
1. Introduction
The structure of mountain belts reflects the mechanisms that accommodated the tectonic convergence in the litho-
sphere (Mouthereau et al., 2013). Orogenic belts are mostly located in the margins of continental plates (Dewey & 
Bird, 1970) and have been classically explained within the Wilson cycle (Wilson et al., 2019) by horizontal short-
ening, continental collision, and crustal thickening leading to basement exhumation. Despite the great advances 
in the knowledge of geodynamics processes achieved by the theory of plate tectonics, many features fall outside 
the Wilson cycle, such as deformation processes in intraplate regions (Heron et al., 2016). In fact, deformation 
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Precambrian-Paleozoic rocks and is located at >200 km from the northern border of the Iberian microplate. 
Here, we provide a P-wave velocity model based on wide-angle seismic reflection/refraction data of the central 
SPCS (Gredos sector). Our results show: (a) a layered lithosphere characterized by three major interfaces: 
Conrad, Mohorovicic, and Hales discontinuities, (b) an asymmetry of the crust-mantle boundary under the 
SPCS, (c) the extent of the Variscan batholith forming the main outcrops of Gredos, and (d) the thinning of the 
lower crust toward the south. This model suggests that the exhumation of the SPCS basement was driven by a 
south-vergent thick-skinned thrust system, developed in the southern part of the SPCS and that promoted crustal 
imbrication and a Mohorovicic discontinuity's offset under the SPCS. Thus, the deformation mechanisms of the 
crust seem to be controlled by the presence of the late- to post-Variscan granitoids that assimilated the Variscan 
mid-crustal detachment creating a new rheological boundary. This tectonic structure allowed the formation 
of Alpine crustal-scale thrust systems that eased coupled deformation of the upper and lower crust, leading to 
limited underthrusting of both crustal layers.

Plain Language Summary This study provides a lithospheric model of the Gredos sector of 
the Spanish-Portuguese Central System (SPCS), a mountain range located in the central Iberian Peninsula. 
Despite most of the Alpine deformation in the Iberian Peninsula was accommodated along the Iberian 
microplate borders (i.e., Pyrenees, Cantabrian Mountains, and Betics), shortening was also transferred toward 
the interior, forming the SPCS. This mountain building process brought igneous and metasedimentary rocks 
of the Precambrian-Paleozoic basement to the surface and contributed to the development of the Duero and 
Madrid Cenozoic basins, formed to the north and south of the SPCS. The SPCS exhibits a pop-up/pop-down 
structure with large-scale fault systems in its southern boundary, showing an asymmetric crustal structure with 
an offset of the crust-mantle discontinuity. The intrusion of granites during the Paleozoic had a large impact 
on the Alpine structure of the SPCS as they partially melted an older crust and erased previous discontinuities. 
Subsequently, the southern border of these granites represented weak zones that favored the nucleation of 
crustal-scale faults during the Alpine contraction. Ultimately, this process exhumed the SPCS over the Madrid 
Cenozoic basin.
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processes are not limited to the plate boundaries, and may extend to more than thousand kilometers away from the 
collision front (Ziegler et al., 1998) resulting in intraplate ranges. Contractional intraplate tectonic settings are the 
most diverse tectonic environments influenced by superimposed processes (e.g., Fernández-Lozano et al., 2011; 
Sokoutis & Willingshofer, 2011; Stephenson et al., 2009) and there is not a universally applicable model that 
explains the response of the intracontinental lithosphere to compression (Aitken et al., 2013). Therefore, the study 
of intraplate ranges is of key interest to unravel the lithospheric structure, and evolution of tectonic plates. Ulti-
mately, understanding the mechanisms of intraplate deformation allows deeper knowledge of the conventional 
theory of plate tectonics and the origin of the current topography.

An outstanding geological setting to study intraplate deformation is the Spanish-Portuguese Central System 
(SPCS; Figure 1). The SPCS is a 700-km-long mountain range that represents the most prominent topographic 
feature of the central Iberian Peninsula and features altitudes locally higher than 2,500 m above sea level (a.s.l.). 
The SPCS has an E-W to NNE-SSW strike and is located at more than 200 km to the south of the Cantabrian 
Mountains, the Alpine mountain range formed by the northward subduction of the Iberian crust under the North 
Iberian margin (e.g., Gallastegui et al., 2016; Teixell et al., 2018). In addition, the Spanish part of the SPCS 
is bordered by foreland basins that feature a topographic difference between them of ∼400 m: (a) the Duero 
Cenozoic basin, to the north, is located on average at ∼800 m (a.s.l.), and (b) the Madrid Cenozoic basin, to the 
south, is located at ∼400 m (a.s.l.). The structure of the SPCS has attracted significant attention mainly due to 
its high topography in the interior of a tectonic plate. So far, research efforts have focused on finding models 
to explain the observed intraplate deformation (Cloetingh et al., 2002; De Vicente et al., 1996; de Vicente & 
Vegas, 2009; Vegas & Suriñach, 1987), the different tectonic and stratigraphic evolution of its foreland basins 
(de Vicente & Muñoz-Martín, 2013; Fernández-Lozano et al., 2011; Silva et al., 2017), its lithospheric structure 
(Andrés et al., 2019, 2020; Ayarza et al., 2021), and the tectonic origin of its topography (Casas-Sainz & de 
Vicente, 2009).

The lithospheric structure along the SPCS has been studied by natural and controlled source experiments since 
the 1980s. First, the SPCS was sampled by long-range controlled-source seismic experiments that provided 
rough estimations of the P-wave velocity distribution. These experiments also highlighted the heterogeneity of 
its lithosphere (Banda et al., 1981; Díaz et al., 1993), and revealed a moderate thickening of the crust under the 
SPCS (Suriñach & Vegas, 1988; Vegas et al., 1990; Vegas & Suriñach, 1987). Later, natural source experiments, 
potential field modeling (gravity and geoid; Gómez-Ortiz et al., 2005), and thermal analysis provided further 
constraints on the lithospheric architecture, revealing a thickening of the crust to 40 km and a Moho offset under 
the central SPCS (Andrés et al., 2019, 2020; Torne et al., 2015). However, controversy exists and two models 
are proposed to describe the crustal geometry of the SPCS and the contrasting topography between its two 
foreland basins. One model regards for lithospheric folding associated with an upper crust pop-up forming the 
main topographic relief in the Gredos sector of the SPCS (Cloetingh et al., 2002; de Vicente et al., 2018). This 
model implies a rheological stratification of the lithosphere with a weak and ductile lower crust underlain by a 
strong upper mantle (Fernández-Lozano et al., 2011; Muñoz-Martín et al., 2010). The second model proposed the 
formation of a crustal-scale south-vergent thrust system that exhumed the SPCS. This model implies the disrup-
tion of a pre-existing mid-crustal detachment and allows coupled deformation between the upper and lower crust 
(Andrés et al., 2019, 2020; Ayarza et al., 2021).

Notwithstanding the information provided by previous lithospheric studies, there are some questions that remain 
unsolved, such as: (a) the locus, geometry, and character of the lithospheric discontinuities, (b) their role in 
controlling the exhumation of the SPCS, and (c) the relationship between the Variscan granitoids and the style 
of mountain building and foreland basin formation. To shed light on the deep structure of the central part of the 
SPCS, a wide-angle (WA) seismic reflection/refraction experiment, CIMDEF (Central Iberian Massif Deforma-
tion), was acquired crossing the western part of the Duero Cenozoic basin, the Gredos sector of the SPCS, the 
western part of the Madrid Cenozoic basin and the northernmost part of the Toledo Mountains (Figures 1 and 2). 
The data acquired have allowed us to construct a P-wave velocity (Vp)-depth model and to define the major 
crustal and lithospheric mantle discontinuities. Complementary to the lithospheric Vp model, this dense seismic 
network recorded a wealth of natural and anthropogenic seismic noise sources, highlighting its utility beyond 
modeling the subsurface structure (Díaz et al., 2022).

