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Abstract

A spatially dense GNSS-based crustal velocity field for Itexian Peninsula and Northern
Africa allow us to provide new insights into two main tectonmcpsses currently occurring in this
area. In particular, we provide, for the first timeaclevidence for a large-scale clockwise rotation
of the Iberian Peninsula with respect to stable Eurasia pole component: N42.612°, W1.833°,
clockwise rotation rate of 0.07 deg/Myr). We favour the intggiron that this pattern reflects the
guasi-continuous straining of the ductile lithosphere in some sext&muth and Western lberia in
response to viscous coupling of the NW Nubia and Iberian plate boundasy Gulf of Cadiz. We
furnish evidence for a fragmentation of the western Meditearafasin into independent crustal
tectonic blocks, which are delimited by inherited lithospheric stieactures. Among these blocks,
an (oceanic-like western) Algerian one is currently transfemisggnificant fraction of the Nubia-
Eurasia convergence rate into the Eastern Betics (SE Ibeda)kely causing the eastward motion
of the Baleares Promontory. These processes can be mainlyinegplay spatially variable

lithospheric plate forces imposed along the Nubia-Eurasia camnvezdgoundary.
Keywords: GNSSvelocity field, crustal rotation, quasi-continuous straining, [beria
1. Introduction

Two end-member approaches are usually adopted to model the deforo@tioning at the
lithospheric scale: the block or microplate approach and the continwadel i hatcher, 2000
The former, which is analogous to global plate tectonics, has Weekety applied to model the
kinematics of deformation observed at the Earth’s surfage Avouac and Tapponnier, 1903
This approach emphasizes the role of the faults and discontinuous dedorimdhe brittle/elastic

upper crust: if relative movement of rigid blocks is able to rilescegional deformation, a marked
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velocity gradient near major faults, where interseismiccdefccumulates, should be expected. The
latter approach merges kinematics and dynamics under the assurhptidhet quasi-continuous
straining of the ductile lithosphere controls the deformatiBmgland and Jackson, 1989 his
model usually assumes that the lithosphere is a uniform thiougssheet with no lateral or depth-
wise variations in rheological properties. Although, rheolodmt@lral variations can be added, the
thin-sheet model assumes no depth variation of horizontal velocitgemtti averaged values of
stress. Resulting surface deformation is characterized kycitye gradients that usually are
relatively smoothed in the absence of lateral viscosityatiaris. Although block and continuum
models predict distinctly different deformation patterns and hasgical behavior, differences
between their kinematics are ultimately gradual: as blaok decreases and the number of faults
increases, the block model approaches the deformation of a contirandnthe kinematic
distinction between the two models becomes blurred.

The Iberian PeninsulaF(g. 1) forms the northern domain of the present-day plate boundary
between Nubia (the African plate west of the East Africaft) Rind Eurasia in Western
Mediterranean area. The GNSS (Global Navigation Sat&\itstem) velocity field observed across
this boundary (northern Morocco - southern Iberia) has been interpretedns of elastic block
modelling €.g., Koulali et al., 2011and references therein). However, the detection of a signtfi
aseismic strain component (~75%; sBech et al., 2007or details) suggests that relevant
continuum mechanics processes cannot be ruled out. To evaluatdyptiopee processes, which
could play a significant role in the distributed regional deforomatan improved spatial resolution
of the GNSS ground deformation pattern is required.

To this aim, here we present an analysis based on up to 150y&XSS observations at more
than 340 sites to produce a densely spaced velocity field for whaolanligeninsula and Northern
Morocco. We provide evidence of ongoing processes such as i) astaigeclockwise rotation of
the Iberian Peninsula with respect to stable Eurasia which camdopreted as due to the quasi-
continuous straining of the ductile lithosphere, and ii) a fragrtientaf the western Mediterranean

basin into several crustal blocks according to their disgjaotogical history.

2. Background setting

2.1 Kinematics setting
The movement and deformation of the Iberian Peninsula, one gbudming micro-plates
located along the Eurasia-Africa plate boundary, has been exignsivestigated by several

