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Key Points:

+ The Spanish-Portuguese Central
System (SPCS) is a 2,500-m-high
Cenozoic intraplate crustal pop-up,
with a length of 700 km and a throw
of 5 km, with no evidence for tectonic
inversion

« The SPCS is northwardly connected
to the Pyrenean Orogen. The
maximum compression was
recorded during the Upper
Priabonian to Lower Chattian, with
an Upper Tortonian-Gelasian (Betic)
rejuvenation

« The presence of the large NE-SW
subvertical Messejana-Plasencia
Jurassic dyke conditioned a
strike-slip displacement in the
Messejana-Plasencia (MP) Fault that
was compensated throughout
thrusts with the same trend by strain
partitioning
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Abstract The intraplate deformation of Iberia during the Cenozoic produced a series of ranges and
deformation belts with a wide variety of structural trends. The Spanish-Portuguese Central System is the
most prominent feature crossing over the whole of central Iberia. It is a large thick-skinned crustal pop-up
with NE-SW to E-W thrusts. However, the 500-km-long left-lateral strike-slip Messejana-Plasencia fault, also
NE-SW oriented, bends these thrusts to produce NE-SW local paleostresses close to the fault, which seems to
be consistent with a common deformational arrangement. This is also supported by the similar sedimentary
infilling characteristics found in the surrounding Cenozoic basins. The moment of the maximum intraplate
deformation is registered at the same time in all these basins during the upper Priabonian-lower Chattian. As
there are two possible sources for the intraplate compressive stresses, the Pyrenean (N-S shortening) orogen
to the north and the Betic (NW-SE shortening) orogen to the south, neither can simply explain both
simultaneous movements (NE-SW strike-slip and NE-SW thrusting). The deduced age of the main
deformation indicates a Pyrenean origin. In contrast, the concept of strain partitioning between the two types
of faults gives as a result an overall north trending compression. Existing data do not support crustal
detachment from the Betics neither from the Pyrenees but are consistent with a crustal uplift related to
lithospheric folding. The subsequent Betic-related stress field only slightly reworked previously
Pyrenean-related structures, except for the Portuguese sector, where tectonic activity occurred mainly in the
Upper Miocene.

1. Introduction

The Iberian Peninsula is shaped today by an amalgam of two minor plates, the Iberian Plate and a part of the
Alboran Plate, which have been relatively independent during the Cenozoic and have ended up trapped
between two major plates, Nubia and Eurasia. This complex tectonic arrangement, together with the
different stages of mechanical coupling-decoupling between the involved plates and the different rheology
between the east and west of Iberia, has produced a relief pattern and a distribution of characteristic
Cenozoic Basin and Ranges Deformation Belts, very different from other areas of the Western Europe
Alpine foreland.

Given its size, amount of Cenozoic deformation, and degree of geological knowledge, the interior of Iberia is a
true natural laboratory for understanding the interactions between farfield stresses occurring at the plate
borders and the formation and evolution of intraplate basins and chains.

Intraplate ranges in the Iberian Peninsula offer a genuine sample of possible structural styles. On the one
hand, the presence or absence of sedimentary cover, mainly represented by Mesozoic sediments, produces
two sets of well-differentiated ranges. Thus, in the eastern part and fitting with the location of Permo-Triasic
and Cretaceous rifting processes, the ranges related to the Iberian Chain were developed with an important
tectonic inversion. Although the deformation involves the basement, detachments also appear in the cover.
In contrast, the absence of a sedimentary cover and previous extensional structures in the western part
excludes tectonic inversion. Therefore, here Cenozoic deformation developed over an area with a more
homogeneous rheology, which produced a fairly regular distribution pattern of Cenozoic chains, basins,
and deformation belts.

In these ranges without cover (developed in the Variscan Massif), several types of structures can be
distinguished depending on the nature of the basement and their position with respect to large lithospheric
and crustal folds, which seem to follow their formation. These structures correspond to pop-ups and triangle
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zones; monoclinal ramps with the formation of a basin in the footwall; basement imbricate thick-skinned and
thin-skinned thrust systems; and piggyback basins.

In this study, geological and geophysical data collected from the intraplate deformation of central-west Iberia
are used to describe the crustal structure affected by compressive stresses for the full length of 700 km of the
Spanish-Portuguese Central System (SPCS). Unlike other ranges of the interior of Iberia (e.g., Iberian Chain),
the role of tectonic inversion in the SPCS is negligible (except in the area closest to the Atlantic, containing
a Mesozoic record). Because the rates of intraplate deformation in central Iberia during the Cenozoic appear
to be much smaller than those typical of plate boundary orogens, the presence of thrusts with a throw up to
5 km provides a very special character for this range. Another interesting aspect of the SPCS structural
arrangement is the presence of a major strike-slip fault parallel to the thrusts with a 500-km-long trace: the
Messejana-Plasencia (MP) Fault. To simultaneously interpret both types of structures, we explore the concept
of strain partitioning in an intraplate tectonic regime subject to lithospheric folding. We also discuss the
possible existence of a crustal detachment connecting the studied range with both related orogens: Betics
(S) and Pyrenees (N).

2. Methods

The information presented here is derived from structural, geophysical, stratigraphic, sedimentological,
geomorphological, and chronological data using a standard approach:

1. Geomorphological analysis and fault pattern cartography of the studied area. Available geological maps
(IGME, Spain) do not provide adequate information about the Alpine faults. We have interpreted
information from previous studies (e.g., de Vicente et al., 2007) improved with additional mapping of
new structures.

2. Determination of the crustal structure of central Iberia from available databases. The crustal structure
beneath Iberia and its continental margins have been explored by a large amount of seismic experiments
since the early 1970s, which provided information on seismic wave velocities and the geometry and
depth of the main crustal interfaces. Information about physical properties of the crust can be obtained
from a number of geophysical techniques including seismic and potential field data analysis. Seismic
techniques include wide-angle reflection/refraction seismic profiles, seismic tomography, and receiver
functions data. The wide-angle reflection/refraction seismic profiles appear to be the most reliable
techniques to constrain the velocity-depth distribution and Moho depth, as the position of the main
interfaces and the seismic velocity values are readily inferred from the data through modeling with
determinable uncertainties.

3. Field ground truthing and characterization of Cenozoic sedimentary units and their relation with tectonic
structures. We compiled data from previous studies (e.g, Cunha et al, 2000; de Vicente &
Mufoz-Martin, 2012) and established a coherent tectonostratigraphic sequence for the intraplate
Cenozoic basins infilling of central-western Iberia.

4. Literature analysis of absolute dating data (thermogeochonology) from the main intraplate ranges and a
comparison with basin infill data.

5. Compilation of paleostress analyses of central-western Iberia and establishment of the active stress field
from earthquake focal mechanisms (e.g., de Vicente et al., 2008).

6. Final integration, analysis, and interpretation of data.

3. Geodynamic Setting

During the Cenozoic, the Iberian Peninsula experienced an intense intraplate deformation as a result of stress
transmission from its successive active borders (first the N border and later the SW border). Therefore, since
the middle Campanian (Late Cretaceous), the northern border of Iberia transmitted a N-S compressive stress,
leading to the progressive genesis of the E-W-oriented Cantabrian-Pyrenean orogen at the north. Since the
Lutetian (Middle Eocene), southward sedimentary basins were formed by lithospheric folding (Cloetingh
et al, 2002; Mufioz-Martin et al, 2010; Tejero et al, 2010), also W-E to WSW-ENE oriented (e.g., the
Cenozoic Mondego basin aligned with the Duero basin, the Lower Tagus basin aligned with the Madrid basin,
etc,; e.g., Cunha, 1992a; de Vicente et al, 2011; de Vicente & Vegas, 2009; Pais et al., 2012), reflecting a
well-distributed deformation (de Vicente & Vegas, 2009).
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During the Lutetian to early Chattian, the N-S shortening reached a maximum deformation within the
northern border of Iberia (Vergés, 1999). However, it was during the late Chattian to Burdigalian (Late
Oligocene to Early Miocene) that it reached a maximum within the Iberian interior, clearly registered by
coeval deformation in the Iberian Chain (to the E; de Vicente et al,, 2009) and in the Lower Tagus basin (to
the W; e.g., Curtis, 1999). Apatite fission track data show an important cooling event in the Cameros area
between 31 and 40 Ma (del Rio, 2009), also registered in the SPCS (Spanish sector; De Bruijne &
Andriessen, 2002) and in the westernmost part of the Cantabrian Pyrenees (Fillon et al., 2016). At the same
time, a NW-SE trending compressional stress field is registered in the Spanish sector of the SPCS.

