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Abstract

A spaialy dense GNSSbhased cruda velodty field for the Iberian Peninsula and Northern
Africaallow usto provide new indghts into two main tedonic processs currently occurring in this
area In particular, we provide, for the first time, clea evidene for a large-scd e clockwise rotation
of the Iberian Peninsula with respect to stable Eurasia (Euler pole comporent: N42.612°, W1.833°,
clockwise rotation rate of 0.07 deg/Myr). We favour the interpretation tha this pattern refleds the
guasi-continuousstraining of the ductile lithoghere in some sedors of South and Western Iberiain
respon to viscouscoupling of the NW Nubia and Iberian plate bounday in the Gulf of Cadiz. We
furnish evidence for a fragmentation of the western Mediterranean basin into independent crugal
tedonic blocks, which are ddimited by inheited lithogpheic shear structures. Amongthese blocks,
an (oceanic-like western) Algerian oneis currently trandferring a significant fradion of the Nubia-
Eurasia convergence rate into the Eastern Betics (SE Iberia) and likely causing the eastward motion
of the Baleaes Promontory. These proceses can be mainly explained by spatially variable

lithopheic plate forces imposed alongthe Nubia-Eurasia convergence boundary.

Keywords: GNSSvelocity field, crustal rotation, quasi-continuous straining, Iberia

1. Introduction

Two end-member approaches are usudly adopied to modd the deformation occurring at the
lithopheic scde: the block or microplate approach and the continuum modd (Thacher, 2009.
The former, which is andogousto globd plate teconics, has been widely applied to modd the
kinematics of deformation observed at the Earth’s surface (e.g., Avouac and Tapponner, 1993.
This approach emphasizes the role of the faults and discontinuousdeformation in the brittl e/elastic

uppe crug: if relative movement of rigid blocks is able to describe regiond deformation, a marked
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veloaity gradient near magjor faults, where interseismic deficit acaimulates, should be expeded. The
latter approach merges kinematics and dynamics unde the assumption tha the quasi-continuols
straining of the dudile lithophee controls the deformation (England and Jadkson, 1989. This
modd usualy asaumes tha thelithogphere is a uniform thin viscous sheet with no lateral or depth-
wise variationsin rheologcd propeaties. Althoudh, rheologicd lateral variationscan be added, the
thin-sheet modd assumes no depth variation of horizontal velodty and depth averaged values of
stress Resulting surface deformation is charaderized by velodty gradients that usualy are
relatively smoothed in the absence of lateral viscosty variations Although block and continuum
modds predict distinctly different deformation patterns and medanicd behavior, differences
between their kinematics are ultimately gradud: as block size deaeases and the number of faults
increases, the block modd approaches the deformation of a continuum, and the kinematic
distinction between the two models becomes blurred.

The Iberian Peninaula (Fig. 1) forms the northern domain of the present-day plate bounday
beween Nubia (the African plate west of the East African Rift) and Eurasia in Western
Mediterranean area The GNSS(Globd Navigation Satellit e System) velodity field observed acoss
this bounday (northern Morocco - southern Iberia) has been interpreted in terms of elastic block
moddling (e.g., Koulali et a., 2011and references therein). However, the detedion of a significant
aseismic strain comporent (~75%; see Stich et al., 2007 for deails) suggests tha relevant
continuum mechanics processes cannot be ruled out To evaluate propely those processs, which
could play a significant role in the distributed regiond de€formation, an improved spatial resolution
of the GNSSgrounddeformation pattern is required.

To thisaim, here we present an analysis based on up to 15 yeas of GNSSobsrvationsat more
than 340 sites to produce a densely spaced velodity field for whole Iberian Peninsula and Northern
Morocco. We provide evidene of ongoing processes such as i) a large-scae clockwise rotation of
the Iberian Peninsula with respect to stable Eurasia which can be interpreted as dueto the quasi-
continuousstraining of the dudil e lithasphere, and ii) a fragmentation of the western Mediterranean

basin into several crugta blocks acardingto their distinct geologicd history.

