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ARTICLE INFO ABSTRACT
Keywords: The convergence between Eurasia and Africa during Alpine orogeny drives complex geodynamic processes,
GNSS velocity field involving multiple crustal blocks. In the Atlantic-Mediterranean transition zone, the geodynamics is controlled

Geodetic strain-rate field
Seismic stress field

Iberia

Eurasia-Africa plate boundary

by the two main plates, the former Iberian microplate and the Alboran Domain. Nowadays, these crustal do-
mains, composed of continental and oceanic crust of varying ages, show distinct deformation behaviors under the
current regional stress regime. Through analysis of an enhanced earthquake focal mechanism catalog and
updated GNSS velocity field, we constrained the crustal stress—strain fields with unprecedented resolution. Three
key findings emerged. First, the different crustal blocks interacting in the region determine the stress—strain fields
along the plate boundary, allowing us to define four sectors: Atlantic, Gibraltar, Alboran, and Algero-Balearic.
Second, in the Atlantic sector, stresses are directly transferred between Africa and Eurasia, while westward
they are absorbed by the thinned continental crust of the Alboran Domain and the continental margins of the
Gibraltar Arc and Tell Cordillera. This framework, combined with the oblique Eurasia-Africa convergence
relative to the Southwestern Iberian margin, could facilitate the clockwise rotation of Iberia. Finally, intraplate
regions with low horizontal strain-rates still show tectonic activity influenced by regional compression and other
geodynamic processes driven by vertical stresses. This study highlights the value of combined grid-based stress
and strain-rate field analysis for understanding geodynamic processes in complex plate boundary regions.

1. Introduction 2014). Beyond the interaction of the Eurasian and African plates, other
microplates, as well as smaller crustal blocks (e.g., Bouillin et al., 1986),

The Alpine Orogeny resulted from the closure of the Tethys Ocean (e. played a significant tectonic role (Fig. 1). The interplay between these

g., Schmid et al., 2004) due to counterclockwise convergence of the continental blocks gave rise to various geodynamic processes that sha-
African plate relative to the Eurasian one (e.g., van Hinsbergen et al., ped the evolution of the Mediterranean region including rifting and post-
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rift thermal subsidence (Maillard and Mauffret, 1999), inversion of rif-
ted margins (Martinez-Garcia et al., 2013), subduction and back-arc
extension (Jolivet and Faccenna, 2000), continental collision (Vissers
and Meijer, 2012), and syn/post orogenic collapse (Jolivet and Fac-
cenna, 2000), among others.

In the Mediterranean-Atlantic transition zone, the Alpine Orogeny is
determined by the former Iberian microplate (Fig. 1). The spatial and
temporal distribution of Cenozoic deformation led to complex evolu-
tionary timelines across Iberian margins and Northwestern Africa, giv-
ing rise to orogens shaped by diverse processes at different stages of
tectonic development: a) Oligocene-Miocene collision between Iberia
and Eurasia, resulting in the formation of the Pyrenean-Cantabrian
Cordillera (e.g., Teixell et al., 2018), b) inversion of the thinned conti-
nental crust in internal zones of Iberia and Northwestern Africa since the
Oligocene (de Vicente et al., 2009; Teixell et al., 2005), ¢) Miocene
rifting along Eastern Iberia and opening of the Valencia Trough (Roca
and Guimera, 1992), d) a continuous collision since the Miocene of the
ALKAPECA domains with continental margins of Iberia and North-
western Africa, developing the Gibraltar Arc and the Tell Cordillera,
respectively (Rosenbaum et al., 2002; Romagny et al., 2020), e) related
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back arc extension leading to the formation of thinned continental crust
in the Alboran Sea and oceanic crust in the Algero-Balearic Basin
(Jolivet et al., 2008; Gomez de la Pena et al., 2018), and f) active
thrusting between Atlantic oceanic crust of Africa and Eurasia (e.g.,
Tortella et al., 1997; Martinez-Loriente et al., 2013).

This complex interaction, determining the stresses in each region,
makes the Atlantic-Mediterranean transition zone an extraordinary
laboratory for studying the current geodynamics of the continental and
oceanic crucial blocks involved. Strain, on the other hand, is the result of
the stress acting across the crust. Typically, there is always a direct
geometric relationship between the two. In the case of isotropic homo-
geneous elastic materials, if the stress and strain-rate fields are expres-
sions of the same process, they are observed to be parallel (e.g.,
Townend and Zoback, 2006). However, in anisotropic and inhomoge-
neous materials, such as a heterogeneously deformed crust, and in
simple shear zones, the relationship between stress and strain can
become oblique (e.g., Zoback et al., 1987; Lachenbruch and Sass, 1992;
Flesch et al., 2000; Palano, 2015). Determining stress through earth-
quake focal mechanism solutions (FMSs) provides insights into the stress
released during seismic events (Aki and Richards, 2002). In contrast,
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Fig. 1. Geological context. a) Simplified geological map modified from Rodriguez-Fernandez et al. (2015) and Palano et al. (2015) in Iberia and from Anahnah et al.
(2011) in Northwestern Africa. The offshore area is modified from Druet et al. (2023). GoC: Gulf of Cadiz. Al-Ba: Algero-Balearic b) Eurasia-Africa plate boundary
from Bird (2003), Gutscher (2004), Koulali et al. (2011) and Billi et al. (2023). Inset: Global map with the location of the study area at the westernmost end of the
Alpine orogenic belt (highlighted in green). Ib: Iberia, Ad: Adria, An: Anatolia. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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strain estimates derived from regional dense GNSS networks capture
shallow crustal deformation resulting from stress, that may be released
either seismically or aseismically (e.g., Kreemer et al., 2014). By inte-
grating and comparing these two approaches, it is possible to achieve a
more comprehensive understanding of tectonic and geodynamic pro-
cesses, as applied in other regions worldwide, such as Southern Africa
(Bird et al., 2006), Japan (Townend and Zoback, 2006), Italy (Palano,
2015; Palano et al., 2011), western North America (e.g., Balfour et al.,
2011), Dead Sea Fault System (Palano et al., 2013a), the Himalaya-Tibet
region (e.g., Pietrolungo et al., 2024), the southwest Iceland (Keiding
et al., 2009) and the Pannonian region (Porkolab et al., 2025).

In this study we aim to provide new insights on how crustal stress and
surface strain are related along both the diffuse Eurasia-Africa plate
boundary in the westernmost Mediterranean region and the internal
regions of Iberia and Northwestern Africa. To achieve this, a compre-
hensive compilation of all available earthquake focal mechanism solu-
tions (FMSs) has been performed to estimate the crustal stress field
affecting the region. Additionally, a new velocity field as well as the
corresponding strain-rate field have been computed.

2. Background setting
2.1. Geodynamic setting

The Alpine geodynamic evolution of westernmost Mediterranean
began during the Permo-Triasssic rifting of Pangea which thinned the
Variscan lithosphere, delineating the future margins of the Iberian
microplate and the rifted margins within Iberia and Northwestern Africa
(Arche and Lopez-Gomez, 1996; Angrand et al., 2020). The resulting
rifted zones facilitated the breakup of the lithosphere during the
Jurassic-Cretaceous extensional phase. The northward migration of the
central Atlantic rifting during the early-middle Jurassic separated Eur-
asia, Iberia, and Africa from North America, opening the Atlantic Ocean.
The extension localized also in Northwestern Africa forming rifted ba-
sins (e.g., Jacobshagen et al., 1988) and along the actual Southern
Iberian and the Northern African margins, forming the Ligurian-Tethys
basins (Schettino and Turco, 2011; Pedrera et al., 2020). In the late
Jurassic, the central Atlantic rifting evolved northward and later east-
ward opening the Bay of Biscay and Pyrenean Basin between the
Northern Iberian margin and Eurasia (Thinon et al., 2003; Pedrera et al,
2021, 2023). The internal part of Iberia underwent extension, leading to
the formation of the Mesozoic Iberian Basin (e.g., Aurell et al., 2019)
(Fig. 1). The opening of the margins continued till the late Cretaceous,
when African plate began to push northward, modifying the motion of
Iberia (e.g., Srivastava et al., 1990).

During the Cenozoic, the central Atlantic continued opening, and the
Western Iberian margin remained almost undeformed. However,
mainland Iberia and the other margins have been inverted due to the
Eurasia-Africa convergence (e.g., Vergés and Fernandez, 2006). The
Alpine Orogeny started in the Northern Iberian margin. During the late
Cretaceous-middle Miocene, the Pyrenean Basin and the southern
margin of the Bay of Biscay were inverted, resulting in the Pyrenean
Cordillera and Cantabrian Mountains, respectively (Teixell et al., 2018;
Pedrera et al., 2023) (Fig. 1). The Iberian Massif and the Mesozoic
Iberian Basin were also deformed during the late Eocene-early Miocene,
leading to the formation of the Central System and the Iberian Range (de
Vicente et al., 2009, 2018). Meanwhile, Africa continued its north-
westward motion, inverting the preexisting rift basins and leading to the
formation of the Middle Atlas, High Atlas and Saharan Atlas (Fig. 1).
During the Miocene, eastern Iberia underwent extension during the
opening of Valencia Trough (Roca and Guimera, 1992), driven by sub-
duction with rollback of the Tethys Ocean (Fang et al., 2021).

Since middle Miocene, the Northern Iberian margins have remained
almost stable while the convergence was mainly concentrated in the
Southern Iberian and Northwestern African margins (Fig. 1). The sub-
duction with rollback of the Tethys below Eurasia, that previously led to
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the formation of the Valencia Trough, displaced ALKAPECA domain
—formed by Alboran, Kabylia, Peloritani and Calabria— towards the
south. Peloritani and Calabria moved toward the southeast and now
belong to the Calabrian subduction system (Chiarabba and Palano,
2017). Kabylia Domain collide with Africa developing the Tell Cordil-
lera (Mauffret, 2007; van Hinsbergen et al., 2014). The Alboran Domain,
on the opposite, shifted to southwest colliding with the Southeastern
Iberian and Northwestern African margins. During this process, the
Gibraltar Arc was developed, formed by the Betic Cordillera in Iberia
and Rif Cordillera in Africa (Rosenbaum et al., 2002; Romagny et al.,
2020). A back-arc extension related to this phase resulted in accretion of
the Algero-Balearic oceanic crust and pronounced thinning of the con-
tinental crust throughout the Alboran Basin (Jolivet et al., 2008; Gomez
de la Pena et al., 2018). During this period the development of Atlas
Cordillera continues (Teixell et al., 2005; Chalouan et al., 2023).

Currently, the continuous NW-SE convergence between Eurasia and
Africa produces a trans-pressive boundary along the Azores-Gibraltar
Fault System (Buforn et al., 1988; Custodio et al., 2015), indentation
along the Alboran Sea and Southeastern Iberian margin (Galindo-Zal-
divar et al., 2018; Estrada et al., 2018; Tendero-Salmeron et al., 2024),
and compression along the Tell Cordillera (e.g., Frizon de Lamotte et al.,
2000), defining the actual diffuse plate boundary (e.g., Gomez de la
Pena et al., 2022; Billi et al., 2023) (Fig. 1b).