The continuation of the movement toward NW of the African plate led to the climax of intraplate
compression in Iberia, probably already oriented NNW-SSE to NW-SE, initiated at ca. 9 Ma (middle
Tortonian; Dewey et al., 1989). This caused the renewed uplift of the Central System (Spanish, Portuguese
onshore and also offshore; e.g., Cunha, 1992a; De Bruijne & Andriessen, 2002; Ribeiro et al., 1990) and of
the Mountains of NW Portugal, mainly by reverse faulting and thrusting (Cunha, 1992a; Cunha et al., 2000).
The Betic orogen was able to transfer NW-SE-oriented compressive stresses to its foreland for a shorter period
of time (ca. 9-3.7 Ma), probably because of the fast rollback process related to the subduction of the Alborén
domain (Spakman & Wortel, 2004) and the subsequent crustal thinning in the early Miocene, which resulted
in the subsidence of much of the region below sea level developing the Alboradn basin (Comas et al., 1999).
During this tectonostratigraphic stage of deformation, NNE-SSW fault zones were compressively reactivated
as left-lateral strike-slip faults with significant vertical displacement, producing local sedimentary basins and
uplifted areas along the fault trace. As a consequence, since middle Tortonian, the Iberian intraplate ranges
and the Cenozoic sedimentary basins were also deformed by the newly oriented NW-SE compressive stresses
related to the emplacement of the Albordn Domain (Betics) to the south, resulting in several
tectonostratigraphic events being produced. These are recorded by allostratigraphic units, separated by
sedimentary discontinuities related to the successive tectonic phases (Calvo, 2004; Calvo et al, 1993;
Cunha, 1992a, 1992b; Pais et al.,, 2012).

During the last ca. 3.7 Ma, the registered active stresses in front of the Betics have been extensional (de
Vicente et al.,, 2008), but in the SW corner of Iberia, compressive active stresses and reverse focal mechanisms
still prevail and point to a Quaternary WNW-ESE-oriented compression (e.g., Cabral, 1995, 2012; Cunha et al.,
1993, 2008; de Vicente et al., 2008; Sequeira et al., 1997).

3.1. Compatibility Between Main Structural Trends and Stress Directions

As a result of the successive intraplate stresses, the Alpine mountain ranges and deformation belts of Iberia
show a variety of structural trends and related paleostress fields (e.g., de Vicente et al,, 2011; Figure 1).
Thick-skinned tectonic related thrusts dominate, namely,

+ E-W thrusts: Toledo Mountains (3a), Badajoz Thrust (3b), and two domains within the Iberian Chain,
Cameros-Demanda (2a), and Montalban (2b).

« NE-SW thrusts: Central System (comprising two sectors, Spanish, 1a, and Portuguese, 1b) and the Catalan
Coastal Ranges (4).

A single N-S compression can directly explain the structures of (A). The Altomira Range (2¢) has been
interpreted as a thin-skinned tectonics escape structure toward the W, under constrictive conditions of the
deformation with a regional N-S shortening (Muioz-Martin, 1997). This stress orientation can also explain
the left-lateral movement of (5).

For the Iberian Chain, the intense anisotropy produced in the upper crust during the Permian-Triassic and
Cretaceous rifting processes gave rise to partitioned, separate, deformational domains of pure shear and
simple shear during the Cenozoic inversion of previous tectonic structures. Structural weakness zones, mainly
previous normal faults, were capable of partial accommodation of the Alpine deformation. Large E-W
extensional faults originated during the Cretaceous at Cameros-Demanda and Montalban sectors of the
Iberian Chain were partially inverted as thrusts (2a, 2b), whereas Permo-Triassic NW-SE normal faults gave rise
to a wide transpressive belt with a clear strain partitioning (2e) (de Vicente et al., 2009).

For (1a), (6), and (4), the structural behavior is quite different. For the majority of the Cenozoic, N-S- to
NNW-SSE-oriented intraplate stress fields led to distinct tectonic deformations controlled by the direction
of the active faults: (i) the single MP fault (ca. NE-SW, 6) more than 500 km long, which moved as a pure
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Figure 1. Identification of the main Cenozoic tectonic systems in Iberia, corresponding to significant topographic relief,

and adjacent sedimentary basins.

left-lateral strike-slip fault; (i) the ENE-WSW to NE-SW thrusts that uplifted the SPCS accumulating an intense
pure shear deformation, mainly concentrated in the SCS (Madrid Basin) Thrust (more than 5 km of vertical
throw over the Madrid Cenozoic Basin); (iii) important NNE-SSW Late Variscan fault zones (5) located in
northern mainland Portugal were reactivated as left-lateral strike-slip deformation belts, sometimes with
significant local and regional vertical displacements (Plateaus and Mountains of Northern Portugal and
Leon Mountains in Spain). This tectonic pattern resembles more than occurring in obliquely convergent plate

borders with strain partitioning than what is observed in transpressive belts.

4, Results

4.1. The SPCS

This intraplate crustal pop-up can be defined as a roughly ENE-WSW range (alternatively oriented E-W and
NE-SW in Spain and NE-SW in Portugal; Figure 2). Being up to 2,500 m high, it constitutes the most prominent
topographic elevation in the interior of the Iberian Peninsula. It is more than 700 km long, from the Iberian
Chain to the Atlantic border in Portugal, comprising the Portuguese Central Range (Gardunha, Estrela,
Acor, and Lousa Mountains) and the Western Mesozoic Terrains (Mesozoic onshore terrains uplifted during

the Cenozoic).
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Figure 2. Identification of the main Cenozoic faults, Cenozoic sedimentary basins (Mondego, Duero, Lower Tagus, Badajoz, and Madrid), and general stratigraphy.
Variscan metamorphic basement = phylites and metagreywackes, Late-Post Orogenic granitoids = mainly granites, Permian to Mesozoic = sandstones/siltites and
limestones/marls, Cenozoic = mainly sandstones and conglomerates. Cartography of the upper Campanian to Quaternary allostratigraphic units (UBS) is represented.
Thrust faults (referenced in red): BA = Baides, HO = Honrubia, NCS = North Central System, SCS = South Central System, PE = Penalara, NG = North Gredos,

PA = Paramera, SV = San Vicente, SG = South Gredos, TO = Toledo, OR = Oropesa, GU = Guadalupe, NBA = North Badajoz, CO = Coria, SM = San Mamede,

POG = Ponsul-Gata, CR = Ciudad Rodrigo, CBO = Cebola-Bogas, SL = Seia-Lousd, PLC = Pombal-Leiria-Caldas da Rainha, ARR = Arrife. Strike-slip faults (referenced in
blue): SO = Somolinos, MP = Messejana-Plasencia, ZA = Zapardiel, AT = Alba de Tormes, SA = Sangusin, MVB = Manteigas-Vilarica-Braganga, PRV = Penacova-Régua-
Verin, PT = Porto-Tomar.

The SPCS separates two sets of Cenozoic continental basins (Mondego and Duero basins, to the north; Madrid
and Lower Tagus basins, to the south). The contact of the SPCS with these basins is always a major
thick-skinned tectonics-related thrust (Variscan basement over Cenozoic sediments; SCS, NG, SG, and HO in
Figures 2 and 3), which clearly indicates the compressive origin of this range with double vergence. In the
Spanish sector (that includes the Somosierra, Gredos, and Gata-Sierra de Francia Mountains), the southern
thrust seems to accumulate a larger displacement, whereas in the north, the tectonic structure appears as a
series of imbricate thrusts with smaller individual displacements (de Vicente et al.,, 1996, 2004; Ribeiro et al,,
1990; Vegas et al., 1990). The Gredos and the Gata-Sierra de Francia ranges are separated by the MP fault.

The eastern Portuguese sector (Portuguese Central Range) comprises to two main NE-SW-directed basement
uplifts of the Lousa-Acor-Estrela (1,990 m) and Gardunha (1,227 m) ranges, which are separated by NE-SW
faults. The compressive deformation appears to be mainly concentrated in the NW and SE borders, in two
thrusts corresponding to the Seia-Lousa (SL) fault and to the Ponsul-Gata fault (Figure 2).

The closest area to the east of the MP fault (Gredos Mountains) presents a roughly E-W (N80°) direction,
different from the other sectors. It is composed of three longitudinal pop-up-like basement elevations with
thrusted triangle zones, some of them filled by Cenozoic sediments (e.g., the small Amblés Basin).