2. Background setting

2.1 Kinematics setting

The movement and deformation of the Iberian Peninaula, one of the puzzling micro-plates
located along the Eurasia-Africa plate boundry, has been extensvely investigated by severa
geologicd and geophysicd approaches. Although no consensual geodynamic model has yet been
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achieved, these approaches couded with studies related to large scde relative plate motions have
shown tha the current tedonic plate setting of the Iberian Peninsula has changed significantly over
geologicd time (e.g., Roest and Srivastava, 1991;Rosenbaum et a., 2002;Platt et al., 2013. In late
Paleozoic times, after the Hercynian orogeny, the Iberian Peninsula was part of Pangea. Soon after
the Atlantic Ocean rifting episode (~180 Ma ago), the northward propagation of the rifting process
produced the eastward movement of Africa relative to IberiaEurope and the opening of the
trangensiond Atlas and Betic-Rif basins (conreding the Atlantic to the Ligurian-Tethys oceanic
domeing) in ealy and middle Jurassc times respectively (Vergés and Fernandez, 2012 and
reference therein). In ealy Cretaceous times, the nothward propagation of the Atlantic Ocean
spreading along the western margin of Iberia produed the abandonment of the Ligurian-Tethys
corridor and the opening of the Bay of Biscay aong the already rifted Pyrenean basin with a
conaurrent counter-clockwise rotation of the Iberian Peninaula (e.g., Gonget al., 2009;Vissrs and
Meijer, 2012. The progressve propagation toward north of the North Atlantic led to the
abandonnent of the Bay of Biscay-Pyrenean opening near the ealy-Late Cretaceousbounday. The
Iberian Peninsula behaved as an indgoendent micro-plate untl Late Cretaceous when Africastarted
to move north and northwestward relative to Eurasia (the so cdl ed Alpine Orogeny; Moores et al.,
1998 The northward motion of Africa squeszal the Iberian Peninsula, produdng the Pyrenees
orogenic chain along its northern margin and the Betic-Rif orogen aong its southern bounday.
Mog of the Pyrenean shortening was completed by middle Oligocene times and from this time
onward the conwvergence of Africa was mosly acomommodated aaoss the Atlas systems (North
Africa), the Betic-Rif orogenic system and within the Iberian Peninsula. Theinterior of the Iberian
plate was deformed, inverting all previoudy rifted regions and prodwcing intraplate mountin
ranges (e.g., Casas-Sainz and de Vicente, 2009; Gibbonsand Moreno, 20(2). The present-day plate
tedonic arrangement was readied only in the ealiest Miocene, when the Iberian northern plate
bounday became extinct and the peninsula becane a stable part of the Eurasian plate. A
tranpressve fault zone connecting the Acores transtensond triple junction through the Gibraltar
Orogenic Arc to the Rif and Tell-Atlas then became the main plate bounday between Africaand
Eurasia in the Western Mediterranean region (e.g., McKenzie, 1970; Andrieux et al., 1971
Meghraoui and Pondeelli, 2012).

2.2. Seismotectonic setting

The occurrence of several large eathqudkes (with estimated magnitude M>6) in the last
mill ennium on the studied areais well doaumented in the historicd rerds (Fig. 2a Stucchi et al.,
2013; www.emidiusewW/SHEEC/sheec _1000_189.html). The Lisboan area has been hit by large
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eathquakes (M>6.4) in 1344,1531, 1858and 1903, while the November 1, 1755(M,,=8.7) and the
February 28,1969 (M,,=8.0) eathquékes, both striking the Gulf of Cadiz (Fig. 28), were the largest
historicd events occurred in the region. Other large eathquées (M>6.4; Stucchi et al., 2013)are
located along the Betics in southern Iberia (e.g., 1522,168Q 1748 1829,1884 and 19%4) adong
northern Morocco (1079 1623 1624 1909 and 2004) and along northern Algeria (1365, 1716
1819, 1825 1858 1867 1891 191Q 1922 1954, 1980 and 2003) Large eathquékes (M>6.0)
occurred also aongthe Pyreneesin 1373 1428and 1660(Stucchi et al., 2013.

Since 2000, more than 5300 eathquées with magnitude M>2.5 were located in the NW
Africalberia area Considering the distribution of ingrumental seismicity (Fig. 23, it is well
doaumented tha all the borders of the Iberian Peninsula are charaderized by a diff use seismicity,
while on the central sedor of the peninsula seismicity wanes. The bulk of indrumental seismicity is
conaentrated alongthe WSW-ENE regiond-scae structures in northern Algeria and the eassternmog
Atlantic Ocean (Gulf of Cadiz), well marking two segments of the Nubia-Eurasia plate boundary. In
northern Algeria, eathquakes have hypocentral depths shdlower than 20 km and are charaderized
by fault plane solutions with prevailing reverse and subodinaely strike-slip faulting style (Fig.
2ab). In the Gulf of Cadiz, eathguakes have intermediate hypocentral depths and are charaderized
by fault plane solutions having reverse and strike-dip feaures (Fig. 2a,b). Across the Gibraltar
Orogenic Arc, the majority of shdlower eathquekes are concentrated in the Betics and Rif
mountin belts. Seismicity at intermediate-depth is concentrated alonga mainly N-S trend spanning
the Alboran Seaand dipping southward from crustal depths beneth the Betics to a depth of ~150
km beneah the basin centre. Occasional very deep and large magnitude eathquekes (~650 km)
occur under the Central Betics (Buforn et al., 2004).

