tendency for stress accumulation. A systematic b-value increase
along the fault evidences an inverse correlation with the decreasing age/maturity of the fault system
according to Bohnhoff et al. (2016).

A continuous map of the thickness of the seismogenic layer beneath the Aegean-Anatolian
region (Figure 4 and Table S4 in the supplementary material) reveals a high variability, with a thinner
sector to the east, mainly including Turkey (10-15 km) and a thicker sector to the west (20 to 30 km),
with the larger values (>32 km) along the Hellenic subduction zone. The estimates are in agreement
with the few ones reported in past studies, using local microseismicity across active faults such as NAFZ
(Grosser et al., 1998; Bulut and Aktar, 2007; Yolsal-Cevikbilen et al., 2012). The base of the
seismogenic layer broadly coincides with the brittle-ductile transition where little-to-no earthquakes are
commonly expected (e.g. Scholz, 1998). Theoretical crustal strength envelopes based on power law
rheology suggest that the brittle-ductile transition depth should correlate with strain-rate and anti-
correlate with heat flow (Sibson, 1984). In other words, thinner brittle crust should be weaker and may
be expected to deform more rapidly and thus have a higher strain-rate. In addition, thinner seismogenic
layers generally imply higher surface heat flow and hotter geothermal gradients. From the visual
comparison between the seismogenic thickness (Figure 4) and the geodetic strain-rate (Figure 3b), no
significant correlation is evident. The surface heat flux measurements over the study area concentrated
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in a few zones and do not provide an even regional coverage (Artemieva and Shulgin, 2019). Besides
such a limitation, the seismogenic thickness inversely correlates with the surface heat flow (Chamorro
et al., 2014; Artemieva and Shulgin, 2019) for most of Turkey; conversely, they fully correlated on
western Turkey and the Aegean regions, where high heat flow values are expected because of the
ongoing subduction process. In cases of poor information on crustal heat flux, our results could be of
help to localize specific regions where high temperature can be expected.

Another relevant byproduct is the spatial pattern of M, (Figure 7) over the study area.
Estimated values range within the 6.0-8.5 interval, with higher values corresponding to a large sector
of the south Aegean region. Our estimations are larger than those reported in the European Database of
Seismogenic Faults (EDSF; http://diss.rm.ingv.it/share-edsf), where estimations have been done by
taking into account the classic “magnitude - fault length” law-scale (e.g. Wells and Coppersmith, 1994).

For most of the study area, differences in M, estimates are of ~0.4 on average, while differences up
to 2 units of magnitude are observed along the Hellenic subduction zone. Such a relevant discrepancy
would be related to the fact that estimation in the EDSF database has been performed by considering
only crustal faults, while no estimates were included for the subduction interface. Moreover, our
estimated values agree well with the ones reported in Bohnhoff et al. (2016) and Schifer and Wenzel
(2019) for NAFZ and the Hellenic subduction zone, respectively. Bohnhoff et al. (2016) compiled a
catalog of events that occurred in the last 2300 years, and observed that the maximum earthquake
magnitude increases with fault age, passing from values of ~7.4 along the western part up to ~8 on the
eastern sector. Schifer and Wenzel (2019) provided estimation of maximum magnitudes and associated
return periods for 76 subduction zone segments by collecting various geologic, geodetic and
seismological parameters and by using a machine learning classification along with other statistical
methods. Regarding the entire Hellenic subduction zone, the same authors estimated a maximum
magnitude of 8.6 with a return period of 514 years. Overall, although our estimations come from purely
seismicity-based approaches (Kijko and Singh, 2011), results provide a realistic picture of the upper
magnitude limits of large earthquakes that can strike the investigated region.

6.2 Seismic coupling

Geodetic moment-rates are a measure of elastic and anelastic loading rates, while the seismic
moment-rates represent the elastic unloading rate. Their ratio (expressed as a percentage), is commonly
termed as ‘seismic coupling coefficient’ (hereinafter SCC, Palano et al., 2018). Low SCC values
indicate apparent seismic moment deficits where deformation could be either aseismically released
across creeping faults and/or other crustal anelastic processes or accumulating for impending
earthquakes (i.e. elastic storage). SCC values close to 100% indicate that the total deformation rate
budget is released by crustal seismicity. In such cases, large earthquakes are the common behavior of
faulting and the time-span after the past large event become an important indication of how temporally
close the next could be. Observed outcomes usually fall into these two main categories, but cases with
seismic moment-rates larger than the geodetic ones (SCC exceed 100%) are also possible (Pancha et
al., 2006; Mazzotti et al., 2011).