geological and geophysical approach&hough no consensual geodynamic model has yet been
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achieved, these approaches coupled with studies related ¢oslzate relative plate motions have
shown that the current tectonic plate setting of the Iberiam&aaihas changed significantly over
geological time €.g., Roest and Srivastava, 1991; Rosenbaum et al., 2002; Plaft211s. In late
Paleozoic times, after the Hercynian orogeny, the Iberiamfda was part of Pangea. Soon after
the Atlantic Ocean rifting episode (~180 Ma ago), the northward gatioa of the rifting process
produced the eastward movement of Africa relative to Iberiafigurand the opening of the
transtensional Atlas and Betic-Rif basins (connecting thenftldo the Ligurian-Tethys oceanic
domains) in early and middle Jurassic times respectivébrgés and Fernandez, 20Bhd
reference therein). In early Cretaceous times, the northywaipagation of the Atlantic Ocean
spreading along the western margin of Iberia produced the abandooirtéet Ligurian-Tethys
corridor and the opening of the Bay of Biscay along the alredthd rPyrenean basin with a
concurrent counter-clockwise rotation of the Iberian Peningudg Gong et al., 2009; Vissers and
Meijer, 2013. The progressive propagation toward north of the North Adald to the
abandonment of the Bay of Biscay-Pyrenean opening near the aéelyctetaceous boundary. The
Iberian Peninsula behaved as an independent micro-plate untCteticeous, when Africa started
to move north and northwestward relative to Eurasia (the salcaligne OrogenyMoores et al.,
1998 The northward motion of Africa squeezed the Iberian Peninsula, prodir@nByrenees
orogenic chain along its northern margin and the Betic-Rif orogamgdts southern boundary.
Most of the Pyrenean shortening was completed by middle Oligoogers and from this time
onward the convergence of Africa was mostly accommodated aitresAtlas systems (North
Africa), the Betic-Rif orogenic system and within the Ibereninsula. The interior of the Iberian
plate was deformed, inverting all previously rifted regions pnobucing intraplate mountain
ranges €.g., Casas-Sainz and de Vicente, 2009; Gibbons and Moreno). 2082 present-day plate
tectonic arrangement was reached only in the earliest Mépaghen the Iberian northern plate
boundary became extinct and the peninsula became a stable pdme &urasian plate. A
tranpressive fault zone, connecting the Acores trans-tensigplal jinction through the Gibraltar
Orogenic Arc to the Rif and Tell-Atlas then became théenrpéate boundary between Africa and
Eurasia in the Western Mediterranean regiem.( McKenzie, 1970; Andrieux et al., 1971;
Meghraoui and Pondrelli, 2012

2.2. Seismotectonic setting

The occurrence of several large earthquakes (with estinmadgmhitude N+6) in the last
millennium on the studied area is well documented in the histodcards Fig. 2g Stucchi et al.,
2013; www.emidius.eu/SHEEC/sheec_1000_1899.htrihe Lisboan area has been hit by large
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earthquakes (M6.4) in 1344, 1531, 1858 and 1903, while the November 1, 17588M) and the
February 28, 1969 (|\8.0) earthquakes, both striking the Gulf of Caéizy(29, were the largest
historical events occurred in the region. Other large earthguakes.4; Stucchi et al., 20133re
located along the Betics in southern lbeeay.( 1522, 1680, 1748, 1829, 1884, and 1954) along
northern Morocco (1079, 1623, 1624, 1909 and 2004) and along northern Algeria (1365, 1716,
1819, 1825, 1858, 1867, 1891, 1910, 1922, 1954, 1980 and 2003). Large earthquk@®3 (M
occurred also along the Pyrenees in 1373, 1428 and $8&€chi et al., 2013

Since 2000, more than 5300 earthquakes with magnitue23vivere located in the NW
Africa-lberia area. Considering the distribution of instrumesksmicity Fig. 29, it is well
documented that all the borders of the Iberian Peninsula arecthiaad by a diffuse seismicity,
while on the central sector of the peninsula seismicity waresbulk of instrumental seismicity is
concentrated along the WSW-ENE regional-scale structures iremogeria and the easternmost
Atlantic Ocean (Gulf of Cadiz), well marking two segmentshef Nubia-Eurasia plate boundary. In
northern Algeria, earthquakes have hypocentral depths shallowe2GHan and are characterized
by fault plane solutions with prevailing reverse and subordinatekestlip faulting style Fig.
2a,h. In the Gulf of Cadiz, earthquakes have intermediate lgngoal depths and are characterized
by fault plane solutions having reverse and strike-slip feat{liigs 2a,l). Across the Gibraltar
Orogenic Arc, the majority of shallower earthquakes are extnated in the Betics and Rif
mountain belts. Seismicity at intermediate-depth is concedtedbmg a mainly N-S trend spanning
the Alboran Sea and dipping southward from crustal depths benedlettbg to a depth of ~150
km beneath the basin centre. Occasional very deep and largetudagearthquakes (~650 km)
occur under the Central Betidduforn et al., 200%

3. GNNS data processing and velocity field computation

Here we analyze an extensive GNSS dataset covering apptelyiria years of observations,
from 1999.00 up to 2014.68, at all continuous sites where data arey gpemed. The dataset
includes 280 continuous GNSS sites available at the EUREF mRemmaNetwork