3. GNNS data processing and velocity field computation

Here we analyze an extensve GNSSdataset covering approximately 15 yeas of observations
from 199900 upto 2014.68, at al continuoussites where data are openly shared. The dataset
indudes 280 continuous GNSS sites avallable at the EUREF Permanent Network
(www.epndb.oma.be), at the Crugal Dynamics Data Information System (http://cddis.nasa.gov) and

from variousnetworks developed on the Iberian Peninsula by local ingitutionsand agencies mainly
for mapping, engineering and cadastra purposes. In addition to continuous GNSS sites, we
induded data from 25 episodic GNSSsites located in Morocco (seeKoulali et a., 2011for detail s)
with surveys spanning the 199980-200671 time interval, whos raw observations are avail able
through the UNAV CO archive (www.unavco.org). We have updaed and extended previousstudies
(e.g., Fernandes et a., 2007; Koulali et al., 2011;Palanoet al., 2013 Echeverriaet a., 2013 Gérate
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et al., 2014)with more than 110 new stationshaving times series longer than 2.5 yeas, especialy
from Portugal, northern Iberia and western Pyrenees. The GNSSdata were processed by usng the
GAMIT/GLOBK software (www-gpsg.mit.edu), by adoping the strategy described in Appendix A
of the Supplementary material sedion (seealso Palano, 2015for additiond detail s). By udng the
GLORG module of GLOBK, al the GAMIT solutions and their full covariance matrices are
combined to estimate a congstent set of postions and velodities in the ITRF2008 reference frame
(Altamimi et a., 2012.

To improve the detail of the geoddic velocity field over the studied areg we perform arigorous
integration of our solutions with those reported in Serpdloni et a. (2007), Koulali et al. (2011)
Echeverriaet a. (2013)and Géarate et a. (2014) In particular, since our solutionsand the published
ones share severa common stations we aligned thar velodties to our ITRF2008 solution by
applying a Helmert transformation, obtained by solving for the trandormation parameters that
minimize the RMS of diff erences beween velodities at common sites. The average discrepandes
are small, and the RMS velodity difference for the common stationsis lessthan 0.4 mnvyr. The
resulting velodties and ther 1o uncertainties, aligned to the ITRF2008are reported in Table S1.

To adequately show the crugd deformation pattern over the investigated area we align our
ITRF2008 GPSvelodities to a fixed Eurasian reference frame (Cannavo and Palano, 2015 seealso
Table S1 and S2 of the supplementary material sedion). The resulting velodty field, with error
ellipses at the 95 per cent confidencelevel, isshownin Fig. 3.

It iswell regarded that the formal, standad error of the GNSS solution undeestimates the true
uncertainty in the GNSS velodities. Roughly speaking, the error spectrum for mog stations is
uaudly represented by a combinaion of seasond signd, white noise and flicker noise (see
supplementary material for detail s). To properly infer valuable information aboutthe crugal motion
currently occurring on the studied areg the noise effeds on velocity estimates need to be taken into
acwount To this aim, we acount for temporally correlated noise in ead coninuousGNSStime
series by usng the first-order Gauss-Markov extrapolation (FOGMEX) algorithm proposd by
Herring (2003) to determine a randam-walk noise term, which we then incorporated into the
Kaman filter used to estimate the velodities. For the episodicadly measured sites, a randomwalk of
1.5 and 2.5 mm yr®®, representing the average values obtained for all continuousGNSS stations
andyzed in this study, were added to the assumed error in horizontal and verticd postions
respectively. The adoped strategy is described in deail in the Supplementary material sedion
(Appendix A).

Moreover, the smple visud ingoedion of velocity field reported in Fig. 3 evidenes that some

stations show random velodties (differences of about 0.5-1 mmvyr) with respect to nearby sites.
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This aspect could be mainly related to the monument ingability of the station. In particular, a
number of the andyzed GNSS networks has been developed to suppot commercial applicaions
such as mapping and cadastral pumpoges and stations are charaderized by a wide variety of different
monurment types. Pill ars, or sted masts, anchored to buildings represent the largest nunber, while
monunents diredly fourded on consolidated bedrock are present in minor percentage. Hence, the
observed geoddic monument ingability is due to varying conditions of the anchoring media (e.g.,
soil, bedrock, building, etc.) couged with locd processes (i.e., soil humidity content, water table
level changes, bedrock thermal expandon, etc.).

4. Results

The dense spatia coverage of our geoddic velodties, comprising over 380 stations allow us to
deted for the first time a significant large-scade clockwise rotation of the southern (i.e., central and
western Betics) and the western (i.e,, western Portugal) sedors of the Iberian Peninsula. In
paticular, the stationslocaed in central and western Betics move toward WSW with rates of ~1.1
mm/yr; the stationslocated in SW Iberia moves mainly toward NW with rates of ~3 mm/yr, while
stations located in central and northern Portugal move northwards with rates of ~1 mm/yr. The
spaialy smooth SW-lberia clockwise cruda deformation pattern suggests a rigid rotating
lithophee block. Therefore, to test such hypothesis, we estimated the Euler vedor comporents
(latitude and longitude of pole, rotation rate) for the Iberian block by using the PEM2 software
(Cannavd and Palano, 2015. We started by solving for Iberia’s angular velodity w.r.t. the fixed
Eurasian reference frame conddering a total of 229 GNSSsites distributed over the whole Iberian
Peninaula with the excluson of sites located on Baleaes and south-eastern Betics because thar
proximity to adive faults. Then, we estimated reaursively the Euler vedor comporents for the
Iberian block by excluding al the stationsregjeding the null hypothesis based on the F-ratio criteria
(seeAppendix A of the Supplementary materia sedion and Table S2). A find set of 189sitesinfer
a pole (N42612° W1.833) tha is located closly to the northwestern sedor of the Pyrenean
mountin range and is charaderized by a clockwise rotation rate of 0.07 deg/Myr (Fig. 3). No
significant residuals remain in the pole computation; ~80% of the 189 sites show residuds lower
than 0.75 mm/yr, evidendng that the estimated pole reasonable describes the observed geodeic
velocity field.