The Vp distribution and the locus of the lithospheric discontinuities are assets to resolve the crustal deformation 
mechanisms active during the Alpine contraction and have allowed us to evaluate the role of the crustal-scale 
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Figure 1. (a) position of the Iberian Peninsula and the zonation of the Iberian Massif for the end of the Variscan orogeny (after Martínez Catalán et al., 2002; 2007); 
(b) Simplified geological map of the Iberian Peninsula with the main deep seismic sounding profiles acquired along the Iberian Massif. The black square shows the 
location of the geological map of Figure 2. The Spanish-Portuguese Central System (SPCS) is indicated by red lines, with the location of the Gredos and Guadarrama 
sectors (Gr. and Gu., respectively). Dotted black lines represents the zones of the Iberian Massif (CIZ, Central Iberian zone; CZ, Cantabrian zone; GTOMZ, 
Galicia-Trás-os-Montes zone; OMZ, Ossa-Morena zone; SPZ, South Portuguese zone; WALZ, West Asturian-Leonese zone). BCB, Basque-Cantabrian Basin; MPF, 
Messejana-Plasencia fault; NPZ, North Pyrenean Zone; SPZ, South Pyrenean Zone; Toledo M., Toledo Mountains. Cenozoic basins are simplified as C.B. The 
topography is from CIAT-CSI SRTM (Jarvis et al., 2008). Geological map simplified from Rodríguez Fernández et al. (2015) and the Alpine tectonic framework from 
de Vicente et al. (2018, 2021).
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Alpine faults in the exhumation of this intraplate mountain range. Moreover, our Vp model complements previ-
ous lithospheric models based on global-phase seismic interferometry and ambient seismic noise (Andrés 
et al., 2019, 2020), helping to resolve the crust and upper mantle geometry of Gredos.

2. Setting
2.1. Geology of the Study Area

The SPCS is an Alpine mountain range that crosses the Iberian Massif, the westernmost outcrop of the 
Variscan orogen in Europe (e.g., Díaz Alvarado et  al.,  2013; Martínez Catalán et  al.,  2014). The Iberian 
Massif is classically divided in six zones (Pérez-Estaún and Bea,  2004; Simancas,  2019) that from north 
to south are: Cantabrian, West Asturian-Leonese, Galicia-Trás-os-Montes, Central Iberian, Ossa-Morena, 
and South Portuguese zones (Figure  1a). Regarding their paleogeographic affinity, the Cantabrian, West 
Asturian-Leonese, and Central Iberian zones represent the Paleozoic margin of Gondwana (Martínez Catalán 
et al., 1997; Pérez-Estaún et al., 1988) whereas the Galicia-Trás-os-Montes zone is completely allochthonous 
over the Central Iberian zone (CIZ; Arenas et al., 2014; Martínez Catalán et al., 1997). In the SW of the Iberian 
Peninsula, the Ossa-Morena zone is interpreted as a continental piece that rifted from Gondwana in the Early 
Paleozoic (Matte, 1991), and the South Portuguese zone is usually correlated with the Rheno-Hercynian zone 
of Central Europe (Franke & Dulce, 2017; Pérez-Cáceres et al., 2017). The study area and where the SPCS is 
located corresponds to the CIZ.

The CIZ is formed by the Neoproterozoic-Lower Cambrian Schist-Graywacke complex, a thick succession 
of shale and graywacke with intercalations of other sedimentary and volcaniclastic rocks (Rodríguez Alonso 
et al., 2004; Talavera et al., 2015), lower-middle Cambrian sedimentary rocks, and Lower Ordovician quartzite 
that unconformably overlie the previous successions (Talavera et al., 2012). Toward the northern and easternmost 
parts of the CIZ, subvolcanic and volcano-sedimentary rocks are partly intercalated with the Early Ordovician 
sediments (García-Arias et al., 2018; Montero et al., 2009). Ordovician to Silurian slates and quartzite conforma-
bly overlie the previous successions (Diez-Montes et al., 2010) and the Devonian and Carboniferous sedimentary 
sequences crop out scarcely (Gutiérrez-Marco et al., 2019). All of these sequences are intruded by huge volumes 
of late Carboniferous-early Permian granitoids, which allowed for a magmatic classification from north to south 
into: Zone I, with negligible volume of granitoids; Zone II, with a vast volume of granitoids; and Zone III, where 
granitoids are less abundant (Simancas et al., 2013; Figure 2). The granitoids in the Spanish part of the SPCS 
correspond to the Ávila or Central System batholith, one of the largest batholiths in the European Variscan 
orogen (e.g., Villaseca et al., 2012). It is composed mainly by monzogranite, granodiorite and leucogranite whose 
crystallization ages have been estimated between 330 and 289 Ma (Bea et al., 2003; Díaz-Alvarado et al., 2012; 
Martínez Catalán et al., 2014; Orejana et al., 2012). These granitoids were preceded by volumetrically insignif-
icant mafic-ultramafic calc-alkaline rocks and postdated by lamprophyre dykes (Bea, 1985; Bea et  al., 1999; 
Orejana et al., 2008). In addition, anatectic complexes (or thermal domes) formed mainly by gneiss, migmatite, 
granitoid and minor ultramafic, mafic and intermediate rocks, crop out in the central part of Gredos (e.g., Peña 
Negra anatectic complex), and in the Toledo Mountains (Bea et  al.,  2006; Bea & Pereira,  1990; Castiñeiras 
et al., 2008; Hernández Enrile, 1991; Pereira Gómez & Rodríguez Alonso, 2000).

The Permian-Mesozoic cover of the basement in the Spanish sector of the SPCS crops out very locally. The SPCS 
separates two Cenozoic basins, the Duero (to the north) and Madrid (to the south) basins (Figures 1b and 2), 
filled by conglomerate, sandstone, limestone, and gypsum (De Vicente et al., 2011). These basins feature up 
to 3 km of sediments in the Duero Cenozoic basin (Gómez-Ortiz et al., 2005), and up to 3.8 km in the Madrid 
Cenozoic basin, close to the SPCS (de Vicente & Muñoz-Martín, 2013). In addition, smaller Cenozoic subbasins 
are distributed across the SPCS (Cunha, de Vicente, et al., 2019), classified as thrust basins related to low-angle 
thrusts, or as transtensional basins related to the high-angle left-lateral Messejana-Plasencia fault (De Vicente 
et al., 2011).

2.2. Geodynamic Evolution

The Precambrian rocks of the Iberian Massif were variably imprinted by the Cadomian orogeny (late Neoprotero-
zoic) (Álvaro & Lorenzo, 2021) that took place along the northern margin of Gondwana (Cambeses et al., 2016). 
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Figure 2. Detailed geological map of the study area (black rectangle in Figure 1) including the location of the shots (S1–S4), 
receivers (blue circles), and the projected profile (red line). The S1–S4 labels along with the receivers' positions indicate the 
acquisition geometry for each shot. Dashed black lines separate zones I, II, and III according to the presence of granitoids 
(Simancas et al., 2013). MPF, Messejana-Plasencia fault; SGT, South Gredos thrust; TiT, Tiétar thrust; ToT, Toledo 
thrust. The topography is from CIAT-CSI SRTM (Jarvis et al., 2008) and the geological map from Rodríguez Fernández 
et al. (2015).
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The related subduction resulted in arc-related magmatism (mainly in the Ossa-Morena zone; Bandrés et al., 2004) 
and thick flysch volcano-sedimentary sequences (e.g., the Schist-Graywacke complex in the CIZ; Rodríguez 
Alonso et al., 2004) deformed by gentle folds (Talavera et al., 2015). Since the middle-late Cambrian, rifting 
related to the opening of the Rheic Ocean resulted in passive margin sedimentation in the northern margin of 
Gondwana from the Early Ordovician to the Middle Devonian (Gutiérrez-Marco et al., 2019). The closure of 
the Rheic Ocean during the Devonian and the collision of the passive margin of Gondwana with Laurussia, 
forming the Pangea supercontinent, culminated in the Variscan orogen (Kroner et al., 2016; Matte, 2001; Nance 
et al., 2012). The Variscan orogeny produced crustal thickening in the internal zones of the Iberian Massif during 
the early Carboniferous, followed by thermal weakening and gravitational collapse in the middle Carboniferous, 
exhuming the Variscan orogenic roots (Rubio Pascual et al., 2016).