SCC estimation for the Aegean-Anatolian area is reported in Figure 9b. Most of the area is
characterized by low (< 35%) and intermediate (35% - 70% interval) SCC values, while only a few
cells show values larger than 70% (with some cells exceeding 100%). Cells with high SCC values are
located along a N-S-oriented boundary between western and central Anatolia, in the southeastern
Peloponnese, along the eastern sector of the Hellenic volcanic arc, and at the NAZF and EAZF junction
(Karliova triple junction); active faults in these regions are therefore fully coupled. Cells with
intermediate SCC values are located in northern Albania, western Greece (CTF, Peloponnese and Gulf
of Corinth), along the western sector of the Hellenic volcanic arc, southwestern of Crete, and western
and south-eastern Turkey, suggesting an intermediate coupling for major tectonic elements, such as
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EAFZ, western NAFZ (i.e. the fault segment close to [zmut area) and CTF and most of southern PSSZ.
Low SCC values have been estimated for most of central and eastern Turkey, the offshore surrounding
Cyprus, northern and central Greece and along most of the Hellenic subduction zone, pointing toward
an aseismic behavior of active faults. Achieved results for the Aegean region generally agree with most
of the previous findings (Ward, 1998; Jackson and McKenzie, 1988; Vernant et al., 2014; Jenny et al.,
2004; Rontogianni, 2010; Chousianitis et al., 2015). Regarding Anatolia, our SCC estimates differ from
the one performed by Ward (1998), pointing to a higher degree of coupling, especially on the western
and central sectors of the region.

6.2.1 General uncertainties and limits

Several factors related to the deficiency in available geodetic (short time span, velocity
uncertainties, density of stations, long-term deformation transient, etc.) and seismic (completeness and
temporal length of catalogs, magnitude distribution and uncertainties, seismic cycle, etc.) data may
affect the moment-rates estimation (see Palano et al., 2018 for additional details). Regarding the
geodetic data, station density is (~5 x 10™ site km? and ~12.3 x 10™ site km? for Turkey and north-
western Greece, respectively) close to the average value of western and central Europe (Masson et al.,
2019; Sparacino et al., 2020). However, station density is ~0.7 x 107 site km? for the Aegean Sea, being
affected by the spatial distribution of emerged islands. Besides such a low density, a minimum of 5
stations spatially well-distributed is always guaranteed for each computational grid, therefore providing
robust strain-rate estimations. Our spatial density comes from a novel computation integrated with
literature data that inevitably span different time periods. Few stations with a time interval of ~3 years
(Tatar et al., 2012) sample the eastern part of the NAFZ, however the estimated GNSS velocities are in
agreement with the ones coming from extensive InSAR datasets (Weiss et al., 2020). Aseismic
postseismic deformation could affect velocity estimations on GNSS stations located in a region of 10-
20 km from active faults, as observed for instance after the M7.4 1999 Izmit earthquake (e.g. Wang et
al., 2009; Kaduri et al., 2017). Postseismic contribution is commonly removed during velocity
estimation from continuous GNSS stations, while no corrections can readily be performed on episodic
sites, therefore an unmodelled residual postseismic deformation could affect the few episodic stations
close to the 1999 Izmit earthquake. However, this small segment of NAFZ is characterized by
intermediate values, suggesting a moderate aseismic deformation. In addition, other few moderate
earthquakes (M>5.5) occurred in the period covered by GNSS data, but no significant post-seismic
effects have been detected on nearby sites.