2.2. Active faults

Ongoing geodynamic processes control the crustal stress and the
localization of active tectonic structures that currently shape the region.
Active faults facilitate the displacement of crustal blocks and determine
strain patterns. Over the past decades, extensive research has led to the
identification and characterization of numerous active faults. Fig. 2 il-
lustrates the active faults, color-coded according to their kinematics,
compiled from the Quaternary Fault Database of Iberia (QAFI) (Garcia-
Mayordomo and Martin-Banda, 2022), and the GEM Global Active
Faults database (Styron and Pagani, 2020) for Northwestern Africa
(Supplementary File S1). Faults classified as active in the QAFI database
are shown with solid lines, while those “debated faults” are represented
by dashed lines. In this study, the latter are considered potentially
active.

Active faults are mainly concentrated in the Eurasian-African plate
boundary and in the Atlas and Pyrenean cordilleras (Fig. 2). The Atlantic
sector of the Eurasian-African plate boundary is formed by the Azores-
Gibraltar fracture zone (Laughton and Whitmarsh, 1974; Jiménez-
Munt et al., 2001). It represents a dextral to reverse plate boundary
forming trans-pressive positive flower structures (Zitellini et al., 2009).
Between the Atlantic sector of the plate boundary and SW Iberia, the
main active structures are NNE-SSW to ENE-WSW striking reverse to
reverse sinistral faults (e.g., Martinez-Loriente et al., 2013, 2014, 2018).

Active faults along the Gibraltar Arc are characterized by reverse,
strike-slip, and normal faulting kinematics. In the western Betic
Cordillera, no major faults are considered active. However, continuous
seismicity and GNSS data suggest that an ENE-WSW to NE-SW striking
basal thrust could be active (Ruiz-Constan et al., 2009; Gonzalez-Castillo
et al., 2015a). The western Rif Cordillera is also characterized by active
thrusts striking NW-SE to E-W (e.g., Koulali et al., 2011). The central
Betic Cordillera is primarily characterized by NW-SE to E-W normal
faulting (Sanz de Galdeano et al., 2012; Madarieta-Txurruka et al., 2021,
2022; Martin-Rojas et al., 2023). The eastern Rif Cordillera, the Alboran
Sea, and the eastern Betic Cordillera are deformed by the active Trans-
Alboran Shear Zone (TASZ) and the Eastern Betic shear zone (EBSZ)
(e.g., Coppier et al., 1989; Silva et al., 1993; Henares et al., 2024), a NE-
SW striking corridor mainly formed by sinistral strike-slip and reverse
faults (Booth-Rea et al., 2004; Estrada et al., 2018).

In the Tell Cordillera, the main active faults are E-W to ENE-WSW
reverse faults, cut by WNW-ESE dextral-reverse faults (Meghraoui,
1991; Mauffret, 2007). ENE-WSW trending thrust faults are also present
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Fig. 2. Recognized active and potentially active faults, color-coded according to the kinematics from the QAFI (Garcia-Mayordomo and Martin-Banda, 2022) and
GEM (Styron and Pagani, 2020) databases. TASZ: Trans-Alboran Shear Zone. EBSZ: Eastern Betic Shear Zone Gb: Granada Basin. GBb: Guadix-Baza Basin.

in the High Atlas (Arboleya et al., 2004), and sinistral to reverse faults in
the Middle Atlas (Gomez et al., 1996).

The Pyrenees, the Iberian Range, and the NW coast of Iberia are
dominated by active normal faulting, mostly parallel to the mountain
ranges. In the Pyrenees, the faults strike E-W (Lacan and Ortuno
Candela, 2012), in the Iberian Range are oriented NW-SE to N-S (e.g.,
Peiro, 2023), while in the Catalonia Coastal Ranges strike NE-SW (Perea
et al., 2012). Finally, western Iberia is mainly affected by large NNE-
SSW sinistral and NE-SW reverse faults (Villamor et al., 2012; Cabral,
2012) but also, by NW-SE dextral faults in the Cantabrian Mountains
(Lopez-Fernandez et al., 2018; Fernandez-Viejo et al., 2021; Martin-
Gonzalez et al., 2023).

2.3. Seismicity

In the last millennium the study region has been affected by several
earthquakes with moment magnitude Mw > 6 mainly located along the
Eurasia-Africa plate boundary (Peldez et al., 2007; Hamdache et al.,
2010; Griinthal and Wahlstrom, 2012; Stucchi et al., 2013) (Fig. 3 and
Table S1). The main historical earthquake close to Iberia was the Mw
8.7, 1755 Lisbon earthquake (Martinez-Solares et al., 1979; Baptista
et al., 1998), occurred between SW Iberia and the Azores-Gibraltar Fault
Zone. In this region, four other historical earthquakes with Mw > 7
occurred (CE 1309, 1724, 1816, 1858). Other earthquakes with Mw > 7
also occurred in the Tell Cordillera (CE 1365, 1716, 1825, 1867, 1891
and 1922). Earthquakes with Mw 6-6.9 are more widespread, and they
also occur onshore near Lisbon (e.g., CE 1531), Pyrenees (e.g., CE 1428),
Gulf of Cadiz (e.g., CE 1722, 1773), Betic Cordillera (e.g., CE 1522,
1680, 1829, 1884), Alboran Sea (e.g., CE 1804), Rif Cordillera (e.g., CE
1624), and westernmost High Atlas (e.g., CE 1731).

The instrumental seismicity recorded by the Spanish Instituto Geo-
grafico Nacional (IGN, 2025) is mainly distributed along the Eurasia-
Africa plate boundary, delineating a diffuse contact from the Azores-
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Gibraltar Fault Zone to the Tell Cordillera, but also in the Pyrenees,
High and Middle Atlas, NW Iberia and other Iberian intraplate regions
(Fig. 3). Along the Azores-Gibraltar Fault Zone the seismicity is
concentrated along NE-SW striking clusters reaching the Southwestern
Iberian margin. Most of the seismicity is above 50 km depth and the
maximum recorded magnitude is related to the Mw 7.9, February 1969
earthquake. The seismicity in SW Iberia and adjacent Western Iberian
margin is more widespread, also reaches 50 km and magnitude hardly
exceed Mw 5.0. Earthquake focal mechanism solutions (FMSs) along
these regions suggest main reverse and strike-slip faulting (e.g., Buforn
et al., 1988; Stich et al., 2007; Custddio et al., 2015).

The Gibraltar Arc is affected by a crustal seismicity mainly concen-
trated in the Betic Cordillera, eastern Rif Cordillera and the Alboran Sea.
The maximum magnitude reached Mw 6.3 during the 2016 series in the
Alboran Sea (Hamdache et al., 2022). Along the Betic Cordillera only a
few earthquakes exceeded Mw 5.0. Available FMSs suggest reverse and
strike-slip faulting in the western Betic Cordillera (Ruiz-Constan et al.,
2009), mainly normal faulting in the central Betic Cordillera (Madarieta-
Txurruka et al., 2021, 2022), strike-slip faulting along a NE-SW band
from the eastern Rif Cordillera to the eastern Betic Cordillera crossing
the Alboran Sea (Grevemeyer et al., 2015; Galindo-Zaldivar et al., 2018;
Henares et al., 2024), and reverse and strike-slip faulting in the western
Rif Cordillera. At the internal part of the Gibraltar Arc intermediate
seismicity occurs along a N-S sharp arched band reaching 150 km depth.
Maximum magnitudes are around Mw 5.0 and FMSs suggest reverse to
normal and strike-slip kinematics (Santos-Bueno et al., 2019) (Figs. 3
and S1).

Along the Tell Cordillera, seismicity is widespread concentrated in
the shallower 30 km (Hamdache et al., 2010). However, seismicity in-
creases in some clusters located close to the Mediterranean coast
reaching M = 7 (Bezzeghoud et al., 1995; Hamdache et al., 2004)
earthquakes. Seismicity is mainly related to reverse and strike-slip
faulting as shown by the FMSs. Along the Moroccan Atlas seismicity is
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Fig. 3. Historical and instrumental seismicity in Iberia and Northwestern Africa. The historical seismicity (Table S1) comprises all known earthquakes with a
macroseismic magnitude exceeding 6.0 that have been documented over the past millennium. Earthquakes with Mw > 6.5 are represented with the year of
occurrence. The instrumental seismicity shows earthquakes with M 3.0-4.9 since year 2000 and earthquakes with M > 5.0 since 1960, belonging to the Spanish
Instituto Geografico Nacional database (IGN, 2025). Active and potentially active faults are marked by solid and dashed black lines, respectively.

less frequent. Two clusters highlight in the western and central High
Atlas. Main earthquakes were the M 6.0, 1960 Agadir, earthquake, and
the M 6.8, September 2023 earthquake (Peldez, 2023). FMSs suggest
thrusting and strike-slip faulting related to the main earthquakes (Udias
et al., 1989).

Along the Pyrenees the seismicity involves crustal depths and con-
centrates mostly in the western half. The magnitude of earthquakes
hardly exceeds Mw 5.0. FMSs suggest a dominant normal faulting
regime coupled with secondary strike-slip faulting, and some reverse
solutions (Rigo et al., 2015; Ruiz et al., 2023). The Northeastern Iberian
margin is affected by low magnitude seismicity following the axis of the
Catalonian Coastal Ranges, related to strike-slip to normal FMSs. In the
internal part of Iberia scarce seismicity occurs, concentrated around the
Iberian Range (e.g., Peiro, 2023) with normal and strike-slip FMSs.
Finally, in the Northern Iberian margin seismicity is scarce. This region
is characterized by low to moderate magnitude crustal seismicity clus-
ters, reaching sporadically M 5.0. The seismicity is mainly related to
strike-slip and normal FMSs (Martin-Gonzalez et al., 2023).