The Spanish sector of the SPCS terminates to the east against the Iberian Chain, interpreted as a crustal
right-lateral tear deformation belt of the Central System (de Vicente et al., 2009).

The Portuguese Central Range is roughly limited by the Manteigas-Vilarica-Braganca (MVB) fault (to the east)
and by the Penacova-Régua-Verin (PRV) fault (to the west). There is an apparent relationship between the
south terminations of these strike-slip left-lateral faults and the Portuguese Central Range and the Western
Mesozoic Terrains (Montejunto-Sintra reliefs) crustal pop-ups. They apparently draw a compressive horsetail
structure (Figure 2) that seems to have transferred the N-S (Pyrenean) compressive deformation southward
its foreland (Vegas et al., 2004). This global arrangement supports the idea of a N-S shortening direction as
the initial development of the SPCS during the Oligocene-Miocene, which is related to the Cantabrian
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Figure 3. Examples of thick-skinned tectonic-related thrusts from the Spanish Portuguese Central System (SPCS). (a) NG north of Avila at Avila-Salamanca A-50 high-
way. (b) NG at Zarzuela del Monte, Avila. (c) OR at Oropesa, western Madrid basin. (d) TO at Toledo city. () POG at Idanha a nova, Ponsul-Moraleja basin. (f) SCS at
Belefa de Sorbe, western Madrid basin. (g) HO at Fuentenebro, Duero Basin. The names of the faults are given in Figure 2.

Mountains-Pyrenees orogen. The initial deformation in the Montejunto anticline and the Arrdbida range
(Western Mesozoic Terrains) was related to a roughly N-S shortening (Curtis, 1999) dated as 17 Ma
(Burdigalian; e.g., Kullberg et al., 2000). This phase occurred prior to the development of the NE-SW thrusts,
which can be considered as the PRV or Porto-Tomar (PT) strike-slip terminations later reactivated by the
NW-SE Betic compression. Nevertheless, the overall ENE-WSW structural trend of the Arrdbida chain points
more to a NNW-SSE shortening direction for a significant part of the Cenozoic.

In the Spanish sector of the SPCS, Apatite Fission Track (AFT) data suggest that the most accelerated cooling
events can be grouped into four periods (De Bruijne & Andriessen, 2002): Middle to early Late Eocene
43 + 7 Ma, Early to early Late Oligocene 30 + 4 Ma, Early Miocene 19 + 3 Ma, and Late Miocene to present
day 5 £ 5 Ma.

4.2. Crustal Structure of Western Central Iberia

The most accurate and complete databases to define the Iberian crustal geometry are the deep sounding
seismic profiles and teleseismic receiver function compilations completed by Diaz and Gallart (2009), Diaz
et al. (2016), Dindar et al. (2016), Mancilla and Diaz (2015), and Mancilla et al. (2015). Those targeted
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Figure 4. Moho depth maps interpolated or resampled to a 5 x 5-min grid (contours each 1 km), obtained from (a)
CRUST1.0 model (Laske et al., 2013), (b) GEMMA model (Reguzzoni & Sampietro, 2015), (c) gravity data and local isostasy
(Mufioz-Martin et al., 2004), (d) Deep Seismic Soundings (Diaz et al., 2016), (e) receiver functions studies (Mancilla & Diaz,
2015), and (e) Bouguer anomaly (mgals).

studies on the Iberian crust are complemented through other global databases, which provide the geometry
of the crust in a continuous way worldwide. Of these, the best known are the CRUST 1.0 (Laske et al., 2013) and
GEMMA (Reguzzoni & Sampietro, 2015). The CRUST 1.0 model (Laske et al.,, 2013) provided a 1° by 1° grid of
the Moho based on a seismic tomography model from surface wave, free oscillation, and body wave travel
times of the arrival times in earthquake catalogues. The GEMMA model (Reguzzoni & Sampietro, 2015) is
based on satellite gravimetric gradiometry data inversion constrained by seismic data of deep refraction
and sedimentary fill thickness with a final resolution of 0.5° x 0.5° (Figures 4a, 4b, 4c, 4d, and 4e).

The main problems when using these data to interpret the Alpine structure of western Iberia include the
following:

(@) There are few and sparse deep seismic refraction profiles in the interior of the Iberian Peninsula.

(b) Deep seismic profiles with E-W or NE-SW orientations are suitable for analyzing the structure of the
Iberian margin or the Variscan Orogen, but they do not allow the analysis of the main Alpine structures
recognized in the field, which have orientations from E-W to NE-SW.

(c) The crustal thickness data based on receiver functions have been obtained mainly from the seismic
stations of the TOPOIBERIA project (Mancilla & Diaz, 2015), along an approximately regular mesh of
60 x 60 km. These authors provide a continuous Moho geometry with low resolution (1 datum every
60 km or more) obtained from the 1D models of V,, and V,. However, topography wavelength is narrower
than seismic station separation. Therefore, the crustal thickening inferred below the higher Alpine reliefs
might be misestimated. Although it does not deviate much from the deep sounding seismic data, it
presents a more irregular distribution when compared to the topography. Thus, the presence of specific
data in the Guadarrama area with a crustal thickness of >40 km (Figure 4e) is biased to the general
pattern. In the Portuguese sector, the Moho database from Diaz and Mancilla is augmented by adding
the results of Diindar et al. (2016), which allow a clearer relationship with first-order geological features
such as the Gata Sierra (Figure 5).

Gravimetric data (Figure 4f) make it possible to establish a continuous geometry of the Moho by inverting
local isostatic models or combining steady-state thermal analysis (Mufioz-Martin et al., 2004; Torne et al.,
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2015). Unfortunately, local isostatic behavior is a simplification, as shown
by several studies, because of the presence of flexural deformations of
the crust and/or the lberian lithosphere (Cloetingh et al., 1999, 2002;
Mufoz-Martin et al, 2010). So, assuming that range compensation
occurs vertically is very simplistic. Also, thermal conductivity and
radiogenic production data are taken together, which is also very
simplistic. Finally, the development of 2D gravity models that adjust the
large wavelengths of gravimetric anomalies to the geometry of the
Moho allow us to analyze this geometry across the main chains (de
Vicente et al., 2007; Pous et al., 2012). These studies reveal the presence

(2) N
\ .

24 26 27 29 30 32 33 35 36 38 39 41 of a cortical thickening below the Alpine ranges between 33 and 36 km
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Moho depth (km)

(Guadarrama and Gredos ranges).

Considering all these limitations, recent Moho maps superimposed
on the main faults (Figure 5) allow us to relate some of the most
important Alpine structures to variations in Moho geometry in the

SPCS surroundings.

Each of the crustal models involves crustal thicknesses in the SPCS ranging from 32 to 35 km, with the
greatest thickness related to the Gredos area. Continuous models show this thickening with an orientation
parallel to the main reliefs (ENE-WSW). These thickenings have been interpreted as a result of brittle
deformation in the upper crust and by ductile thickening in the lower crust (de Vicente et al.,, 2007). In this
way, in the interior of the Iberian Peninsula, the Moho very gently reflects the main intraplate Alpine reliefs.
Westward of Gredos, thickening is not observable anymore. A relatively flat area around 28-30-km depth is
developed as thickening ceases and gives way to a crust with a minimum thickness of between 28 and 30 km,
corresponding to the surface development of the basins of Ciudad Rodrigo and Ponsul-Moraleja. In the Serra
da Estrela and Sierra de Gata ranges, there is some crustal thickening, but it does not seem to exceed
30-32 km. The transition to the western Mesozoic cover is shown as a crustal thinning zone with thicknesses
of less than 28 km.

The NNE-SSW left-lateral strike-slip deformation belt of western Iberia, and its related horsetail splays, is also
clearly depicted as a relatively shallow Moho depth bordered by two relative highs with a short wavelength.
The same situation seems to occur along the MP Fault (Figure 5).

4.3. Crustal Cross Sections of Western Central Iberia

One of the most important features of the SPCS is that it is not an inverted range. Only in the westernmost
part (Western Mesozoic Terrains) some Mesozoic normal faults of the Lusitanian basin (Rasmussen et al.,
1998) resulted in tectonic inversion (Arrife and Pombal-Leiria-Caldas da Rainha; Figure 6e). The Somolinos
fault (Figure 2) was also an important Permo-Triassic normal fault but is considered as the limit between
the SPCS and the Iberian Chain, where Cenozoic inversion is ubiquitous. Thus, the presence of the MP dyke
and the large Post-Late Variscan batholiths of central Iberia could have played an important role in the
nucleation of the SPCS since its trend is almost perpendicular to the Variscan grain (Figures 2 and 5).
Although overall the SPCS is a double vergence crustal pop-up, the main tectonic transport is southward
directed. This is shown by the fact that in the eastern part, the Southern Thrust (SCS; Figure 2) accumulates
the maximum displacement (Figure 6a) but also because the Portuguese Central Range and the Western
Mesozoic Terrains are horsetail splays of left-lateral faults (PT, PRV, and MVB) that transfer the Pyrenean
deformation toward the South.