(www.epncb.oma.Bheat the Crustal Dynamics Data Information Systattp(//cddis.nasa.gy\and

from various networks developed on the Iberian Peninsula by localiimsts and agencies mainly
for mapping, engineering and cadastral purposes. In addition to conti&N8S sites, we
included data from 25 episodic GNSS sites located in Moroccd(adali et al., 201 Xor details)

with surveys spanning the 1999.80-2006.71 time interval, whose raw atisesvare available
through the UNAVCO archiveafvw.unavco.orly We have updated and extended previous studies
(e.g., Fernandes et al., 2007; Koulali et al., 2011; Palano et al., E@h8yerria et al., 2013; Garate
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et al., 2014with more than 110 new stations having times series lohger2.5 years, especially
from Portugal, northern Iberia and western Pyrenees. The GNS®/el@arocessed by using the
GAMIT/GLOBK software (www-gpsg.mit.edu), by adopting the stiggt described in Appendix A
of the Supplementary material section (see Bslano, 2015or additional details)By using the
GLORG module of GLOBK, all the GAMIT solutions and theirlfabvariance matrices are
combined to estimate a consistent set of positions and vetoititibe ITRF2008 reference frame
(Altamimi et al., 2012

To improve the detail of the geodetic velocity field over telied area, we perform a rigorous
integration of our solutions with those reportedSerpelloni et al. (2007 Koulali et al. (2011)
Echeverria et al. (2018ndGarate et al. (2014)n particular, since our solutions and the published
ones share several common stations, we aligned their vedotitiour ITRF2008 solution by
applying a Helmert transformation, obtained by solving for ta@sformation parameters that
minimize the RMS of differences between velocities at comnites. sThe average discrepancies
are small, and the RMS velocity difference for the commotios&is less than 0.4 mm/yr. The
resulting velocities and theisluncertainties, aligned to the ITRF2008 are reportédiirie S1

To adequately show the crustal deformation pattern over the igatest area, we align our
ITRF2008 GPS velocities to a fixed Eurasian reference f(&aanavo and Palano, 2QXee also
Table Sland S2 of the supplementary material section). The resulting vgldigtd, with error
ellipses at the 95 per cent confidence level, is shoviAmin3

It is well regarded that the formal, standard error of thNS& solution underestimates the true
uncertainty in the GNSS velocities. Roughly speaking, the epectrum for most stations is
usually represented by a combination of seasonal signal, wbitee and flicker noise (see
supplementary material for detail3 o properly infer valuable information about the crustal amoti
currently occurring on the studied area, the noise effects onityedstimates need to be taken into
account. To this aim, we account for temporally correlated noisach continuous GNSS time
series by using the first-order Gauss-Markov extrapolation (FOQMdgorithm proposed by
Herring (2003)to determine a random-walk noise term, which we then incormbriate the
Kalman filter used to estimate the velocities. For theagpcally measured sites, a random-walk of
1.5 and 2.5 mm ¥, representing the average values obtained for all continuous Gtd8@hs
analyzed in this study, were added to the assumed error inomi@lizand vertical positions,
respectively. The adopted strategy is described in detaileinStipplementary material section
(Appendix A).

Moreover, the simple visual inspection of velocity field rég@drinFig. 3 evidences that some

stations show random velocities (differences of about 0.5-1 mnith respect to nearby sites.
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This aspect could be mainly related to the monument instabilityhefstation. In particular, a
number of the analyzed GNSS networks has been developed to support damappications,
such as mapping and cadastral purposes and stations are chxacbiea wide variety of different
monument types. Pillars, or steel masts, anchored to buildingssegprthe largest number, while
monuments directly founded on consolidated bedrock are present in peim@ntage. Hence, the
observed geodetic monument instability is due to varying conditof the anchoring media.g.,
soil, bedrock, building, etc.) coupled with local processes €oil humidity content, water table

level changes, bedrock thermal expansion, etc.).

4. Results

The dense spatial coverage of our geodetic velocities, congpaser 380 stations, allow us to
detect for the first time a significant large-scale clodeniotation of the southerng,, central and
western Betics) and the westerne.( western Portugal) sectors of the Iberian Peninsula. In
particular, the stations located in central and westeritBetove toward WSW with rates of ~1.1
mm/yr; the stations located in SW Iberia moves mainly towdAd with rates of ~3 mm/yr, while
stations located in central and northern Portugal move northwatidsates of ~1 mm/yr. The
spatially smooth SW-Ilberia clockwise crustal deformation patteuggests a rigid rotating
lithosphere block. Therefore, to test such hypothesis, we dstntiae Euler vector components
(latitude and longitude of pole, rotation rate) for the Iberian blockusing the PEM2 software
(Cannavo and Palano, 201We started by solving for Iberia’s angular velocity tv.the fixed
Eurasian reference frame considering a total of 229 GNSSdsstiebuted over the whole Iberian
Peninsula with the exclusion of sites located on Baleares anlk-sastern Betics because their
proximity to active faults. Then, we estimated recursivbly Euler vector components for the
Iberian block by excluding all the stations rejecting the null Hyggis based on the F-ratio criteria
(see Appendix A of the Supplementary material sectionTarte SJ. A final set of 189 sites infer
a pole (N42.612°, W1.833°) that is located closely to the northmesextor of the Pyrenean
mountain range and is characterized by a clockwise rotationofeded7 deg/Myr ig. 3. No
significant residuals remain in the pole computation; ~80% of the il&9 show residuals lower
than 0.75 mml/yr, evidencing that the estimated pole reasonebteilies the observed geodetic
velocity field.