Eastern Betics (e.g., Almeria-Murcia region) show a deformation pattern tha strondy differs
from the one observed for surrounding areas. In paticular, geoddic velocities clealy show a NW-
to-NE fan-shaped patern with rates ranging from ~3 mm/yr near the coast to ~0.8 mmvyr inland
(Fig. 3). The Baleaes promontory shows a motion tha is comparable with the one deteded by

Page 6 of 20



205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238

easternmog stationslocaed on Eastern Betics but differs from the one observed along the Catalan
coastal range (northeastern Iberia) suggesting the possible presence of a distributed shear zone on
theVaendatrough acounting for ageneral |eft-lateral motion (Fig. 3).

Stationslocaed on the southern sedor of Betics moves toward SW; this, coupled with the NW
motion of stations located in eastern Rif clealy, depicts a NNW-S&E to N-S confradion of the
Alboran Basin. Moreover, the western sedor of the Alboran Basin seans subjed to an E-W
elongation due to the westward motion of stationslocated on the central sedor of the Gibraltar Arc.
A differential motion of ~0.3 mm/yr between the stationslocaed externdly and interndly this area

can be recognized, resulting into a minor E-W contradion of thearc (Fig. 3).

5. Discussion
In the following we discuss the main findings and their implicaions for regiond and locd

de€formation processes.

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

As previoudy described, stations located in south-western and western lberia show a
charaderistic and significant pattern of motion, while stationsingalled in the remaining pat of
Iberia ladk any significant residud motion with respect to stable Eurasia. This last feaure has been
observed in previous GNSSbased studies estimating the Euler pole parameter for the Eurasian
Plate (e.g., Nocgue and Calais, 2003; Altamimi et al., 2012; Palano et a., 2013, while the large-
scde clockwise rotation of southern and western Iberia has been never identified due to the limited
coverage of GNSSstations on these areas in the past, and eventudly dueto the small magnitude of
thecrugal deformation.

In the previoussedion, we reported that stationslocated along southern and western |beria can
be represented with a clockwise rotating rigid block model. This large-scde rotation is congstent
with those deteded by paleomagnetic measurements in Neogene sedimentary basins located in the
central and western Betics (e.g., Mattei et a., 2006 and references therein) while is two orders of
magnitude small er than those estimated by Meghraoui and Pondrlli (2012 alongthe NW Africa-
Iberia plate boundry. However, the northern and eastern borders of an Iberian block cannot be
clealy determined, nor does the current seismicity seem to indicae clea styles of deformation at its
edges. Therefore the limits of such lithogpheric block are not clear, and perhgps not represented as
sharp fault boundig systems. An hypohesis would be to exped that the observed block comprises

thewhole Iberian Peninaula (as a microplate). However, arotating rigid block modd would predict
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significant shortening and left-lateral shea along the Western (off-shore Lisbon) and pure
shortening at the North Iberian margin (uplift of the Cantabrian Mountains and North Span
Hercynian Massf plateau?). In addition, an Iberian rotating block would require S to W motion of
NE and Eastern sedors of the Iberian Peninsula (Catalonia, Aragonand Valencia), which currently
velodities in this sedion behare congstently with respect to stable Eurasia within the error elli pses.
This suggests tha despite the good agreement of the best-fitting modd provided by our estimated
pole, a rigid rotating block with net (fault bounded) limits is unlikely to fully explain the
deformation processin SW and Western Iberia as a whole. Alterndively and or in addition, the
lithopheeislikely undegoing distributed deformation in some sedors of south and western Iberia,
and/or unknown off-shore margin structures (e.g., Gulf of Cadiz) would be currently acawmulating
significant interseismic strain.

In Fig. 4 we applied a median filter to al stationswithin 1x1 degree grid in order to better
highlight this pattern (gray vedors). We filter the velocity field by computing the median value
location of all stationsto represent the vedor postion, and then vedor magnitudes corresponding to
the median values of East-West and North-South components of the velocity field for all stations
within a grid cdl. Fig. 4 shows a representation of the interadion between the Nubia-Eurasia
convergence and the residud motionw.r.t. Eurasia of the SW and W stationsin Iberia. The diff erent
predicted vedors (blue arrows) differ significantly for the expeded relative convergence motion
between Nubia and Eurasia plates (red arrows). Moreover, we note tha the azmuth of small circles
around both poles, and hene the predicted motion, aligned along a NE-SW striking line crossing
central Span. This diredion interseds the Nubia-Eurasia plate bounday aroundthe Gulf of Cadiz
(west of Gibraltar to the Gorringe Bank). However, the magnitude of the vedor velociti es disagrees
by about60% This feaure can be interpreted as the result of a significant viscouscoupling of the
Nubia-Eurasia convergence motion aroundthe Gulf of Cédiz plate boundiry region. In Fig. 5aand
5b, a SW-NE profile showing perpendicular motion comporent of stations from South-western
Iberia to NE Spain shows a charaderistic decay, which could be condstent with models of parall el
velocity over wide shear strain-rates of continental deformation (e.g., England et al., 1985
Whitehous et al., 2005. Such modds predict an approximate exporential decay away from the