The style of deformation of the sector north of the Madrid Cenozoic basin is quite different from that of the
central part of the SPCS. Here the range has an orogenic wedge-like structure, with a series of imbricated
thrusts toward the Duero basin. The detachment levels are not within the sedimentary cover but in the meta-
morphic Variscan basement, which is different to the west with a mainly granitic basement. Along the SCS,
back thrusts and triangle zones are very frequent, while to the NE, pop-ups predominate as far as the NCS,
where the maximum crustal thickness is reached in the SPCS (41 km; Figures 5 and 6a; Diaz et al., 2016).

Regular triangle zones and pop-ups are characteristic of Gredos (Figure 6b), while to the north, the MP and ZA
faults seem to draw a crustal positive flower structure close to the border of the Duero Basin. This cross
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Figure 6. Lithosphere-scale cross sections of western central Iberia. Sections are represented at equal horizontal and ver-
tical scale. Thrust faults (in red): BA = Baides, HO = Honrubia, NCS = North Central System, SCS = South Central System,
PE = Penalara, NG = North Gredos, PA = Paramera, SV = San Vicente, SG = South Gredos, TO = Toledo, OR = Oropesa,
GU = Guadalupe, NBA = North Badajoz, CO = Coria, SM = San Mamede, POG = Ponsul-Gata, CR = Ciudad Rodrigo,

CBO = Cebola-Bogas, SL = Seia-Lousd, PLC = Pombal-Leiria-Caldas da Rainha, ARR = Arrife. Strike-slip faults (in blue):

SO = Somolinos, MP = Messejana-Plasencia, ZA = Zapardiel, AT = Alba de Tormes, SA = Sangusin, MVB = Manteigas-Vilarica-
Braganca, PRV = Penacova-Régua-Verin, PT = Porto-Tomar.

section coincides and fits well with constraints from a recent magnetotelluric profile (Pous et al., 2012). In this
case, the thickened crust is located to the south, below the SCS thrust.

Figure 6c shows a section crossing from the Ciudad Rodrigo to the Guadalupe thrusts, both with two
imbricate fans and opposite tectonic transport. The SA-ZA-AT left-lateral fault system draws a palm tree like
structure. The terminations of the Ponsul-Gata and Southern Gredos thrusts must be connected at depth with
this deformation belt and with the MP fault, respectively. Here the Moho depth is larger just below the MP
fault. The same kind of connection must exist between the MVB fault and the Portuguese Central Range
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Figure 7. 3D reconstruction of lithospheric main Cenozoic faults of western central Iberia (for comparison, crustal cross sections represented in Figure 6 are also

shown here).

thrusts (SL and Cebola-Bogas; Figure 6d) since they form a horsetail splay structure with a crustal thickening
beneath the SL thrust. There is a smooth increase of the Moho depth (1 km; Figure 5) along the PRV left-lateral
fault that must be related to a positive flower structure. This arrangement could explain some of the
sedimentary infilling characteristics of the western sector of the Duero Basin.

In the westernmost section (Figure 6e), the crust is thickened to the west of the junction of the PT and PRV
faults. The ARR thrust is a clear example of a partially inverted Mesozoic normal fault of the Lusitanian
Basin. Nevertheless, the Mesozoic thickness increases to the west of the Pombal-Leiria-Caldas da Rainha
thrust and cannot be explained as an inversion of a west dipping normal fault. In this case, this supports
the existence of a cover detachment nucleated on a different normal fault to the east. A 3D reconstruction
of all these cross sections is presented in Figure 7.

4.4. Cenozoic Tectonostratigraphic Stages and Episodes of Deformation

The stratigraphic history of the successive phases of compression between Iberia, Europe, and Africa is
recorded in the sedimentary basins of Iberia in the form of units bounded by unconformities. The
unconformity-bounded units recognized in the latest Cretaceous and Cenozoic record are as follows (e.g.,
Antunes et al., 1995; Calvo et al,, 1993; Cunha, 1992a; Cunha et al.,, 2000; Figure 8):

+ The upper Campanian to lower Ypresian tectonostratigraphic stage is recorded in western and central
Iberia as the allostratigraphic units UBS5 and UBS6, which comprise recycled fluvial sedimentation and
peridiapiric alluvial fans, and also by tectonic (N-S, NE-SW, and NW-SE with steeply dipping faults) and
magmatic activity. This stage records the beginning of the N-S compression (Pyrenean).

+ The Lutetian to lower Chattian tectonostratigraphic stage is represented by the UBS7 and UBSS, the
sedimentary record of which can be interpreted as low-gradient alluvial fans and large braided rivers.
The main lithologies are poorly sorted green arkoses and conglomerates. These two allostratigraphic units
record the intensification of the N-S compression, expressed by two tectonic events (“Pre-maximum
Pyrenean”"—ca. 47 Ma; “Pyrenean”—ca. 36 Ma) in a general setting of lithosphere folding (E-W to
ENE-WSW trending) and endorheic weak drainages. The UBS8 (upper Priabonian to lower Chattian;
Figure 9a) seems to record the maximum of Pyrenean compression in central Iberia.

« The upper Chattian to lower Tortonian tectonostratigraphic stage is represented by the allostratigraphic
units UBS9 and UBS10, which comprise fluvial orange arkoses and green silts, but also lacustrine clays
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Figure 8. Synthesis of the sedimentary infill of the Lower Tagus, Duero, and Madrid Cenozoic basins. Allostratigraphic units according to Cunha (1992a, 1992b).

and limestones (in the endorheic basins of central Iberia: Duero, Madrid, and Badajoz). These two allostrati-
graphic units record an intense N-S to NNW-SSE compression, expressed by a main tectonic event (called
“Neocastillian” in Spain and “Arrdbida” in Portugal—17 Ma). In the Arrébida Chain, there is also a renewed
tectonic event at 7.5 Ma. It generated active faulting, mainly as NNE-SSW left-lateral strike-slip faults and
ENE-WSW reverse faults.

« The upper Tortonian to Present tectonostratigraphic stage records the maximum of Betic intraplate defor-
mation, related to a dominantly NW-SE-oriented compression. Several tectonic events and allostratigraphic
units were identified: UBS11 (upper Tortonian to Messinian): poorly sorted green to brown alluvial fan grav-
els (clasts of metagreywackes and phyllites) and silty clays; UBS12 (upper Messinian to lower Zanclean):
poorly sorted red alluvial fan gravels and silts with clast composition dominated by white quartz and
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Figure 9. (a) Fluvial deposits of the UBS7 (Lutetian to Bartonian) and the UBS8 (Priabonian to Chattian) at Vale Furado coast (western central Portugal), Mondego
Cenozoic basin. (b) UBS8-9 at the S border (easternmost area) of the SCS. Record of the upper Chattian to lower Aquitanian tectonostratigraphic stage, the main
Pyrenean stage of compression (N-S). (c) UBS11-12 at the E border of the Coria basin. Upper Tortonian-Zanclean. The alluvial fans are thrusted by Variscan gneisses.
(d) Proximal alluvial fan deposits of the UBS13 (uppermost Zanclean to Gelasian), containing heterometric boulders of quartzite and weathered clasts of phyllite.
This outcrop is located near the faulted contact with the Variscan basement, produced by the Lousa-Seia thrust, at Mondego Cenozoic basin, Portela de Gdis (central

Portugal).

metagreywackes (Figure 9¢); UBS13 (uppermost Zanclean to Gelasian): heterometric ochre alluvial fan
gravels, containing large quarzitic boulders in areas fed by resistant ridges of Ordovician quartzites,
linked laterally to large gravelly and sandy rivers and marine siliciclastic (Figure 9d); UBS14 (Pleistocene
to Holocene): entrenched valleys and terrace staircases generated by the fluvial incision stage, with
Pleistocene terrace deposits, colluviums, eolian sands, but also Holocene modern river and coastal
sediments.