Other major factors influencing the geodetic moment-rate estimations are the seismogenic
thickness and the crustal rigidity modulus. We tested sensitivity to different values for these parameters.
Following past approaches (Jenny et al., 2004; Ward, 1988; Rontogianni, 2010; Chousianitis et al.,
2015), we performed a new estimation of the geodetic moment-rates, and consequently of the SCC, by
assuming a uniform value of 15 km for the seismogenic thickness (see Figure S9a in Supplementary
material). The resulting SCC values are not significantly different for the Anatolian region, while
differences are observed for the Aegean region with a general increase of the SCC values, resulting in
an increase of the number of cells with intermediate values at the expense of those with lower values.
Another interesting difference is observed on CTF with SCC values, passing from intermediate to high
ranges, in agreement with results reported in Chousianitis et al. (2015). Since Laigle et al. (2002)
suggested that for a full seismic coupling on the Hellenic subduction zone, a shear modulus ranging
from 1 * 10'° N m™? to 2 - 10'"° N m? is required, we performed an additional test, assuming a shear
modulus of 2 + 10'° N m™ (see Figure S9b in Supplementary material). The results again show an
increase of the SCC values (with an obvious increasing number of cells with intermediate values at the
expense of the ones with lower values) without however drastically changing the general pattern of
SCC over the whole region. Geodetic moment-rate estimations can be influenced also by the
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orientations of active faults within the investigated crustal volume (Carafa et al., 2017). This imply an
increase of 15% of the moment-rate estimations for the regions where the dominant faulting style is
normal or reverse, which on turn led to a decrease of the estimated SCC values. According to Carafa et
al. (2017), we rescaled our geodetic moment-rate estimations by using the value of 2.31 instead of 2 in
(eq. 5); results show a decrease of the SCC values without however changing the general pattern. All
these tests highlighted that the assumptions of different parameters led to different geodetic moment-
rate estimations. The range of all these estimations is narrow and the pattern of SCC over the whole
region is not particularly influenced (see Figure S9 in Supplementary material). Our preferred moment-
rates estimation (Figure 8c) falls within the above mentioned range, and can be considered as a realistic
estimation for the whole study area.

Concerning the seismic data, both the duration and completeness of the seismic catalog govern
their adequacy to estimate seismic moment-rates over a given region (e.g. Ward, 1998). A seismic
catalog with a short duration (~100-300 years) could be insufficient to capture the seismic cycle of a
given region. To acquire valid seismic moment-rates from seismic catalogs, the average earthquake
recurrence interval should be shorter than the catalog duration (see Ward, 1988; Pancha et al., 2006;
Mazzotti et al., 2011; Palano et al., 2018). Regarding our study area, the M5E catalog spans an average
duration of ~770 years (Figure 9a) with ~90% of the computational cells above a duration greater than
400 years. As previously highlighted in paragraph 5.4, a duration of 400 years can be considered the
minimal temporal length to reasonably capture the statistical long-term behavior of seismicity over the
study area. Therefore, we conclude that the estimated seismic moment-rates (Figure 8a,b) are reliable
for most of the study area. Regions with catalog duration shorter than 400 years concentrated on a large
sector of north-central Turkey appear puzzling since they were characterized by large seismic events
only in 1943 and 1994 (Figure 2 and Table S1 in Supplementary material). Furthermore, another two
strong earthquakes, which occurred in 180 AD and 967 AD, are reported in Bohnhoff et al. (2016),
suggesting long recurrence time or catalog incompleteness along this portion of NAFZ.