plate bounday (V, ~V.e”*), with a length scde 4 ~L/(2n ~) | where L is thefinite length of plate

bounday and n is an exponet tha synthesizes the charaderistics of a power-law rheology of the
continental lithogphere.

As we estimated previoudy the only plate boundry segment with parallel vedors for the SW
Iberia pole and the Nu-Eu pole is the Gulf of Cédiz region (Fig. 4). Therefore, we can assume that
the Gulf of Cédiz is the mog important segment imposng parallel tradion to the plate bounday,
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and we limit its dimensions from the Gibraltar Strait to the Gorringe Bank, with a maximum length
of 450km. Asseenin Fig. 5a, this model isafirst order approximation consistent with the observed
velocity patern. Exploring the parameters of this expresson to fit the observed velodities alongthe
seleded profile, suggest tha n is pooly condrained within values ranging from n=1 to n=10. In
geneal, if n increases the modd predicts shorter L distances (L<100 km). Althoudh, L can be
nunmericdly small to obtain deca rates consstent with the observed parallel velocities, we favor a
longer segment to explain the observed velocity decay not only in the anadyzed profile but also as
an explanation for mog SW Iberia region. An aternaive is to condder a box-ca boundry

condition for the applied tangential plate bourdary force Such boundry condtions deaease
significantly the length scde as 2=L/(4™) | (whitehous et 4., 2005. Consquently, the power-

law index needed to fit the obervationsincreases to n ~ 3-5 for reasonable L values (~400-500km).
We adknowledge, however, that a wide range of model parameters can be chosen to fit the
ob=ervations(Fig. 5¢c and 5d).

The main difficulty to congrain the model parameter spaceis the possible interadionswith the
Alborén block and the ladk of observationsnear the expected plate boundry at the Gulf of Cédiz,
e.g., the SWIM structure (Zitellini et al., 2009, in an offshore region. Indeed, the observations
along the profile coincide with the length scaes for which the exporential decay resembles, within
the observed errors, alinea decay. As a result, the current observationsstill not completely unique
to rged rigid block rotations Moreover, it is plausble that both processes coexist to explain the
observed perpendicular velodty decay (Fig. 5a), with a longwavelength linear trend from an
inferred Iberian rotation block supaimposd to the near plate boundry shear drag. Therefore, to
solve this question future sedloor geoddic observations mug be consdered. In addition, more
advanced two-dimendonal physicd modelingis currently unde development to gain indghts of the
whole patern of observations of this complex plate bounday. Althoudh nortunique simulations
based on reasonable values, as shown abowe, suggest that observations can be partially explained
udng a simple physicd modd, without invoking unddined lithogphere block fault/deformation
systems.

5.2. Crustal motion of the Baleares promontory

Another interesting feaure well remgnized on the dense geoddic velodity field is the diff erent
motion between the Baleares promontory (BalP in Fig. 1) and the Catalan coastal range (NE Iberia,
CCCin Fig. 1) that suggests the presence of a shea zoneon the Valencia Trough acouning for a
left-lateral motion (Fig. 6). Seismic refledion profiles and bathymetric surveys caried out acoss