A characteristic feature of the Cenozoic basins of central Iberia (Duero and Madrid basins) is the presence of
progressive unconformities at their edges, reflecting the syn-tectonic nature of the Lutetian to lower Chattian
tectonostratigraphic stage. As an example, the Belefia de Sorbe-Torremocha de Jadraque unit (Portero &
Olivé, 1983) represents a marked change in the infilling of the Madrid basin, with a notable increase in alluvial
fan deposition. This unit has a thickness of over 900 m and becomes more terrigenous toward the top, with
decreasing number of marl layers and an increasing presence of relatively thick layers of channel bodies and
conglomerates (between 50 and 175 m thick; Figure 9b). These materials indicate an intense tectonic activity.
The upper part of the unit is eroded or covered by more recent sediments that are clear syn-tectonic facies
(50 m thick), forming a progressive unconformity together with the first Neogene unit (Calvo, 2004). The
sediments are red lutites with layers of conglomerate and sandstone. This facies distribution has led to
discrepancies in findings by different authors when assigning certain subunits to the Paleogene or to the
Neogene (Torres et al., 2006).

Considering the available AFT data from the SPCS (De Bruijne & Andriessen, 2002) as well as from the
Cantabrian Mountains (Fillon et al., 2016; Figure 8), a time delay is suggested between the uplift climax in
the Cantabrian Mountains and in the SPCS (respectively, 39-29 and 34-26 Ma). However, it is expected that
the deformation transmission from the main orogen to its foreland was not instantaneous, as documented by
analogue modeling results for the intraplate deformation of Iberia (Fernandez-Lozano, 2012;
Fernandez-Lozano et al., 2011). The morphology of the Late Cenozoic alluvial fans all over the SPCS is partially
preserved, and they do not constitute a continuous unit. They are well represented along the piedmonts of
the Toledo Mountains, Guadalupe thrust, Ponsul-Gata thrust, SL thrust, Coria basin margin faults (Figure 9),
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and in the area close to the Iberian Chain (SCS, NCS, and HO). Three different subunits can be widely
recognized (UBS11, UBS12, and UBS13). The lower alluvial fan unit (UBS11) has an average thickness of
40 m (reaching 100 m at the eastern SCS) and consists of heterometric gravels with a clay matrix, comprising
clasts of schist, gneiss, and granite (with accessory quartzite and quartz clasts), passing laterally into sands
and red clays. The UBS12 is similar to the lower unit (albeit with an appreciable increase in the proportion
of quartz and quartzite boulders). The UBS13 alluvial fan deposits are very thick (reaching 200 m) at the edges
of the basin thrusted borders, onlapping all the previous units; the unit is coarser and the clasts are
dominantly of quartzite. Altogether, the alluvial fan deposits also show smooth folds and are faulted
(Figure 9c). The recent uplift of the Portuguese Central Range and the Gata and Guadalupe ranges is also
recorded by these sediments (Cunha, 2008; Cunha et al., 2000).

From the AFT analysis (Fillon et al., 2016), there is no evidence of significant uplift in the Cantabrian
Mountains during upper Tortonian to present, whereas in the Betics, the main recorded uplift was dated
at 16.6 = 0.8 Ma (Andriessen & Zeck, 1996). In the SPCS, the last evidenced uplift is Late Miocene to present
day (5 = 5 Ma; De Bruijne & Andriessen, 2002). This pattern of time delay seems to be similar to that
observed during the Pyrenean orogenic pulse. It also supports the concept of a Betics origin for the
UBS11-12-13 sedimentation.

4.5. The MP Fault and Associated Cenozoic Sedimentary Record

The MP is nucleated on an Early Jurassic dyke (203 £+ 2 Ma; Dunn et al., 1998) that has been linked to a large
magmatic province related to the opening of the Central Atlantic and seems to be very similar to those
founded in the Labrador Peninsula (Shelburne dyke) and in Morocco (Foum-Zguid dyke; Vegas, 2000). This
large magmatic province suggests an Early Jurassic thermal anomaly at the base of the lithosphere within
Pangea. An underplating process at the base of the crust can be deduced (De Boer, 1992). This vertical
dolerite dyke crops out for more than 530 km with a variable width ranging from 5 to 200 m. lts composition
is very homogeneous, typical of continental tholeiitic basalt. The absence of lava flows has been explained as
a plume head detached with a quick cooling after impingement (Cebria et al., 2003). This has affected the
entire Iberian lithosphere.

The MP Fault nucleated on this dyke, but two different styles of deformation can be observed (ductile and
brittle), both pointing to the left-lateral movement of the fault.

Arthaud and Matte (1975), in a paper that is probably one of the most cited studies on the tectonics of the
Iberian Peninsula, dated this fault as Late Hercynian (Variscan). However, evidence that the fault had
significant activity during the Cenozoic was long underestimated. Nevertheless, the presence of Cenozoic
sediments in small basins along the fault trace were recognized early in Spain (Vegas, 1975), and the tectonic
control along the SE margin of the Cenozoic Alvalade basin was recognized in Portugal (Cabral, 1995; Cunha
et al., 2000; Pimentel, 1997, 1998). More recent studies found evidence of deformation in these sediments in
the Spanish sector of the fault (de Vicente et al., 2004; Villamor, 2002).

From its NE termination at the Duero basin toward the SW, the MP Fault shows examples of brittle releasing
and restraining steps from where a strike-slip left-lateral movement can be deduced (Figures 10 and 11).
Several pull-apart basins are recognized, including the Plasencia, Moro, Cafaveral, and Rivera de Araya basins
(Villamor, 2002; Figures 10 and 11). Crossing the Cabeza de Araya batholith, a series of alternating localized
convergence and divergence zones along the MP Fault can be observed (Figure 10). According to
Cunningham and Mann (2007), the Cafaveral basin (Figure 11) can be defined as an extensional duplex of
three normal faults with the main subsiding area to the NE and, to the SW, a developed paired bend with
a paired bend bypass fault to the south. Paleostress analysis close to Cahaveral (Figure 11) indicates an
Shmax almost parallel to the MP Fault.

Other small thrust-related basins appear at both sides of the fault (Amblés, Corneja, Cepeda, Zarza, and Coria;
Figure 10), showing similar characteristics. They are limited by E-W thick-skinned thrusts that bend toward
NW-SE close to the MP Fault. The thrusts in these basins typically appear offset by N-S (far from the MP
Fault) to NE-SW left-lateral strike-slip faults (close to the MP Fault), with the same sense of displacement than
the MP Fault (acting as transfer faults, not displacing the thrust segments). This tectonic arrangement indi-
cates that N-S trending shortening bends toward NE-SW approaching the MP Fault.
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Figure 10. Geological map showing the Messejana-Plasencia fault in the area between Coria (SW) and Amblés (NE). Several pull-apart basins are shown. A (Plasencia),
B (Moro), and C (Canaveral pull-apart) also appears in Figures 11 and 12. Fault names are given in Figure 2. Names of the basins are also indicated.

The strike-slip displacement of the MP Fault ranges between 3 and 5 km (Villamor, 2002). In addition to this
brittle displacement, a wide zone of ductile deformation can be observed affecting the entire Variscan
structure (Figure 10). In this case the left-lateral offset can be up to several tens of kilometers. This ductile
offset did not affect the Cabeza de Araya batholith (Figure 11), recently dated between 308 and 296 Ma
(Rubio-Ordonez et al., 2016. Consequently, if a late Variscan left-lateral shear zone existed, it had to be older
than 308 Ma. With this in mind, it is difficult to assign a late Variscan age to the MP Fault.

In the Plasencia area (Figure 10), the elongated directional duplex contains a sedimentary infill that starts with
a local red to orange gravelly (pebbles of slates) and silty lithostratigraphic unit (Barro Unit; Villamor, 2002).
This unit has provided fossil remains of Hispanotherium matritensis (Hernandez-Pacheco & Crusafont, 1960),
typical of zone MN5 (middle Aragonian; Langhian, early Middle Miocene). This sedimentary record can be
ascribed to the allostratigraphic unit UBS10.

The local Plasencia lithostratigraphic unit overlies, by sedimentary disconformity, the Barro unit and consists
of a succession of heterometric gravels, with predominance of slate pebbles and interlayers of silty clays
laterally discontinuous, indicating proximal and middle areas of alluvial fans. This sedimentary record can
be ascribed to the UBS11. The Pifionate lithostratigraphic unit consists mainly of fine matrix-supported
alluvial fan gravels, with rounded and small pebbles, which can be ascribed to the UBS12, overlain by the
Fuentiduenas lithostratigraphic unit consisting of ochre massive coarse gravels outcropping in the SW of
the local basin, which can be ascribed to the UBS13. All these three alostratigraphic units are gently dipping
toward the MP fault (Villamor, 2002).