In the central and northern parts of the Iberian Massif, the Variscan deformation yielded three generations of 
contractional (C1, C2, and C3) and two extensional (E1 and E2) structures (Martínez Catalán et al., 2014). The 
stages C1, C2, and E1 partly overlap, with the age of each deformation phase being progressively younger from 
the CIZ toward the Cantabrian zone (e.g., Dallmeyer et al., 1997; Dias da Silva et al., 2021). C1 (dated in the CIZ 
between 360 and 350 Ma; Azor et al., 2019; Martínez Catalán et al., 2014) is characterized by a heterogenous 
deformation with recumbent and upright folds (e.g., Diez Balda et al., 1990) and is the response of the arrival 
of the Variscan tectonic front to the autochthonous terrains (Dias da Silva et al., 2021). The second contrac-
tional event (C2, dated in the CIZ in 345–330 Ma; Azor et al., 2019; Martínez Catalán et al., 2014) resulted 
from thrusting the allochthonous piles of the Galicia-Trás-Os-Montes zone toward the SE (present-day coor-
dinates). The crustal thickening created during C1 and C2 triggered synorogenic extensional collapse during 
the first extensional episode (E1, dated in the CIZ in 330–315  Ma; Alcock et  al.,  2015; Azor et  al.,  2019; 
Martínez Catalán et al., 2014) and gneiss and migmatite-cored domes formed bounded by low-angle extensional 
detachments and shear zones. The third contractional Variscan stage (C3) produced vertical or steeply inclined 
folds with some of the largest folds nucleated on E1 domes (315–300 Ma; Azor et al., 2019; Martínez Catalán 
et al., 2014). A second extensional Variscan stage (E2, extended to 300 Ma; Azor et al., 2019; Martínez Catalán 
et al., 2014), partly coeval with C3 toward the northern part of the CIZ, produced extensional detachments, 
exposed high-grade metamorphic rocks and formed new domes. During the extensional stages the Peña Negra 
anatectic complex (peak age of migmatization of 335–305 Ma; Díaz Alvarado et al., 2013; Montero et al., 2004); 
and shear zones west and southwest of the city of Salamanca developed (Diez Balda et al., 1995; Díez Fernandez 
& Pereira, 2017; Escuder Viruete et al., 1994, 2000; González-Clavijo & Díez Montes, 2008; Gutiérrez-Alonso 
et  al.,  2015). The last compressional Variscan stage, C3, has been assigned to oroclinal bending (Martínez 
Catalán, 2011, 2012; Weil et al., 2019). Most of the Variscan magmatism of the Central System batholith is 
contemporary with C3 and E2 phases (Bea et al., 2003; Díaz Alvarado et al., 2013; Orejana et al., 2012; Zeck 
et al., 2007).

The onset of the break-up of Pangea occurred during the Permian-Triassic rifting stage with a generalized subsid-
ence and basin formation (López-Gómez et al., 2019). After that and until the mid-Cretaceous, the Iberian Penin-
sula acted as a passive margin during the spreading of the North Atlantic Ocean. A widespread Early Jurassic 
magmatic event was related to the onset of the Central Atlantic Ocean (e.g., Vegas, 2000; Wilson, 1997). One 
of the expressions of this magmatic event in the Iberian Massif is the 530 km long Messejana-Plasencia dolerite 
dyke, dated to 203 ± 2 Ma (Dunn et al., 1998), that crosses Gredos (Figures 1 and 2). This Mesozoic rifting event 
determined the Iberian microplate boundaries and generated thick sedimentary basins specially in the north and 
east of the Iberian Peninsula (e.g., Alonso et al., 1993; Cadenas & Fernández-Viejo, 2017; DeFelipe et al., 2017; 
Martín-Chivelet et al., 2019; Quijada et al., 2014).

From the Late Cretaceous to the present, the relative movements between the African, Iberian, and European 
plates in the context of the Alpine contraction, gave rise to the current mountain ranges in the Iberian Peninsula 
(e.g., Macchiavelli et al., 2017; Rosenbaum et al., 2002). Accordingly, the SPCS was exhumed since the middle 
Eocene (De Bruijne & Andriessen, 2002; de Vicente et al., 2018) resulting in the current intraplate mountain range 
configuration. The SPCS represents a large thick-skinned basement pop-up with NE-SW and E-W oriented thrusts 
(de Vicente et al., 2018), separated by tectonic depressions or pop-downs (de Vicente et al., 2007). During the 
Cenozoic intraplate deformation, the crustal-scale, left-lateral strike-slip Messejana-Plasencia fault nucleated  the 
homonymous dyke (de Vicente et al., 2018, 2021; Villamor, 2002), with tectonic activity until the Holocene and a  
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horizontal displacement of ∼ 1-5 km (Villamor et al., 1996, 2012; Villamor, 2002). In addition, intramontane Ceno-
zoic sedimentary basins formed as pull-apart basins related to E-W and NE-SW thrusts (de Vicente et al., 2021).

The exhumation of the SPCS is accompanied by the evolution of the fluvial network in the surrounding basins 
with a transition from endorheic to exorheic conditions (e.g., Cunha, Martins, et al., 2019; Rodríguez-Rodríguez 
et al., 2020). During the later exorheic evolution, the Duero and Madrid Cenozoic foreland basins experienced 
different fluvial incision rates which maximum values have been estimated in 220 m/2.23 ka and 165 m/1.99 
ka (average downcutting rates of ca. 99 and 83 mm/ka) in the Madrid and Duero Cenozoic basins, respectively 
(Silva et al., 2017).

3. Data and Methods
3.1. Data Acquisition

The Vp model presented here is based on WA seismic reflection/refraction data of four shot records acquired in 
different time slots (Table 1 and Figure 2). As part of the CIMDEF project, in 2017, we recorded shot S3 along 
an NNW-SSE transect. Logistical issues forced the interruption of the acquisition and two originally planned 
shots were not detonated. In this phase, 580 TEXANS from the IRIS PASCAL pool were deployed. In 2019, and 
also within the CIMDEF initiative, we recorded shots S1 and S2 along a largely overlapping NNW-SSE tran-
sect. An additional source point was planned in the southern end, but it could not be acquired due to permission 
issues. In this second phase, we deployed 750 one-component UNITE RAU instruments from CGG and 250 
GEO3BCN-CSIC three-component UNITE RAU. To complete the data set, we were also able to use a shot record 
(S4) acquired in 2012 as part of the ALCUDIA-WA experiment (Ehsan et al., 2015). This shot was registered 
by a reduced number of stations along an N-S transect across the SPCS. The specific acquisition parameters are 
detailed in Table 1.

3.2. Data Processing

The processing applied to the shot records was designed to emphasize the arrivals and attenuate the environmen-
tal noise. Amplitude corrections were applied to recover the spherical divergence loss of energy and the ampli-
tude variations caused by offset. The recorded traces were later normalized by the root mean squared (rms) of the 
background noise, picked at the last 1-s long window of the record. The signal shows a fairly white spectrum in 
the 3–55 Hz frequency band. The highest energy contributions come from the most prominent phases (Pg, PmP, 
and Pn) all within the 5–35 Hz frequency band. Due to the acquisition logistics of this experiment, receivers and 
sources are not strictly aligned and to obtain a Vp model, they have been projected along a single line that crosses 
the SPCS (Figure 2). Offsets have been kept constant for the projection.

Description Source S1 Source S2 Source S3 Source S4

Acquisition date June 2019 June 2019 June 2017 May 2012

Recording instruments 750 UNITE-RAU 1-C; 250 
UNITE-RAU 3-C

750 UNITE-RAU 1-C; 250 
UNITE-RAU 3-C

580 Reftek 125a TEXANS 110 Reftek 125a 
TEXANS

Sensor frequency 4.5 Hz 1C and 10 Hz 3C 4.5 Hz 1C and 10 Hz 3C 4.5 Hz 1C 4.5 Hz 1C

Offset range 0–333 km −181 to 156 km −191 to 91 km −136 to −80 km

Receiver spacing 400 m 400 m 400 m 400 m

Charge size 1,000 kg 1,000 kg 1,000 kg 1,000 kg

Source configuration One borehole 60 m depth One borehole 60 m depth One borehole 60 m depth One borehole 60 m depth

Table 1 
Data Acquisition Instrumentation and Parameters for Each of the Shots
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3.3. Phase Identification and Data Description

The high spatial density that characterizes this data set allows us to identify clear phases to base our model: Ps 
(direct arrival in sediments), Pg (direct arrival in the basement), PcP (reflection at the top of the lower crust), P2P 
(reflection within the lower crust), PmP (Moho reflection), Pn (head wave within the upper mantle), and a very 
prominent PMP (upper mantle reflection). Figure 3 shows a plot of the vertical component of the shot records 
at a reduced time using a velocity of 8 km/s versus offset (distance from source to receiver). Negative offsets 
correspond to receivers located to the north of the shot location (left side of the figures), whereas positive offsets 
correspond to arrivals located to the south (right side of the figures) of the source location.

