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ABSTRACT

In the western Mediterranean, following the intervening continent-continent collision, the subduction
of the Tethyan ocean has progressively come to an end or almost in large sectors. Compressional
deformation connected with the ongoing Africa-Eurasia convergence has therefore progressively resumed
mostly along the southern passive margins of the Mediterranean back-arc basins. The aim of this paper
is to trace this nascent boundary and constrain its kinematics through geodetic and seismological data
recorded between the lonian Sea and Gulf of Cadiz, and through pre-existing tectonic data. Based
on these data, the nascent plate boundary is drawn, kinematically defined, and compared with the
previously identified boundaries in the same region. The nascent boundary is weaving and formed by
variably oriented inherited structures. It is characterized by a discrepancy between the general motion
of Africa with respect to Eurasia and the local contractional/compressive axes deduced from geodetic
and seismic data. The oblique convergence along the nascent boundary matches that recorded in other
instances of subduction initiation elsewhere; however, the average convergence rate (~ 5 mm/yr) in the
Mediterranean seems currently too small for such a subduction initiation. Based on the assumption of a
future northward tectonic vergence (i.e., Eurasian foreland), the Tyrrhenian, Algerian, and Betic salients,
the Oran and Fés recesses, and the Ionian, Trans-Alboran, and Gibraltar transfer zones are identified along
the nascent boundary. The latter zones connect salients and recesses through strike-slip displacements.
The Algerian offshore hosts a long segment of the boundary characterized by locally increased seismic
rate and actual northward vergence that would suggest this area being the first nucleus of subduction
initiation in the western Mediterranean, as was previously proposed.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

elongating westward into the narrow Algerian and Alboran basins
(van Hinsbergen et al., 2020 and references therein).

In what is now the western Mediterranean and adjacent ar-
eas, the Africa (i.e. the plate to the west of the East African Rift
as reported in Kreemer et al., 2014, elsewhere termed Nubia) and
Eurasia plates (AF and EU, respectively) have converged and inter-
acted since at least the Paleogene time (> 35 Ma; Faccenna et al.,
2014 and references therein; Fig. 1). Convergence has led to sub-
duction and consumption of old oceanic basins (Tethys) and related
mountain building (e.g., Apennines, Maghrebides, Rif, and Betics).
Within this framework, slab rollback has led to the development
of at least two main (back-arc) basins, namely the younger Tyrrhe-
nian basin toward the east and the older Liguro-Provencal basin
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Subduction along the studied boundary (western Mediter-
ranean) has progressively come to an end or almost in large sectors
(e.g., Maghrebides slab break-off) due to intervening continent-
continent collision. However, as the convergence between Africa
and Eurasia is still ongoing, active compressional deformation is
mostly being resumed from the old subduction-suture zones to
the southern (and partly to the northern) passive margins of the
aforementioned back-arc basins (i.e., the western Mediterranean),
where tectonic inversion (from extension to compression) started
diachronously from west to east: since about 8 Ma in the Alboran
and Liguro-Provengal basins and since about 2 Ma in the Tyrrhe-
nian basin (Jolivet and Faccenna, 2000; Meghraoui et al., 2004;
Déverchére et al., 2005; Kherroubi et al., 2009; Billi et al., 2011;
Lallemand and Arcay, 2021; Strzerzynski et al., 2021). Therefore,
tectonic processes are presently heading toward the progressive
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Fig. 1. Simplified tectonic map of the western Mediterranean area. Keys: 1 = post-orogenic basins, 2 = Neogene shortening, 3 = Neogene oceanic crust, 4 = main thrusts, 5 =
generic faults. Abbreviations: AB = Alboran Basin; AF = Africa plate; Al = Alboran Island; Aps = Apennines; ATLF = Aeolian-Tindari-Letojanni fault system; CA = Calabrian
Arc; EU = Eurasia plate; GA = Gibraltar Arc; GoC = Gulf of Cadiz; IS = Ionian Sea; Ji = Jijel; Sa = Sardinia (i.e., the southern sector of the Sardinia-Corsica continental
block); TASZ = Trans-Alboran shear zone; Te = Téneés; Ul = Ustica Island; YF = Yusuf fault system. The small panels (bottom and left sides) show the plate reconstructions
of the western Mediterranean region during the last 20 Ma (see text for details). Africa plate and other microplate displacements and velocities were computed with respect
to the fixed Eurasia plate, using the Gplates software (www.gplates.com), also including plate polygons (black solid lines) and relative plate vectors provided by Miiller et al.
(2019). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

inversion and closure of the western Mediterranean basins, pre-
sumably through the development of a new convergent boundary
(Déverchere et al., 2005; Billi et al., 2011; Auzemery et al., 2021;
Leffondré et al., 2021; Strzerzynski et al., 2021; Thorwart et al.,
2021; Klingelhoefer et al., 2022). Due to the nascent or imma-
ture (sensu Lallemand and Arcay, 2021) nature of this boundary,
thrust faults are as yet far from developing into a convergent plate
boundary and hence its geometric details are still only partially
known as are the related kinematics and potential future evolu-
tion.

Studying and understanding plate convergent zones is societally
relevant for the large earthquakes and related tsunamis that these
zones can generate (e.g., Okal and Synolakis, 2008). This is par-
ticularly true for the western Mediterranean basin, where despite
the not so frequent tsunami occurrence, the presence of active
tsunamigenic faults can seriously threaten the densely urbanized
coastal zones. In this paper, we reconsider the present tectonics of
the western Mediterranean, i.e., between the western lonian Sea
and the Gulf of Cadiz (Fig. 1), to retrace the nascent AF-EU plate
boundary using earthquake and GNSS data with the help of ex-
isting tectonic data. We then compare the newly drawn boundary
with the ones drawn in the same region in the literature (DeMets
et al, 1990, 2010; Bird, 2003), particularly with that of DeMets
et al. (2010). In synthesis, main novelties of this work are the
geodetic-seismic databases, particularly the new geodetic one de-
rived from the ITRF14 reference frame (Altamimi et al., 2017), the
newly drawn nascent plate boundary between Africa and Eurasia
in the western Mediterranean, its kinematics and complex archi-

tecture, its comparison with previously drawn boundaries in the
same region, and some broad tectonic implications.

2. Tectonic setting

The present-day tectonics of the study region (Fig. 1) is re-
lated to the Paleogene-Neogene tectonic evolution of the western
Mediterranean subduction zones, which is mainly interpreted with
a slab retreat model (Fig. 1; e.g., Carminati et al., 1998; Royden and
Faccenna, 2018; Miiller et al., 2019; van Hinsbergen et al., 2020;
Jolivet et al., 2021; Haidar et al., 2022 and references therein). Ac-
cording to plate reconstructions (Fig. 1), accretionary wedges made
of folds and thrusts grew migrating toward the foreland (mostly
Africa but also Eurasia in some places) while the associated sub-
duction zones retreated toward the same foreland and related
back-arc basins formed on the hinterland side, i.e., at the rear of
the accretionary wedge (Jolivet et al., 2021 and references therein).
Consequently, at present, two main tectonic domains can be rec-
ognized in the western Mediterranean: the accretionary wedges
made of folds and thrusts, and the back-arc basins (Fig. 1). The
former includes the Apennines, Maghrebides, Rif, and Betics fold-
thrust belts, whereas the latter includes the Tyrrhenian, Liguro-
Provencal, Algerian, and Alboran basins (Kastens and Mascle, 1990;
Sartori, 1990; Faccenna et al., 2014; Royden and Faccenna, 2018;
Jolivet et al., 2021).