The unloading of the Alcantara dam in the Tagus River in 2009 allowed us to recognize the sedimentary
infilling of the Cafiaveral pull-apart basin (Figures 11 and 12). It starts with a unit of arkosic conglomerates
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Figure 11. Detailed geological map and 3D sketch showing the Messejana-Plasencia fault arrangement in the area SW of Canaveral. (1) Cafaveral extensional
duplex. (2) Cabeza de Araya restraining bend. (3) Ribera de Araya pull-apart. (a) Paleostress data inversion from faults at the MP fault zone north of Cafaveral
(red, o1; green, o5; blue, o3). The stress regime results in a mix of reverse and strike-slip faulting. Shmax = purple arrows (b). (c) Maximum shortening direction deduced
from conjugate strike-slip faults = red arrows.

fining upward into arkosic sandstones and feldspathic greywackes, ascribed to the Miocene (UBS9-10). Over
this unit, forming a slight angular unconformity, a brown-colored unit comprises little red colored gravels and
mudstones, with very poorly sorting (UBS11). This unit is overlaped, by disconformity, by a unit of red gravels
and muds (UBS11). The culminant sedimentary unit of the basin consists of ochre poorly sorted very coarse
gravels and sands (UBS13), also overlapping the previous unit.

In short, the sedimentary infilling in these two pull-apart basins shows similar characteristics as those from
the main thrust-related basins. Arkosic conglomerates are found in the UBS9-10 (the source areas are
granites), and UBS11, 12, and 13 have similar alluvial fan facies within the entire SPCS. Two main tectonic
pulses can then be deduced, Pyrenean and Betics. The last deformation stage has taken place since the
Upper Messinian-Lower Zanclean as the UBS12 is faulted in the Cafaveral extensional duplex (Figure 12).

5. Discussion
5.1. Pyrenean Strain Partitioning in the SPCS

Spatial differences in the Cenozoic structural style and deformation within the SPCS indicate a complex
pattern of crustal scale strain partitioning (de Vicente, 2009). This process is observed on a wide range of
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Figure 12. Typical exposures of the sedimentary record of the various tectonostratigraphic stages at the Caiaveral extensional duplex: (a) Lutetian to lower Chattian
tectonostratigraphic stage (UBS7-8); (b) Upper Chattian to lower Tortonian tectonostratigraphic stage (UBS9-10); (c, d) Upper Tortonian to Messinian; (e) Upper
Messinian to Lower Zanclean; (f) Upper Zanclean to Gelasian. MP = Messejana-Plasencia Fault.

scales spanning from the grain to lithospheric scale (Fitch, 1972; Lettis & Hanson, 1991; Molnar, 1992) but has
not been well documented in an intraplate tectonic setting. Slip partitioning might represent a minimum
energy condition (Michael, 1990), but one of the most important factors influencing the partition of the
strain seems to be the preexistence of large structures that produce anisotropy in the deformed area
(Jones & Tanner, 1995; Zoback et al., 1987).

The MP subvertical dyke, more than 500 km long and crossing the whole of the Iberian lithosphere, imposed
a left-lateral strike-slip movement during the Pyrenean (N-S) related deformation. The related pull-apart
geometries developed along the MP Fault indicate a pure strike-slip movement rather than transtension or
transpression (Wu et al., 2009). To compensate such a movement, a series of parallel (NE-SW) thrusts
were developed.

This structural arrangement can also be observed at outcrop scale along the MP Fault (Figure 13), displaying a
positive flower structure with a pure strike-slip fault.

Other more complicated models to explain the intraplate tectonics of lberia invoke large rotations of the
direction of the maximum shortening direction during a relatively short time span (Liesa & Simén, 2007).

Regions with strain partitioning are often characterized by the presence of a high angle between the regional
stress direction and the major faults trend (Zoback et al., 1987). This strong obliquity must be responsible for
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Figure 13. Photo and structural interpretation of positive flower structures related to pure strike-slip faults, with associated
restraining bends. AP 66, Near Cafaveral.

both types (dip-slip and strike-slip movements) but not for defining the tectonic regime as transpressional
(Audemard et al., 2005). The orientation of the MP Fault changes from N35E south of the SPCS to N57E
toward its northeastern termination. It is especially in this northern area where strain partitioning is more
obvious. The obliquity between the regional stress field and the orientation of the MP Fault appears to be
a striking point in the development of the partitioned strain.

The parallelism between the SPCS and the Betics provided the argument to relate this range with
compressive stresses transmitted from the south of Iberia, in the framework of a crustal detachment from
the Betics (Ribeiro et al., 1990; Warburton & Alvarez, 1989). Nevertheless, the age of the most important
deformation, deduced from the sedimentary infilling of the adjacent basins (Cunha, 1992a; de Vicente &
Mufoz-Martin, 2012; Pais et al., 2012) and AFT data (De Bruijne & Andriessen, 2002), indicates a clear relation
with the Pyrenean orogeny. The emplacement of the Alboran domain later reactivated the previous tectonic
structures with a much smaller corresponding sediment volume. In the Portuguese sector of the SPCS, this
late shortening seems to be more important than the one related with the first deformational stage
(Cabral, 2012).

Paleostress analysis from fault slip data along the MP Fault shows an Spmnax almost parallel to the fault
generating subsidiary NW-SE reverse faults, while along the main NE-SW thrusts sufficiently far from the
strike-slip fault, a uniaxial shortening with perpendicular Spn.x to the NE-SW thrusts is recorded
(Figure 14c). This situation results in the progressive bending of thrust traces toward the MP Fault, not as
an effect of a left-lateral drag but by progressive shifting of the maximum shortening direction (Figures 11
and 14a).

The amount of shortening in partitioned thrusts and the horizontal displacement in the main strike-slip faults
can be used to estimate the regional shortening trend in a similar way to that considered for slip vectors of
interplate settings (McCaffrey et al., 2000). It is difficult to determine the total horizontal displacement in the
strike-slip faults since some of them do not have clear markers for measurement. The same situation appears
when evaluating the total shortening produced by the easternmost thrusts. Nevertheless, we can take the
observed displacement in the MP Fault, 3-5 km (Villamor, 2002), and the shortening produced by the most
important NE-SW thrusts (e.g., SCS), 5-9 km (de Vicente & Mufoz-Martin, 2012), as minimum values to
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Figure 14. (a) Progressive bending of thrust traces toward the MP Fault by
progressive shifting of the maximum shortening direction. Typical paleos-

tress inversion results obtained far from the MP Fault (1) and (3) show a NW-
SE Shmax direction, whereas close to the fault, a NE-SW Spmay is obtained.

The results are plotted in C (black circles, 4; stars, o5; pentagons, a3). (b) The
amount of shortening in partitioned thrusts, and the horizontal displacement
in the main strike-slip faults, can be used to estimate the regional shortening.

calculate the resulting trend of the regional shortening. This results in a
regional maximum shortening direction between N23W and N6E, with a
most probable value of N10W, fitting well with the proposed Pyrenean ori-
gin of the strain partition (Figure 14b).

5.2. Deformational Models of the SPCS: Detachment Versus
Lithospheric Folding

Recognition of the compressive origin of the Portuguese (Ribeiro, 1940,
1941) and the Spanish Central System (Birot & Solé-Sabaris, 1954) took
place as early as the middle of the last century, before the establishment
of the role that plate tectonics plays in the development of intraplate
structures. However, these field observations were not taken into account,
and for a long time, the SPCS was considered as an extensional structure
with the development of raised horst and graben related to stationary
continents (Alia, 1976). The first models, in an intraplate compressive
context, began to appear in the late 1980s and early 1990s. Vegas and
Surifiach (1987) calculated an intraplate crustal thickening of 5 km, while
Warburton and Alvarez (1989) built a cross section with the development
of thin-skinned tectonics related to an intracrust detachment from the
Betics and with an associated shortening of 50 km. This idea was also
proposed, although in less detail, by Ribeiro et al. (1990) for the
Portuguese sector but related to a thick-skinned tectonic style and with
a noticeably lesser amount of shortening. However, these studies lacked
sufficient field observations. These were provided during the Ill Meeting
(Field Trip) of the Tectonics Commission of the Spanish Geological
Society (de Vicente & Gonzélez-Casado, 1992). Then, the proposed
tectonic style, which is the one considered today, was a thick-skinned
tectonic arrangement with no detachments in the cover and the
generation of imbricate thrusts systems and pop-ups within the
Variscan basement. The related shortening was estimated at 14%
(20 km). In view of these observations, the range structure proposed by
Warburton and Alvarez (1989) has a number of inconsistencies
(Figures 15 and 16).