Shot gathers show a clear P-wave arrival for the upper and lower crust, the Moho discontinuity, and the upper 
mantle (Figure 3). The direct arrivals (Pg) and the reflected P-wave arrivals at the Moho (PmP) are the most 
outstanding events and are identified in all the shot gathers. In S1 (Figure 3a), the Pg phase can be followed up 
to an offset of 60 km, featuring lower amplitude beyond this distance. Below the Pg phase, the PcP reflection 
is identified at offsets between 25 and 100 km. Below the PcP, a burst of energy (labeled as P2P) is identified at 
offsets from 90 to 120 km. The P2P phase reflects the existence of a structure in the lower crust under the Duero 
Cenozoic basin. Immediately after P2P, the PmP phase, the Moho reflection, consists of a laterally coherent 
energy band with a >0.5 s twtt (two-way travel time) coda, visible from offsets of 70–130 km. The Pn phase, 
refracted with the critical angle in the upper mantle, appears as a relatively weak but identifiable first arrival at 
offsets of between 150 and 230 km, and at 6 s twtt in the reduced time shot gather. The last phase identified is the 

Figure 3. Vertical component shot records displayed at reduced time (reduction velocity of 8 km/s). The data have been band-pass filtered at 2–25 Hz. The arrivals are 
labeled as: Ps (direct arrival sampling the sedimentary basin), Pg (seismic phase sampling the basement), PcP (reflection at the top of the lower crust), P2P (a reflection 
within the lower crust), PmP (Moho discontinuity reflection), Pn (upper mantle head wave), and PMP (upper mantle internal reflection).
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PMP, a high amplitude laterally coherent reflection in the upper mantle with a >1 s twtt coda, visible at distances 
beyond an offset of 200 km and at approximately 7 s twtt.

In S2 (Figure 3b), a marked Ps phase (direct wave in the sediments of the Duero Cenozoic basin) is identified at 
negative offsets and for a few tens of kilometers. The Pg phase appears as a well-defined laterally continuous first 
arrival. It can be followed to an offset of −130 km to the north of the shot point and 100 km to the south. After 
the Pg phase, the reflection in the top of the lower crust, the PcP phase, has been only identified at positive offsets 
(>100 km). The PmP phase can be followed from offsets of −130 km to −75 km at 6.5 s twtt in the reduced time 
shot gather, and at offsets from 50 km to the end of the shot record. At positive offsets, the PmP phase shows a 
complex hyperbolic geometry, featuring a superposition of at least two branches, and appearing at later times than 
the equivalent phase to the north. Furthermore, this phase does not become asymptotic with the first arrivals (Pg) 
at large offsets in the southern part, as it happens to the north. The striking asymmetry of the PmP at both sides 
of the source indicates a marked change in the deep crustal structure to the north and south of S2. Finally, the Pn 
phase is identified as the first arrival from an offset of approximately −140 km and at 6.7 s twtt.

In S3 (Figure 3c), the Pg phase is rather continuous at positive and negative offsets, but at an offset of −60 km 
and at 3 s twtt, a delay in the first arrival is identified. This corresponds to the boundary between the basement 
and the Duero Cenozoic basin (Figure 2). Below the Pg phase, the reflection in the top of the lower crust, PcP, 
is identified to the north of the shot point as a ∼0.1 s twtt coda event at offsets between −70 and −130 km. This 
phase cannot be traced at positive offsets probably due to limited sampling (<100 km offset). The subsequent 
arrival corresponds to the PmP phase, a relatively sharp (0.3 s twtt coda) event identified between offsets of −70 
and −160 km and at 7 s twtt. In contrast, the PmP phase at positive offsets (south) is relatively diffuse. There, it 
has an almost 2 s twtt coda and can be traced from an offset of 50 km and at 7.5 s twtt to the end of the section.

S4 (Figure 3d) is a short offset shot gather recorded along a 55 km long profile across the SPCS. This shot 
provided relatively limited information, with the Pg phase and a high amplitude and marked PmP phase. At the 
recorded offset range, PmP dips to the north and has a ∼1.5 s twtt coda. Note that at similar offsets, PmP appears 
as a nearly horizontal phase in shot gathers S1 and in the northern part of S3, further supporting (as in S2) a Moho 
and/or crustal asymmetry.

3.4. Interpretation Procedure

To construct a two-dimensional Vp model, first arrivals were picked and travel times were modeled using a ray 
tracing-based utility (Zelt & Smith, 1992). The travel time picks were selected for each phase at the onset of 
high amplitude events. Due to the complexity of the data, the model was obtained by forward modeling, using a 
trial and error approach for each shot and then combined into a single model that accounts for all arrivals. This 
interpretation procedure performs iterative ray tracing travel-time calculations with a parameterization based on 
velocity and boundary nodes to reckon the Vp model. A layer striping strategy was followed by using the Ps and 
Pg arrivals to constrain the velocity of the upper crust. The lower crust phase was then included, followed by the 
Moho and the subcrustal discontinuity.

The initial model was defined by the topography along the transect, the projection of the shot records along the 
line maintaining the offset, and four layers: sedimentary basin, upper crust, lower crust, and upper mantle. The 
initial model included information coming from previous studies along the study area (Andrés et al., 2019, 2020; 
Ayarza et al., 2010). Subsequently, velocity and boundary nodes were adjusted until a reasonable fit with the 
observed travel time was reached (±0.25 s), tracing refracted, reflected, and head waves rays for all the layers. 
The resulting Vp model is plotted after smoothing and shows the superposition of iso-velocity contours drawn 
every 0.2 km/s (Figure 4).

4. Results: Vp Model
4.1. Vp Model Description

The Vp model presented in this work can be laterally divided into three parts considering the different geological 
domains in the study area (Figure 4).
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The northern part covers the first 180 km approximately, the Duero Cenozoic basin. Its Cenozoic sediments are 
modeled with a vertical velocity gradient from 3 to 4.2 km/s, with a maximum thickness of 3 km in the southern 
border. The velocity in the upper crust varies laterally ranging from 5.7 to 6.2 km/s in the top to 6.2 to 6.5 km/s 
in the base. The top of the lower crust deepens toward the south, from 10.5 to 17 km. The lower crust features 
velocity gradients of 6.3–6.6 km/s in the top to 6.5–6.7 km/s in the base. Despite the low velocity for the lower 
crust modeled in the northernmost part of the profile, the Vp jump and the reflection identified in S1 (Figure 3a) 
eased the identification of the Conrad discontinuity (Finlayson et al., 1984; Wever, 1989). The base of the crust 
is horizontal at 30–31 km depth and implies a Vp increase to 7.9–8.0 km/s. A lithospheric mantle discontinuity 
sampled by the PMP phase is modeled as a boundary at 59–60 km depth under the Duero Cenozoic basin, featur-
ing a velocity contrast from 8.2 to 8.3 km/s.

The central part of the profile comprises the interval from 180 to 270 km, that is, the SPCS area. There, the upper 
crust is characterized by significant lateral Vp variations ranging from 5.5 to 6.1 km/s in the top, and from 6 to 
6.6 km/s in the base. The lateral variation in the Vp reveals, between offsets of 110–225 km, a dome-shaped 
geometry characterized by undulated iso-velocity contours, with a steep inclination in the southern edge and a 
gentle inclination to the north. The lower crust is characterized by a velocity of 6.6 km/s in the top and 6.7 km/s 
in the base. The top of the lower crust dips toward the south from a depth of 17 to 21.5 km. The crust-mantle 
boundary reaches 39 km depth under the Gredos sector (225 km along the profile). This increase in the crustal 
thickness is achieved by a ramp located between 200 and 225 km.