3. Methodology
3.1. Stress field estimation

The slip direction along a fault during an earthquake reflects stress
conditions at the source (e.g., Anderson, 1905; Bott, 1959). Conse-
quently, earthquake focal parameters provide valuable insights into the
current tectonic stress field within the seismogenic layer (Michael,
1987). For this reason, earthquake focal mechanism solutions (FMSs)
are essential and widely used indicators of stress, and their formal
inversion enables the determination of the regional crustal stress field
(Vavrycuk, 2014).
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The FMS dataset compiled here considered mostly available solu-
tions along Iberia and Northwestern Africa, onshore and offshore. An
exhaustive compilation has been made considering the following cata-
logs and publications to increase the coverage of the entire study area:

Global catalogs: Global Centroid Moment Tensor Catalog (CMT; htt

ps://www.globalemt.org/CMTsearch.html).

e European catalogs: European-Mediterranean Regional Centroid-
Moment Tensors Catalog (RCMT; https://remt2.bo.ingv.it/), ETH
Ziirich catalog (ETHZ; Braunmiller et al., 2002).

o Iberian catalogs: Instituto Geografico Nacional (IGN; https://
www.ign.es/web/en/ign/portal/tensor-momento-sismico),  Insti-
tuto Andaluz de Geofisica (IAG; https://iagpds.ugr.es/investiga
cion/proyectos/moment-tensor-catalogue).

e Compilation catalogs: International Seismological Centre
(ISC; https://www.isc.ac.uk/iscbulletin/search/fmechanisms/),
Euro-Mediterranean Seismological Centre (EMSC; https://www.em
sc-csem.org/Earthquake data/tensors.php), Earthquake Mecha-
nisms of the Mediterranean Area (EMMA; Vannucci and Gasperini,
2004), FMHex20 (Mazzotti et al., 2021).

e Peer-reviewed articles and other publications (See references in

Table S2)

In many cases, a seismic event had multiple although similar FMSs
proposed by different sources. It was therefore necessary to establish a
set of criteria for selecting the solution to use for a given seismic event.
Overall, the following criteria were considered: 1) detailed calculation
of FMSs from peer-review papers analyzing specific earthquakes or
study areas are preferred over solutions from catalogs, giving preference
to the most recent publications, 2) waveform inversion solutions are
preferred over the one computed by P-waves polarities, and 3) the
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Iberian and European catalogs are preferred over global catalogs due to
their better coverage of stations and the use of more detailed crustal
velocity models. The final catalog comprises ~2200 FMSs from 1910 to
2024 with estimated magnitude in the 2-8 range (Table S2); a plot is
shown in Fig. S1. Spatially, most of the FMSs are along the Eurasia-
Africa boundary (~80 %), along the Azores-Gibraltar Fault Zone,
Gibraltar Arc and Tell Cordillera. A small set of FMs (~10 %) are located
along the Pyrenees, while other ones are widespread located along NW
Iberia, the Lisbon area and Moroccan Atlas. Regarding the focal depth
distribution, most of the FMSs (89 %) are crustal (< 30 km) and are
widespread along the active areas quoted before. Solutions with depths
of up to 50 km account for 6 % of the data and are predominantly located
to the southwest of Iberia, mainly in offshore regions. Solutions with
intermediate depth (50-150 km) account for ~5 % and are mainly
located in the internal part of the Gibraltar Arc. Finally, five deep
earthquake FMSs (>600 km) are located beneath the central Betic
Cordillera.

For the inversion of the crustal stress field, FMSs deeper than 50 km
and with magnitude below M 3.0 are discarded (in red in Table S2). The
remaining ~1400 FMSs (Fig. 4) are inverted using the STRESSINVERSE
software developed by Vavrycuk (2014). This software computes the
geometry of the three principal stress axes (61, 62 and 63) and stress ratio
R (Eq. (1), by means of an iterative inversion approach considering all
the nodal plane combinations till obtaining the combination more sus-
ceptible to shear faulting. The confidence limits are estimated by
computing the maximum differences between the inversion for noise-
free and noisy data with 100 noise realizations, following the method-
ology of Vavrycuk (2014). The stress ratio (R) indicates the shape of the
stress ellipsoid; values of R ~ 1 correspond to a prolate shape of the
ellipsoid (uniaxial compression), values of R ~ 0.5 to a triaxial shape and
values of R = 0 to an oblate shape (uniaxial extension). The inversion is
applied along a 0.5° resolution grid and computed with a half-cell

Gondwana Research 149 (2026) 314-336

overlapping in every cell with a minimum of 8 available FMSs (Fig. 5
and Table S3).

01— 02

R @

01 — 03

For regional stress analysis, mapping the maximum horizontal
compressive stress (Opmax) azimuth (e.g., Balfour et al. 2005) helps
compare seismological stress directions with geodetic strain-rates
(Townend and Zoback, 2006). A practical but simplified approach as-
sumes Gpmax aligns with the trend of the largest subhorizontal principal
stress (07 or 63), valid only if one principal stress is strictly vertical.
However, this introduces errors depending on the principal stress axes
plunge or R. To refine this approach, we adopt the Lund and Townend
(2007) methodology, which incorporates both principal stress axes and
R to calculate the maximum horizontal stress (6ymax) for each grid cell.
To increase the coverage of oymax data, the former solutions are com-
bined with 6ymax indicators from individual earthquake FMSs with M >
4.5, along with other stress indicators obtained from the World Stress
Map (Heidbach et al., 2018) (Table S3). Finally, the trajectories of the
OHmax field (Fig. 5) are estimated.

3.2. GNSS data processing and velocity and strain-rate fields estimation

The GNSS dataset used here includes 530 continuous stations
belonging to the EUREF permanent network, SONEL database, Portu-
guese RENEP and SERVIR networks, Spanish ERGNSS network, French
RGP network and other 15 networks developed by regional institutions
(Table S4), with time interval of the longest observations covering
almost 25 years, from 1999.00 to 2024.00. In addition to continuous
GNSS sites, we included data from 25 episodic GNSS sites located in
Morocco (Koulali et al, 2011) with surveys spanning the
1999.80-2006.71 time interval, available in the UNAVCO archive (htt
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ps://www.unavco.org). This dataset hardly increases the number of
stations and/or time-interval of previous studies in Iberia and North-
western Africa (Fernandes et al., 2007; Garate et al., 2015; Koulali et al.,
2011; Palano et al., 2013b, 2015; Sparacino et al., 2020).

The GNSS data are processed using the GAMIT/GLOBK software
(Herring et al., 2017) (www-gpsg.mit.edu) by adopting the strategy
described by Palano et al. (2020). By using the GLORG module of
GLOBK, all the GAMIT solutions and their full covariance matrices are
combined to estimate a consistent set of positions and velocities in the
ITRF14 reference frame (Altamimi et al., 2017). To improve the density
of the velocity field we aligned velocity fields available in literature
(Bougrine et al., 2019; Cabral et al., 2017; Echeverria et al., 2013, 2015;
Garate et al., 2015; Rigo et al., 2015) to the ITRF14 solution computed
here by applying a Helmert transformation (Table S5). We align the
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ITRF14 velocities into a fixed Eurasian and African reference frames
(Altamimi et al., 2017) to adequately show the crustal deformation
pattern over the study area (Fig. 6 and Table S5). Finally, 85 stations
exhibiting anomalous velocities were discarded from the velocity solu-
tions due to rates significantly faster than the regional tectonic signal,
likely dominated by non-tectonics deformation (in red in Table S5).
The strain-rate field was computed following the method outlined by
Shen et al. (2015) considering a total of 647 stations (Fig. 6). First, we
interpolate the GNSS velocity field into a 0.5° resolution grid using
Voronoi spatial and Gaussian distance weighting, ensuring nodes do not
coincide with GNSS station locations. The weighting threshold (Wt) is
strongly influenced by the inter-station distances of GNSS velocities and
the measurement uncertainties (Shen et al., 2015), therefore, we tested
multiple values. Based on these preliminary results, we selected an
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optimal weighting threshold of 10, which preserves the observed ve-
locity field while ensuring that the model-observed discrepancy exceeds
the mean uncertainty of GNSS measurements. Later, the horizontal
strain-rate tensor has been computed as the derivative of the velocities.
The method of Shen et al. (2015) also provides the areal change and
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rotational strain-rates. The areal change rate is a useful parameter for
characterizing regional crustal kinematics. It quantifies the rate of hor-
izontal surface dilatation (positive values) or contraction (negative
values) over time, calculated as the sum of the principal horizontal
strain-rates (€égmax + €dmin) (Fig. 7). Therefore, this parameter helps to
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distinguish between zones of crustal stretching and shortening. Rota-
tional strain-rates quantify the local rotational velocity of crustal blocks
due to tectonic deformation (Fig. 8). Moreover, the second invariant was
also computed (Eq. (2)), which quantifies the intensity of the deforma-
tion on the area (Fig. 9). Finally, the egn;, trajectories has been also
estimated to achieve an optimal comparison with the ogmax (Fig. 9).

toiny = 4 /E)z(x + S}Z,y + 28)20,

4. Results

(2)

4.1. Stress field

4.1.1. Stress ellipsoids

The stress field (Fig. 5 and Table S3) is depicted through stereoplots
representing the principal stress axes derived from each iterative solu-
tion during the inversion process (Fig. 5a). Each stereoplot is color-
coded according to the principal stress axis (or axes) located close to
the vertical, considering the most probable solution available in
Table S3. Stress ratio (R) for each computing cell is also shown (Fig. 5b).
As previously quoted, the FMSs included in the inversion are predomi-
nantly from events within the upper 30 km, none of which exceeding 50
km depth. Therefore, the resulting stress field basically reflects the
crustal stress, at least in the 2-30 km depth interval.

Overall, the inversion results are of high quality, as indicated by the
low dispersion of iterative solutions in most cells. However, the
dispersion is higher in cells where FMSs displayed variable kinematics,
particularly in transition zones between different seismotectonic re-
gions, such as the internal part of the Gibraltar Arc. The dispersion
increased in regions with a limited number of FMSs such as northwest or
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central Iberia. In some cells, only the o, axis is well-constrained, while
the 6, and o3 axes partially overlap in their estimated confidence limits.
Most of these solutions exhibit R values above 0.75, suggesting that the
magnitudes of the 62 and o3 axes are nearly equal.

Due to the distribution of available FMSs (Fig. 4) the inverted cells
are mostly widespread along the Eurasia-Africa plate boundary (Fig. 5).
Towards the southwest of Iberia, most of the stress tensors located
offshore suggest a NW-SE to NNW-SSE horizontal 67, and inclined NE-
SW o5 and o3, with a stress ratio mostly above 0.7, suggesting a pro-
late stress ellipsoid. In some cells, mainly located in the Gulf of Cadiz,
positioning o3 close to the vertical. There are some cells also with a high
overlap between the 63 and 63 in their confidence limits, coinciding with
high R values, suggesting an almost similar value between both stress
axes. In the coastal area and onshore the stress tensors are mostly
characterized by NW-SE horizontal 61, and NE-SW subvertical 65 and
subhorizontal o3 The cells located in the Lisbon area present more
disperse confidence limits. Nevertheless, the data point to stress ellip-
soids characterized by NW-SE horizontal 6; and both inclined o3 and o3.
The stress ratio decreases from ~0.7 in the south, to 0.5-0.2 near Lisbon,
suggesting a prolate shape of the stress ellipsoid in the south, and a
triaxial to oblate shape in the north.

The Gibraltar Arc is characterized by a complex stress regime, with
varying ellipsoid shapes and orientations depending on the location. In
general, the inverted stress ellipsoids present very low dispersion in the
confidence limits, suggesting a reliable inversion of the stress field. In
the western Betic Cordillera, stress inversion indicated a NW-SE trend-
ing subhorizontal 6; and subvertical 63, with stress ratios above 0.7. The
central Betic Cordillera can be divided into two distinct regions. The
southern part is characterized by a vertical 61, and NE-SW trending o3
stress ellipsoids with very low dispersion of the confidence limits. To the
north, near the Guadalquivir Basin, the dispersion increases, 6; becomes
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horizontal trending NW-SE, while o5 locates vertical. In both regions, R
values are greater than 0.5, mostly above 0.7, suggesting a triaxial to
mainly prolate shape of the stress ellipsoid. In the eastern Betic Cordil-
lera o, is horizontal striking NW-SE to N-S, while o3 is horizontal and o3
subvertical. In some cells 65 and o3 rotate, locating o, vertically or both
inclined. These cells are mainly located towards the north, a region with
higher dispersion in the confidence limits. The stress ratio is irregular in
the area, suggesting all prolate, oblate and triaxial shapes. The stress
ellipsoids in the eastern Rif Cordillera, the Alboran Sea and on the coast
of the central-eastern Betic Cordillera are mainly characterized by NW-
SE o7 and vertical 69, and very different stress ratios. Some ellipsoids
with vertical or highly inclined 6; and NW-SE striking inclined 63 occur
surrounding the Alboran Ridge, but with higher dispersion in the con-
fidence limits. Finally, the stress ellipsoids in the western Rif had a close
to N-S horizontal 67, ENE-WSW inclined o5 and o3, and prolate shape.