Eastern Beticse(g., Almeria-Murcia region) show a deformation pattern that styoddgfers
from the one observed for surrounding areas. In particular, gecadticities clearly show a NW-
to-NE fan-shaped pattern with rates ranging from ~3 mm/yr ti@acoast to ~0.8 mm/yr inland

(Fig. 3. The Baleares promontory shows a motion that is comparablethveitone detected by
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easternmost stations located on Eastern Betics but difterstire one observed along the Catalan
coastal range (northeastern Iberia) suggesting the possiblegeesfea distributed shear zone on
the Valencia trough accounting for a general left-lateralondFig. 3).

Stations located on the southern sector of Betics moves towdrdh$, coupled with the NW
motion of stations located in eastern Rif clearly, depictsNAWNSSE to N-S contraction of the
Alboran Basin. Moreover, the western sector of the AlboragirBaeems subject to an E-W
elongation due to the westward motion of stations located on thalcssttor of the Gibraltar Arc.
A differential motion of ~0.3 mm/yr between the stations kedaxternally and internally this area

can be recognized, resulting into a minor E-W contraction cduthé€-ig. 3).

5. Discussion
In the following we discuss the main findings and their implcet for regional and local

deformation processes.

5.1. Large-scale clockwise rotation of the SW and W boundaries of Iberian Peninsula

As previously described, stations located in south-western anderwelteria show a
characteristic and significant pattern of motion, while etetiinstalled in the remaining part of
Iberia lack any significant residual motion with respect to st&hirasia. This last feature has been
observed in previous GNSS-based studies estimating the Eulepgralmeter for the Eurasian
Plate €.g., Nocquet and Calais, 2003; Altamimi et al., 2012; Palano et al.,)2@h8e the large-
scale clockwise rotation of southern and western Iberia hasneeen identified due to the limited
coverage of GNSS stations on these areas in the past, emtdaly due to the small magnitude of
the crustal deformation.

In the previous section, we reported that stations located abanigesn and western Iberia can
be represented with a clockwise rotating rigid block model. Ergelscale rotation is consistent
with those detected by paleomagnetic measurements in Necggimeestary basins located in the
central and western Betice.d., Mattei et al., 200@&nd references therein) while is two orders of
magnitude smaller than those estimatedMigghraoui and Pondrelli (2012Jong the NW Africa -
Iberia plate boundary. However, the northern and eastern bordars lbkrian block cannot be
clearly determined, nor does the current seismicity seenditate clear styles of deformation at its
edges. Therefore the limits of such lithospheric block are ear,chnd perhaps not represented as
sharp fault bounding systems. An hypothesis would be to expect thatisbered block comprises

the whole Iberian Peninsula (as a microplate). However, angtagid block model would predict
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significant shortening and left-lateral shear along the Wes(eff-shore Lisbon) and pure
shortening at the North Iberian margin (uplift of the CantabMwuntains and North Spain
Hercynian Massif plateau?). In addition, an Iberian rotating blemkid require S to W motion of
NE and Eastern sectors of the Iberian Peninsula (CatalordgpArand Valencia), which currently
velocities in this section behave consistently with respestiatale Eurasia within the error ellipses.
This suggests that despite the good agreement of the best-fittdel provided by our estimated
pole, a rigid rotating block with net (fault bounded) limits isikely to fully explain the
deformation process in SW and Western lberia as a whole. Altelyaand or in addition, the
lithosphere is likely undergoing distributed deformation in somesseof south and western Iberia,
and/or unknown off-shore margin structures (e.g., Gulf of Cadiz) waulklibrently accumulating
significant interseismic strain.

In Fig. 4 we applied a median filter to all stations within 1x1 degree igr order to better
highlight this pattern (gray vectors). We filter the vélpdield by computing the median value
location of all stations to represent the vector position, amdwbetor magnitudes corresponding to
the median values of East-West and North-South components ofltietywéeld for all stations
within a grid cell. Fig. 4 shows a representation of the interaction between the Nubia-&urasi
convergence and the residual motion w.r.t. Eurasia of the SWVasidtions in Iberia. The different
predicted vectors (blue arrows) differ significantly for #sgected relative convergence motion
between Nubia and Eurasia plates (red arrows). Moreover, wéhadtiae azimuth of small circles
around both poles, and hence the predicted motion, aligned along a NiEikWg line crossing
central Spain. This direction intersects the Nubia-Eurasta plaundary around the Gulf of Cadiz
(west of Gibraltar to the Gorringe Bank). However, the mtade of the vector velocities disagrees
by about 60%. This feature can be interpreted as the resulighificant viscous coupling of the
Nubia-Eurasia convergence motion around the Gulf of Cadiz plate bguedgon. InFig. 5aand
5b, a SW-NE profile showing perpendicular motion component of statimm Bouth-western
Iberia to NE Spain shows a characteristic decay, which dmiktbnsistent with models of parallel
velocity over wide shear strain-rates of continental defooma(e.g., England et al., 1985;