the whole Valencia Trough have highlighted the presence of some extensonal faults along the
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Catalan coastal range and the northwestern margin of the trough and contradion structures along
the Baleaes promontory (e.g., Pereaet a., 2012). Geologicd eviden@ of Holocene adivity on
these faults suggests that they can acoommodate the observed left-lateral motion between the
Baleaes promontory and the Catalan coastal range (Pereaet al., 2012. Moreover, the observed
ENE motion of the Baleaes promontory seamns to be related to the present-day Eastern Betics
deformation process (seesedion 5.3.), therefore suggesting a structural and kinematic linkage with
theleft-lateral strike-slip Trans-Alboran Shear Zone, a NE-SW trending teconic lineament that cuts
aaoss the southeastern margin of the Iberian Peninaula, through Eastern Betics, and crosses the
Alboran Basin (Fig. 6). Since stationslocaed on the Sardinian-Corsica block show no significant
residud motion with respect to stable Eurasia (see Palano, 2015, this motion seems to be entirely
absorbed within the Liguro-Provencal basin. Furthermore, the differential motion between the
Baleaes promontory and the northern Algerian margin suggests that a small fradion of the general
NW-SE Iberia-Nubia oblique convergence could be absorbed as right-lateral motion alongthe NE-
SW-oriented Emile Baudot Escarpment (EBE in Fig. 6), which is conddered as the surface
expresson of alithogpheric right-lateral strike-slip fault system related to the bounday between the
continental crug of the Baleaes promontory and the thin oceanic crust of the Algerian basin
(Acoda et al., 2002 Mauffret et al., 1992. Such a right-lateral motion is clealy recognized also
when the velodty field is referred to the Nubia plate (see Fig. S2 in the supplementary material),
since the motion of the Baleares promontory show an obli querelationship (~80°) with respect to the
average strike (~N40°E) of the Emile Baudot Escarpment. Based on the simple vedoria
decompostion of the velodties, referred to both Nubia and Eurasia reference frames, of stations
located on western and central Baleaic, we estimated a right-lateral motion ranging in between 0.8
- 1.5 mm/yr. Additiondly, a differential motion among the islands of the promontory, related to a
right lateral motion onan en-echelon array of NW-SE faults cross-cutting the promontory (e.g.,
Acoda et a., 2002; Sanchez-Alzola et al., 2014 can be recognized (Fig. 6). All these fedures,
coupled with the presence of inherited lateral lithospheric shea structures (e.g., Sanz de Galdeano,
1990 and references therein) lend credit to a cruga segmentation of this sedor of the

Mediterranean Sea

5.3. Crustal deformation of Betics

Eastern Betics are charaderized by geodetic velodity veaors arranged into a WNW-to-NE
fan-shaped pattern (Fig. 6). This pattern, which was previoudy described in Echeverria et al.
(2013) depicts a prevailing NNW-SSE cruga contradion of the areain agreement with the main
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thrugting regime inferred by geologicd and seismologicd obsrvations (e.g., Palano et al., 2013;
GonZezet d., 2012 and referencetherein; Fig. 2).

The contradion seems acoommodaed by a diff use array of left-, rightlateral strike-dip and
reverse faults, belongng to the“ TransAlboran” and “ Eastern Betics’ shear Zones (e.g. Carbonegas
fault, Palomeras fault, Alhama de Murcia fault; see Echeverria et al., 2013for additiond details).
We suggest that such crugal contradion is related to an independent teconic block which, trapped
within the Nubia-Iberia collision, trangers a fradion of the convergent rate occurring along the
westernmog Algerian margin (Oran-Chlef region; Fig. 6) into Eastern Betics. The ladk of high
qudity P-wave tomography extensvely covering the areadoes not alow usto put congraints onits
size and shape, however recent geologicd and geophysica data colleded alongthe southern margin
of the Algerian basin clealy show the existence of an independent oceanic-type cruda block
(Medaouri et al., 2014).

Another interesting feaure reagnized in our geoddic velodty field is the sharp change in
velodties of centra Betics with resped to easternmod Betics which depicts a westward relative
motion of the former areaand indwces a crudal extenson closely to Sierra de Filabres - Almeria
regions (Fig. 6). This extendon pattern have prevailing E-W feaures and well agree with nomal
faulting inferred by mapped nomal faults (Sanz de Galdeano et a., 2012 and focal medchanism
solutions(seeFig. 2b for detail s), both having planes with prevaili ng N-S attitude. This extensonal
area has been recently indicated as the eastern edge of a cruda block which is affeded by
ddamination processs by De Lis Mancilla et al., (2013) These authors indicaed the external front
of Betics asthe northern bounday of this crugal block, however our data suggests that ~2 mm/yr of
differential right-lateral motion appea to be acommodaed within this block, alongan E-W trans
tensonal deformation zoneconreding the Sierra Nevadaregion to Cadiz aaoss the Granada Basin
and the external Betics (Martinez-Martinez et a. 2006. The western sedor of this E-W trans
tensonal deformation zone spaially agrees with the northern bounday of a much larger Alboran
block proposd by Kouldi et al. (2011)

5.4. Crustal deformation of Alboran Basin

As can be obsrved in Fig. 3 the Alboran Basin is not diredly sampled by geoddic
ob=rvations but valuable information can be inferred by consdering the motion of bordering
stations In particular, consdering the stationslocated along southern Betics and north-eastern Rif a
NNW-SSE to N-S contradion at arate of ~3.4 mm/yr of the Alboran Basin can be recognized. This
contradion is coherent with longterm geologicd observationsand geodynamic recndructions of