As mentioned above, contractional deformation is now occur-
ring in the western Mediterranean basins, where back-arc com-
pression and inversion started since about 8 Ma or even earlier in
the west and propagated toward the east in the Tyrrhenian basin
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Fig. 2. Active faults (with documented Holocene activity) for the western Mediterranean compiled from recent literature (e.g., Palano et al., 2012, 2015; Echeverria et al.,
2013; Gracia et al.,, 2019) and online databases (https://github.com/GEMScienceTools/gem-global-active-faults; https://www.seismofaults.eu/efsm20draft). Keys: (1) reverse
and/or thrust faults; (2) normal faults; (3) sinistral strike-slip faults; (4) dextral strike-slip faults; (5) Africa-Eurasia plate boundary defined in Bird (2003), which is the same
boundary of DeMets et al. (2010); (6) Africa-Eurasia plate boundary defined in DeMets et al. (1990). Historical earthquakes of the study area in the last millennium (M > 6.0)
are also reported as squares (see Table S1 for details). Abbreviations are as following: GA, Gibraltar Arc; IT, Internal thrust; WNF, western Nekor fault; TF, Trougout fault
system; STASZ, southern Trans-Alboran shear zone; NTASZ, northern Trans-Alboran shear zone; YF, Yusuf fault system; AMF, Alhama de Murcia fault system; HF, Hatay fault;

SAF, Sisifo-Alicudi fault system; ATLF, Aeolian-Tindari-Letojanni fault system.

(Carminati et al., 1998; Wortel and Spakman, 2000; Faccenna et al.,
2014), leading Billi et al. (2011) to hypothesize the initiation of a
new scissor-like (i.e., progressing from west to east in a scissor-like
manner) subduction system along the passive margins of the west-
ern Mediterranean basins. Indeed, nascent subduction zones in the
western Mediterranean, particularly off Algeria, had already been
proposed by many studies (e.g., Meghraoui et al., 2004; Déverchére
et al., 2005; Kherroubi et al., 2009; Yelles et al., 2009). The precise
location of this nascent plate boundary, from the western lonian
Sea to Gibraltar and over in the Gulf of Cadiz, is still under debate
due to the complexity of the crustal deformation, to fault locking
over long seismic cycles, and to the nascent and changing nature
of the boundary itself (e.g., Serpelloni et al., 2007; Zitellini et al.,
2009; Jolivet et al., 2021; Lallemand and Arcay, 2021).

At least three main attempts of identifying and drawing the
AF-EU nascent boundary over the entire western Mediterranean
have been so far attempted (DeMets et al., 1990, 2010; Bird, 2003).
Since 1990, the NUVEL-1 AF-EU boundary (Fig. 2) in the Mediter-
ranean region (DeMets et al., 1990) has been extensively used for
plate kinematic applications and strain and stress field evaluations
(e.g., Serpelloni et al., 2007 and references therein). After about
a decade, Bird (2003), based on multidisciplinary data, proposed
a new global collection of digital plate boundaries (including the
western Mediterranean) and Euler vectors. Substantial differences
can be observed between the AF-EU boundaries proposed in 1990
and 2003 for the Mediterranean region (Fig. 2), especially for the
segments located in the Gulf of Cadiz and Calabrian-lonian Sea re-
gions. The AF-EU boundary proposed by Bird (2003) is, in general,
more articulated with respect to the one provided by DeMets et al.
(1990) and located at lower latitudes in the Gulf of Cadiz, Gibral-
tar and Calabrian arcs, and at higher ones from Algeria to the
Tyrrhenian Sea (Fig. 2). Eventually, the plate boundary proposed
by DeMets et al. (2010) substantially coincides with that of Bird
(2003), at least for the western Mediterranean.

The nascent boundary in the western Mediterranean includes
active fault segments that are characterized by a large variety of
orientation and kinematics (Fig. 2). Most of these faults are thrusts,
highlighting the overall convergent nature of the AF-EU plate

boundary in the western Mediterranean. Active thrusts mapped
along the external orogenic belt show lengths of 20-80 km with
orientations that follow the undulations of the orogenic margin
and a prevalent southward vergence (Fig. 2); however, thrusts lo-
cated on the northern Algeria offshore are characterized by lengths
up to 160 km and prevalent northward vergence (Meghraoui et al.,
2004), whereas thrusts and reverse faults located in northern Sicily
and along its northern offshore seem mostly characterized by
a general southward vergence (Billi et al., 2007 and references
therein). Strike-slip faults concentrate in portions of the western
Mediterranean such as in the Ionian Sea or the central and east-
ern sectors of the Alboran basin. Here, with a prevalent left-lateral
kinematics, they define the NE-SW-oriented Trans-Alboran shear
zone and the NW-SE-oriented Yusuf fault system (Echeverria et al.,
2013; Gracia et al., 2019; Fig. 2). Strike-slip faults occur also in
south-eastern Iberia, in northern Algeria, in central Tunisia, NE
Sicily, and western Ionian Sea (Palano et al.,, 2015; Polonia et al.,
2016; Soumaya et al., 2018). Normal faults occur in central Bet-
ics, Tunisia, Sicily, and Calabria, and are generally characterized by
limited lengths (10-50 km; Fig. 2) (Palano et al., 2012, 2015).
Ongoing activity and seismic behavior of faults in the west-
ern Mediterranean are documented by the occurrence of large
historical and instrumental earthquakes (several M > 6.0 earth-
quakes), with the strongest ones of the last millennium (see Ta-
ble S1 and Fig. 2) concentrating along northern Algeria (contrac-
tional kinematics) and southern Calabria (extensional kinematics)
(Yelles-Chaouche et al., 2017; Gutscher et al., 2017).

3. Materials and methods

To analyze the seismic activity of the western Mediterranean,
we selected, from the International Seismological Centre bulletin
(Fig. 3a and Table S2), hypocentral locations of earthquakes with
magnitude M > 4.5 and depth < 40 km occurred between Jan-
uary 1904 and May 2021. From these data, by using the approach
of Jiménez-Munt et al. (2003), we computed the seismic strain-
rate distribution (Fig. 3b). Following the same earthquake selection
criteria (i.e., M > 4.5, depth < 40 km), we built a database of
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Fig. 3. (a) Map of earthquakes (i.e., epicenters) occurred in the study region (January 1904-May 2021, M > 4.5) in the 0-40 km depth interval. Colors are for different
focal depths (see legend). Data source: ISC bulletin (http://www.isc.ac.uk/iscbulletin/search/bulletin, Table S2). Earthquakes with M greater than or equal to 6 are labeled.
(b) Seismic strain rate computed by using the approach of Jiménez-Munt et al. (2003, see Supplementary material). Earthquake data of plot (a) are reported as gray circles.

waveform inversion focal mechanisms (WIFMs hereinafter). This
approach is widely recognized as much more powerful than first-
motion inversion to elaborate focal mechanisms, especially in off-
shore regions, as happens for most of our study area (Presti et al.,
2013). For this purpose, we integrated solutions from Centroid
Moment Tensor catalogs (Global, gCMT; European-Mediterranean
Regional, RCMT) and from the literature (Fig. 4, Table S3 and ref-
erences therein), also including earthquakes occurred before the
digital era (a period not fully covered by catalogs) and estimated
by advanced techniques properly calibrated to work with analog
data.