The stress field in the Tell Cordillera is mostly characterized by a
horizontal o7 striking NW-SE and vertical o3, with a prolate shape, as
indicated by R > 0.6-0.7. High R values in some cells led to overlapping
between the confidence limits of 65 and o3, as the software struggled to
differentiate them due to their proximity in magnitude. In the eastern-
most and central sector, 63 and o3 rotate, locating 6, vertically or both
inclined. Despite greater dispersion in the confidence limits, the three
available stress ellipsoids in the High-Middle Atlas suggest a similar
pattern. They present horizontal o; striking NW-SE and vertical 3.
However, R values close to 0.5 suggest a triaxial shape.

The Pyrenees are predominantly characterized by stress ellipsoids
with nearly vertical o7 and N-S to NE-SW striking c3. To the east 67 and
o9 rotate, locating both axes inclined. In the easternmost sector, how-
ever, 61 becomes subhorizontal, striking NNW-SSE to NNE-SSW, while
o3 locates subvertical. R values generally ranged between 0.4 and 0.8,
suggesting triaxial to prolate ellipsoid shapes. However, in the west-
ernmost Pyrenees R < 0.3 values suggest oblate stress ellipsoids,
consistent with the overlapping confidence limits of the 65 and o7 axes.

In NW Iberia, the inverted four cells illustrated stress ellipsoid with
NNW-SSE striking 67 and subvertical 65, and triaxial to oblate shapes.
Stress inversion is possible also in other internal regions of Iberia. The
stress ellipsoids in the southeastern Iberian Range and Northeastern
Iberian margin showed inclined 6, and o, axes striking NW-SE, NE-SW
horizontal o3, and triaxial to prolate shapes. Finally, to the south of the
Central System, stress ellipsoids present a high dispersion in the confi-
dence limits. Regardless, all the stress ellipsoids are characterized by
NW-SE striking subhorizontal 6; and a subvertical 63, and prolate shape.

4.1.2. Maximum horizontal stress field

The horizontal maximum stress (6ymax) field showed generally good
coverage across the study area (Fig. 5a). Data obtained from stress
inversion results (represented by continuous dark red lines) cover the
Eurasia-Africa plate boundary, the Pyrenees, the High-Middle Atlas and
several regions in northwest and eastern Iberia. The cymay field is further
complemented by individual FMSs with M > 4.5 and other stress in-
dicators (Fig. 5a; Table S3); however, these results should be interpreted
with caution due to greater uncertainty.

The general pattern of the oymax along Iberia and Northwestern Af-
rica is mostly striking N150°~160°E (inset in Fig. 5). This general pattern
slightly rotates counterclockwise in southwestern Iberia and clockwise
in the Cantabrian region and eastern Iberia. The Betic-Rif Cordillera has
the most complex 6pmax pattern of the study area. In the western Betic
Cordillera the oymay slightly rotates clockwise to ~N130°E while in the
western Rif rotates clockwise to ~N20°E. In this way, the 6ymax pattern
locates oblique to the western Gibraltar Arc. The central Betic Cordillera
is characterized by a local counterclockwise rotation of the trajectories
to ~N120°E. To the easternmost Betic Cordillera the pattern rotates
clockwise to ~N5°E. The pattern changes in the Pyrenees and the Ibe-
rian Range, where the oymax rotates to ~N100°E, subparallel to the axis
of each mountain range.
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4.2. GNSS-based velocity field

The horizontal velocity field shown in Fig. 6 provides extensive
coverage of the study area. GNSS station density is notably higher in
Iberia and the south of France compared to Northwestern Africa. The
densest regions are the Pyrenees, the eastern Central System, south-
western Iberia, and the eastern Betic Cordillera, due to the inclusion of
various episodic networks in these areas. However, although station
density is greater, the current sampling of velocity field is characterized
by large uncertainties (up to 0.8 mm/yr) mainly due to the short time
series of the measured benchmarks.

In the Eurasia reference frame (Fig. 6a), the most distinct observation
is the Eurasia-Africa convergence represented by a northwestward mo-
tion in the east and a west-northwestward motion in the west of Africa
respect to Eurasia, at rates of 4.5-6 mm/yr. Along the Tell Cordillera the
convergence rate decreased to 2-3 mm/yr in the coast. Iberia shows an
almost stable pattern with respect to Eurasia, mainly in the northern
half. However, velocities increased from 0-0.5 mm/yr in the northeast
to 2-3 mm/yr at the southern and southwestern margins. Additionally,
the direction of motion rotated from predominantly southwestward in
the northeast to west-southwestward in the south-central region and to
west-northwestward in the southwest. This general pattern shifts in the
western Gibraltar Arc and the eastern Betic Cordillera. The Gibraltar Arc
is characterized by westward velocities exceeding 3 mm/yr in the
western and central-south Betic Cordillera and reaching 5-6 mm/yr in
the Rif Cordillera. Meanwhile, the coastal areas of the eastern Betic
Cordillera exhibited a radial motion pattern, with northwestward to
northward velocities reaching up to 2 mm/yr.

In the Africa reference frame (Fig. 6b), the Eurasia-Africa conver-
gence is also clearly observed. It is represented by the southeastward
motion in northeast Iberia to east-southeastward motion in southwest
Iberia. The African reference frame allowed to better observe the mo-
tions of different tectonic regions in Northwestern Africa. Most of the
stations located in mainland regions showed velocities below 1-1.5
mm/yr. Moreover, it perfectly shows the southwestward motion up to
3.5 mm/yr of the Rif Cordillera. Finally, the Tell Cordillera underwent
southeastward decreasing from 2-3 mm/yr on the coast to almost stable
in the internal region.

4.3. Geodetic strain-rate field

4.3.1. Horizontal strain-rate field

The strain-rate field is represented by the horizontal maximum and
minimum strain axes, the areal change rates (Fig. 7), and the second
invariant of the strain (Fig. 9). The highest strain-rate and second
invariant values (>10 nanostrain/yr) are located along the Gibraltar Arc
and the Alboran Sea, followed by the Tell Cordillera and the Lisbon area
(Figs. 7 and 9).

In the Gibraltar Arc and the Alboran Sea, three sectors can be
differentiated (Figs. 7 and 9). The data in these regions consistently
show low uncertainties—typically below 5 nanostrain/yr for principal
strain-rates axes and the second invariant, and under 7 nanostrain/yr for
the areal change rate—highlighting their high quality (Fig. S2). First, the
westernmost Gibraltar Arc characterized by shortening up to —20
nanostrain/yr in E-W direction and —7 nanostrain/yr in N-S direction.
Therefore, this area stands out with the highest negative areal change
rates in the region, up to —22 nanostrain/yr. Second, a NE-SW striking
corridor from the eastern Rif to the eastern Betic Cordillera, crossing the
Alboran Sea (Fig. 7), characterized by NNW-SSE shortening up to —24
nanostrain/yr and WSW-ENE stretching up to 22 nanostrain/yr and the
highest second invariant values, up to 30 nanostrain/yr (Fig. 9). The
areal change rates in the former region varied between null and slightly
negative areas, the latter affecting the central Alboran Sea and the
easternmost Betic Cordillera. The data in the eastern Betic Cordillera
show the highest uncertainties in the region (Fig. 52), likely due to the
high density of stations belonging to different velocity fields. Third, the
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central Betic Cordillera is characterized by a NE-SW to NNE-SSW
stretching up to 17 nanostrain/yr and limited perpendicular short-
ening. Therefore, it lies under positive areal change rates close to 8-10
nanostrain/yr.

The estimation of the strain-rate field in the Tell Cordillera shows
low uncertainties successfully indicating a NW-SE shortening between
12 and 17 nanostrain/yr (Figs. 7 and 9). The central sector exhibits
distinct strain patterns, combining maximum shortening (17 nano-
strain/yr) with orthogonal NE-SW extension (12 nanostrain/yr). Over-
all, the Tell Cordillera exhibits negative areal strain-rates, with a
maximum contraction of 8-9 nanostrain/yr in both eastern and western
sectors. In contrast, the central sector shows significantly lower
contraction rates of 0-4 nanostrain/yr. In the Lisbon area, the strain-rate
field shows slightly higher uncertainties (~7 nanostrain/yr) but in-
dicates consistent NE-SW extension (up to 17 nanostrain/yr) and prob-
able NE-SW shortening (6-7 nanostrain/yr), yielding slightly positive
areal dilatation rates.

The internal regions of Iberia and Northwestern Africa and the Pyr-
enees underwent low crustal strain-rates, mostly with second invariant
values lower than 10 nanostrain/yr (Fig. 9). They depict a disordered
pattern of horizontal strain axes and areal changes rates. This pattern
stands out in Iberia and the Pyrenees, where higher uncertainties in the
estimation of principal strain axes and their derivative products (Fig. 52)
make it difficult to accurately determine strain parameters.

4.3.2. Rotational strain-rate field

The rotational strain-rates range between —12 and 14 nanorad/yr
(Fig. 8). Consistent with the patterns observed for minimum and
maximum strain-rates, and the areal change rates, the maximum rota-
tional deformation occurs along the plate boundary. The western central
Betic Cordillera shows the highest values (13-14 nanorad/yr), indi-
cating clockwise rotation. The Tell Cordillera follows this same rota-
tional pattern but with lower rates (5-10 nanorad/yr). Mainland Iberia
also exhibits clockwise rotation, though with weaker rates below 4-5
nanorad/yr. Regions with negative values—reflecting counterclockwise
rotation—include the eastern Betic Cordillera, where values reach —11
nanorad/yr and estimation errors peak at 9 nanostrain/yr in some grid
cells. Other areas with moderate negative rates include the Lisbon area,
eastern Pyrenees, and High and Middle Atlas.

4.3.3. Minimum horizontal strain-rate

The minimum horizontal strain-rate axes (egmin) generally align with
the shortening direction and is represented by trajectories derived from
the combination of eynmi, strikes estimated in each cell (Fig. 9). These
trajectories were calculated only for cells with azimuthal
uncertainties below 30° (Fig. S2¢). Cells with
uncertainties exceeding 30° are widespread across central/northern
Iberia and the Pyrenees (Fig. S2c). Nevertheless, we resolved the
regional trajectory pattern across most of the study region using cells
with lower uncertainties, except for the Pyrenees and NW Iberia.

Areas with uncertainties below 30° (Fig. S2c), located in southern
Iberia and Northwestern Africa, are considered representative of the
strain-rate field, particularly in the plate boundary and Lisbon area,
where the second invariant exceeds 10 nanostrain/yr. On the opposite,
high uncertainties in eynin strikes, coupled with second invariant values
below 10 nanostrain/yr, in central/northern Iberia and the Pyrenees,
indicate the absence of a clear strain pattern, thus, results should be
interpreted cautiously.