tedonic processes affeding this areaand with the current Nubia-Eurasia convergence-rate (Fig. 4
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and pole of rotationsin Table S1). In particular, several studies have pointed out that a prevaili ng
NNW-SSE contradion involving the entire basin and produdng reverse and strike-slip faulting and
related folding, started since about8 Myr (Bourgois et a., 1992;Camposet a., 1992 Comas et a.,
1999; Morel and Meghraoui, 1996. The tedonic adivity of the Alboran Basin is proved by
ingrumental and historicd eathquakes (Fig. 2; Palano et a., 2013and references therein). Indeed,
the occurrence of moderate to high magnitudeeathquées charaderized by a mixture of fault plane
solutions(from reverse to strike-dlip to nomal faulting) suggests tha the general NNW-S&E to N-S
contradion is currently partitioned by some primary crugal/lithospheic tedonic structures (e.g.,
Trans-Alboran Shear Zone Yusuf Fault, Fig. 6). In addition, the differential motion between
stationslocaed along the internal zones of the Gibraltar Arc (e.g., northern and central Rif) w.r.t.
those located along the northern (e.g., southern Betics) and southern (e.g., Al-Hoceima - Médlill a
region) boundaies of the Alboran Basin indicae ~2.4 mm/yr of E-W cruga stretching of the
western side of the basin. The intra-basin extension is coupled with a ~0.3 mm/yr differential
motion observed beween the stationslocated externdly and interndly the central sedor of the Arc,
which defines a gentle E-W contradion of this sedor of the Arc. Overall, this pattern indicaes a
clockwise rotation of the western sedor of the Alboran Basin and surrounding parts of the Betics
and Rif domains which began more clealy when the velodty field is referred to the Nubia plate
(seeFig. S2 in the supplementary material) as arealy evidenad in Kouldli et a. (2011) Alongthe
NW Nubian margin, the westward motion of the Gibdtar Arc decreases toward the south nea the
bounday of the Atlas system while it is abruptly confined westward by the Nekor fault, an adive
NE-SW left-lateral strike dlip fault representing the southwestern end segment of the Trans-Alboran
Shear Zone (Fig. 3). Eastward of the Nekor fault the geoddic velocity field is charaderized by
vedors ~NW-oriented, indicaing a convergence rate ranging from 2.5 mm/yr to 5mm/yr aaoss the
plate bounday beween Iberia and Morocco-Algeria regions in agreament with previous

estimations(e.g. Meghraoui and Pondeelli, 2012and references therein).

6. Conclusions
The spaialy dense crudal velodity field reported here al owed usto provide new indghts into
the crugal tedonic processes currently occurring in the western Mediterranean Sea At least two

main tedonic processes can beidentified (Fig. 7):

1) We deteded a dow large-scde clockwise rotation (~0.07 deg/Myr) of the Iberian Peninsula
w.r.t. a pole locaed closely to the nothwestern sedor of the Pyrenean mountin range.
Althoudh this crugtal deformation pattern coud suggest a rigid rotating lithophere block,
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this modd would predict significant shortening along the Western (off-shore Lisbon) and
North Iberian margin which canna totaly ruled out but currently is not clealy observed.
Conversely, we favour an interpretation that this patern partially refleds the quasi-
continuousstraining of the dudile lithopheae of south-western and the western Iberia in
respong to viscous coupling of the mainly right lateral shear Nubia-Iberia plate boundary
along the Gulf of Céadiz segment (n ~ 1-3.5 for the lithogphere rheology and L ~ 350-500
km, Gulf of Cédiz segment), possibly supaimposed on an even slower rotation-rate of

Iberia.

2) The western Mediterranean basin appears fragmented into independent crugal tedonic
blocks, which trapped within the Nubia-Eurasia collision, are currently accmmodating
mog of the plate convergence rate. Based on geophysica and geologica observations these
blocks are charaderized by continental-type (Vaencia Trough and Baleaes Promontory;
Pascd et a., 1992, trangtiond-type (Alboran block; Comas et al., 1999 Toméet al., 2000
and oceanic-type crug (oceanic western Algerian Blodk; Medaouri et a., 2014). The blocks
are delimited by inheited lithogpheic shea structures (e.g., Acoda et d., 2002. Among
these blodks, the (oceanic western) Algerian one is currently ading as an indenter,
tranderring a fradion of the convergent rate into Eastern Betics and likely causng the

eastward motion of the Baleaic Promontory.

Mog of the observed cruga ground deformation can be attributed to processes driven by
spatialy variable lithopheric plate forces imposed alongthe Nubia-Eurasia convergence boundxry.
Nevertheess the observed deformation field infers a very low convergence rates as observed also
at the eastern side of thewestern Mediterranean, alongthe Calabro Peloritan Arc, by space geodesy
(Palano, 2015.
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Figure Captions

Figure 1. Simplified tedonic map of western Mediterranean showing the main geologicd and
structural feaures of Eurasia and Nubia plates. Mapped faults are redrawn from Acoda et al.,
(2002) Asendo et al. (2012) Garcia-Mayordomo et al. (2012) Meghraoui and Pondelli, (2012)
Palano et a. (2013) Abbreviations are as follows, reporting location of major basins: Liguro-
Provencal (LPB), Algero-Baeaic (ABB), Alboran (AB), Vaencia Trough (ValT); Massdfs:
Hercynian (HerM) and Morrocan Meseta (MM); Mountin Belts: Cantabrian Mountins (CanMt),
Cogdero-Catalan Chain (CCQ), Iberian Chan (IbC), Pyrenees, Atlas, Tell, Rif and Betics; Oceanic-
Continent domains: Galician Bank (GaB), Gorringe Bank (GoB), Horseshoe Bank (HoB) and Gulf
of Cédiz (GC); Fragmented blocks: Baleaes Promontory (BalP) along Emile Baudot Escarpment
(EBE), and Sardinian Corsica block (SC), and major plate boundry structures: Gloria Fault and
Algerian margin. Colours and paterns represent different rock ages. 1. Neoproterozoic, 2.