Starting from the above described datasets, we identified the
main seismic sequences recorded from the western Ionian Sea to
the Gulf of Cadiz (Fig. 5), by selecting those ones including at
least one M > 5.5 earthquake and no less than 5 events in our
database (M > 4.5). Due to the low number of seismographs oper-
ating during the early instrumental epoch and their poor capability
of detecting aftershocks, we have a more complete set of seismic
sequences in the western Mediterranean starting from the onset of
the second half of the last century.

We used the collected WIFMs to estimate the seismogenic
stress fields (Table S4), by applying the Bayesian algorithm of
Arnold and Townend (2007). Such method furnishes the posterior
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Fig. 4. (a) Distribution of waveform inversion earthquake focal mechanisms (depth range 0-40 km) for the western Mediterranean region collected from the gCMT (since
1976, https://[www.globalcmt.org/CMTsearch.html) and the RCMT (since 1997, http://rcmt2.bo.ingv.it/) catalogs and from literature (see references in Table S3). Following
the classification adopted in the World Stress Map (http://dc-app3-14.gfz-potsdam.de/), different colors identify different faulting types: (b) red = normal faulting (NF) and
normal strike (NS); (c) green = strike-slip faulting (SS); (d) blue = thrust faulting (TF) and thrust strike (TS); (e) black = unknown stress regime (U). The beach ball size is

proportional to the earthquake magnitude (see legend).

density function of the principal components of the stress tensor
and the stress-magnitude ratio. To identify homogeneous subdo-
mains for stress field computation (Fig. 6, see also Supplementary
material), WIFMs were spatially grouped by evaluating their co-
herency and considering the plate polygon representation (Fig. 1)
by Miiller et al. (2019).

To analyze the crustal deformation pattern over the study re-
gion, we provided an original solution that is part of a continental-
scale geodetic analysis of more than 2500 continuous GNSS sta-
tions operated by several local institutions, agencies, universities,
and research institutes. We processed the GNSS raw observations
by using the GAMIT/GLOBK 10.71 software package (http://www-
gpsg.mit.edu) and adopting the methodology described in the Sup-
plementary Material. Results of this processing consist of a set of
positions and long-term velocities aligned to an Eurasia reference
frame (Altamimi et al., 2017). To improve the spatial density of the
geodetic velocity field over the study area, especially along north-
ern Africa, we integrated our solutions with those reported in the

recent literature (see Table S5), by solving for Helmert transforma-
tion parameters that minimize the differences between velocities
at common sites. The final velocity field is reported in Fig. 7a and
Table S5. This solution provides an improved picture of the hor-
izontal crustal deformation of the study area since it is denser
than the Mediterranean-scale solutions reported in recent liter-
ature (e.g., Nocquet, 2012; Devoti et al., 2017) and covers the
Algerian and Tunisian regions, for which the previous crustal de-
formation pattern was deduced only on the basis of geodetic plate
motion models (e.g., Kreemer et al., 2014). To provide additional
insights into the present kinematics of the study area, we also es-
timated the horizontal strain-rates according to Shen et al. (2015).
Due to varying station densities over the study area, we estimated
the strain-rate field over a 0.75° x 0.75° grid (see supplementary
material) therefore resulting in a very smoothed pattern, which,
however, well captures the main features of the investigated re-
gion (Fig. 7b).
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Fig. 5. Main seismic sequences that occurred in the western Mediterranean since about 1950 (see section 4.1 for details). Earthquake epicenters (data from Table S2) for each
seismic sequence are reported with circles of different colors together with the year of occurrence. WIFMs (data from Table S3) associated to each sequence are also shown.

Fig. 6. (a) Polar plots of P- and T-axes (displayed with the standard representation: black = P and white = T) from focal mechanisms grouped in different domains (red
polygons in map) defined starting from the model by Miiller et al. (2019) and the WIFMs coherency. (b) Stereonets show the orientations of the principal stress axes
estimated for each subset by applying the method by Arnold and Townend (2007; lower hemisphere projection; north is up, east is right). In the plots, the attitude of the
01, 02, and o3 axes are displayed as red, green and blue contours, respectively. The orientation of Symax is also reported as a black dashed line with the 68% confidence

intervals shaded in gray.

Tectonic data, i.e., mainly regarding location of main active
faults with related kinematics (Fig. 2, Table 1), have been col-
lected from recent literature (e.g., Billi et al, 2011; Cuffaro
et al., 2011; Palano et al, 2012, 2015; Polonia et al., 2016;
Gutscher et al., 2017; Echeverria et al.,, 2013; Gémez de la Pefia
et al, 2018, 2022; Gracia et al., 2019; Strzerzynski et al., 2021;

Camafort et al, 2022; Klingelhoefer et al., 2022) and online
databases (https://github.com/GEMScienceTools/gem-global-active-
faults; https://www.seismofaults.eu/efsm20draft). Complete geode-
tic, seismological, and tectonic datasets together with further in-
formation about the used methods are in the Supplementary Ma-
terial.
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Fig. 7. (a) GNSS velocity field and associated 95% uncertainties referred to a fixed Eurasia reference frame. (b) Smoothed horizontal strain-rate field. The background color
represents the rotation-rate describing the rotations with respect to a downward positive vertical axis with clockwise positive (red) and counterclockwise negative (blue), as
in normal geological conventions, while arrows stand for principal strains (red for extension and blue for contraction).

4. Results and discussion
4.1. Crustal deformation

Our extensive seismic and geodetic datasets (Tables S1-S3
and S5) provide an improved picture of the current geodynamic
setting of the western Mediterranean (Figs. 3-7), where the AF
and EU plates are converging and interacting along a nascent con-
vergent boundary (Fig. 8). Seismicity as well as the associated
deformation is not homogeneously distributed across the new con-
vergence zone. Most recorded seismicity is diffusely distributed
over wide regions only in the Betics-Gibraltar-Rif, Tunisia, Sicily
Channel, and Sicily (Figs. 3 and 4). Conversely, seismicity is con-
centrated along narrow WSW-ENE striking reverse regional-scale
structures in northern Algeria, southern Tyrrhenian, and the east-
ernmost Atlantic Ocean segment (Fig. 3), highlighting the current
prevalent activity of these structures along the nascent boundary.
In terms of seismic strain-rate pattern, relevant values can be ob-
served for the easternmost Atlantic Ocean segment, Trans-Alboran
shear zone, northern Algeria and eastern Sicily areas, while low
values are found in the Gibraltar Arc and from eastern Algeria to
western Sicily (Fig. 3).