6.3 Implications for seismic hazard

The catalog incompleteness can be analyzed from the perspective of “missing earthquakes”,
i.e., the number of earthquakes of a given magnitude yearly necessary to match the difference between
the geodetic and the seismic moment-rates (Mazzotti et al., 2011). For simplicity, in Figure 9c we
considered the number of missing M7 earthquakes every 400 years for each 0.5° x 0.5° cell, as 1/16 of
the amount of missing M7 earthquakes for each 2° x 2° cell. Although such a computation represents a
gross estimation of missing earthquakes, it allows us to make some interesting considerations that can
help better understand the SCC pattern over the study region. We can define at least four different
groups. A first one, in central Turkey, is defined by cells with 0.1 to 1 M7 missing earthquakes. A
second group, including north-western Greece, the Hellenic volcanic arc, and most of central and
eastern Turkey along with some segments of both NAFZ and EAFZ, is characterized by cells with 1-3
missing earthquakes. A third group including the CTF, the northern and central Aegean Sea,
northwestern Turkey and the offshore around Cyprus, is characterized by cells with 3-6 missing
earthquakes, while the last group (cells with 6-12 missing earthquakes) includes the Hellenic subduction
zone, a large region across the gulfs of Patras and Corinth, and a large sector across central and eastern
NAFZ. Overall, such a computation reveals an unrealistic scenario of ~2400 M7 missing earthquakes,
over a time interval of 400 years. Although both instrumental and historical seismic catalogs represent
a random sampling of the long-term seismicity pattern over the whole seismic cycle of a given region,
it is highly unrealistic to associate the observed moment-rate discrepancy only to the “missing
earthquake” in the catalog. Assuming that 0.1 to 1 M7 missing earthquakes, over the 400 years,
represent a realistic measure of the degree of catalog incompleteness, cells falling in the last three groups
must be carefully considered.
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Regarding the central and eastern segments of NAFZ, the “SCC-missing earthquake” patterns,
as well as the spatial and temporal distributions of the past large earthquakes (Figure 9c), raise the
possibility of impending earthquakes, especially for the sector comprised in the 35°-38° longitude
range, characterized by few M>7 earthquakes in the last 800 years (Figure 9a) with respect to the one
occurring in the previous millennium (Bohnhoff et al., 2016). Similar considerations can be made for
EAFZ, where however large earthquakes with M>7 occurred only in the last 200 years despite the
catalog duration of 800-900 years. Surface aseismic creeping has also been suggested for some local
segments of EAFZ (Senturk et al., 2015). Moreover, the occurrence of several moderate-to-large
earthquakes in historical time (Figure 2) points to a possible seismic gap along the fault system. All
these aspects for EAFZ and eastern NAFZ are also supported by the low heat flux values (~60-70
mW/m?%; Artemieva and Shulgin, 2019), which indicate a crust with a normal thermal state.

The western segment of NAFZ is characterized by low to moderate SCC values, with highest
values found near at local asperities detected by magnetotelluric data (Kaja et al., 2009) which also
represents the focus of most historical and instrumental M>7 earthquakes. The fracturing zone of NAFZ
correlates well with crustal Ve low-velocity (Koulakov et al., 2010), which coupled with the inferred
SCC highlight a moderate aseismic component of deformation. Westward, along the north Aegean
Trough, a considerable amount of the deformation mismatch is likely to occur aseismically, given the
regional high heat flux values (>120 mW/m?; e.g. Chamorro et al., 2014). Moreover, the possibility of
a future M7 earthquake cannot be excluded given this region is the site of frequent large earthquakes
(Figure 2).

Conversely, the central Aegean Sea can be considered a region with aseismic deformation
because of the lack of large earthquakes in the last two millennia (Papazachos et al., 2010; Stucchi et
al., 2013) and the occurrence of very few M6 earthquakes in the instrumental era (Figure 2). The
deformation mismatch around the gulfs of Patras and Corinth requires numerous M7 earthquakes to be
matched, while only few M>7 earthquakes are reported in historical catalogs (Papazachos et al., 2010;
Stucchi et al., 2013). Since the seismic release of this region occurs predominantly through numerous
M>6 earthquakes, as clearly documented for the last few centuries, the historical catalogs could be
complete for such a magnitude only for the last two centuries, therefore a percentage of the observed
deformation mismatch could be related to the catalog incompleteness, while the remaining part occurs
in aseismic mode.

Among these regions, the Hellenic subduction zone is the most interesting since it has
experienced two M>§ earthquakes in the last two millennia, in 365 CE (Papazachos et al., 2010) and
1303 CE (Papazachos et al., 2010; Stucchi et al., 2013), respectively. Our gross estimation of missing
earthquakes indicates that ~1400 M7 earthquakes are required to fill the deformation mismatch. Such
an estimation is unrealistic, and suggests that a part of the deformation is aseismic within the Hellenic
subduction (Apel, 2011), or that future M8+ earthquakes are possible. Subduction complexes generally
consist of metamorphosed rocks, together with clastic and pelagic sediments, which form a zone up to
several kilometers thick to depths of at least 40 km. At temperatures above ~ 350 °C (corresponding to
>25-35 km depth), the subduction zone undergoes a transition to aseismic behavior, and much of the
relative motion between converging plates occurs as ductile deformation (e.g. Platt et al., 2018).
Moreover, as above mentioned, a future M8 earthquake cannot be ruled out, because of the high
convergence rate and the lack of large magnitude earthquakes in the last 700 years.