Figure 4. Vp model of the study transect with iso-velocity lines (km/s). Bold lines show the interface segments constrained by the data and the broken white line the 
modeled position of the Conrad discontinuity. The topography along the profile and the geology of the area are also represented. DCB, Duero Cenozoic basin; MCB, 
Madrid Cenozoic basin; MPF, Messejana-Plasencia fault; SGT, South Gredos thrust; SPCS, Spanish-Portuguese Central System; TiT, Tiétar thrust; TM, Toledo 
Mountains. S1 to S4 are the sources.
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The southern part of the profile goes beyond 270 km and covers the Madrid Cenozoic basin and the Toledo Moun-
tains. Despite possible uncertainties in this area (see Section 4.2), the modeled thickness of the Madrid Cenozoic 
basin is less than 1 km and the velocities grade from 4 to 4.3 km/s. The upper crust shows a constant increase 
of velocities with depth, from 5.8 to 6.2 km/s. The velocities of the lower crust grade from 6.5 to 6.8 km/s. The 
thickness of the lower crust decreases to 13 km and the Moho discontinuity lies at ∼31–32 km depth.

The model described above shows that along the profile, the Vp distribution features significant lateral changes. 
The main outcropping rocks in this part of the SPCS are granitoids, a lithology with Vp values that range between 
5.6 and 6.6 km/s (e.g., Birch, 1960). These velocities are consistent with those of Carboniferous granitoids stud-
ied along the IBERSEIS profile (see location in Figure 1b). There, high velocities are registered in the cores 
of the batholiths (fresh rock), and low velocities in the aureoles, as well as in altered or fractured zones within 
the granites (Flecha et al., 2006). Therefore, the dome-shaped iso-velocity contours may be somehow related 
to the complex late-Variscan igneous intrusions cropping out in the SPCS. The prolongation at depth of this 
dome-shaped morphology also reveals high Vp in the lower crust. These high velocities are consistent with the 
presence of granulite and other high-grade metamorphic rocks, and/or mafic rocks (e.g., Brown et  al., 2003; 
Chroston & Evans, 1983; Manghnani et al., 1974), which are also mapped in the Central System batholith (Bea 
et al., 1999). In fact, restite, a residual source material common in granite (Chappell et al., 1987), is present in 
the SPCS (Castiñeiras et  al.,  2008). It forms after granite melt extraction or segregation during the Variscan 
anatexis (e.g., Pereira González & Rodríguez Alonso, 2000; Villaseca et al., 1999) and accumulates in the lower 
crust. The existence of mafic rocks in the Messejana-Plasencia dyke also brings the question of its implication 
in the Vp structure of the crust. Unfortunately, the resolution and characteristics of the method used here are not 
geared to identify a vertical change in the Vp caused by the dyke, whose width ranges from 5 to 200 m (Cebriá 
et al., 2003). Additionally, the phase labeled as P2P in S1 (Figure 3a) may indicate a north-dipping structure in the 
lower crust. This interface may correspond to a change in the physical properties of that part of the lower crust 
of an unknown origin.

Along the study profile and toward the southern half of the Gredos sector, a remarkable decrease of the Vp is 
modeled. This Vp reduction may reflect a change in the composition of the basement linked to the lithological 
variability of the igneous rocks described for the Central System batholith (Bea et  al.,  1999,  2003). Toward 
the Toledo Mountains, the Vp increases progressively with depth and no major lateral variations are modeled, 
although this part of the model is the least constrained. The Vp model also reveals that the lower crust is thinner 
toward the south, ranging from approximately 20-km thick at the northern end of the profile to 13-km thick at 
the southern end.

The prominent PMP phase reveals the existence of a conspicuous upper mantle discontinuity, probably a few kilo-
meters thick. This arrival has been identified previously in other areas of the Iberian Massif (Ayarza et al., 2010; 
Díaz et al., 1993; Palomeras et al., 2009; Palomeras, Ayarza, et al., 2021) and has been explained as the reflection 
of a layered or gradient transition zone consistent with the spinel-lherzolite to garnet-lherzolite transition (Ayarza 
et al., 2010; Palomeras, Ayarza, et al., 2021), attributed to the Hales discontinuity. To our knowledge, the conti-
nuity, reflectivity, and length of this phase are unprecedented, not only in the Iberian Massif but probably at a 
worldwide scale.

4.2. Model Uncertainties and Resolution

The Vp model (Figure 4) reproduces the travel-time branches identified in all shot records (Figure 5). However, 
the observed misfits are expected since there are several factors that contribute to the mismatch between the 
modeled and observed travel times. The projection onto a straight line of a complex acquisition pattern (Figure 2) 
and the rough topography along the study transect (variations of up to ∼1,600 m) produce small misfits. Note 
that along the ALCUDIA-WA profile (see location in Figure 1), altitude variations of only 150 m have yielded 
travel-time errors of <0.05 s, assuming a Vp of 3 km/s (Ehsan et al., 2015). Additionally, small-scale features like 
near-surface structures, irregularities of the batholith boundaries, and local existence of metasedimentary rocks 
may be below the resolution of the method and introduce local variations in the velocity field. Another consider-
ation is that the SPCS strike changes from an E-W to a NE-SW orientation along the modeled transect, south of 
S3, possibly inducing misfits at depth. In summary, the geologically complex 3D structure of the SPCS and its 
crustal heterogeneity contribute to the uncertainties of the 2D Vp model.
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The lateral resolution of the model can be estimated by the analysis of the raypath coverage, which reveals the 
extent to which the different interfaces are constrained by the data. Figure 6 shows examples of the raypath cover-
age of rays that refract in a layer, rays that reflect off the bottom of a layer and rays that travel as head waves along 
the bottom of a layer. They are projected over the Vp model for the Cenozoic basins and basement (Figure 6a), 
lower crust (Figure 6b), and uppermost mantle (Figure 6c). In general, good ray coverage is observed for the 
Duero Cenozoic basin and SPCS in the crust and upper mantle. However, in the southern end of the profile, the 
ray coverage is poorer, owing to the limited offset of shot record S4 (Figure 2) and therefore, this part lacks good 
resolution.

5. Discussion
5.1. Tectonic Model for the Gredos Sector of the SPCS and Its Cenozoic Foreland Basins

The presented Vp model has provided new constraints on the lithospheric structure of the central part of the SPCS 
and its foreland basins (Figure 7). This part of the SPCS is modeled as a crustal-scale asymmetric thick-skinned 
double-vergent belt, based on the contrasting image that the Moho boundary reflection (PmP phase; Figure 3b) 
shows. This phase features opposed dips at similar offsets to the south and north of the SPCS. According to this 
interpretation, the crustal asymmetry implies that the Gredos sector was, at least, partly exhumed by a system of 
south-vergent thrusts that imbricate the crust and offset the Moho. Similarly, a magnetotelluric profile crossing 
the Gredos sector (Pous et al., 2012) revealed zones of relatively high conductivity interpreted as Alpine faults 
affecting only the upper crust. Nevertheless, the existence of these conductive areas that extends deep in the crust 
may support the presence of crustal-scale structures.

Figure 5. Vertical component record sections from S1 to S4 (same processing flow as applied in Figure 3). Red lines show the theoretical travel-time branches 
predicted by raytracing through the Vp model shown in Figure 4. Phases are labeled for reference.
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Regarding the crustal geometry, a major north-dipping thrust system would run through the southern border 
of the dome-shaped iso-velocity contours, representing the Central System batholith, and projecting onto the 
Tiétar thrust (TiT) system at surface. A second fault system, represented by the South Gredos thrust (SGT), 
would merge into a mid-crustal detachment or into the TiT system at depth. The role of the SGT is probably 
more relevant than that of the TiT in the Alpine configuration of the SPCS. Nevertheless, since the SGT is only 
identified to the east of the CIMDEF profile, where the mountain chain changes its strike from ENE-WSW to 
NE-SW, its interpretation in our data set and the corresponding Vp model is not straightforward. The exhumation 
of the SPCS probably resulted from the imbrication of the entire crust in the hanging wall of the south-vergent 
thrust systems, TiT and SGT. The geometry and activity of these faults may have forced the upper crust south of 
the Gredos sector to slightly underthrust. These thrust systems, or at least the TiT, failed to root into a missing 
mid-crustal discontinuity in contrast with the structure of the Cantabrian Mountains, where a mid-crustal detach-
ment enhanced mountain building (Ayarza et al., 2021; Gallastegui et al., 2016; Pulgar et al., 1996).