WIFMs also depict a complex faulting pattern across the con-
vergence zone, especially in the Betics and eastern Sicily, where
a coexistence of reverse, normal, and strike-slip solutions occurs
within a general framework of converging plates (Fig. 4a). Normal
faulting activity mainly characterizes the Calabrian-lonian region
(Fig. 4b). Strike-slip solutions are relevant in northern Morocco-

Alboran basin, in the internal sector of Algeria, and in the Sicily
Channel (Fig. 4c), while a predominance of reverse solutions is
visible in northern Algeria and south Tyrrhenian (Fig. 4d), where
thrust faulting mechanisms mainly occur on E-to-NE striking fault
planes.

Fig. 5 shows that significant seismic sequences occurred in Mo-
rocco, Algeria, Sicily and their northern off-shore areas (e.g., Bounif
et al,, 2004; Billi et al., 2007; Ousadou and Bezzeghoud, 2019;
Orecchio et al., 2021). In particular, the most recent and ener-
getic compressional seismic sequences (Fig. 5) are concentrated
along the northern Algerian margin between Ténés (west) and Ji-
jel (east), also corresponding with the largest seismic strain-rate
in the investigated area (Fig. 3b). This seismicity, which occurred
from 1980 to 2021 along different adjacent fault segments, con-
firms the pattern of historical earthquakes (Fig. 2). At least part of
these earthquakes occurred along south-dipping thrust faults (i.e.,
northward tectonic vergence; e.g., Déverchére et al., 2005; Kher-
roubi et al., 2009; Yelles et al., 2009). Further significant seismic
sequences occurred in the southern portion of the Trans-Alboran
shear zone, but with strike- or oblique-slip kinematics (Fig. 5).
Compressional seismic sequences (with magnitude smaller than
those occurred along the Algerian margin) occurred in Sicily and
off northern Sicily too (Fig. 5), where, however, the thrust vergence
should be toward the south (Billi et al., 2007), hence implying a
(re)activation/rejuvenation of the south-verging thrusts both at the
front (1968 Belice M 5.5 earthquake) and at the rear (2002 south
Tyrrhenian M 5.8 earthquake) of the fold-thrust belt (Billi et al.,
2007, 2011). For other two sequences of comparable magnitude



A. Billi, M. Cuffaro, B. Orecchio et al.

Earth and Planetary Science Letters 601 (2023) 117906

Fig. 8. (a) Overview of the nascent AF-EU plate boundary discussed in this study (Ionian Sea to Gulf of Cadiz). The previous boundary as identified in DeMets et al. (2010)
is also reported. The nascent boundary has been primarily traced on the basis of our geodetic dataset and secondarily by taking into account information coming from our
seismic dataset along with morpho-tectonic evidence and literature. Reverse or strike-slip kinematics have been inferred from the analyzed datasets. Instrumental M > 4.5
crustal seismicity along with GNSS velocity and strain-rate fields are also reported. Close-ups show: (b) western Alboran basin; (c) northwestern Algeria-southeastern Betics;
and (d) northern Sicily-Tyrrhenian basin. Symbols are as follows: (1) plate boundary as identified in this study; (2) Africa-Eurasia plate boundary identified in Bird (2003),
which is the same boundary of DeMets et al. (2010); (3) earthquakes. B1 to B14 are segments into which the AF-EU boundary identified in this work has been split up for

descriptive reasons (see text).

(i.e., 1954, northern Algeria; 1969, western Gulf of Cadiz), only fo-
cal mechanism solutions computed from P-arrivals are available
(McKenzie, 1972; Buforn et al., 2020) and, for this reason, they
are not reported in Fig. 5; however, these latter solutions show
reverse faulting with nearly-horizontal P-axes approximately ori-
ented in the NW direction.

P/T axes distribution and estimated crustal seismogenic stress
(Fig. 6, Fig. S1, Fig. S2, Table S4) provide clear evidence of a preva-
lent NW-trending active compression along the whole orogenic
zone (Fig. 3). In particular, the northern Algeria and south Tyrrhe-
nian areas (Sectors 3, 6, Fig. 6) are characterized by a well-defined
NW-trending compressive stress regime. The Betics area (Sector 2,
Fig. 6) appears to be less constrained with respect to the oth-
ers, probably due to the high heterogeneity of the focal solutions.
The remaining sectors (1, 4, 5, 7, Fig. 6) indicate mainly transcur-
rent tectonic regimes. Among these, the internal sectors of Algeria,
Tunisia and Sicily channel (Sectors 4, 5, Fig. 6), including sparse
earthquakes distributed on a wide region, show a slight counter-
clockwise rotation of the maximum compression axis with respect

to other sectors (i.e. 3 and 6), further testifying their higher het-
erogeneity.

Additional evidence on the kinematic complexity of the study
area (e.g., Nijholt et al., 2018) is provided by the GNSS data
(Fig. 7). A primary feature of the geodetic velocity field is the
NW-directed convergence of Africa with respect to Eurasia at
rates of ~5 mmy/yr. In Southern Italy, the geodetic velocity field
(Fig. 7a) is characterized by a fan-shaped pattern passing from
NNE-directed motion in Calabria and NE Sicily to a NNW-directed
one in central-western Sicily, resulting in a general counterclock-
wise rotation with rates (Fig. 7b) up to 1.1 °/Ma (projected to
geological timescales). A crustal extension up to 40 nanostrain/yr
(Fig. 7b) with extensional axes oriented orthogonally to the cur-
vature of the orogenic arc characterizes both Calabria and Sicily
inland while the Sicilian offshore shows a contractional pattern
with shortening axes up to 25 nanostrain/yr and with a prevailing
NW-SE orientation. Stations located in southern Sicily (e.g., NOT1)
and in the eastern Sicily Channel (MALT) show a slight divergence
with respect to the ones located in the western Sicily Channel
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Fig.9. (a) Simplified view of the angular relationships between the newly defined nascent boundary, the general motion of Africa with respect to Eurasia (computed according
to Altamimi et al., 2017) and the horizontal components of compressive seismic stress (from Fig. 6) and geodetic strain (from Fig. 7). (b-c-d) Rose diagrams furnishing a
cumulative picture of the angles that the nascent boundary forms with the maximum horizontal seismic stress axes Sh (b), geodetic strain-rates (c), and the general AF-
EU motion (d); (e-f) Rose diagrams comparing the orientation of the general AF-EU motion with the seismic Sh (e) and geodetic strain-rates (f). (g) Sketch showing the
complexity of crustal deformation along the nascent AF-EU boundary. In the central part of the area, a northward shift of the AF-EU boundary (blue line) is proposed, with
respect to the pristine partly-deactivated boundary. In the assumption that Eurasia will be the future foreland, the nascent boundary in the western Mediterranean (blue
boundary) is characterized by salients and recesses (convex-to-the-foreland and concave-to-the-foreland curves, respectively): i.e., the Tyrrhenian, Algerian, and Betic salients,
and the Oran and Fés recesses. Transfer zones can be detected at the limbs of salients and recesses, with right-lateral kinematics in the lonian and Gibraltar areas and
left-lateral along the Trans-Alboran zone. Segments with high uncertainty (gray shadow) are observed between Tunisia and Sicily (to the south of Sardinia). As proposed
previously (e.g., Billi et al., 2011 and references therein), part of the contractional displacement may be transferred from the southern Sardinia offshore to the Liguro-Provencal
offshore, where compressional earthquakes occur (Bigot-Cormier et al., 2004). In the Algerian offshore (red segment), subduction initiation could occur as proposed by many
studies (Lallemand and Arcay, 2021 and references therein). Question marks indicate questionable structures (see text).