Finally, our results are generally consistent with the more recent seismic hazard models
available for the region (e.g. Woessner et al., 2015). The growth of continuous GNSS networks in the
last decade allowed the acquisition of continuous and spatially extensive datasets over large regions of
the Earth. The high resolution geodetic strain-rate can be considered as an additional data type to
constrain further the probability of occurrence and the magnitude of future earthquakes. Recent hazard
models of long-term probabilistic seismic hazard analysis (e.g. Gerstenberger et al. 2020; Visini et al.,
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2021; Stevens and Avouac, 2021) consider geodetic data. We anticipate that as non-seismological
workflows describe ground deformation with increasing robustness (e.g. Rouet-Ledouc et al., 2021),
the inclusion of different data types in short- and long-term hazard models will improve current
approaches.

6. Conclusive remarks

We reviewed kinematics and tectonics for the Aegean-Anatolian region to acquire an improved
estimation of the seismic coupling by merging and analyzing extensive seismic and geodetic datasets.
To quantify the seismic coupling, we estimate by-products, such as the seismogenic thickness, the
expected maximum magnitude, a- and b-value of the frequency-magnitude earthquake distribution and
the magnitude of completeness of the instrumental catalog, for the first time homogeneously over a
complex plate margin as that in the eastern Mediterranean area. We find:

e Regions with nearly full seismic coupling, such as the region surrounding the Karliova triple
junction, a N-S-oriented belt along the boundary between western and central Anatolia, and the
southeastern Peloponnese. Regarding the Karliova triple junction, the short time period since
the earthquake (~80 years) potentially precludes the occurrence with similar magnitude at least
in the next century. Nonetheless, impending earthquakes with moderate magnitude cannot be
ruled out given the high deformation rate of the region. Regarding the N-S-oriented belt, given
the occurrence of only one large earthquake (the 1914 M, 7.1 Burder event), the observed
deformation rate appears compensated by several moderate earthquakes, mainly concentrated
along the active faults. Similar interpretations are perhaps valid for the southeastern
Peloponnese.

e Regions with intermediate seismic coupling, such as the Eastern Anatolian fault zone, western
and central segments of the Northern Anatolian fault zone, part of the Hellenic volcanic arc,
the CTF and the active faults in the gulfs of Patras and Corinth. For these regions, the
intermediate coupling could be partially attributed to the aseismic components of deformation
and to catalog incompleteness. Moreover, the temporal distribution of the past large
earthquakes also indicates a high possibility of impending earthquakes at the Eastern Anatolian
fault zone, and along the western and central segments of the Northern Anatolian fault zone.

e Regions where aseismic deformation prevails, such as in the central Aegean Sea, with modest
seismic release over the last millennium.

e Regions identified as potential seismic gaps (small coupling and absence of large earthquakes)
such as parts of the Hellenic subduction zone.
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Figure 1. Tectonic setting of the Aegean-Anatolia region. Major faults and thrusts are reported in red
and black, respectively, while minor tectonic lineaments are reported as dashed black lines (from the
European Database of Seismogenic Faults; Palano et al., 2013). The black arrows represent the GNSS
motion across the Anatolian and Aegean blocks. Holocene and Pleistocene volcanoes
(https://volcano.si.edu) are reported as yellow and red triangles, respectively. Abbreviations are: Ma,
Marmara Sea; NAT, North Aegean Trough; CTS, Cefalonia transform fault; GP, Gulf of Patras; GC,
Gulf of Corinth; Pe, Peloponnese; NAS, North Aegean Sea; SAS, South Aegean Sea; Cr, Crete, PSSZ,
Pliny-Strabo shear zone; Cy, Cyprus; NAFZ, North Anatolian fault zone, East Anatolian fault Zone;
KT]J, Karliova triple junction; HTJ, Hatay triple junction; DSFS, Dead Sea fault system; BZCB, Bitlis-
Zagros collisional belt; Ap, Apulia.
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Figure 2. Strong historical (1003 - 1903) and instrumental (August 1903 - December 2020) earthquakes
(M>7) in the Aegean-Anatolian region.
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Figure 3. a) GNSS velocities and 95% confidence ellipses in a fixed Eurasian plate. b) Geodetic strain-

rate field: the background color represents the rate of areal change, while arrows represent the greatest
extensional (red) and contractional (blue) horizontal strain-rates.
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Figure 4. Seismogenic thickness pattern beneath the Aegean-Anatolian region. See also Figure S7 in
the supplementary material for additional details.