Figure 6. Raypath coverage providing constraints on the lithospheric model determined for the study transect (every tenth ray has been plotted). Rays are projected 
over the Vp model to provide an idea of the best constrained part of the: (a) upper crust, (b) lower crust, and (c) upper mantle. Bold lines show the interface segments 
constrained by the data. DCB, Duero Cenozoic basin; MCB, Madrid Cenozoic basin; SPCS, Spanish-Portuguese Central System; TM, Toledo Mountains. S1 to S4 are 
the sources.
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Another major fault in the study area corresponds to the NE-SW oriented Messejana-Plasencia fault, assumed 
to cut the entire crust, and that acted during the Alpine contraction as a left-lateral strike-slip fault. Strain parti-
tioning between the Messejana-Plasencia fault and the main NE-SW oriented faults has been proposed to accom-
modate the N-S Pyrenean compression (de Vicente et  al.,  2018). Thus, the mafic rocks associated with the 
Messejana-Plasencia dyke (Cebriá et al., 2003) might have contributed to the Vp configuration observed to the 
north of the Gredos sector. However, the dimensions of this structure are below the resolution of the design of 
this experiment. The Vp model indicates that the Central System batholith may reach a depth of ∼19 km under 
the northern part of the SPCS and most probably also in the southernmost Duero Cenozoic basin. The increase 
of Vp in the lower crust in that part of the profile may indicate the existence of a significant mafic component in 
this crustal level, which can be related to high-grade metamorphic rocks, mafic intrusions and/or restite, formed 
after melt extraction of granite. In the southern part of the SPCS, a decrease of the Vp in the upper crust can be 

Figure 7. (a) Simplified geological map along the study transect; (b) interpreted Vp model. The thick black lines indicate the location of the top of the lower crust, the 
internal lower crust reflector, the Moho discontinuity, and the Hales discontinuity constrained by the data and the broken white line the modeled position of the Conrad 
discontinuity. The main faults (Messejana-Plasencia fault [MPF]; Tiétar thrust [TiT]; and South Gredos thrust [SGT]) and other minor faults are also indicated in the Vp 
model. DCB, Duero Cenozoic basin; MCB, Madrid Cenozoic basin; SPCS, Spanish-Portuguese Central System; TM, Toledo Mountains; (c) tectonic interpretation of 
the Vp model. The iso-velocity contours are projected for reference. S1 to S4 are the sources.
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explained by the upper crust anatexis without much involvement of the lower crust during the late-Variscan defor-
mation. This Vp distribution may not have been significantly affected by the Alpine contraction.

Our model complements previous lithospheric models based on natural source seismic experiments. Figure 8 
shows the projection of our iso-velocity contours over the lithospheric reflectivity profiles obtained from seismic 
noise (Figure 8a) and global-phase seismic interferometry (Figure 8b) as part of the CIMDEF project (Andrés 
et  al.,  2019,  2020). The geometry of the Moho discontinuity modeled by both natural and controlled source 
experiments correlates well, especially with that constrained by global-phase seismic interferometry. Regarding 
the geometry of the upper-lower crust boundary, despite small mismatches, a general correlation exists under 
the Duero Cenozoic basin and the Gredos sector. However, toward the south of the profile, we propose a thinner 
and deeper lower crust than the one interpreted by natural source methods, although our model is less well 
constrained in the southern region (Figure 6). The model obtained by autocorrelation of seismic noise shows an 
area of low frequency and high reflectivity under the SPCS which has been interpreted as the Central System 
batholith (Andrés et al., 2020). This area also coincides with low Vp, reinforcing the same interpretation. Regard-
ing the lower crust, the high frequency and high amplitude reflections found to the north of the SPCS by natural 

Figure 8. Projection of: (i) our Vp model's iso-velocity contours with numbers indicating the velocity in km/s, (ii) the Conrad discontinuity (blue line), (iii) the Moho 
discontinuity (red line), (iv) the Hales discontinuity (green line), (v) the interface in the lower crust (black line), and (vi) the main faults in the SPCS Tiétar and South 
Gredos thrust systems (TiT and SGT) and Messejana-Plasencia fault (MPF) over the lithospheric reflectivity profiles retrieved by: (a) autocorrelation of ambient 
seismic noise (Andrés et al., 2020, original figure under CC BY 4.0 license); and (b) global-phase seismic interferometry (Andrés et al., 2019, original figure under CC 
BY 4.0 license). Dashed blue lines represent the top of the lower crust and dashed red lines the Moho discontinuity interpreted by natural source seismic methods. In the 
upper part, the topography along the natural source transect is shown (Andrés et al., 2019, 2020). DCB, Duero Cenozoic basin; MCB, Madrid Cenozoic basin; SPCS, 
Spanish-Portuguese Central System; TM, Toledo Mountains.
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source methods coincide with the lower part of the dome-shaped distribution of high Vp identified in this work 
(Figure 8).

5.2. The Conrad Discontinuity: The Upper-Lower Crust Boundary

The data presented in this study show only one intra-crustal phase: PcP (Figure 3). However, this phase is not 
identified in all the shot records, thus revealing a laterally heterogeneous or elusive character of its source, the 
Conrad discontinuity.

Based on normal incidence and WA seismic reflection data acquired along the Iberian Massif, one orogen-scale 
conspicuous mid-crustal feature has been identified and related to the Conrad discontinuity (Ayarza et al., 2021). 
This boundary might have often acted as a detachment level during the Variscan deformation but also during the 
Alpine contraction, given the contrasting reflectivity patterns existing between the upper and the lower crust. 
Along the CIMDEF profile, the Conrad discontinuity, where constraint by the data (Figure 7b), features a Vp 
contrast of: (a) 6.2–6.3 km/s under the northern Duero Cenozoic basin, (b) 6.5–6.6 km/s under the southern 
Duero Cenozoic basin, and (c) 6.0–6.5 km/s under the southern part of Gredos. In addition, in the southern part 
of Gredos, abundant granitoids are modeled as a low Vp area down to 19 km. Thus, the base of Central System 
batholith seems to extend below the expected position of the Conrad discontinuity, although this boundary shows 
an irregular or discontinuous character. Accordingly, the lower crust thinned from ∼20  km under the Duero 
Cenozoic basin to 10–12 km thick under the southern part of Gredos. This velocity pattern may then support a 
model in which the Conrad discontinuity was partially melted and redefined at the end of the Variscan orogeny. 
This process might have affected the lower crust, without a significant mantle source and would have kept the 
Moho flat (Block & Royden, 1990). Although a mantle source in the magmatism of the CIZ is possible, there is 
no indication of massive mantle participation (Villaseca & Herreros, 2000) as olivine-bearing gabbro is scarce 
in Gredos (Orejana et al., 2009). Therefore, extension and lateral magma flow may have affected the lower crust. 
Analog models of continental rifting show that magma and ductile materials in the lower crust are transferred 
laterally and parallel to the extension direction until they reach a region of lower local pressure and accumulate 
in the footwall of major faults (Corti et al., 2004). Similarly, in the CIZ the magma flow may have been driven by 
thinning during extension of a ductile lower crust and by intrusion of crustal melts beneath the area of greatest 
upper crustal thinning.

In a basement intruded by a huge volume of granitoids (Zone II), the igneous intrusion caused anatexis of the 
crust, interrupting or even assimilating a mid-crustal detachment horizon in which the Alpine thrusts could have 
soled out. Thus, the upper-lower crust boundary was partly obliterated and redefined after cooling, leading to 
an irregular discontinuity sampled as the PcP phase in our data set. Therefore, the TiT (Figure 7) did not find a 
major mid-crustal detachment to root in and instead might have followed the southern Central System batholith 
affecting the entire crust. Additionally, the SGT, which plays a key role in the exhumation of the Gredos sector 
to the east, could have either rooted at the mid-crustal detachment or joined the TiT at depth. This pattern is not 
observed in other ranges formed in the borders of the Iberian microplate, that is, the Cantabrian Mountains, where 
Teixell et al. (2018) proposed the preservation of the mid-crustal detachment allowed for underthrusting of the 
lower crust. Accordingly, we suggest that the crustal structure and deformation mechanisms affecting Gredos 
during the Alpine contraction are significantly controlled by the inferred volume of granitoids at depth, playing a 
role in the nucleation of the SPCS (de Vicente et al., 2018), and enhancing coupled Alpine deformation between 
the upper and lower crust (Ayarza et al., 2021).