As represented in the rose-diagram, most of the estimated eymin
strikes indicate that the region is affected by N150°-160°E shortening
(inset in Fig. 9). This general shortening affects the High and Middle
Atlas, Tell Cordillera, the easternmost Rif and the Alboran Sea, as well as
southwestern Iberia. This general pattern rotates counterclockwise in
the central Betic Cordillera, up to N110°E, and clockwise in the eastern
Betic Cordillera, up to NO10°E. The main strike-change of the trajec-
tories occurs in the western Gibraltar Arc. This region is characterized by
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a radial pattern of the trajectories respect to the curved axis of the arc;
striking NE-SW in the western Betic Cordillera, E-W in the Strait of
Gibraltar, and WSW-ENE in the western Rif Cordillera.

5. Discussion

The newly computed stress and strain-rate fields provide fresh in-
sights into the active tectonic and geodynamic processes shaping Iberia
and Northwestern Africa. Our discussion addresses two principal
aspects:

a) Consistency between deformation indicators. By comparing stress
fields, strain-rate distributions, and fault kinematics, we evaluate
their mutual consistency and associated uncertainties. This inte-
grated analysis refines our understanding of tectonic activity across
major regional structures.

b) Geodynamic implications. We explore how these datasets elucidate
the processes influencing each region, particularly their spatial re-
lationships and roles within the Eurasia-Africa plate boundary.

5.1. Stress and strain-rate fields and active structures

The stress inversion based on the definition of seismotectonic zones
(e.g., Zoback and Zoback, 1980; Rigo et al., 2015; Villani et al., 2024)
implies a deep geological and seismological understanding of the region,
which is not free from interpretative errors and biases. Additionally,
Neogene geological information sometimes differs from explicitly active
processes (e.g., Berberian, 1995; Costa et al., 2000; Ruiz-Constan et al.,
2009; Madarieta-Txurruka et al., 2024). To avoid the mentioned un-
certainties, for the first time, a stress inversion within a 0.5°x0.5° grid-
based approach has been computed, covering Iberia and Northwestern
Africa and using a large dataset of FMSs (Table S2). Moreover, this
approach facilitates comparison with the new grid-based strain-rate
field (Figs. 7 and 8; Shen et al., 2015). In the following section, we
compare the obtained stress field and strain-rate field with previous
results.

In addition, the results are analyzed in relation to the mapped active
faults. According to Anderson (1905), the orientation of principal stress
axes constrains the expected faulting regimes in a region (Fig. 5). At the
crust surface normal faulting occurs when o; is vertical, strike-slip
faulting occurs when o5 is vertical, and thrusting occurs when o3 is
vertical (Anderson, 1905). The recognition of tectonically active struc-
tures is also linked to the active surface deformation that the GNSS ve-
locity field has successfully identified. The second invariant of the strain
field (Fig. 9) reflects the zones with maximum deformation and serves to
compare with the location and/or concentration of active faults in each
area (Fig. 2). On the other hand, the areal change (Fig. 7) provided a
valuable metric for comparison of contraction/dilatation within the
crust with kinematics of faults.

Overall, the stress field (inset Fig. 5) shows a regional N150-160°E
oriented compression which aligns with the NW-SE Eurasia and Africa
convergence shown by the velocity field presented here (Fig. 6). Both
results agree with previous estimations (e.g., Herraiz et al., 2000; de
Vicente et al., 2008; Fadil et al., 2006; Koulali et al., 2011; Palano et al.,
2013b, 2015). The strain-field (Figs. 7 and 8) improves the previous
estimation focusing on the entire Iberia and NW Africa (Garate et al.,
2015), and suggests that the convergence results in an overall N150-
160°E shortening (inset in Fig. 7) accumulated along the plate boundary
(Fig. 9), where most of the previous strain-rate fields are computed (e.g.,
Palano et al., 2013b; Sparacino et al., 2020; Billi et al., 2023). However,
this general stress—strain field is altered due to the high complexity of
the plate boundary, as described below.

5.1.1. Active faulting along the Eurasia-Africa plate boundary
The Azores-Gibraltar Fault Zone offshore SW Iberia presents
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significant challenges for direct geodetic strain estimation, yet the
intense historical and instrumental seismicity clearly demonstrates
active tectonic deformation. The new stress field revealed a consistent
NNW-SSE orientation of 6; along this complex plate boundary, generally
agreeing with previous results — whether uniaxial compression (de
Vicente et al., 2008) or a trans-pressive regime (Stich et al., 2006). These
apparent discrepancies likely reflect genuine spatial variations in the
stress field, as evidenced by our identification of different stress regimes
(vertical oy, vertical 63, or inclined 65-63). Three distinct domains are
characterized remarkably by aligning with seismotectonic zonation
proposed by Palano et al. (2013b). The Southwestern Iberian margin
shows predominantly vertical o, configurations, the Gulf of Cadiz
domain displays vertical o3 orientations, while the western Azores-
Gibraltar Fault Zone shows both inclined 65 and o3 (Fig. 5). The
pattern in the Gulf of Cadiz correlates well with the known distribution
of ENE-WSW reverse faults and WNW-ESE dextral strike-slip systems
(Martinez-Loriente et al., 2013, 2014, 2018; Gracia et al., 2003; Zitellini
et al., 2004). Notably, our data perfectly reflects the sinistral component
along NW-SE trending thrust faults in the western Azores-Gibraltar Fault
Zone not previously emphasized in Quaternary fault catalogs (Fig. 2),
but consistent with FMS (Buforn et al., 1988; Pro et al., 2013) (Fig. 4).

Our analysis revealed remarkably complex stress and strain-rate
fields across the Gibraltar Arc, refining previous models that proposed
a broadly uniform trans-tensive to strike-slip regime (de Vicente et al.,
2008). This complexity not only matches the distribution of known
active faults (Fig. 2), validating our inversion approach, but also pro-
vides new insights into regional deformation patterns. The corridor
tracing through the Alboran Sea into the eastern Betic Cordillera formed
by stress ellipsoids with vertical 6, agrees with previous estimations
(Stich et al., 2006; Palano et al., 2013b) and precisely follows the seis-
mically active Trans-Alboran and Eastern Betic shear zones — corridor
dominated by strike-slip faulting that have been extensively docu-
mented (Silva et al., 1993; Galindo-Zaldivar et al., 2018). This corridor
coincides with the region with higher second invariant values, reaching
rates up to 30 nanostrain/yr, and shortening values up to 8 nanostrain/
yr, also evidenced by Sparacino et al. (2020) (Figs. 7 and 9), consistent
not only with sinistral fault motions (Stich et al., 2006; Echeverria et al.,
2015) but also with the activity of NE-SW folds like the Alboran Ridge
and Aguilas Arc (Coppier et al., 1989; Gomez de la Pena et al., 2022;
Ercilla et al., 2022). In contrast, our results reveal a significant nuance in
the Eastern Betic Shear Zone, where the stress field exhibits a more
compressional character than indicated by previous regional inversions
(Stich et al., 2006; Palano et al., 2013b), particularly along its northern
front. The strain-field similarly reflects N-S shortening along the eastern
Betic Cordillera (Fig. 7). However, the highest values are located
southward close to the Aguilas Arc, where transpressive to strike-slip
stress regime indicate persistent N-S compression (Fig. 5). While these
strain-rates coincide with areas of highest uncertainty, the observed
€gmin rates (—30 nanostrain/yr) align with both local geodetic mea-
surements suggesting 30-50 nanostrain/yr N-S shortening across the
Aguilas Arc (Echeverria et al., 2013; Portela et al., 2025), and kinematic
evidence from active WSW-ENE thrust systems (Fig. 2) (Garcia-Mayor-
domo and Martin-Banda, 2022).

In the western Betic Cordillera, the limited but consistent FMSs de-
pict a NW-SE oriented 67 perpendicular to the arc, aligned with previous
results (Ruiz-Constan et al., 2009, 2011; Palano et al., 2013b). The
eastern Rif presents a markedly different stress configuration, charac-
terized by N-S horizontal 67 and subvertical o3 that appears oblique to
the arc shape (Fig. 2). Most strikingly, the new velocity field and strain-
rate field support the westward displacement (e.g., Koulali et al., 2011,
Gonzalez-Castillo et al., 2015a) revealing the highest shortening rates
(up to —20 nanostrain/yr) along the western Gibraltar Arc, findings that
correlates with active thrusting in the Rif Cordillera (Fig. 2). On the
opposite, absence of identified active faults in the western Betic
Cordillera contrasts with the stress—strain field, suggesting either: a)
deformation is being accommodated through blind thrust systems (e.g.,
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Pedrera et al., 2011; Gonzalez-Castillo et al., 2015a,b), or b) current
fault mapping in the western Betic Cordillera requires revision. An
interesting feature is the clear angular discrepancy of up to 90° between
the estimated eymin and ogmax- Assuming macroscopically homogeneous
and elastic crustal blocks, the strain field should align with the stress
field, and therefore, the regional fields should be parallel. However,
while the opmay is oriented NW-SE to N-S, the eynmin shows a radial
pattern relative to the arc. The low seismicity in the western Gibraltar
Arc, resulting in limited availability of FMSs, explains this discrepancy,
aseismic stress relaxation goes unrecorded. Thus, the oymax keeps
reflecting mainly the NW-SE Eurasia-Africa compression, while the
€xmin indicates the westward aseismic displacement of the western
Gibraltar Arc.

The stress field pattern in the central Betic Cordillera reveals a
consistent tectonic signature characterized by NE-SW oriented to radial
extension. This configuration, which aligns with numerous previous
stress inversions (Galindo-Zaldivar et al., 1999; Herraiz et al., 2000;
Stich et al., 2006; Madarieta-Txurruka et al., 2021, 2022, 2024),
together with ENE-WSW to NE-SW dilatation-rates up to 10 nanostrain/
yr (Fig. 7), reflects the region dominant extensional regime. The ENE-
WSW to NE-SW stretching of the central Betic Cordillera, well-
documented in recent works (Galindo-Zaldivar et al., 2015; Sparacino
et al., 2020; Martin-Rojas et al., 2023), is consequence of the activity of
well-studied NW-SE striking normal faults (Sanz de Galdeano et al.,
2012). A stress transition occurs northward toward the Guadalquivir
Basin, where vertical 65 orientations correlate with N-S trending strike-
slip fault systems in a low strain-rate area (Pedrera et al., 2013; Tendero-
Salmerén et al., 2020).

The Tell Cordillera displays a tectonic regime marked by persistent
deformation, as evidenced by strain-rates consistently exceeding 10
nanostrain/yr. These elevated values correspond spatially with both
increased fault density and heightened historical and instrumental
seismicity (Figs. 2 and 3). The well-constrained dominant NW-SE
shortening and the obtained stress pattern (characterized by NW-SE
oriented 6; and predominantly vertical o3), confirm previous seismic
(Stich et al., 2006; de Vicente et al., 2008; Palano et al., 2013b) and
geodetic estimations (e.g., Sparacino et al., 2020; Billi et al., 2023). This
stress-strain configuration explains the prevalence of ENE-WSW to NE-
SW thrust faults (Meghraoui, 1991; Bouhadad, 2001) (Fig. 2). The
detailed stress analysis reveals additional complexity through the
identification of stress domains with vertical 65 and inclined 65-63.
These variations correlate closely with segments where WNW-ESE
dextral strike-slip systems disrupt the continuity of the thrust system
(Mauffret, 2007).