(LAMP) and Tunisia (e.g.,, MONA, SFAX), confirming the different Palano et al., 2012). A significant northward velocity decrease is
motion of this sector of the central Mediterranean Sea with re- observed for Tunisia and eastern Algeria, with values of 5-6 mm/yr
spect to the large-scale motion of the Africa plate (Figs. 7 and 8; and 2-3 mm/yr at the southernmost stations and at the stations
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located along the northern coastal area, respectively. Such a veloc-
ity gradient results in a contractional pattern with NW-SE-oriented
shortening axes up to 10 nanostrain/yr, coupled with clockwise ro-
tations with rates in the 0.17-0.57 °/Ma range (Fig. 7b). In western
Algeria, the northward decrease of velocity values is less evident.
This evidence, coupled with the NW-to-NE fan-shaped motion of
southeastern Betics (counterclockwise rotations up to 0.86 °/Ma),
highlights that part of the Africa-Eurasia convergence is also ac-
commodated by on-land structures and suggests the existence of
an independent crustal block in this sector of the Algerian basin
(Figs. 7-9). In details, all stations show a similar azimuthal pat-
tern with rates decreasing along the diffuse array of the left- and
right-lateral strike-slip and reverse faults, belonging to the Trans-
Alboran and Eastern Betics shear zones (see Echeverria et al., 2013
and Gémez de la Pefia et al., 2022 for additional details). There-
fore, the independent block lies in the offshore area in between
the Eastern Betics and the Algerian margin and acts as a tectonic
indenter as previously suggested by Palano et al. (2015). The Albo-
ran basin is currently subject to NNW-SSE to N-S contraction at a
rate of ~ 3 mmy/yr, as indicated by the stations located along the
southern Betics and north-eastern Rif. ALBO station, for instance,
shows a motion that is azimuthally coherent with the motion of
the Africa plate. This feature, coupled with the low convergence
rate (~ 3 mm/yr), highlights that most of the oblique convergence
is being accommodated along the Alboran Ridge fault system and
the Trans-Alboran shear zone (Fig. 7a). In addition, the differen-
tial motion of the stations located on the northern-central Rif with
respect to the ones located along the southern Betics highlights
a clockwise rotation of the western sector of the Alboran basin
up to 0.86 °/Ma, as clearly depicted by the rotational strain pat-
tern reported in Fig. 7b. Stations located in the central sector of
the Gibraltar Arc are characterized by a westward motion, lead-
ing to a small E-W stretching of the western side of the Alboran
basin. Another relevant feature is the large-scale clockwise rota-
tion of southern and western Iberia with respect to stable Eurasia,
previously interpreted as a quasi-continuous strain of a large-scale
ductile lithosphere (Palano et al., 2015).

4.2. The nascent AF-EU boundary

In the study area, we have drawn the nascent AF-EU plate
boundary (Fig. 8) using our geodetic dataset - i.e., by analyzing
both azimuthal and rate patterns - and, especially for regions not
covered by GNSS stations, all pieces of information coming from
our seismic dataset along with morpho-geo-structural data com-
ing from the literature (Table 1 and Supplementary Material). For
ease of description, we have analyzed and split up the nascent
boundary in 14 sectors between the Gulf of Cadiz and the Ionian
Sea (Fig. 8, Table 1). We have also compared our boundary with
that previously proposed by DeMets et al. (2010) and have inferred
plate kinematics along segments of the new boundary from GNSS
data or by analyzing AF-EU velocities derived by the angular vec-
tors of Altamimi et al. (2017), when no other data were available
(Fig. S3). We acknowledge that, in many sectors, the line drawn
by us as the nascent plate boundary may be an oversimplifica-
tion of the present deformation that is possibly partitioned over a
larger number of structures, each accommodating a small percent-
age of convergence (e.g., Camafort et al., 2022); however, we have
no new tectonic data (active faults) to draw a diffuse boundary nor
is this our goal. Moreover, the concept of diffuse boundary over the
western Mediterranean has been recently questioned in the Albo-
ran basin, where geophysical evidence shows that a well-defined
narrow plate boundary, which has absorbed up to about 20 km
of Plio-Holocene contractional displacement, has already formed
(Gémez de la Peiia et al., 2022).
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In the Atlantic Ocean (i.e., Gulf of Cadiz), the new boundary
(B1 in Fig. 8) and the previous one (DeMets et al., 2010) mostly
coincide as also suggested by the distribution and density of earth-
quakes (Table 1, Fig. 3). From the Gulf of Cadiz to the Gibraltar Arc,
the old boundary instead stands at lower latitudes than our bound-
ary. In this region, in fact, most earthquakes occur to the north of
the old boundary, where we have redrawn the new one (Fig. 8).
Kinematics of the new boundary is mostly compressive with right-
lateral displacements in the Atlantic Ocean and the Gulf of Cadiz
and right-lateral transcurrent close to the Gibraltar Arc.

Sector B2 of our boundary is identified in the western Rif sys-
tem (Fig. 8) by several GNSS stations and focal mechanisms. This
segment mostly coincides with an active NW-SE striking reverse
fault (Table 1).

In the eastern Rif system, our boundary (B3 in Fig. 8) mostly
follows the western Nekor Fault (Meghraoui et al., 1996) and
shows a left lateral kinematics on E-W striking fault segments.
This sector is also identified by a differential motion of the geode-
tic velocities at stations located across the boundary and by focal
mechanisms (Table 1).

Following the new plate boundary toward the east, sectors B4
and B5 can be detected in the Gulf of Al Hoceima and the south-
ern Alboran Sea (Fig. 8), along the Trougout Fault system, the
southern Trans-Alboran shear zone (i.e., the Al-Idrissi fault seg-
ment; Gracia et al, 2019) and the Alboran Ridge Fault System
(Fig. 2). The Trougout Fault system is characterized by extensional
and left-lateral kinematics on NNW-SSE striking faults, whereas
the Trans-Alboran shear zone and the Alboran Ridge Fault system
by reverse and left-lateral kinematics (see also Gomez de la Pefia
et al., 2022 and references therein). These segments are defined by
GNSS stations and by a dense distribution of earthquakes and focal
mechanisms (Table 1). In sectors B2, B3, B4 and B5, the old plate
boundary is traced at latitudes lower than the new one (Fig. 8).