Whitehouse et al., 2005Such models predict an approximate exponential decay away from the

plate boundary\, ~V,e**), with a length sca 4 ~L/(2r ~) , whereL is the finite length of plate

boundary and is an exponent that synthesizes the characteristics of a-fawehneology of the
continental lithosphere.

As we estimated previously the only plate boundary segment astilgl vectors for the SW
Iberia pole and the Nu-Eu pole is the Gulf of Cadiz regiop. (4). Therefore, we can assume that

the Gulf of Cadiz is the most important segment imposing phtedietion to the plate boundary,
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and we limit its dimensions from the Gibraltar Strait to @m@ringe Bank, with a maximum length
of 450 km. As seen iRig. 53 this model is a first order approximation consistent with therobd
velocity pattern. Exploring the parameters of this expressioih ttoef observed velocities along the
selected profile, suggest thatis poorly constrained within values ranging froml to n=10. In
general, ifn increases the model predicts sholtedistances <100 km). Although,L can be
numerically small to obtain decay rates consistent witrotiserved parallel velocities, we favor a
longer segment to explain the observed velocity decay not only in theeshagrofile but also as
an explanation for most SW Iberia region. An alternativeoiscdansider a box-car boundary

condition for the applied tangential plate boundary force. Such boundaditions decrease

significantly the length scale =LA (Whitehouse et al., 2005Consequently, the power-
law index needed to fit the observations increases-t8-5 for reasonable values (~400-500 km).
We acknowledge, however, that a wide range of model paramzdarde chosen to fit the
observationsKig. 5¢ and 54

The main difficulty to constrain the model parameter spatlee possible interactions with the
Alboran block and the lack of observations near the expected plate boahdaeyGulf of Cadiz,
e.g., the SWIM structure Zitellini et al., 2009, in an offshore region. Indeed, the observations
along the profile coincide with the length scales for whiéhdkponential decay resembles, within
the observed errors, a linear decay. As a result, thentwipservations still not completely unique
to reject rigid block rotations. Moreover, it is plausible thath processes coexist to explain the
observed perpendicular velocity decayig( 59, with a long-wavelength linear trend from an
inferred Iberian rotation block superimposed to the near plate boundany dslhag. Therefore, to
solve this question future seafloor geodetic observations must belew®usi In addition, more
advanced two-dimensional physical modeling is currently undetai@aent to gain insights of the
whole pattern of observations of this complex plate boundary. Althouglumqoe, simulations
based on reasonable values, as shown above, suggest that obsecaatibaspartially explained
using a simple physical model, without invoking undefined lithosphere Whdkdeformation

systems.

5.2. Crustal motion of the Baleares promontory

Another interesting feature well recognized on the dense geogédicity field is the different
motion between the Baleares promontory (BalPiin 1) and the Catalan coastal range (NE lberia,
CCC inFig. 1) that suggests the presence of a shear zone on the alenogh accounting for a
left-lateral motion [Fig. 6). Seismic reflection profiles and bathymetric surveysi@drout across

the whole Valencia Trough have highlighted the presence of sateas@nal faults along the
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Catalan coastal range and the northwestern margin of the trougtomimdction structures along
the Baleares promontore.g., Perea et al., 20)2Geological evidence of Holocene activity on
these faults suggests that they can accommodate the edbdefirlateral motion between the
Baleares promontory and the Catalan coastal ralRgeed et al.,, 20)2Moreover, the observed
ENE motion of the Baleares promontory seems to be related tprélsent-day Eastern Betics
deformation process (see section 5.3.), therefore suggestingial and kinematic linkage with
the left-lateral strike-slip Trans-Alboran Shear Zone, aSQVE trending tectonic lineament that cuts
across the southeastern margin of the Iberian Peninsula, throstdrrERetics, and crosses the
Alboran Basin [Fig. 6). Since stations located on the Sardinian-Corsica block shasigniicant
residual motion with respect to stable Eurasia B&ano, 201} this motion seems to be entirely
absorbed within the Liguro-Proveaml basin. Furthermore, the differential motion between the
Baleares promontory and the northern Algerian margin suggests $inaall fraction of the general
NW-SE Iberia-Nubia oblique convergence could be absorbed as riglat-laiation along the NE-
SW-oriented Emile Baudot Escarpment (EBE Fiy. 6), which is considered as the surface
expression of a lithospheric right-lateral strike-slip fayitem related to the boundary between the
continental crust of the Baleares promontory and the thin oceanst of the Algerian basin
(Acosta et al., 2002; Mauffret et al., 1993uch a right-lateral motion is clearly recognized also
when the velocity field is referred to the Nubia plate (Sige S2in the supplementary material),
since the motion of the Baleares promontory show an obliqueorethip (~80°) with respect to the
average strike (~N40°E) of the Emile Baudot EscarpmensedBaon the simple vectorial
decomposition of the velocities, referred to both Nubia and Eurefdeence frames, of stations
located on western and central Balearic, we estimateghtlateral motion ranging in between 0.8
- 1.5 mml/yr. Additionally, a differential motion among the islantithe promontory, related to a
right lateral motion on an en-echelon array of NW-SE faulbsszcutting the promontone.g.,
Acosta et al., 2002; Sanchez-Alzola et al., 20d@n be recognized-ig. 6). All these features,
coupled with the presence of inherited lateral lithospheriarssteucturesg(g., Sanz de Galdeano,
1990 and references therein) lend credit to a crustal segmentafiothis sector of the