Subsequently, the data provided by apatite fission track analysis, study of
the sedimentary filling of the Madrid Basin, and gravimetric analysis made
it possible to quantify the uplift, the depth of the range roots, and its age
of deformation in the Spanish sector (de Vicente et al., 2007). The results
were congruent with the idea that the Iberian microplate would have
undergone an intense lithospheric folding process, whose most impor-
tant structural expression was the SPCS (Cloetingh et al., 2002). In order
to test this concept, both analogue and numerical modeling studies were
carried out (Fernandez-Lozano, 2012; Martin-Veldzquez et al., 2009,
Figure 17).

Recently, the idea of a crustal detachment has been taken up again considering two possibilities, namely, that
the detachment comes from the Betics (south) or from the Pyrenees-Cantabrian Mountains (north; Quintana
et al,, 2015). These authors argue that it is not possible to have a local compensation by ductile thickening of
the lithospheric mantle and the lower crust by means of a pure shear mechanism related to lithospheric fold-
ing. The main argument seems to be that the SPCS does not have deep crustal roots, and so, a simple shear

detachment solution is preferred.

Nevertheless, the crustal models in the SPCS give a Moho depth ranging between 32 and 35 km, with up to
41 km in the NE sector (Figures 5 and 6a) where the cross section by Warburton and Alvarez was constructed
(Figure 15). The surrounding areas show a Moho depth of 28-30 km. This provides an increase of 4.5 km in
mean crustal thickness value (which could be larger than 14 km close to the Iberian Chain). Depending on
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Figure 15. Structural inconsistencies, not supported by field observations, of the Warburton and Alvarez (1989) cross sec-
tion, represented in the figure. (A) Cretaceous sediments do not appear to be detached from the basement. The sandstones
of the Utrillas Fm. (base of the Cretaceous) do not constitute, at any point in Iberia, a detachment level for the Alpine
deformation. (B) The Sepulveda fold is not a thin-skinned structure as at its core the Variscan basement outcrops

(Figure 16). (C) In the frontal part of Somosierra, the lateral relations that appear in the geological cartography do not
support the concept of Cretaceous sediments sheltered under the basement thrusts with the indicated displacement. (D)
The base of the Mesozoic, eroded above the basement, is not constrained by any data leaving its position as arbitrary. (E)
The S border of the Central System is a thrust that accumulates more than 5 km of vertical throw, as evidenced by existing
seismic lines (de Vicente & Munoz-Martin, 2012). In any case is it a normal fault. (F) The geometry of the basement top in the
Madrid basin is very flat and without observed additional evidence for Cretaceous folds detached from the Utrillas Fm (de
Vicente & Mufoz-Martin, 2012). (G) The cross section does not provide any data on the Moho depth.

the thermal age, the rheology of the crust and of the lithospheric mantle, the resulting folding wavelength
and thus the resulting Moho depths can vary widely. Moreover, different styles of lithospheric folding have
been defined: linear, irregular, or intermediate (Cloetingh et al., 1999). Undulations ranging between 4 and
5 km of the mantle-crust limit are found in the irregular lithospheric folding of the Pannonian Basin. Thus,
to evaluate this large-scale tectonic process, a large-scale analysis must be completed and not only the
study of a single fold. For the Iberian microplate, this type of analysis was performed, even for its oceanic
crustal part (Muioz-Martin et al.,, 2010), leading to the conclusion that lithospheric folding affected the
entire |berian microplate and not only the SPCS.

The integrated length of the Pyrenees, Cantabrian Mountains, and, probably, the Galicia Bank is similar to that
of the Iberian Chain, the SPCS (Spanish and Portuguese sectors), the Western Mesozoic Terrains, and the
offshore Extremadura Spur (the latter already in transitional continental-oceanic crust). This similar length
and parallelism supports the idea of lithospheric folding. In this context, the occurrence of the left-lateral
strike-slip faults of MVB and PRV, which transferred the deformation from the Cantabrian Mountains toward
the SPSC (Heredia et al., 2004; Vegas et al., 2004), would cut the detachment proposed by Quintana
et al. (2015).

Considering the relative situations of the Alboran Domain and the Portuguese sector of the SPCS, the
proposed detachment cannot explain the location of the entire SPCS.

Figure 16. The Sepulveda fold to the north of Somosierra in the Honrubia Massif. In the core, there are Variscan gneisses.
There is no duplication of the Cretaceous series by a thin-skinned thrust (Figure 15b).
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Figure 17. Example of a scaled analogue model for the development of lithospheric folds in the Iberian microplate with the
formation of cortical pop-ups similar to the SPCS (Fernandez-Lozano, 2012).

Finally, the cortical transect contructed by these authors through Iberia has several incongruencies: it begins
to the north in the Basque-Cantabrian sector (in front of the lberian Chain and not in front of the SPCS)
instead of beginning in the Cantabrian Mountain Range, which is where the detachment is supposed to
be rooted. They also make an extensive use of the Warburton and Alvarez cross section, which as mentioned
above is inconsistent. They do not use the most recent data on the crustal structure of Iberia provided by the
TOPOIBERIA project (Diaz & Gallart, 2009). Also in the scope of this project, a deep magnetotelluric (MT)
profile was carried out crossing the Gredos area (Figure 6b; Pous et al., 2012). Taking into account that such
a detachment should be a fluid migration surface area, it should appear in the magnetotelluric profile.
Moderately dipping thrust faults are clearly marked, but no detachment occurs. Taking into account all these
considerations, it appears that the concept of an intracrustal detachment connecting the SPCS and the Betics
or Pyrenees (Cantabrian Mountains) does not hold up. Instead, the central deformation belt of Iberia (Iberian
Chain, Central System, Portuguese and Spanish sectors, and the Extremadura Spur) appears to be the result of
a process of lithospheric folding affecting the entire microplate.

An intermediate geometry was proposed by Casas and Faccenna (2000). These authors suppose a continuous
deformation of the Iberian lithosphere as a result of in-plane compression caused by the slow advancing
Nubia plate that reactivated previous (Eocene-Early Oligocene) Pyrenean structures. A generalized increase
of the intraplate stresses during the Late Eocene-Early Miocene should be produced by the consumption
of the Tethyan ocean and the beginning of the collisional process in the Betics. This should have resulted
in the locking of subduction and beginning of collision in the Iberia-Nubia boundary with the formation of
a detachment at the base of the crust. From this perspective, Iberia should represent an example of transition
from the localized (subduction) to delocalized (lithospheric-crustal folding over the entire peninsula) style of
deformation. To produce lithospheric folding, the involved plates must be mechanically coupled. The origin
of such a coupling could be as follows: (1) Iberia was part of Nubia when lithospheric folding was developed,
and then the Alboran Domain (subduction) decoupled Iberia from Nubia; or (2) collisional processes related
to the Albordn Domain acted as a coupled border for a short period of time. In any case, the final result was a
distributed folding and buckling over the entire peninsula.

Studies from long continuous GPS position time series studying vertical deformation rates along the
Nubia-Eurasia plate boundary (Serpelloni et al., 2013) support the concept of lithospheric folding with
wavelengths of a few hundred kilometers. This study indicates that the SPCS is uplifting by up to
1 mm/year, and the Duero basin is subsiding close to —3 mm/year. Thus, the origin of Iberian topography
and undulations could be related to lithospheric folding, causing the differential uplift of different parts of
the Iberian plate and controlling the distribution of basins and mountain chains, bounded by folds and faults
(Serpelloni et al., 2013).