At the western edge of sector B5, a potential northward de-
viation of the new boundary with respect to the old one is ob-
served, due to the abundance of evidence from GNSS data, earth-
quake distribution, focal mechanisms, and bathymetry (Table 1,
Fig. 8). This segment partly coincides with the northern Trans-
Alboran shear zone (Gracia et al, 2019 and references therein).
Two new segments (B6 and B7, Fig. 8) are described for the first
time in this paper: one in the northern Alboran Sea and East-
ern Betics areas and the other in the eastern Betics offshore re-
gion. The B6 segment mostly follows the northern Trans-Alboran
shear zone (Gracia et al, 2019 and references therein) and the
Alhama de Murcia fault system (Masana et al., 2004 and refer-
ences therein) (Fig. 2), whereas the B7 segment is aligned with
morphological evidence in the eastern Betics offshore (e.g., https://
www.emodnet-bathymetry.eu). The kinematics is reverse and left-
lateral in sector B6 and right-lateral transpressive in sector B7.

In the Eastern Alboran Sea, we have identified a boundary seg-
ment (B8 in Fig. 8) that follows the transcurrent Yusuf fault system
(Mauffret et al., 2007). This segment, which is mostly inferred from
seismological data reported in Table 1 and is characterized by a
right-lateral transpressive kinematics, mostly coincides with the
previous boundary proposed by DeMets et al. (2010) (Fig. 8).

The longest segment (B9) is observed in the Algerian offshore
(Fig. 8). We propose that such a boundary should be placed at
the foot of the continental slope, based on morphological evi-
dence of available bathymetry and pattern of geodetic velocities as
well as crustal earthquake distribution and focal mechanisms (Ta-
ble 1). Indeed, our boundary continues toward the east at higher
latitudes with respect to the old boundary (Fig. 8). Our choice is
driven by the base of the continental scarp, by morphological data
(Fig. 8), by the location of the main thrust faults (Fig. 2), and by
tectonic data from Strzerzynski et al. (2021), Klingelhoefer et al.
(2022), and references therein. For this segment (B9), we suggest
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Table 1
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Label, location, kinematics and constraining observations of the nascent AF-EU plate boundary drawn in this study by using our geodetic (Table S5) and seismic (Tables S2, S3)
datasets as well as by morpho-geo-structural data coming from the literature (Figs. 2, 8).

Label Location Kinematics Constraining observations
B1 Gulf of Cadiz - Gibraltar Arc Compressive with right - Earthquake distribution (see Table S2);
(—11.570°E, 35.884°N) lateral kinematics - Focal mechanisms (Ids: FM_82, FM_114).
(—5.996°E, 35.599°N)
B2 Western Rif system Compressive kinematics on - GNSS data (TNIN, OUZS, CHEF, LAOU, TETN).
(—5.996°E, 35.599°N) NW-SE reverse faults - Active faults (Internal thrust).
(—4.983°E, 34.659°N) - Focal mechanisms (Ids: FM_63)
B3 Eastern Rif system Left lateral kinematics on - GNSS data (KTMA, MSLA);
(—4.983°E, 34.659°N) E-W faults - Active faults (western Nekor fault);
(—3.814°E, 34.933°N) - Focal mechanisms (Ids: FM_108, FM_109).
B4 Gulf of Al Hoceima Extensional with left-lateral - GNSS data (KTMA, BBFH, MDAR, MELI);
(—3.814°E, 34.933°N) kinematics on NNW-SSE - Earthquake distribution (see Table S2);
(—3.740°E, 35.550°N) faults - Focal mechanisms (Ids: FM_39, FM_40, FM_101, FM_102, FM_103, FM_104, FM_105,
FM_106, FM_107, FM_186, FM_188, FM_194, FM_197, FM_200, FM_228);
- Active faults (Trougout fault system).
B5 Southern Alboran sea Reverse and left-lateral — GNSS data (ALBO);
(—3.740°E, 35.550°N) kinematics - Earthquake distribution (see Table S2);
(—2.889°E, 36.181°N) - Focal mechanisms (Ids: FM_46, FM_83, FM_172, FM_183, M_184, FM_185, FM_187, FM_189,
FM_190, FM_193, FM_195, FM_196, FM_198, FM_199);
- Active faults (Southern trans-Alboran shear zone; Alboran Ridge fault system).

B6 Northern Alboran Sea - Reverse and left-lateral - GNSS data (ABAN, MUR1, TORR, SALI, ALCA, CABO, CARG, MAJA, MAZA, GANU, PURI, MELL,
Eastern Betics kinematics TERC, ALHA, ESPU, MULA, AREZ, PUAS, HUOV, HUER, MOJA, CARB, RELL, ALME, CAAL);
(—2.889°E, 36.181°N) - Earthquake distribution (see Table S2);

(—0.699°E, 38.207°N) - Focal mechanisms (Ids: FM_1, FM_24, FM_38, FM_54, FM_57, FM_60, FM_69, FM_72,
FM_115, FM_146, FM_147, FM_191);
- Active faults (Northern trans-Alboran shear zone; Alhama de Murcia fault system).

B7 Eastern Betics offshore Right-lateral transpressive - Earthquake distribution (see Table S2);

(—0.699°E, 38.207°N) kinematics - Morphological evidence from available bathymetry (https://www.emodnet-bathymetry.eu).
(1.150°E, 37.837°N)
B8 Eastern Alboran Sea Right-lateral transpressive - Earthquake distribution (see Table S2);
(—2.889°E, 36.181°N) kinematics - Focal mechanisms (Ids: FM_58, FM_209);
(—1.083°E, 35.777°N) - Active faults (Yusuf fault system).
B9 Algerian offshore margin Compressive with - Earthquake distribution (see Table S2);
(—1.083°E, 35.777°N) right-lateral kinematics - Focal mechanisms (Ids: FM_30, FM_43, FM_84, FM_85, FM_86, FM_87, FM_88, FM_89,
(8.736°E, 37.601°N) FM_90, FM_91, FM_92, FM_93, FM_94, FM_95, FM_96, FM_97, FM_98, FM_99, FM_100,
FM_119, FM_125, FM_132, FM_133, FM_151, FM_157, FM_163, FM_173, FM_215, FM_219,
FM_225, FM_226);
- Morphological evidence from available bathymetry (https://www.emodnet-bathymetry.eu);
- Tectonic data from Strzerzynski et al. (2021), Klingelhoefer et al. (2022).
B10 Tunisian offshore margin Compressive kinematics - Scattered seismicity (see Table S2);
(8.736°E, 37.601°N) - Active faults (e.g. Hatay fault; Camafort et al., 2022)
(11.395°E, 38.496°N)
B11 Southern Tyrrhenian Sea Compressive kinematics — GNSS data (USIX, IACL);
(11.395°E, 38.496°N) - Earthquake distribution (see Table S2);
(14.237°E, 38.648°N) - Focal mechanisms (Ids: FM_48, FM_49, FM_50, FM_51, FM_53, FM_59, FM_73, FM_74,
FM_75, FM_76, FM_77, FM_78, FM_137);
- Morphological evidence from available bathymetry (https://www.emodnet-bathymetry.eu);
- Tectonic data from Billi et al. (2011), Cuffaro et al. (2011).
B12 Western Aeolian Islands Right-lateral kinematics - GNSS data (IACL, IFIL);
(14.237°E, 38.648°N) with transpressive - Earthquake distribution (see Table S2);
(14.783°E, 38.481°N) components - Focal mechanisms (Ids: FM_13);
- Active faults (Sisifo-Alicudi fault system).
B13 Southern Aeolian Islands - Right-lateral kinematics - GNSS data (LOSV, IVLT, IVUG, IVGP, TIND, PATT, MNOV, MCSR, TAOR);
Northeastern Sicily with transpressive and - Earthquake distribution (see Table S2);
(14.783°E, 38.481°N) transtensive components - Focal mechanisms (Ids: FM_56, FM_144, FM_148, FM_165, FM_166, FM_79, FM_80,
(15.325°E, 37.813°N) FM_131);
- Active faults (Aeolian-Tindari-Letojanni fault system).
B14 Ionian Sea Compressive/transpressive - Morphological evidence from available bathymetry (https://www.emodnet-bathymetry.eu);