5.1.2. Active faulting along intraplate regions

Second invariant strain-rates in Iberia, the Pyrenees, and the
Moroccan Atlas are significantly lower compared to regions along the
plate boundary (Fig. 9). The low values contrast with the location of
recognized faults (Fig. 2) and the historical and instrumental seismicity
(Figs. 3 and 4) in some of these areas. This data suggest that they
correspond to structures with very low Quaternary activity, undetect-
able within the measurement period, and/or that they would respond to
processes governed by vertical deformation.

Our improved FMS catalog provided new insights into the stress field
patterns across western Iberia. In the Lisbon area, the data reveal a clear
NW-SE oriented 67 and transpressive to strike-slip stress regime, as
evidenced by the higher dispersion of the confidence limits and the
partial overlapping between 65 and o3. The stress field is consistent with
NNE-SSW trending reverse to strike-slip faults (Cabral, 2012; Carvalho
et al.,, 2011; Baptista et al., 2014). The consistently high second
invariant values indicate significant surface deformation (Fig. 9). The
computed strain-rate field reveals strike-slip to transtensive kinematics
in the region, showing slight divergence from the pure strike-slip regime
proposed by local studies (Fonseca et al., 2021) and with the stress field,
confirming however the significant tectonic activity of the area (e.g.,
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Stich et al., 2005). Nevertheless, the apparent discrepancy between the
transpressive stress field and the strike-slip to transtensive strain-rate
field may reflect the influence of thick Cenozoic sedimentary cover in
Lisbon area (Carvalho et al., 2017). This suggests that shallow defor-
mation adjustments within the sedimentary sequence could be the sur-
face expression linked to the displacement of deep-blind thrusts (Cabral
et al., 2013). Moving northward, the stress pattern shift to a stress
regime mainly characterized by vertical 6o and NNW-SSE oriented o1,
aligning with earlier inversion results (Herraiz et al., 2000; Stich et al.,
2006; de Vicente et al., 2008), but also stress ellipsoids defined by NNW-
SSE inclined o7 and os. This stress configuration and low strain-rate
values (Figs. 7 and 8) appears coherent with the predominantly low
slip-rate strike-slip faulting (Villamor et al., 2012; Cabral, 2012; Lopez-
Fernandez et al., 2018; Fernandez-Viejo et al., 2021) (Fig. 2). The in-
clined 07 and o5 appears to be influenced by the few available FMSs of
low-magnitude earthquakes, which could be related to local stress per-
turbations rather than the regional pattern (Martin-Gonzalez et al.,
2023).

The Pyrenean stress field confirmed the predominant vertical o
orientation also documented in other regional-scale studies (Herraiz
et al., 2000; de Vicente et al., 2008; Rigo et al., 2015), while providing
new details about horizontal stress orientations. The observed N-S to NE-
SW oriented o3 generally aligns with de Vicente et al. (2008) and Rigo
et al. (2015) results, though contrasts with the E-W striking 63 reported
by Herraiz et al. (2000). This discrepancy is likely explained by the high
R-ratio values (R > 0.75) across the Pyrenees (Fig. 5b) and the chaotic
strain-rate pattern (Fig. 7). Importantly, the computed stress field is
consistent with the presence of active E-W normal faults (Lacan and
Ortuno Candela, 2012) and local GNSS studies, suggesting N-S stretch-
ing (Asensio et al., 2012). The stress transition to compressional/trans-
tensional stress regime observed in some cells in the easternmost Pyr-
enees agrees with Rigo et al. (2015) results. But in contrast, they ob-
tained a strike-slip stress regime along the entire eastern Pyrenees. This
can be attributed to their limited FMSs distribution (concentrated east-
ward). Our expanded catalog instead, reveals a more extensional regime
also in the central-eastern sector, consistent with mapped E-W and ENE-
WSW normal fault systems (Lacan and Ortuno Candela, 2012) (Fig. 2).
Although the Pyrenees exhibit recurrent seismicity, the generally low
magnitudes align with low strain-rates across the mountain range. Un-
fortunately, these low strain-rate values—combined with high uncer-
tainties—preclude robust tectonic interpretations from the new strain-
rate field (Figs. 7-9).

Further south, in the Iberian Range, stress field with close to vertical
o1 orientations and R-values exceeding 0.5, combined with low strain-
rates, suggest a low-rate extension through normal faults orthogonal
to the regional compression (Gutiérrez, 2012). As observed in the Ibe-
rian Range, it is important to note that the main sedimentary basins of
Iberia (Duero, Ebro, and Tajo) exhibit significant discrepancies in €gmin
and oymax Orientations, with differences reaching up to 90° (Figs. 5 and
7). However, as previously noted, these regions are characterized by
very low strain-rates (Fig. 9), where uncertainties—particularly in the
azimuthal orientation of the principal strain-rate axes—are exception-
ally high (Fig. S2). Consequently, egmin likely does not represent well-
constrained tectonic shortening. Moreover, these areas generally
display low tectonic activity (Garcia-Mayordomo and Martin-Banda,
2022) and no seismicity, except for the Tajo Basin. The stress field,
which was difficult to estimate directly in the Tajo Basin (see confidence
limits in Fig. 5) and had to be extrapolated in the other basins from
surrounding regions, aligns more consistently with the regional pattern.
So, we therefore suggest that oymax more reliably reflects the geo-
dynamic imprint, while ey exhibits unexpected patterns, likely due to
high uncertainties or local effects.

Finally, the NW-SE compressional stress regime observed in the High
Atlas aligns with previous stress inversion studies (Levandowski, 2023;
Skikra et al., 2025) and is consistent with the dominant reverse faulting
mechanisms (Arboleya et al., 2004). Moreover, the southern stress
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ellipsoids exhibit significant overlap between the oy and o3 axes,
reflecting inherent challenges in stress field estimation within this cell.
This observation likely relates to the presence of strike-slip FMSs, which
aligns with field evidence of active transcurrent faulting in the region
(Gomez et al., 1996). The consistent NNW-SSE oriented shortening,
though with low-rates (Fig. 7 and S2), agrees with the 67 and ogmax
strikes (Fig. 9) and may further contribute to tectonic activity in the
region.

As shown here, the stress field is in general accordance with the
structural data being coherent with the strain-rate field. The novel grid-
based methodology increased the knowledge of the study area, mostly in
accordance with the different zonation proposed in the literature (e.g.,
Herraiz et al., 2000; Stich et al., 2006; de Vicente et al., 2008; Palano
etal., 2013b). Therefore, this methodology could become a valuable tool
for determining or redefining seismotectonic zones. However, it also
implies some limitations. First, it is a method dependent on FMS avail-
ability, which is correlated with the densest seismic areas (Fig. 5). Thus,
some areas could present a lack of inverted cells due to the low number
of available FMSs, as occurred in the Atlas and NW Iberia. Second, the
inversion is not reliable in cells bordering/over two different seismo-
tectonic zones because the method considers FMSs derived from
different stress regimes (Fig. 5). On the other hand, this limitation could
help in detecting unknown seismotectonic boundaries. Additionally, the
scale of observation depends on the resolution of the grid and the cell
size. For local studies higher resolution is required and thus, the number
and spatial coverage of available FMSs must increase. Therefore, while
this approach is valuable for regional-scale research, such as the west-
ernmost Mediterranean, its relevance in local studies needs further
evaluation.

5.2. Geodynamic implications

The comparison between stress and strain-rate fields reveals crustal
deformation patterns driven by regional stresses, offering a framework
to discuss underlying geodynamic mechanisms. In the following sections
we offer new insight in the new and old processes shaping the Eurasia-
Africa plate boundary, the role of the Gibraltar Arc and how stresses are
transferred to the internal parts of the main plates.

5.2.1. The complex Eurasia-Africa plate boundary in the Atlantic-
Mediterranean transition

As shown before the convergence between Eurasia and Africa plates
results in compression and shortening along the plate boundary in the
South Iberian and Northwestern African margins, implying a complex
interaction between the involved crustal blocks. A good example of the
complexity is the ongoing debate to define the Eurasia-Africa plate
boundary in the region (e.g., Bird, 2003; Gutscher, 2004; Gomez de la
Pena et al., 2022; Billi et al., 2023).

As described below the plate boundary is determined by the devel-
opment of the Gibraltar Arc. Our results led to divide the plate boundary
in four sectors —Atlantic, Gibraltar, Alboran and Algero-Balearic—
based on the stress pattern, the localization of deformations, and the
number and nature of the involved crustal domains (Fig. 10 and
Table 1). From east to west, the sectors can be divided as follows:

a) The Atlantic sector is the result of the direct interaction between the
Atlantic oceanic crust, the Southwestern Iberian margin (Eurasia)
and the old and cold Jurassic oceanic lithosphere of the Gulf of Cadiz
(Martinez-Loriente et al., 2013) (Fig. 10). Hypocenters and FMSs
suggest that the deformation localize to the north of the Gulf of Cadiz
Oceanic Crust (GCOC) in NE-SW/NNE-SSW reverse to sinistral and
WNW-ESE dextral faults (Buforn et al., 1988; Pro et al., 2013) cutting
the entire oceanic lithosphere (Figs. 3 and 4). This deformation
pattern develops under NW-SE compressive stresses, characterized
by alternating vertical oo and o3 principal stress orientations
throughout the sector. Therefore, this sector constitutes a trans-
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Fig. 10. Geodynamic model of Iberia and Northwestern Africa. The four sectors along the Eurasia-Africa plate boundary are depicted. Boxes represent the most
representative stress and strain axes in each region. The number adjacent to the stereoplots indicates the stress ratio (R). WGA: Western Gibraltar Arc. ABOC: Algero-
Balearic Oceanic Crust. AITCC: Alboran thinned continental crust. AfCC; African continental Crust. CAI: Central Alboran indentation. EBI: Eastern Alboran inden-
tation. AGFZ: Azores-Gibraltar Fracture Zone. EBSZ: Eastern Betic Shear Zone. TASZ: Tran-Alboran Shear Zone. Gb: Granada Basin. GBb: Guadix-Baza Basin.
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pressive boundary formed by en-echelon thrusts and large WNW-ESE
dextral faults (Zitellini et al., 2009; Martinez-Loriente et al., 2013,
2018). To the west, the Atlantic Eurasian and African oceanic crust
overthrust each other. To the east, GCOC and the thinned South-
western Iberian margin overthrust each other (Galindo-Zaldivar
et al., 2003; Sallares et al., 2011; Martinez-Loriente et al., 2014).