5.3. Tectonic Evolution

The strain partitioning model, the sedimentary infilling of the coeval tectonic basins, and AFT data support
the idea of only two main deformational events in the SPCS during the Cenozoic. A Pyrenean N-S trending
paleostress field could have started at the beginning of UBS7 (Lutetian), even though in the eastern sector
it was probably recorded earlier with an NNE-SSW S, ax (Figure 8). The unconformity between UBS7 and
UBS8 must be attributed to the westward propagation of the Pyrenean hinterland toward the Cantabrian
Mountains, where the main registered uplift was at the Eocene-Oligocene transition. Then, the Spmax
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Figure 18. Phases of tectonic evolution of central-western Iberia during the Cenozoic. (a) Main (Pyrenean) structuration. N-
S regional shortening with strain partitioning. (b) Betic NW-SE rejuvenation. (c) Active stresses. Major faults are drawn. Same

area as displayed in Figures 2, 4, and 5. Delay times between Eastern and Western zones are also labeled. GPS data from
Garate et al. (2015).
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Pyrenean structuration
Strike slip and reverse
strain partitoning

SE turned to N-S, generating the intraplate deformation climax during the

transition between UBS8 and UBS9, which was registered in all the
surrounding basins with the noticeable increase of prograding alluvial
fans and conglomerates as well as progressive and angular unconformi-
ties. Nevertheless, the maximum tectonic climax registered in the
westernmost sector of the SPCS occurred later (Upper Miocene),
/ evidencing its diachronic nature. If no strain partitioning occurred, we
2@ would require three different tectonic events at least: NE-SW
compression to be able to move the MP fault as a pure left-lateral

(o)

NW ~_

>

Betic reactivaton
Slight shortening

strike-slip fault, a NW-SE shortening related to the NE-SW thrusts, and
SE a N-S shortening related to the E-W thrusts. Since a single N-S Sp,max With
M strain partitioning can explain all the regional deformation and related
stresses, it appears that this is the most accurate solution. Taking all

these arguments into account, the Pyrenean intraplate stress field should
« have large deflections close to the MP fault (Figure 18a) as evidenced by
the thrust bends close to it. Out of the MP fault influence, the PRV and
MVB left-lateral deformation belts and their related horsetail splays, as
well as the Toledo Mountains, were developed as a single, not
partitioned, N-S shortening. Pull-apart basins along the MP fault should
have developed simultaneously with the main SPCS thrusts as evidenced

Figure 19. Reactivation of Pyrenean positive flower structures as thrusts dur-

ing the Betic rejuvenation.

by the coeval sedimentary infilling. The overall tectonic arrangement
along the MP fault is of a positive flower structure showing parallel faults
with a clear reverse component and a pure strike-slip fault in the middle.

During the next (Betic, NW-SE) compressional stage, some of these faults (almost perpendicular to the
renewed stress field) resulted in thrust reactivation, especially along the eastern border of the Coria basin
(Figures 18b, 18c, and 19), although some transpressional deformation cannot be excluded (Figure 10).
During this event, fault displacements were smaller than in the previous stage, as were the related volumes
of sediments. Nevertheless, as it was a recent event (which we can consider as neotectonics), its geomorpho-
logical expression is much more noticeable (e.g., Guadalupe and Estrela), especially in the Portuguese sector
where the main tectonic event is then reached. The PRV and MVB faults again registered a renewed left-lateral
movement and are considered as active faults (Cabral, 1995, 2012). Thus, some northward bending of the Betic
stress field can be deduced to the NW of the SPCS. The first influence of the Betics compression toward its fore-
land could have started during the Late Burdigalian, being responsible for the slight unconformity between
UBS9 and UBS10 and the recorded uplift in the SPCS (De Bruijne & Andriessen, 2002). Then, the regional stress
field started to rotate toward NW-SE (Figure 8). Nevertheless, the main Betics-related paleostress field occurred
at the base of UBS11 during the Tortonian, clearly NW-SE oriented. The erosional process of the Madrid basin
started before the sedimentation of the UBS11-13 alluvial fans (de Vicente & Mufioz-Martin, 2012). As a result,
the endorheism of the Duero and Madrid basins ended, with a general tilting of Iberia toward the west and the
opening to the Atlantic, resulting in a general geomorphological rearrangement.

The Pyrenean and Betics stress fields must have experienced some time delay between the eastern and
western sectors of the SPCS since both of them initially started in Eastern Iberia. In fact, in the eastern sector
the main deformational pulses took place during the Oligocene-Early Miocene and during the Tortonian,
whereas in the western sector, they were recorded during the Late Oligocene and Late Tortonian-Zanclean
time spans (Figures 18a and 18b).

This kind of difference between the eastern and the western parts of the SPCS is also evident nowadays.
Active stresses are compressional leading to reverse faulting in the Portuguese area, whereas close to the
Iberian Chain, strike-slip to normal faulting prevails (de Vicente et al., 2008; Figure 18c). Presently, a slight
bend toward the WNW-ESE of Spmax seems to occur in the SW of Iberia (Cabral et al, 2017; Cabral &
Ribeiro, 1988; Ribeiro et al., 1996).

Near the surface, some of the Pyrenean positive flower structures were reactivated as pure reverse faults
during the Betic event (Figure 19), as evidenced by thick-skinned thrusts with some tens of meters of throw
affecting UBS11-12 (Figure 9c)
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6. Conclusions

During the Cenozoic intraplate deformation of Iberia, an intense and distributed deformation was recorded.
The related most important tectonic feature is a central deformation belt crossing the Peninsula from the
Mediterranean to the Atlantic. It comprises two different ranges: The Iberian Chain and the SPCS sharing a
similar tectonic evolution related to the transmission of compressive stresses from two closely located
orogens, the Pyrenees and the Betics. Nevertheless, the structural style is quite different, since the SPCS is
not a previous sedimentary basin inverted during these compressional stages. This supports the concept
of lithospheric folding affecting the Iberian microcontinent.

Intraplate ranges of lberia show a wide variety of structural trends. In early studies, this assortment was
related to distinct tectonic phases—there are up to five that explain every individual range and its related
paleostresses, taking place at different time spans. However, the sedimentary record and AFT data
indicate that the main deformational period took place at the same time in most of them, related to
the Pyrenean orogen except in the western Portuguese sector, where the peak of the Cenozoic deforma-
tion was reached later (Betic tectonic phase). Tranpressional deformation, escape tectonics, and strain
partitioning can also produce the apparently complex tectonic structuration. Therefore, the Betic
intraplate compression was only able to rework previous structures during a short period of time
(ca. 9-3.7 Ma).

The SPCS is a thick-skinned crustal pop-up, 2500 m high, 700 km long, evidencing 5 km of throw in the SCS
thrust. It separates the Duero Cenozoic basin to the north from the Madrid-Lower Tagus basins to the south.
Thrust orientation varies from NE-SW to E-W with double vergence, although main displacements are located
to the south. Minor pop-ups, triangle zones, and imbricate thrusts developed along the range, producing
small intramountain basins filled with Cenozoic sediments. The SPCS terminates against the Iberian Chain
to the east in a crustal transpressive right-lateral tear deformation belt.

Crossing the SPCS crustal pop-up, the MP left-lateral strike-slip fault was nucleated on an Early Jurassic
dolerite dyke showing a horizontal displacement of 3 to 5 km. Several releasing and restraining bends are
conspicuous along the fault, with pull-apart basins filled by Cenozoic sediments. Its general tectonic
arrangement draws a positive flower-like structure, probably retightened during the last deformation event
(Betic). It is noticeable that the fault is not well oriented to move as a strike-slip fault, especially when crossing
the SPCS, neither for the Pyrenean nor for the Betic intraplate compressive stresses.

Available data on the crustal structure below the SPCS indicates the presence of a cortical thickening with
Moho depths of 33 to 36 km that correlates well with the location of the main thrusts. There are some local
data indicating a Moho depth of up to 41 km. The unthickened regional Moho level is located at around
28 km depth. This crustal pattern is thus related to the Cenozoic intraplate deformation and not to the
Variscan structuration. Along the MP, MVB, and PRV strike-slip faults, an elongated relative minimum of the
Moho depth is also observed.

The stratigraphic record of the main endorheic basins, but also of the intramountain thrust-related basins and
pull-apart basins along the strike-slip faults, has a very similar infilling history. The beginning of the N-S
(Pyrenean) compression is registered during the UBS6 sedimentation, but the maximum compression is
recorded during the upper Priabonian to lower Chattian (UBS8), except in the Portuguese sector (UBS10).
The upper Tortonian to present tectonostratigraphic stage records the maximum of the Betic intraplate
deformation, especially during the sedimentation of UBS11 and UBS12. USB13 signals the beginning of the
Atlantic exorheism in all the basins.

Thrust bending toward the MP Fault clearly indicates a common tectonic process being able to produce
both types of faults at the same time. Strain partitioning between the MP strike-slip fault and the main
NE-SW-oriented thrusts results in an overall shortening trend ranging between N23W and N6E, with a most
probable value of N10OW that fits well with the Pyrenean origin of the SPCS. Therefore, the presence of the
MP vertical dyke could have imposed the process of strain partition, and consequently, NE-SW thrusts
were developed.

No evidence exists for an intracortical detachment connecting the SPCS with the Pyrenean or the Betics
Orogens. The range must therefore be an expression of lithospheric folding affecting the entire
Iberian paleo-microplate.
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