(15.325°E, 37.813°N)
(17.000°E, 35.703°N)

kinematics

- Focal mechanisms (Ids: FM_81, FM_45, FM_213, FM_214);
- Tectonic data from Polonia et al. (2016), Gutscher et al. (2017).

a compressive kinematics with an oblique right-lateral component
as predicted by geodetic plate velocities and the block model re-
sults described in Bougrine et al. (2019). In the central part of
sector B9, the new and old boundaries differ (Fig. 8), whereas

moving eastward along the connection between the Algerian basin
and the Tyrrhenian Sea (B9), the two boundaries mostly overlap
(Fig. 8), both standing close to the location of a main thrust fault
(Fig. 2).
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To the south of Sardinia, only few data are available. Active
shortening can be inferred from GNSS data between Sardinia and
northern Tunisia-western Sicily (B10, Fig. 8), therefore suggesting
the presence of tectonic structures that absorb the compressive
deformation aseismically or with low-energy seismicity. This com-
pressive segment should connect the north-dipping active thrusts
in the Tyrrhenian margin with the south-dipping active ones in the
Algerian margin. An alternative view could be that the deformation
is diffusely distributed (aseismically or through low-magnitude
earthquakes) over a number of small structures to the north of
Tunisia (Camafort et al., 2022) and partly transferred northward in
the Ligurian Sea (off Provence) where compressive earthquakes are
known to occur frequently (Bigot-Cormier et al., 2004; Billi et al.,
2011; Larroque et al., 2021).

To the south of Sardinia (B10), we have decided to redraw a
new boundary passing at lower latitudes than the old boundary,
following the scattered seismicity that occurs in this area (Table 1,
Fig. 8) and the Hatay fault described by Camafort et al. (2022). As
for the previous segment of the new plate boundary, no data are
available to predict plate kinematics, so we suppose a compressive
kinematics, as suggested by geodetic plate motion models (Fig. S3).

A well-defined and previously studied segment of the nascent
AF-EU boundary can be placed in the southern Tyrrhenian Sea
(B11, Fig. 8), along an E-W compressive belt passing north of Us-
tica Island, as inferred from GNSS data, earthquake distribution,
focal mechanisms, morphological evidence (i.e., bathymetry), and
tectonic data from Billi et al. (2006, 2007) and Cuffaro et al. (2011).
This segment stands at latitudes higher than the previous one. In
our opinion, the E-W-trending compressive belt passing north of
Ustica Island is a better candidate than the old one (located a few
km toward the south; Fig. 8d) to represent the AF-EU boundary. In-
deed, since the USIX station (Ustica Island) velocity is slower than
those in northern Sicily (Fig. 8), we suggest that this difference
can be associated to strain accommodation of active faults located
in the southern Tyrrhenian Sea (Billi et al., 2007; Cuffaro et al.,
2011).

This last sector (B11) is directly linked with the next B12 and
B13 sectors in the Western Aeolian Islands and Southern Aeolian
Islands-Northeastern Sicily areas (Fig. 8), along the Sisifo-Alicudi
fault system and the Aeolian-Tindari-Letojanni fault system, re-
spectively (Fig. 2). These two sectors can be easily traced by GNSS
data, earthquake distribution, and focal mechanisms (Table 1).
A right-lateral kinematics with transpressive components and a
right-lateral one with transpressive and transtensive components
are observed in sectors B12 and B13, respectively. In these sectors,
the new boundary stands at latitudes lower than the previous one
(Fig. 8).

Finally, in the Ionian Sea (B14 in Fig. 8), the new boundary fol-
lows the evidence provided by morphological evidence from avail-
able bathymetry, focal mechanisms and tectonic data from Polonia
et al. (2016), Gutscher et al. (2017), and Sgroi et al. (2021) with a
compressive to oblique kinematics. Our boundary stands at lower
latitudes than the previously drawn one (Fig. 8).

4.3. Tectonic implications

To infer some broad tectonic implications, we use the angu-
lar relationships between main seismic and geodetic axes and the
strike of the nascent AF-EU boundary (Figs. 9a-9f). Fig. 9a shows
that the horizontal components of the compressive seismic stress
(from focal mechanisms, Fig. 6) and geodetic strain (Fig. 7b) are
mostly coincident all over the entire nascent boundary, hence sup-
porting each other.