The Gibraltar sector involves the western Gibraltar Arc, formed by the
western Betic Cordillera and the Rif Cordillera, located between the
two main plates. As shown by the velocity field, the western
Gibraltar Arc displaces independently westward and overthrust the
Iberian and African margins (Fig. 5). The strain-rate field shows an
internal shortening and suggests that the plate boundary is divided
into two branches. The southern branch has well-defined two zones:
the western zone is characterized by large E-W shortening and
negative areal change rates coinciding with the Rif Cordillera
external front. Therefore, the plate boundary agrees with the pro-
posal of Billi et al. (2023). Towards the east the boundary is more
diffuse. The low areal strain-rates indicate comparable magnitudes of
N-S shortening and E-W extension along this region. Moreover, here
is suggested a northern branch, defined by the western Betic front
(Gonzalez-Castillo et al., 2015b) and a NE-SW dextral corridor (Ruiz-
Constan et al., 2009; Fadil et al., 2006). The highest rotational strain-
rates in the study area are concentrated in this region, indicating a
kinematic transition between the central and western Betic Cordil-
lera (Fig. 8). The independent behavior of the western Gibraltar Arc
can be explained by the active subduction with rollback (Pedrera
et al., 2011; Gonzalez-Castillo et al., 2015a; Duarte et al., 2024). The
highest shortening rates presented here (Fig. 7) supports at least the
decrease of the subduction and influence of mantle flow due to slab
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sinking (Neres et al., 2016; Civiero et al., 2020), also supported by
numerical modelling (e.g., Gea et al., 2023).

c) The Alboran sector is characterized by an Alboran thinned continental

crust (AITCC) between the Betic Cordillera and Africa. The second
invariant of the strain-rate field (Fig. 8) suggest that most of the
convergence along this sector is accommodated in the Alboran Sea
and the northern coastal areas, in accordance with the velocity field
published by Galindo-Zaldivar et al. (2022) and geomorphology data
(Ercilla et al., 2025). The stress regime and areal change rates indi-
cate that the region is currently deformed by strike-slip faulting
coupled with minor shortening component, as evidenced by negative
areal-change values, along the active Trans-Alboran Shear Zone
(TASZ). This data point to active indentation tectonics due to the
northwestward displacement of the central Alboran indenter
(Galindo-Zaldivar et al., 2018; Estrada et al., 2018), composed of
African Continental Crust (AfCC), into the pre-thinned weak conti-
nental crust. This sector is consistent with the boundaries suggested
by Gomez de la Pena et al. (2022) and Billi et al. (2023).

d) The Algero-Balearic sector involves the young Algero-Balearic oceanic

crust (ABOC) located between the Southeastern Iberian and North-
western African margins. The horizontal strain-rates (Fig. 7) show a
N-S to NW-SE shortening localized in the eastern Betic Cordillera and
in the Tell Cordillera accommodating the NW-SE compression, in
accordance with the previous and the local GNSS networks (Borque
et al., 2019; Bougrine et al., 2019; Echeverria et al., 2013, 2015;
Portela et al., 2025). The seismicity localization also suggests that
most of the deformation in this sector is concentrated in the margins
(Figs. 3 and 4). In contrast, the low seismicity and the absence of
active faulting agree with the lower strain-rate along the Algero-
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Table 1
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Geodynamics of Iberia and Northwestern Africa. Comparison between seismicity, stress, strain and the proposed tectonic/geodynamic models for each region. Letters
in the seismicity column indicate earthquake kinematics: N (Normal), R (Reverse), SS (Strike-slip). The stress and strain columns depict the most representative stress
and strain axes in each region. The number adjacent to the stereoplots indicates the stress ratio (R).

Region

Seismicity

Seismic stress

Geodetic strain-rate Tectonic/geodynamic

Strain-rate 2nd invariant

Eurasia-Africa  Atlantic sector
plate

boundary

Gibraltar sector

Alboran sector

Eastern
Betic
Cordillera

Algero-
Balearic
sector

Tell

Cordillera

Margin Central Betic Cordillera

regions

Lisbon area

Intraplate NW Iberia

regions

Pyrenees

NE Iberia

High Atlas

Frequent < 50 km
depth moderate to high
magnitude seismicity
R and SS FMSs

Mostly aseismic
Crustal low to
moderate magnitude
seismicity in the edges.
Intermediate seismicity
N, R and SS FMSs
Frequent crustal low to
moderate magnitude
seismicity

R and SS FMSs

Crustal low magnitude
seismicity
SS and R FMSs

Frequent crustal
moderate to high
magnitude seismicity
R and SS FMSs

Frequent crustal low to
moderate magnitude
seismicity

Mainly N FMSs

Scarce crustal low to
moderate magnitude
seismicity

SS and R FMSs

Scarce crustal low to
moderate seismicity
SS and R FMSs

Frequent crustal low to
moderate magnitude
seismicity

N and SS FMSs

Scarce crustal low
magnitude seismicity
SS and N FMSs

Scarce crustal moderate
to high magnitude
seismicity

R and SS FMSs

Oblique trans-pression between Eurasia
Oceanic Crust/SW Iberian margin and African
Oceanic Crust/Gulf of Cadiz Oceanic Crust
(GCOC)/Eurasia-Africa convergence

— f 10-20 Westward displacements of the western
[ nanostrain/ Gibraltar Arc/Subduction with rollback or
yr mantle flow

15-30
nanostrain/

4’\’” yr

African Continental Crust (AfCC) indents the
Alboran Thinned Continental Crust (AITCC)/
Eurasia-Africa convergence

10-30 Algero-Balearic Oceanic Crust (ABOC) indents
nanostrain/ the SE Iberian margin/Eurasia-Africa
yr convergence
10-20 Underthrusting of the Algero-Balearic
\\ nanostrain/ Oceanic Crust (ABOC) below Tell Cordillera/
yr Eurasia-Africa convergence
10-18 Orogen parallel extension/Gravitational
/ nanostrain/ stress
yr
X “}’ 10-15 Trans-pression and stretching at the surface/
E nanostrain/ Clockwise rotation of SW Iberia + Eurasia-
yr Africa convergence
T <10 Large scale slow-rate strike-slip faulting/
nanostrain/ Clockwise rotation of SW Iberia + Eurasia-
yr Africa convergence

Orogen perpendicular extension/Isostatic
rebound in the eroding highlands

Orogen perpendicular extension/Post-rift
thermal subsidence + regional compression

Thrusting and uplift/Mantle upwelling +
Eurasia-Africa convergence

Balearic basin. These observations suggest that the rigid Algero-
Balearic oceanic crust underwent rotation but low internal defor-
mation (Palano et al., 2015) and underthrusts the Northwestern Af-
rican margin while indents the Southeastern Iberian margin,
delineating a plate boundary previously proposed by Billi et al.

(2023).

5.2.2. The rotation of SW Iberia

The new velocity field depicts a clockwise rotation of Iberia between
2 and 4 nanorad/yr (Fig. 8), mainly observed in western Iberia and with
the highest velocities values in southwestern Iberia (Fig. 6). These values
correspond to 0.1-0.2 deg/Ma, slightly higher than the 0.07 deg/Ma
estimated by Palano et al. (2015). The higher values in some areas could
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be related to located features, however, the general rotational pattern
agrees with the previous results.

This low rate rotation, mainly affecting western and southwestern
Iberia could result from a) the angular relation between the Eurasia-
Africa convergence and the orientation of the Iberian margins in each
sector, and/or b) the structural differences between the distinct sector of
the Eurasia-African boundary, as outlined in the previous section.

The velocity field presented here reflects a convergence shifting from
a WNW-ESE direction in the Atlantic to a NW-SE direction in the Med-
iterranean areas (Fig. 5), probably related to the counterclockwise
rotation of Africa relative to Eurasia (e.g., Calais et al., 2003; McClusky
et al., 2003; Serpelloni et al., 2007; Neres et al., 2016). This pattern also
implies that the convergence in the Mediterranean is nearly
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perpendicular to the Southeastern Iberian margin, whereas in the
Atlantic, it is oblique to the Southwestern Iberian margin. This contrast
in convergence angles likely contributes to the observed rotational
deformation in southwestern Iberia.

This phenomenon could be further influenced by the presence of the
Gibraltar Arc, located between the major plates, as described in the 5.2
section. The new results of the second invariant show that the Alboran
Domain and the detached Iberian and African margins absorb most of
the convergence (Fig. 9) along the three Mediterranean sectors. In the
Atlantic sector, in contrast, there are no microplates between Iberia and
Africa, resulting in direct interaction between the two plates. Moreover,
seismicity suggests that most of the deformation is accommodated to the
south of the Southwestern Iberian margin until 50 km depth (Fig. 3),
probably involving the entire oceanic lithosphere (Stich et al., 2007).
Therefore, the African push at the lithospheric scale may imply not only
the deformation of the margin but also the rotation of SW Iberia.
Additionally, the continuous westward displacement of the Western
Gibraltar Arc, pushing against SW Iberia, could further enhance its
clockwise rotation.

As stated by Palano et al. (2015), the clockwise rotation of SW Iberia
implies active thrusting and NNE-SSW sinistral or NW-SE dextral fault-
ing as mechanisms to accommodate stress in NW Iberia. The velocity
field presented here suggests that rotation ends in the Lisbon area, while
the NW Iberia remains practically stable (Fig. 6). Historical and instru-
mental seismicity data, FMS with reverse kinematics, and the presence
of reverse to sinistral faults in the Lisbon area (Fonseca et al., 2021)
indicate that a significant portion of the deformation is concentrated
there (Fig. 10 and Table 1). The negative rotational strain-rate values
reported in the northwest of the Lisbon area further support this region
as a key structural boundary (Fig. 8). Moreover, this is further supported
by the highest values of the second invariant (Fig. 9). August 2024, Mw
5.3, earthquake, located in the Western Iberian margin (Fig. 4), with a
FMS showing reverse to sinistral motion, suggests that this front may
continue offshore. Indeed, the southern part of the Western Iberian
margin is characterized by Alpine compressional structures (Alves,
2024).

As shown, the data suggest that a significant portion of the stress is
accommodated in the Lisbon area. However, part of it could be trans-
ferred toward NW Iberia (Fig. 10 and Table 1) activating low-rate
sinistral and dextral faults in NW Iberia (Lopez-Fernandez et al., 2018;
Fernandez-Viejo et al.,, 2021; Martin-Gonzalez et al., 2023). The
frequent low to moderate magnitude seismicity in the region (Fig. 2)
suggests this behavior, in response to a NW-SE compression (Fig. 5).

5.2.3. The extension in the central Betic Cordillera

As described before, the stress field suggest radial to NE-SW oriented
extension along the central Betic Cordillera while the strain-rate field
shows significant dilatation-rates mainly in NE-SW direction. These data
support the previous observations (e.g., Stich et al., 2006; Madarieta-
Txurruka et al., 2021, 2022; Martin-Rojas et al., 2023). As shown in
the velocity-field, the central Betic Cordillera lies between the westward
displacing, western Betic Cordillera and northwest-northward displac-
ing eastern Betic Cordillera, and therefore the extension in the central
Betic Cordillera could result from the opening between the western and
eastern Betic Cordillera (Fig. 10 and Table 1), implying the subsidence of
the region. However, the region underwent the highest uplift since the
middle Miocene (Braga et al., 2003; Reinhardt et al, 2007) and consti-
tutes the highest elevation in entire Iberia (Sanz de Galdeano and Alfaro,
2004), pointing to an extension running parallel to the arc and orthog-
onal to the regional compressive stress. However, as previously noted,
the nearly radial extension pattern rules out NW-SE compression.
Furthermore, the epmin axes exhibit near-zero values —significantly
lower than those in the nearby Alboran Sea (Galindo-Zaldivar et al.,
2022)— confirming the absence of shortening in this area. Additionally,
the active normal faulting mainly occurs surrounding the elevated areas
(Sanz de Galdeano et al., 2012; Martinez-Martos et al., 2017; Martin-
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Rojas et al., 2023). The combination of the observations suggest that
gravitational forces are the main features controlling the extension, and
not the compression (Palano et al., 2013b; Madarieta-Txurruka et al,
2023, 2024).