Mediterranean Sea.

5.3. Crustal deformation of Betics
Eastern Betics are characterized by geodetic velocitprseatrranged into a WNW-to-NE
fan-shaped pattern~ig. 6). This pattern, which was previously describedEcheverria et al.

(2013) depicts a prevailing NNW-SSE crustal contraction of tha areagreement with the main
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thrusting regime inferred by geological and seismological obsengag.g., Palano et al., 2013;
Gonzalez et al., 2012nd reference thereiRig. 2).

The contraction seems accommodated by a diffuse array ofrigiftlateral strike-slip and
reverse faults, belonging to the “Trans-Alboran” and “EadBatics” shear Zones (e.g. Carboneras
fault, Palomeras fault, Alhama de Murcia fault; gedeverria et al., 201f®r additional details).
We suggest that such crustal contraction is related to apandent tectonic block which, trapped
within the Nubia-Iberia collision, transfers a fraction of gwvergent rate occurring along the
westernmost Algerian margin (Oran-Chlef regiéig. 6) into Eastern Betics. The lack of high
guality P-wave tomography extensively covering the area doedlowtiss to put constraints on its
size and shape, however recent geological and geophysicabtlataet along the southern margin
of the Algerian basin clearly show the existence of an ielégnt oceanic-type crustal block
(Medaouri et al., 2004

Another interesting feature recognized in our geodetic veloely is the sharp change in
velocities of central Betics with respect to easternmBasics which depicts a westward relative
motion of the former area and induces a crustal extension clasSigtra de Filabres - Almeria
regions Fig. 6). This extension pattern have prevailing E-W features arldagese with normal
faulting inferred by mapped normal faultSahz de Galdeano et al., 20Hhd focal mechanism
solutions (seé-ig. 2bfor details), both having planes with prevailing N-S attituidds extensional
area has been recently indicated as the eastern edge abtal dilock which is affected by
delamination processes Be Lis Mancilla et al., (2013)These authors indicated the external front
of Betics as the northern boundary of this crustal block, however tausdggests that ~2 mm/yr of
differential right-lateral motion appear to be accommodated mwittis block, along an E-W trans-
tensional deformation zone connecting the Sierra Nevada regicidin &ross the Granada Basin
and the external BeticdV@artinez-Martinez et al. 20D6The western sector of this E-W trans-
tensional deformation zone spatially agrees with the northern bouaflarynuch larger Alboran
block proposed b¥oulali et al. (2011).

5.4. Crustal deformation of Alboran Basin

As can be observed ifrig. 3 the Alboran Basinis not directly sampled by geodetic
observations, but valuable information can be inferred by consgdée motion of bordering
stations. In particular, considering the stations located aouatipern Betics and north-eastern Rif a
NNW-SSE to N-S contraction at a rate of ~3.4 mm/yr of thmmn Basin can be recognized. This
contraction is coherent with long-term geological observations aadygamic reconstructions of