Paleozoic, 3. Mesozoic, 4. Tertiary-Quaernary basins, and OC, Oceanic crud.

Figure 2 a) Historicd eathquekes  (with  estimated magnitude  M>5;
www.emidiuseu/SHEEC/sheec 1000_189%tml; Stucchi et a., 2013) occurred in the last
mill ennium are reported as blue and yell ow squares, for 1000- 1899and 1900- 1999time intervals,
respectively. Ingrumental seismicity (from 2000 up to date; www.ignes), sized as a function of
magnitudeand classfied with different colors as afundion of the focusdepth, is reported as points.

b) lower hemisphere, equal areaprojedion for fault plane solutionswith magnitudes of between 3.0
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and 8.0; FP$ are colored acording to rake: red indicaes thrug faulting, blue is nomal faulting,
and yellow is strike-dli p faulting.

Figure 3. GNSSvelodties and 95per cent confidene €lli pses in a fixed Eurasian reference frame
(seeSupplementary Material for detail s).

Figure 4. Gray arrows represent smocthed velocities obtained by applying a median filter to all
stations within 1x1 degree grid. Blue and red dashed lines represent small circles around the
location of the estimated pole of rotations corresponding to the virtuad lberia w.r.t. Eurasia (blue)
and Nubia w.r.t. Eurasia (red) poles. Predicted GNSSvelodty vedors are show for points alongthe
approximate location of the plate boundry (blue Iberia-Eurasia virtud pole, and red Nubia-Eurasia
pole). Note that the azmuth of the small circles, and hence the predicted motionsare only aligned
onavirtud line that crosses central Span striking N30°E diredion, and cutting the Nubia-Eurasian
plate bounday around the Gulf of Céadiz. However, the magnitudes of the blue and red vedors

disagreeby abou 60% Orange lines show asimplified plate bounday.

Figure 5. a) NE-SW profile perpendicular velodty from the pole of rotation in stable undeformed
Iberia interior the pole of rotation in to the plate bounday limit at SW Iberia (Gulf of Cadiz). Gray
dots are origind obsrved profile-padlel velodty. Bladk dots spatialy filtered median
observations Red lineisamodd usng box-car plate boundiry condition with Vo=5 mnmvyr, L=350
km, n=2.5. Blue line represents the predicted perpendicular velocities from the estimated Iberian
rotation pole model. b) Map showing the location of the seleded profile (blueline). The end points
of the seleded profile were seleded to match the inferred Iberian Euler pole and the inferred Nubia-
Eurasia plate boundry zone ¢) Misfit (mmvyr) plot as a function of half-wavelength, L and n
power-law index for the case of homogeneous bounday condition. d) Misfit (mmyr) plot as a

fundion of box-car length, L and n power-law index for the case of box-car boundary condition.

Figure 6. Detail of the GNSS velodities and 95 per cent confidence ellipses in a fixed Eurasian
reference frame for the Algerian margin, Eastern Betics and Baleaes Promontory area
Abbreviations are: GC, Gulf of Cadiz; WAB, Western Alboran Basin; AH, Al-Hoceima; GB,
GranadaBasin; SN, Serra Nevada SF, Sierra de Filabres; TASZ, Trans-Alboran Shear Zone
EBSZ, Eastern Betics Shear Zone YF, Yusuf Fault; EBE, Emile Baudot Escarpment.
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Figure 7. Schematic modd: main lithophee domains are reported as irregular polygons with
different colors. Eurasia, Nubia and Iberia are represented as large plates with continental and
oceanic lithopheres domains Eurasia and Iberia canna be distinguished in terms of motion in the
areaof the Pyrenees, therefore they are shown as a singe block with potentiall y variable strength,
as shown the variable red shade SW and Western Iberia is undegoing clockwise rotation that fades
away towards North and Eastern Iberia. There are smaller domains in between the major plates,
such as the Alboran one which in currently undegoing clockwise rotation, internd deformation
and contradion in the West and SW borders. Geodetic data indicaes that the Baleaes promontory
is escgping to the NE, however its border structures still to be defined. Sardinia-Corsica block is
condgstent in motion with the Eurasian plate. Findly, convergence and interseismic cougding is
variable along the Algerian margin, with a possble stronger oceanic lithogphee off-shore Oran
(Western Algeria), which effedively trander part of conwvergence into the SE Iberia (Eastern
Betics).
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*Highlights (for review)

Resear ch highlights
An updded GNSS velocity field for Westein Mediterranean.
Large-scde clockwiserotation of SW and W Iberian Peninsua w.r.t. Eurasia.

Fragmengtion ofthe Westein Mediterranean basin into crustd tedonic blocks
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