Some authors, such as Gutscher (2004) or Koulali et al. (2011) sug-
gest a dextral plate boundary along the northern limit of the central
Betic Cordillera. Low second invariant values compared to the Alboran
Sea point to a gradual decrease of the deformation toward the north of
the central Betic Cordillera (Figs. 7 and 8). In contrast, the stress-field
and FMSs could imply the activity of E-W dextral faults (Fig. 3), how-
ever, detailed studies point to an activity of a small N-S sinistral faults
(Carmona et al., 2009; Pedrera et al., 2013; Tendero-Salmeroén et al.,
2020). Thus, new data support that the central Betic Cordillera is
currently almost attached to the Southern Iberian margin, and the plate
boundary is shifted toward the south, where the thinned Alboran crust
accumulates the deformation.

5.2.4. Low deforming intraplate active regions

In contrast to the Eurasia-Africa plate boundary, the intraplate
tectonically active regions exhibit low strain-rates (Fig. 9). As discussed
before, the low-to-moderate magnitude seismicity related to sinistral
and dextral faults in NW Iberia agrees with the general NW-SE
compressional regime of Iberia. However, the stress-strain patterns
along the Pyrenees, NE Iberia, and the High Atlas needs further
discussion.

Low strain-rates across the Pyrenees (Figs. 7 and 8) and the chaotic
pattern of dilatation-rates at the scale of the entire range contrast with
the recurrent seismicity, which primarily occurs in the western part of
the Pyrenees (Fig. 2). Main earthquakes in the area, consequence of the
activation of normal faults under the N-S extensional stress calculated
here (Fig. 5), support the model proposed by Lacan and Ortuno Candela
(2012). They suggest an uplift of the mountain range due to an isostatic
adjustment in response to erosion. As pointed out by them, the normal
faults and the seismicity occurs to the north of the highest massifs of the
cordillera, which undergo continuous uplift (e.g., Ortuno et al., 2013).
Bouguer anomaly maps (Ayala et al., 2016) show that to the south of
these faults, the crustal root is deeper, suggesting that the faults are
rooted in crustal thickness transition zones. Therefore, they may
accommodate the isostatic disequilibrium between contiguous crustal
blocks (Fig. 10 and Table 1). This model is also supported by local
studies in the westernmost part, suggesting up to 2 mm/yr N-S stretching
of the region (Asensio et al., 2012).

In the easternmost Pyrenees, 6; rotates into a horizontal N-S orien-
tation (Fig. 5), pointing to a compression subparallel to the regional
stress, coherent with the lack of normal faults, in contrast to the western
Pyrenees. This phenomenon can be explained by the absence of litho-
spheric crustal root in the eastern Pyrenees (Gunnell et al., 2008).
During the late Oligocene-middle Miocene, the northeastern Iberia un-
derwent extension and thinning due to the opening of the Gulf of Lyon
and the Valencia Trough (Roca and Guimera 1992). In fact, according to
Fillon et al. (2021), exhumation in the eastern part of the Pyrenees
occurred before 20 Ma, opposite to the ongoing exhumation in the
western part. The thinning probably removed totally the crustal root of
the eastern Pyrenees. Consequently, the region may have already
reached isostatic equilibrium and is primarily undergoing deformation
in response to the regional compression.

The Northeastern Iberian margin, located to the south, experiences
similar geological history of the easternmost Pyrenees. However, the
stress regime along the Iberian Range shows stress ellipsoids with in-
clined o; and o3, and horizontal o3 (Fig. 5). The stress field and the
normal to strike-slip character of the FMSs (Fig. 10 and Table 1) could
result from a combination of extensional processes related to post-rift
thermal subsidence experienced since the middle Miocene (Roca and
Guimera 1992) and regional compression. Associated with thermal
subsidence, the area between the Iberian Range and the Catalonian
Coastal Ranges undergoes relative uplift (Simon, 1982; Scotti et al.,
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2014), explaining the radial distribution of the normal faults (Peiro,
2023). In addition, this process could be accentuated by the slow
gravitational dismantling of the mentioned mountain ranges.

In the High Atlas, surface deformation is also minimal, with short-
ening rates of less than 0.5 mm/yr, as reported previously (Koulali et al.,
2011; Chalouan et al., 2023). This low shortening contrasts with
moderate-to-high magnitude earthquakes for which estimated FMSs
reveal active thrust and strike-slip faulting (Udias et al., 1989; Cheloni
et al., 2024), which operate under a NW-SE compressional regime
(Fig. 5). Moreover, the High Atlas is characterized by the highest ele-
vations in the study area, reaching 4000 m above sea level. Surprisingly,
gravimetric and seismic data (Teixell et al., 2005; Fullea et al., 2007;
Miller and Becker, 2014) and magnetotelluric studies (Anahnah et al.,
2011) show the absence of a significant crustal root beneath the High
Atlas, and the presence of an anomalous mantle. Therefore, the presence
of ascending mantle dome is proposed to explain the elevation. This
phenomenon would imply an increase in vertical stress (oy), which
contrasts with the subvertical values of ¢3. In this context, the NW-SE
compression due to the Eurasia-Africa convergence is necessary to
orient 67 in a NW-SE direction. Thus, though NW-SE compression seems
to be significant, the region undergoes low shortening and uplift driven
by mantle upwelling (Fig. 10 and Table 1). This context favors the low
slip-rates of faults and earthquake long-recurrence periods that could
explain the relative lower seismicity in the region.

6. Conclusions

We present the first integrated stress and strain-rate fields for Iberia
and Northwestern Africa, derived from a) newly compiled earthquake
focal mechanism catalog, and b) an updated GNSS velocity field. Key
findings reveal that most of the Eurasia-Africa convergence in this re-
gion is accommodated across the plate boundary zone, with particular
emphasis on the control of the Gibraltar Arc and the Alboran Domain on
strain partitioning.

Based on stress—strain patterns and the crustal types involved, the
following sectors are defined: a) the Atlantic sector, characterized by
direct lithospheric interaction between the Eurasia and Africa, and three
mediterranean sectors, b) the Gibraltar sector, comprising the westward
displacing western Gibraltar Arc, c) the Alboran sector, where the
shortening is localized in the Alboran thinned continental crust, and d)
the Algero-Balearic sector, featuring the strong Algero-Balearic oceanic
crust between Iberia and Africa.

The spatial variation in boundary conditions and the angular re-
lations between South Iberian margin and Eurasia-Africa convergence
likely contribute to the clockwise rotation of Iberia. The Atlantic sector
is characterized by an oblique convergence and direct Eurasia-Africa
lithospheric coupling, facilitating the stresses to be transmitted to Ibe-
ria. On the other hand, the convergence in the Mediterranean is
perpendicular to the Iberian margin and is mostly accommodated along
the Alboran Domain and detached margins.

The tectonic evolution of interior regions in Iberia and Northwestern
Africa is primarily governed by regional compression, as exemplified by
W Iberia. However, additional geodynamic processes significantly
modulate deformation patterns: a) in the western Pyrenees, isostatic
rebound drives normal fault activity, b) NE Iberia experiences trans-
pressive deformation resulting from the combined effects of thermal
subsidence and far-field compressive stresses, and ¢) both the regional
compression and mantle upwelling determines the thrusting in the High
Atlas.

This study demonstrates the power of the multidisciplinary, grid-
based, stress-strain analysis to unravel complex seismotectonic pat-
terns across extensive plate boundary zones. This integrated approach
proves particularly valuable for deciphering the intricate geodynamic
processes along the Eurasia-Africa plate boundary in the Atlantic-
Mediterranean transition zone.

331

Gondwana Research 149 (2026) 314-336
CRediT authorship contribution statement

Asier Madarieta-Txurruka: Writing — original draft, Visualization,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Juan F. Prieto: Writing — review & editing, Data curation.
Joaquin Escayo: Writing — review & editing, Data curation. Federico
Pietrolungo: Writing — review & editing, Software, Methodology,
Investigation, Formal analysis. José A. Peldaez: Writing — review &
editing, Validation, Data curation. Jesds Galindo-Zaldivar: Writing —
review & editing, Validation, Supervision, Funding acquisition,
Conceptualization. Jestis Henares: Writing — review & editing, Data
curation. Federica Sparacino: Writing — review & editing, Data cura-
tion. Gemma Ercilla: Writing — review & editing, Funding acquisition.
José Fernandez: Writing — review & editing, Validation, Resources,
Funding acquisition. Mimmo Palano: Writing — review & editing,
Validation, Supervision, Software, Resources, Project administration,
Methodology, Investigation, Funding acquisition, Formal analysis, Data
curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We are grateful to Dr. A. Vasanthi for handling the editorial process
of the manuscript and to the anonymous reviewers for their constructive
comments, which greatly helped to improve the quality of the article.
This work has been supported by the IT-1678/22 research group of the
Basque Government and RNM-148 and RNM-370 research groups of
Junta de Andalucia; and PID2022-136678NB-100 financed by MICIU/
AFEI 10.13039/501100011033 and FEDER, UE; and by Grant G2HOT-
SPOTS (PID2021-1221420BI00) from the AEI/10.13039/
501100011033/Union EuropeaNextGenerationEU/PRTR. A.M.T. is
supported by the postdoctoral contract funded by the “Departamento de
Educacion del Gobierno Vasco” (Spain) (POS_2023_1_0001). Open Ac-
cess funding provided by University of Basque Country.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/.gr.2025.08.020.

Data availability

The DTM used in the figures is obtained from the General Bathy-
metric Chart of the Oceans (https://www.gebco.net/). The historical
earthquake databases comprise The European-Mediterranean Earth-
quake Catalogue (https://doi.org/10.5880/GFZ.EMEC.2021.001) and
the SHARE European Earthquake Catalogue (https://www.emidius.
eu/SHEEC/) as well as other sources available at Supplementary
Table S1. The active faults databases considered here are available at
QAFI  (https://info.igme.es/qafi/) and GEM  (https://www.
globalquakemodel.org/product/active-faults-database). ~The earth-
quake focal mechanism solutions catalog is completed by the

databases available at Global Centroid Moment Tensor
Catalog (https://www.globalemt.org/CMTsearch.html), European-
Mediterranean  Regional  Centroid-Moment Tensors Catalog
(https://rcmt2.bo.ingv.it/), Instituto Geografico Nacional

(https://www.ign.es/web/en/ign/portal/tensor-momento-sismico),

Instituto Andaluz de Geofisica (https://iagpds.ugr.
es/investigacion/proyectos/moment-tensor-catalogue), and Interna-
tional Seismological Centre (https://www.isc.ac.uk/

iscbulletin/search/fmechanisms/), and by other sources available at
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Supplementary Table S2. The RINEX files of GNSS sites of public net-
works of Spain, France, Portugal and regional administrations are
available in the databases provided in Supplementary Table S4. The
RINEX files of the episodic measurements in Morocco are available in
the UNAVCO archive (https://www.unavco.org).
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