0.6 0.8 1.0 12 14 4 6 3
b-value a-value

Figure 5. Spatial pattern of a- and b-values for the Aegean-Anatolian region as estimated by the MLE
(panels a and b) and the RFM (panels ¢ and d) approaches, respectively.
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Figure 6. Spatial pattern of the magnitude of completeness (Mc).
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Figure 7. Spatial pattern of estimated maximum (a) along with its estimated uncertainties (b). Historical
and instrumental large earthquakes (M>7) are also reported.
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Figure 8. Estimated moment-rates from a) instrumental seismicity, by considering the truncated
Gutenberg-Richter distribution (eq. 1), b) historical and instrumental seismicity, by considering the
cumulative Kostrov summation method (eq. 4), and c) geodetic data (eq. 5). It should be noted that
moment-rates are plotted on a 0.5° x 0.5° grid, while in fact they refer to the 2° x 2° computational grid.
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Author Moment-rates Hs N Results
ic/Geodetic {km) (10 N m?)
Jackson and M=6 earthquake in the Geological plate 10 3 Aseismic deformation along the Hellenic trench (10%)
McKenzie, (1988) 1908-1981 interval and deformation rates adopting and in eastern Turkey (10-40%). Seismic deformation
using [1] [1] (~100%) for Aegean, western Turkey and along the NAFZ.
Ward (1998) Large earthquake in the Geodetic velocity from 10 (Anatolia) 3 Aseismic deformation for Turkey (seismic coupling of
1900-1995 interval and VLBI, SLR and GPS 15 (Aegean) 22%); moderate seismic coupling (62%) in the Aegean.
using [1] observations; rates
estimated adopting [1]
Laigle et al. Moment-rates have been | Moment-rates have been 50 3 A full seismic coupling for the Hellenic subduction zone
(2002) modelled using [2] modelled using [2] may be achieved only with low shear modulus (e.g. 1-2 -
10*° N m™.
Vernant et al. Estimations coming from Geodetic velocities 15-45 3 Aseismic deformation (seismic coupling of 10%) along the
(2014) Jackson and McKenzie, modelled with a block Hellenic subduction interface.
(1988) model approach; moment-
rates estimated with [3]
Jenny et al. Two seismic catalogs Geodetic velocity field 15 3.5 Full seismic coupling for CTF and western NAFZ; The
(2004) covering respectively the | compiled by literature and Hellenic trench is largely uncoupled, with at least 50-90%
last 500 and 2550 years. spanning the 1988 - 1997 of the total deformation released aseismically. At the
Moment-rates estimated period; moment-rates remainder of the study, a 10-30% of the total
following [4]. estimated adopting [5] deformation is aseismic.
Rontogianni Earthquake catalogs with Geodetic velocity field 15 3.5 For the majority of Greek region, the geodetic strain-rates
(2010) periods of 30, 100 and spanning the 1994-2000 are larger than the seismic ones. The deficit will be
300 years; strain-rates period. released by future earthquake.
estimated following [1].
Chousianitis et al. Seismic catalog covering Geodetic velocity field 15 3 Full seismic coupling for central lonian Sea, while in other
(2015) the 1300-2014 period. spanning the 2003-2013 areas, the geodesy-based moment-rates were at least 2
Moments-rates estimated period. Moment-rates times higher than the earthquake-based.
following [6] estimated adopting [1]

Table 1. Summary of previous moment-rates estimation over the investigated region. [1] Kostrov, 1984;
[2] Brune, 1968; [3] Aki, 2002; [4] Hyndman and Weichert (1983); [S] Savage and Simpson (1997);
[6] Molnar (1979). Percentages reported in the column “Results” refer to the Seismic coupling
coefficient as defined in this study.
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