5.3. The Moho Discontinuity

The crust-mantle boundary is essentially flat in the Iberian Massif except when there are remnants of Variscan 
imbrications or it is affected by the Alpine contraction (Ayarza et  al.,  2021; Martínez Poyatos et  al.,  2012; 
Simancas et  al.,  2013). A generally flat subhorizontal Moho is identified at depths of 31–33  km (Ehsan 
et al., 2014; Palomeras et al., 2009; Palomeras, Ehsan, et al., 2021) in the southern CIZ, Ossa-Morena zone, and 
South Portuguese zone. However, under the SPCS, the accommodation of the crustal compression during the 
Alpine contraction resulted in a Moho offset from ∼33 to 39 km depth along 25 km. A Moho depth of 40 km 
was also obtained by potential field (gravity and geoid) modeling and thermal analysis (Torne et al., 2015) and 
natural source seismic experiments (Andrés et al., 2019, 2020) (Figure 8). This Moho geometry is compatible 
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with an imbrication of the crust and incipient continental subduction in the southern part of the CIZ under the 
Gredos sector after the development of south-vergent thrust systems (de Vicente et al., 2021). The contrasting 
geometry of the PmP phase in S2 (Figure 3b) to the north (relatively flat between −130-km and −40-km offset) 
and south (north-dipping at 50-km to 160-km offset) of the SPCS also confirm the asymmetric crustal geom-
etry as a crustal-scale pop-up (de Vicente et al., 2018), and a thickening of the crust under the SPCS (Vegas & 
Suriñach, 1987).

5.4. The Hales Discontinuity

The reflector modeled from the conspicuous subcrustal feature, PMP (Figure 3a), coincides with the depth and 
character proposed for the Hales discontinuity, a mineral phase transition from spinel-lherzolite to garnet-lherzolite 
in the upper mantle. The top of this reflection is located at 59–60 km under the southern border of the Duero 
Cenozoic basin. As it has only been imaged in S1, its continuation toward the south (∼180-km offset) is uncertain 
(Figure 6c).

In the Central Iberian, Ossa-Morena, and South Portuguese zones (Figure 1), subcrustal sub-horizontal reflec-
tions have been identified in deep seismic sounding experiments. Along the ALCUDIA-NI profile (Martínez 
Poyatos et al., 2012), an outstanding subcrustal reflection is identified at 19 s twtt (∼57 km) in the central part of 
the CIZ and at 16 s twtt (∼48 km) in its southern part. New processing and modeling along the ALCUDIA-WA 
and ILIHA profiles (see location in Figure 1b) located such discontinuity at 51–57 km under the southern part of 
the CIZ and SPCS (Palomeras, Ayarza, et al., 2021). Additionally, the Hales discontinuity has been described in 
the IBERSEIS-WA profile as a gradient zone located at 61–72 km, and with a Vp contrast from 8.2 to 8.3 km/s 
(Ayarza et al., 2010).

The depth of the Hales discontinuity depends on the mantle geochemistry, but it can be generally placed at 
∼65 km depending on mantle depletion (O’Neill, 1981). In addition, a gradual conversion from spinel to garnet 
may explain the characteristics of the reflections coming off this boundary (high amplitude and long coda), point-
ing to some sort of complexity (i.e., layering where the amount of spinel with respect to garnet is variable, Ayarza 
et al., 2010; Palomeras, Ayarza, et al., 2021), thus producing constructive seismic interferences. Regardless of 
only being imaged in one of the shots, the data set presented here contains one of the best recorded reflections of 
the so-called Hales discontinuity (PMP in Figure 3a). Its high amplitude and lateral continuity allow defining its 
smooth sub-horizontal geometry which does not seem to have been affected by the Alpine contraction. Therefore, 
our data suggest that the Alpine contraction affected only the crust, offsetting the Moho (as revealed by the asym-
metry of the PmP phases), but preserving lithospheric mantle features.

5.5. The Variscan Orogeny in the CIZ

Although our Vp model provides information about the lithospheric structure of an Alpine intraplate range, this 
tectonic configuration has been influenced by the evolution during the Variscan orogeny.

The Variscan orogeny led to crustal thickening during the early Carboniferous, before its late-Variscan thermal 
weakening and gravitational collapse (Barbero & Villaseca, 2000; Rubio Pascual et al., 2013, 2016). In some 
places of the CIZ, the lower crust was significantly thinned by pervasive extension and widespread melting 
processes (Alcock et al., 2015; Ayarza et al., 2021; Díez Fernández & Pereira, 2016; Escuder Viruete et al., 1998; 
Martínez Catalán et al., 2014), also evidenced by the intrusion of late-Variscan granitoids (e.g., Bea et al., 2003; 
Orejana et al., 2012; Simancas et al., 2013). The generalized gravitational collapse of this orogen and crustal thin-
ning was driven by broad ductile shear zones that formed under a regional N-S to NW-SE direction of extension 
(e.g., Dias da Silva et al., 2021; Doblas, 1991; Doblas, López-Ruiz, et al., 1994; Escuder Viruete et al., 1998). 
Associated to these late-Variscan low-angle detachment tectonics and shear zones, uplift of deep and hot rocks 
in the footwall of these detachments caused a progressive doming of the overlying mylonitic zone resulting in 
an asymmetric antiform (Doblas, López-Ruiz, et al., 1994; Escuder Viruete et al., 1994). This doming may have 
been also induced by the granitoid emplacement (Escuder Viruete et al., 2000) and caused an intense anatexis in 
the CIZ (Díaz Alvarado et al., 2013; Diez Balda et al., 1995; Doblas, Oyarzun, et al., 1994).

Therefore, the intrusion of the Central System granitoids would have melted the host rocks and partially assim-
ilated the mid-crustal detachment, where the Variscan tectonic structures (compressional or extensional) rooted 
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(or should have rooted). This process may have also enhanced the formation of zones of rheological contrasts 
where new structures could nucleate to accommodate the deformation during the forthcoming Alpine contrac-
tion. In fact, the pop-up and pop-down Alpine structures in the SPCS have been related to the existence of a 
homogeneous crustal rheology due to the abundance of granite in Gredos (de Vicente & Muñoz-Martín, 2013).

5.6. The Alpine Contraction: Shortening, Deformation Transfer, and Detachment Levels

Major deformation related to the Alpine contraction was concentrated in the Iberian microplate boundaries, 
mostly within the Pyrenean-Cantabrian mountain chain and the Betic Cordillera (Figure 1b). Thus, the exhuma-
tion of the SPCS resulted from the deformation transfer from the Iberian microplate boundaries to the interior 
(e.g., de Vicente et al., 2018; Fernández-Lozano et al., 2011).

The Alpine collision of the Iberian microplate with the Eurasian plate resulted in an asymmetric crustal archi-
tecture and Moho offset under the SPCS. The crustal structure in Figure 7c implies a low shortening, possibly 
<15 km. However, the modeling strategy carried out in this work does not allow to image layer duplications, 
hindering the possibility of picturing the entire geometry of the imbrication. In this same area of Gredos, Andrés 
et al. (2020) provided a shortening of ∼20 km. To the east, in Guadarrama, where the existence of an Upper Creta-
ceous cover allowed for a more precise reconstruction, 24 km of shortening in the upper crust was calculated (de 
Vicente & Vegas, 2009; Quintana et al., 2015). This difference in the estimated shortening along the SPCS agrees 
with a thermochronological study that revealed less denudation and rock exhumation in Gredos (De Bruijne & 
Andriessen, 2002). Furthermore, the amount of ductile deformation, mostly at lower crustal levels, cannot be 
estimated, hindering precise comparisons between shortening at different crustal levels.