tectonic processes affecting this area and with the currelniaNEurasia convergence-rateq. 4
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374 and pole of rotations iffable S1) In particular, several studies have pointed out that aajbiray
375 NNW-SSE contraction involving the entire basin and producing re\ad strike-slip faulting and
376 related folding, started since about 8 MBo(rgois et al., 1992; Campos et al., 1992; Comas et al.,
377 1999; Morel and Meghraoui, 1996The tectonic activity of the Alboran Basin is proved by
378 instrumental and historical earthquakegy( 2 Palano et al., 2018nd references therein). Indeed,
379 the occurrence of moderate to high magnitude earthquakes telhaedt by a mixture of fault plane
380 solutions (from reverse to strike-slip to normal faulting) suggést the general NNW-SSE to N-S
381 contraction is currently partitioned by some primary crustadpheric tectonic structuree.d.,
382 Trans-Alboran Shear Zone, Yusuf Faufig. 6). In addition, the differential motion between
383 stations located along the internal zones of the Gibraltaégc northern and central Rif) w.r.t.
384 those located along the northeeg(, southern Betics) and southemag(, Al-Hoceima - Melilla
385 region) boundaries of the Alboran Basin indicate ~2.4 mm/yr of ErMétal stretching of the
386 western side of the basin. The intra-basin extension is cowgteda ~0.3 mm/yr differential
387 motion observed between the stations located externally and inteirebtentral sector of the Arc,
388 which defines a gentle E-W contraction of this sector of the Bverall, this pattern indicates a
389 clockwise rotation of the western sector of the Alboran Basinsan@unding parts of the Betics
390 and Rif domains, which began more clearly when the velocity igetdferred to the Nubia plate
391 (see Fig. S2 in the supplementary material) as alreadgmséd irkKoulali et al. (2011)Along the
392 NW Nubian margin, the westward motion of the Gibaltar Arc elees toward the south near the
393 boundary of the Atlas system while it is abruptly confined westigrthe Nekor fault, an active
394 NE-SW left-lateral strike slip fault representing the sowtstern end segment of the Trans-Alboran
395 Shear ZoneKig. 3. Eastward of the Nekor fault the geodetic velocity fiel&tharacterized by
396 vectors ~NW-oriented, indicating a convergence rate rangamg .5 mm/yr to 5 mm/yr across the
397 plate boundary between Iberia and Morocco-Algeria regions in agregemvith previous

398 estimations€.g. Meghraoui and Pondrelli, 20Hhd references therein).

399
400 6. Conclusions
401 The spatially dense crustal velocity field reported here alibus to provide new insights into

402 the crustal tectonic processes currently occurring in the mebtediterranean Sea. At least two

403 main tectonic processes can be identifieid.(7):

404

405 1) We detected a slow large-scale clockwise rotation (~0.0Myegbf the Iberian Peninsula
406 w.r.t. a pole located closely to the northwestern sectoh@fPyrenean mountain range.
407 Although this crustal deformation pattern could suggest a rigatimgt lithosphere block,
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this model would predict significant shortening along the Westerrslaffe Lisbon) and
North Iberian margin which cannot totally ruled out but curreigtipot clearly observed.
Conversely, we favour an interpretation that this pattern gligrtreflects the quasi-
continuous straining of the ductile lithosphere of south-western andédsiern Iberia in

response to viscous coupling of the mainly right lateral sheliaNberia plate boundary
along the Gulf of Cadiz segment ¢ 1-3.5 for the lithosphere rheology ahd- 350-500

km, Gulf of Cadiz segment), possibly superimposed on an even slotatiom-rate of

Iberia.

2) The western Mediterranean basin appears fragmented into mutpecrustal tectonic
blocks, which trapped within the Nubia-Eurasia collision, areeotlyr accommodating
most of the plate convergence rate. Based on geophysical @odigal observations, these
blocks are characterized by continental-type (Valencia Trough atehig@s Promontory;
Pascal et al., 1992transitional-type (Alboran blocikGomas et al., 1999; Torné et al., 2p00
and oceanic-type crust (oceanic western Algerian Blbtddaouri et al., 2004 The blocks
are delimited by inherited lithospheric shear structueas, (Acosta et al., 2002 Among
these blocks, the (oceanic western) Algerian one is curreatipgaas an indenter,
transferring a fraction of the convergent rate into Eastextic® and likely causing the

eastward motion of the Balearic Promontory.

Most of the observed crustal ground deformation can be attributedotesses driven by
spatially variable lithospheric plate forces imposed along thi@aNEurasia convergence boundary.
Nevertheless, the observed deformation field infers a veryctowergence rates as observed also
at the eastern side of the western Mediterranean, alor@gathbro Peloritan Arc, by space geodesy
(Palano, 201p
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Figure Captions

Figure 1. Simplified tectonic map of western Mediterranean showingnthén geological and
structural features of Eurasia and Nubia plates. Mappeds fatdt redrawn fronAcosta et al.,

(2002); Asensio et al. (2012); Garcia-Mayordomo et al. (2012), Megheand Pondrelli, (2012);
Palano et al. (2013)Abbreviations are as follows, reporting location of major lsasknguro-

Proveral (LPB), Algero-Balearic (ABB), Alboran (AB), Valeri Trough (ValT); Massifs:

Hercynian (HerM) and Morrocan Meseta (MM); Mountain Beltantabrian Mountains (CanMt),
Costero-Catalan Chain (CCC), Iberian Chain (IbC), Pyrertss, Tell, Rif and Betics; Oceanic-
Continent domains: Galician Bank (GaB), Gorringe Bank (GoB), éstwge Bank (HoB) and Gulf
of Cadiz (GC); Fragmented blocks: Baleares Promontory (Babiay &mile Baudot Escarpment
(EBE), and Sardinian Corsica block (SC), and major plate bountfaistuwses: Gloria Fault and
Algerian margin. Colours and patterns represent different rags:al. Neoproterozoic, 2.