Our angular analyses show also that the general motion of AF
with respect to EU (Altamimi et al, 2017) locally forms angles
with the trend of the nascent boundary that are not 90° or so
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as expected along a convergent margin, but are highly variable
with frequent values at about 78° and 13° (Figs. 9a and 9d). This
apparently odd angular pattern is mirrored by the angles locally
formed by the trend of the nascent boundary and the horizontal
components of the compressive seismic stress and geodetic strain
(Figs. 9b and 9c, respectively). These angles are indeed mostly in-
cluded between 45° and 78°. These angular relationships (Figs. 9b,
9¢, and 9d) show the high immaturity (sensu Lallemand and Arcay,
2021) of the nascent boundary that is probably forming through
the reuse or reactivation of inherited structures (e.g., Benabdel-
louahed et al., 2017; Gémez de la Pefia et al., 2018, 2022) obliquely
oriented with respect to the main driving forces. Figs. 9a and 9d
show also that, locally, the nascent boundary and the general mo-
tion of AF with respect to EU are nearly parallel (they usually form
an angle < 15°). This evidence shows the occurrence of strike-
slip zones of displacement transfer (i.e., future transform zones?)
linking segments characterized by contractional displacement. Ex-
amples are in the lonian Sea, Alboran Sea, and Gibraltar area,
suggesting an additional tectonic complexity of the nascent AF-EU
boundary (Figs. 9a and 9g). Moreover, Figs. 9a, 9e, and 9f show
that, locally, angles included between about 22° and 45° exist
between the general motion of AF with respect to EU and the hor-
izontal components of the compressive seismic stress and geode-
tic strain-rates. Such an evidence - although we are aware that
the predicted AF-EU general motion from plate kinematic models
correspond to average smoothed plate velocities (Fig. S3) - ap-
parently suggests a non-correlation or a limited one between the
nascent boundary and regional plate tectonics. The reason for this
apparent angular discrepancy is, as explained above, in the local
accommodation of converging motions between AF and EU along
variably-oriented pre-existing weak structures. The reason, in other
words, is in the immaturity of the nascent boundary (Lallemand
and Arcay, 2021). To this end, it is also relevant to mention that,
in the wide statistics of Lallemand and Arcay (2021), about 55%
of the studied cases is characterized by an oblique direction of
convergence at subduction initiation zones and only about 25% is
characterized by a normal direction. Figs. 9b and 9c show that our
study case is consistent with the majority of cases (including the
western Mediterranean) studied by Lallemand and Arcay (2021).
It is, however, also true that the present average convergence rate
across the western Mediterranean is about 5 mmy/yr, which is a
velocity considered highly unsuccessful by Lallemand and Arcay
(2021) to arrive at a mature subduction zone in the future. It
would take ten times as much speed to develop a self-sustained
subduction zone. Nonetheless, we are aware that back-arc basins
of the past were often compressed, closed, and included in su-
ture zones between continents. Examples of ancient systems in-
clude the Newfoundland (Cawood and Suhr, 1992) and Norwegian
(Slagstad and Kirkland, 2018) Caledonides, Black Sea (Munteanu
et al., 2011), Patagonian Andes (Muller et al., 2021), and Eastern
Tianshan (Jiang et al., 2017). In this sense, the present setting of
the Mediterranean is an optimal laboratory where studying, un-
derstanding, and even envisaging subduction inception and com-
plex suture zones. Some themes of complexity (partly mentioned
above) are, for instance: (1) the irregular shape of basins to be pre-
sumably subducted that would form irregular or arched subduction
zones, rigid-block rotations about vertical axes, or oblique sub-
ductions; (2) the different degrees of oceanization in the Liguro-
Provencal and Tyrrhenian basins that would generate lateral dif-
ferential tectonic regimes along the suture zones forcibly separated
by transfer of transform zones; (3) the occurrence of the Corsica-
Sardinia block (transversely to the suture zone) that would oppo-
site the closure of the western Mediterranean or at least separate
two diverse domains (Liguro-Provencal and Tyrrhenian) of plate
convergence; and (4) the occurrence of compressional tectonics
along both margins of the Liguro-Provencal basin (Algeria to the



A. Billi, M. Cuffaro, B. Orecchio et al.

south and Betics and Provence to the north) that would generate a
doubly-vergent suture-subduction zone.

To start unraveling some of the above mentioned themes of
complexity for the future tectonics of the western Mediterranean,
upon the assumption of a future northward tectonic vergence
(i.e., Eurasian foreland), in Fig. 9g, we suggest the occurrence of
nascent salients and recesses, which are, respectively, convex-to-
the-foreland and concave-to-the-foreland curves (in map view) of
fold-thrust belts. We identify, in particular, the Tyrrhenian, Alge-
rian, and Betic salients, the Oran and Fés recesses, and the lo-
nian, Trans-Alboran, and Gibraltar transfer zones. These latter three
zones connect salients and recesses through strike-slip displace-
ments. Moreover, the Gibraltar transfer zone joins toward the west
with an additional potential salient (i.e., the Goringe salient located
outside Fig. 9g; see Zitellini et al., 2009), where future subduction
of the Atlantic lithosphere toward southeast has been hypothesized
(Duarte et al., 2013).

In our tectonic model of Fig. 9g, there are at least three
questionable structures. The first one is the Betic salient, which
would imply a southward underthrusting or even subduction of
the Iberian continental block. This process is mechanically unlikely
and hence we recognize that the term salient for the convex-to-
the-north boundary in the Betics is highly questionable. The sec-
ond odd structure is the boundary segment located to the south
of Sardinia. As explained above, this segment seems faintly ac-
tive and part of the convergent displacement may be transferred
off Provence. The presence of the rigid Corsica-Sardinia block and
of converging structures at the opposite sides of the Mediter-
ranean basin (i.e., as far as 600 km) make this setting too complex
(doubly-vergent suture?) for suitable predictions. The third struc-
ture is the south Tyrrhenian, where active thrusting presumably
with a southward vergence (Billi et al., 2007) and the limited
(or null) oceanization of the Tyrrhenian basin makes its future
subduction unlikely. Therefore, also in this case, the term Tyrrhe-
nian salient may be questionable. In contrast, the Algerian offshore
hosts a long segment of the boundary characterized by high seis-
mic rate and actual northward vergence that would suggest this
area being the first nucleus of subduction initiation in the western
Mediterranean (e.g., Déverchére et al., 2005).

5. Conclusions

New earthquake and GNSS data together with pre-existing tec-
tonic data have guided us in drawing a nascent plate boundary
between the converging Africa and Eurasia plates in the west-
ern Mediterranean back-arc basins. The new boundary connects
the still active subductions - occurring toward the east in the lo-
nian area and toward the west in Alboran and Atlantic basins -
through compressional segments and transfer zones inverting and
segmenting the Tyrrhenian, Liguro-Provencal, and Alboran back-arc
basins. In the assumption that Eurasia becomes the future foreland,
potential salients (Tyrrhenian, Algerian, and Betic), recesses (Oran
and Fés), and transfer zones (Ionian, Trans-Alboran, and Gibraltar)
connecting salients and recesses are identified along the nascent
boundary. These features originated at least in part from inher-
ited structures including the architecture of the inverted sedimen-
tary basins and an originally nonlinear continental margin. This
nascent pattern is relevant for understanding the origin and evo-
lution of weaving fold-thrust belts and, vice versa, to envisage the
future evolution of the nascent boundary in the western Mediter-
ranean. All the above-discussed deformation features provide clear
evidence for a substantial fragmentation of the western Mediter-
ranean tectonic boundary between Africa and Eurasia, associated
with basins into independent crustal tectonic blocks, which are
passively involved within the main Africa-Eurasia convergence.
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A series of tectonic implications can be drawn from this study.
The seismic and geodetic data across the nascent boundary are
consistent, hence mutually supporting. The nascent boundary is
very sinuous and irregular over the western Mediterranean, con-
sistently with its infant or immature stage of subduction initia-
tion zones (sensu Lallemand and Arcay, 2021) that are influenced
by numerous weak inherited structures. The immature stage and
the role of inherited structures would explain not only the ir-
regular geometry of the nascent boundary but also the apparent
discrepancies between the general motion of Africa with respect
to Europe and the local contractional/compressive directions along
the nascent boundary, as deduced from geodetic and seismic data.
Moreover, it is demonstrated that subduction initiations are usually
characterized by oblique motions across the nascent boundaries,
and this is also the case for the western Mediterranean, where,
however, the average convergence rate (about 5 mm/yr) seems at
present too small to successfully arrive at a mature subduction
zone in the future (Lallemand and Arcay, 2021).
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