The shortening values estimated for the SPCS contrast with the 90 to >170  km calculated for the 
Pyrenees-Cantabrian Mountains (DeFelipe et al., 2018; Jammes et al., 2014; Muñoz, 1992; Teixell et al., 2016). 
There, the development of thick Cretaceous sedimentary basins (North Pyrenean Zone and Basque-Cantabrian 
basin) in a hyperextended margin where low-angle detachment faults formed (Clerc et  al.,  2016; DeFelipe 
et al., 2017, 2019; Masini et al., 2014), as well as Cenozoic syntectonic basins (South Pyrenean Zone; Labaume 
et al., 2016; Teixell & García-Sansegundo, 1995), conditioned the subsequent tectonic inversion. Regarding the 
SPCS, where no thick basins formed over the Variscan basement, only ∼4 km of vertical movement are predicted 
(De Bruijne & Andriessen, 2002). From the middle Eocene to the early Miocene, N-S compression related to the 
Pyrenean-Cantabrian orogen formation was transferred toward the south, inducing compression and exhumation 
in the Gredos and Guadarrama sectors, as evidenced by low-temperature thermochronological dating (De Bruijne 
& Andriessen, 2002; Sell et al., 1995). Subsequently, from 9 to 3.7 Ma, the NW-SE compression related to the 
Betic Cordillera was transferred to the SPCS and produced a limited reactivation of previous structures (de 
Vicente et al., 2018).

The lithospheric model presented in this work also highlights the influence of the granitoids in the rheological 
behavior of the crust. Batholiths can behave as highly competent bodies, concentrating deformation in its edges 
and in adjacent host rocks, thus, partitioning the strain to other domains (Miller & Paterson, 2001). Therefore, 
fault nucleation is preferentially focused into zones of strong rheological contrast, such as the granite contacts or 
at the boundaries with the host rocks (D’Lemos et al., 1997). Indeed, the boundary between the SPCS granitoids 
and the metasedimentary rocks of the CIZ south of Gredos, represents a zone of strong rheological anisotropy. 
This contrast may have controlled the kinematics of the SGT leading it to skip an elusive and interrupted Conrad 
discontinuity redefined after the Variscan granite emplacement and offsetting the entire crust. The granitoids not 
only assimilated the mid-crustal detachment during its late-Variscan emplacement, but also helped to define a 
new subvertical to north-dipping weakness zone.

Our results therefore support the relevance of the Variscan batholith in the nucleation of the Alpine structures 
in the SPCS, as it was previously proposed by de Vicente et al. (2018) based on the orientation of the structures. 
Consequently, the upper crust in the footwall of the TiT and SGT may also have slightly underthrust. This crustal 
architecture may be partly responsible of the different altitudes between the Duero and Madrid Cenozoic basins 
(Andrés et al., 2020). In this regard, it is worth noting that both the Duero and Madrid Cenozoic basins expe-
rienced a different sedimentation and erosional history during the Cenozoic (Cunha, de Vicente, et al., 2019; 
Cunha, Martins, et al., 2019; Silva et al., 2017) that could partly explain this difference in altitude. The Raña 
surface represents an extensive alluvial planation landform, present in both Madrid and Duero Cenozoic 
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basins, that pre-dates the Quaternary fluvial incision (Gutiérrez-Elorza et al., 2002; Karampaglidis et al., 2020; 
Martín-Serrano, 1991; Pérez-González, 1994). Maximum fluvial incision calculated from this surface implies 
incision of 220 m for the Madrid Cenozoic basin and 165 m for the Duero Cenozoic basin (Silva et al., 2017). 
Furthermore, in the Madrid Cenozoic basin and south of the Guadarrama sector, recent and historical seismicity 
(Rodríguez-Pascua et al., 2016) is explained by Giner-Robles et al. (2012) as: (a) tectonic far-field stress of plate 
convergence, (b) lithospheric flexion evidenced by large basement wave-length folding, and (c) the tectonic 
loading associated with the topography of the SPCS. We therefore suggest that the exhumation of the SPCS by 
south-directed thick-skinned thrusts may be related to the underthrusting of the basement south of the SPCS and 
be one of the mechanisms responsible for the difference in altitude in both foreland basins influenced by their 
different erosional history (de Vicente & Muñoz-Martín, 2013).

Finally, our model discards lithospheric folding/buckling (e.g., Cloetingh et al., 2002) as the main deformation 
mechanism in the SPCS. The crustal structure in the study area results from a complex geological evolution 
since the Variscan orogeny. The resulting Alpine crustal asymmetry, otherwise similar to that observed in some 
sections of other Alpine mountain ranges (Alps, Pyrenees, or Cantabrian Mountains), is promoted by a system 
of thrusts that follow the SPCS southern boundary and affects the upper and lower crust in a fairly coupled way. 
Thus, the crustal discontinuities and rheological contrasts contributed to the exhumation of the SPCS intraplate 
mountain range and an incipient and restricted crustal subduction.

6. Conclusions
In this study, we present a lithospheric model of the Gredos sector of the SPCS intraplate mountain range and 
its foreland Duero and Madrid Cenozoic basins, based on the CIMDEF wide-angle seismic reflection/refraction 
experiment. The P-wave velocity model obtained shows a layered lithosphere with three main discontinuities: 
(a) the upper and lower crust boundary, the Conrad discontinuity, is located between 10.5 km depth in the north 
and 18 km depth in the south; (b) the crust and mantle boundary, the Mohorovicic discontinuity, is relatively flat 
under the Duero Cenozoic basin and southern part of the profile with an offset from 33 to 39 km under the SPCS; 
and (c) an upper mantle boundary under the Duero Cenozoic basin, the Hales discontinuity, at 59–60 km depth, 
which is the most outstanding and continuous reflection of the lithospheric mantle under the Iberian Massif. Our 
model also suggests the existence of a large batholith coinciding with the dome-shaped iso-velocity contours 
under the Gredos sector and the southernmost part of the Duero Cenozoic basin. In the southern part of Gredos, 
a reduction of the P-wave velocity in the upper crust may reflect a change in the lithological variability of the 
batholith exhumed along the SPCS. Additionally, the lower crust thins toward the south. The interpreted crustal 
structure consists of two major thick-skinned south-vergent thrust systems: the Tiétar thrust exhumed the SPCS 
causing a crustal imbrication and a Moho offset, and the South Gredos thrust, sampled close to its termination, 
which might root in the mid-crustal detachment or locally merged the Tiétar thrust at depth.

During the gravitational collapse of the Variscan orogen in the late Carboniferous, pervasive extension and melt-
ing in the CIZ triggered the intrusion of granitoids in the present-day Gredos sector. These granitoids most 
probably derive from anatexis of upper crust levels and therefore, do not affect much of the lower crust, which 
may be formed by restite, mafic intrusions (if a mantle source was involved) and/or high-grade metamorphic 
rocks. Late-Variscan detachment faults and shear zones formed and rooted in a mid-crustal detachment where 
it was not assimilated by the SPCS basement granitoids. However, close to this mountain range, a large part of 
this detachment might have been erased or reworked, changing the rheology of the crust and defining new weak 
zones that would be preferentially used by contractional Alpine structures, such as the southern border of the 
SPCS. In this context, the Alpine contraction, which resulted in the exhumation of the Pyrenean-Cantabrian 
Mountain belt in the northern border of the Iberian microplate, was also transferred to the plate's interior exhum-
ing the Neoroterozoic-Paleozoic rocks of the SPCS since the Eocene with a low shortening rate despite its high 
topography.

Our lithospheric model has major implications into the crustal deformation mechanisms. The granitoids of the 
basement of the SPCS not only assimilated the mid-crustal detachment horizon but also defined a new weak 
zone that controlled the nucleation of the crustal-scale Alpine thrust systems. Consequently, the upper crust in 
the footwall of the Tiétar and South Gredos thrust systems may also have slightly underthrust. The origin of the 
noteworthy topography difference between the Madrid and Duero Cenozoic basins could be related to the afore-
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mentioned tectonic mechanisms as well as slightly influenced by the different erosional history in the basins, 
opening a line of research for future work in this matter.

This work has provided a new lithospheric model of an intraplate mountain range, showing that pre-Alpine crus-
tal discontinuities and rheological contrasts enhanced intraplate mountain building during the Alpine contraction.

Data Availability Statement
Data are available online in the SeisDARE database (https://digital.csic.es/handle/10261/101879, last accessed 
May 2022) (DeFelipe et al., 2021). The shot records are available in Ayarza and Carbonell (2019).
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