Paleozoic, 3. Mesozoic, 4. Tertiary-Quaternary basins, &)dJ@eanic crust.

Figure 2. a) Historical earthquakes (with estimated magnitude >5;M
www.emidius.eu/SHEEC/sheec_1000_1899.htrStucchi et al., 2013) occurred in the last
millennium are reported as blue and yellow squares, for 1000 - 1899 and 11®@®time intervals,
respectively. Instrumental seismicity (from 2000 up to date; vignaes), sized as a function of
magnitude and classified with different colors as a functiohefdcus depth, is reported as points.

b) lower hemisphere, equal area projection for fault planeisotutvith magnitudes of between 3.0
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and 8.0; FPSs are colored according to rake: red indicates thultstd, blue is normal faulting,

and yellow is strike-slip faulting.

Figure 3. GNSS velocities and 95 per cent confidence ellipses ixed tturasian reference frame

(see Supplementary Material for details).

Figure 4. Gray arrows represent smoothed velocities obtained by applymegdan filter to all
stations within 1x1 degree grid. Blue and red dashed linegsepr small circles around the
location of the estimated pole of rotations corresponding to theavilberia w.r.t. Eurasia (blue)
and Nubia w.r.t. Eurasia (red) poles. Predicted GNSS veleedtprs are show for points along the
approximate location of the plate boundary (blue Iberia-Euradizabipole, and red Nubia-Eurasia
pole). Note that the azimuth of the small circles, and hereceréidicted motions are only aligned
on a virtual line that crosses central Spain striking N3fiféction, and cutting the Nubia-Eurasian
plate boundary around the Gulf of Cadiz. However, the magnitudes dfiubeand red vectors

disagree by about 60%. Orange lines show a simplified plate bqundar

Figure 5. a) NE-SW profile perpendicular velocity from the pole of tiotain stable undeformed
Iberia interior the pole of rotation in to the plate boundarytlahSW Iberia (Gulf of Cadiz). Gray
dots are original observed profile-parallel velocity. Black dsgatially filtered median
observations. Red line is a model using box-car plate boundary conitioWo=5 mm/yr,L=350
km, n=2.5. Blue line represents the predicted perpendicular velsditom the estimated Iberian
rotation pole model. b) Map showing the location of the selectede(bfue line). The end points
of the selected profile were selected to match the irddbrerian Euler pole and the inferred Nubia-
Eurasia plate boundary zone. c) Misfit (mm/yr) plot as a fancof half-wavelengthL. andn
power-law index for the case of homogeneous boundary condition. d) Misfity() plot as a

function of box-car lengtH, andn power-law index for the case of box-car boundary condition.

Figure 6. Detail of the GNSS velocities and 95 per cent confidengesefi in a fixed Eurasian
reference frame for the Algerian margin, Eastern Betwsl Baleares Promontory area.
Abbreviations are: GC, Gulf of Cadiz; WAB, Western Alboran iBa®\H, Al-Hoceima; GB,
Granada Basin; SN, Sierra Nevada; SF, Sierra de FilabA&SZ, Trans-Alboran Shear Zone;
EBSZ, Eastern Betics Shear Zone; YF, Yusuf Fault; EBH|eHAaudot Escarpment.
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509 Figure 7. Schematic model: main lithosphere domains are reported as argupli/gons with
510 different colors. Eurasia, Nubia and Iberia are representddrges plates with continental and
511 oceanic lithospheres domains. Eurasia and Iberia cannot be distiegun terms of motion in the
512 area of the Pyrenees, therefore they are shown as a sindtewibo@otentially variable strength,
513 as shown the variable red shade. SW and Western Iberia is umgectmikwise rotation that fades
514 away towards North and Eastern Iberia. There are smalleaiderm between the major plates,
515 such as the Alboran one, which in currently undergoing clockwise rotatiennal deformation
516 and contraction in the West and SW borders. Geodetic data indicatdhe Baleares promontory
517 is escaping to the NE, however its border structures still tdelffieed. Sardinia-Corsica block is
518 consistent in motion with the Eurasian plate. Finally, convergameckinterseismic coupling is
519 variable along the Algerian margin, with a possible strongearocdithosphere off-shore Oran
520 (Western Algeria), which effectively transfer part of cergence into the SE lberia (Eastern
521 Betics).

522

523
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*Highlights (for review)

Research highlights
An updated GNSS velocity field for Western Mediterranean.
Large-scale clockwise rotation of SW and W Iberian Peninsula w.r.t. Eurasia.

Fragmentation of the Western Mediterranean basin into crustal tectonic blocks.
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