
1. Introduction
Traditionally, the ranges in the interior of the Iberian microplate (Iberian Range to the east and Spanish-Portuguese 
Central System (SPCS) to the west) have been related to the active plate border between Iberia-Africa and Eurasia 
(Pyrenees) (Figure 1a) during the Eocene–Lower Miocene. Consequently, deformation was transmitted to the 
interior of the lower plate, the Iberian foreland, uplifting intraplate deformation belts within a context of widely 
distributed deformation (de Vicente & Vegas, 2009). Recent studies tend to consider this central deformation belt 
as an orogen (incipient?) with its own marked personality.

The SPCS reaches a topographical height exceeding 2,500 m. Field observations indicate that the shortening 
accommodated by the SPCS portrayed a minimum of 5–9 km and a maximum of 20 km (de Vicente et al., 2018; 
de Vicente & Muñoz-Martín, 2012). From seismic noise and global-phase seismic interferometry studies (Andrés 
et al., 2019, 2020), it was observed that the time offset in the Moho related to the main thrust is 2–2.5 s, which trans-
lates to a thickening of around 6–8 km and a minimum horizontal shortening close to 20 km. Controlled-source 
and natural seismicity surveys suggest the Moho topography reaches 37–41 km depth in its easternmost part, 
which is 9–5 km higher than in the surrounding Madrid and Duero Cenozoic Basins (Diaz et al., 2016).

Given the tectonic complexity of the Iberian Peninsula, affected by the Variscan (Paleozoic) and Alpine (Ceno-
zoic) orogenies, this microcontinent has been the target of geophysical analyses since the 1970s (Díaz et al., 2021). 
However, most deep seismic lines, which allow to constrain the crustal structure in detail, were planned, to the N 
and S, to determine the structure of the Cantabrian-Pyrenean and Betic orogens, respectively. The seismic lines 
in the interior of Iberia, featured by a prominent crystalline basement, were targeted at the Variscan structure. 
Since the main Variscan trend is NW–SE, seismic lines were run NE-SW, that is, parallel to the SPCS, and there-
fore, not suitable for determining its deep structure. This tendency changed in recent times (Andrés et al., 2019, 
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2020; Silveira et al., 2022). Accordingly, previous crustal models, deduced from indirect methods, need to be 
revisited. Previous models suggested the presence of crustal roots, in which deformation in the lower crust was 
accommodated by a pure shear mechanism (Gómez Ortiz et al., 2005; Suriñach & Vegas, 1988). Thus, Cloetingh 
et  al.  (2002) proposed that the SPCS was related to large-scale lithospheric folds producing large high-angle 
thrusts. However, global studies of the Iberian lithosphere do not support this hypothesis (Díaz et al., 2021). 
De Vicente et al. (2007) studied the crustal structure of the SPCS, in the Spanish sector, based on gravity data 
and numerous field examples of thrust geometry. Although these outcrops evidenced many low-angle faults, the 
resulting model kept on drawing large high-angle thrusts at the crustal scale. Those same authors published a 
series of crustal models, also including the Portuguese sector (de Vicente et al., 2018), in which they pointed out 
the relevance of the Alpine Messejana-Plasencia strike-slip fault that accompanied a strain partitioning process. 
Then, the studies of Andrés et al. (2019) and Andrés et al. (2020) showed that the deformation in the lower crust 
was driven by simple shear related to a S-directed thrust, with a dip of about 30°, which displaced the Moho, 
drawing an incipient continental subduction. Therefore, the SPCS is nowadays a key area to investigate whether 
other orogenic related processes have occurred during its Cenozoic contraction.

The Eastern contact between the Madrid Cenozoic Basin and the SPCS exhibits different structures along 
strike. West of Madrid City, this boundary is an SE-directed, crustal-scale thrust that offsets the Moho (Andrés 
et al., 2019; de Vicente et al., 2018). From Madrid City to the east, and up to the Hiendelaencina dome, this 
thrust is blind and accompanied by N–NW-emerging backthrusts with spacing of between 10 and 20  km 
(Figures 1b and 2a). This structural arrangement suggests the presence of a crustal tectonic wedge (de Vicente 
& Muñoz-Martín, 2012). Since delamination and tectonic wedging and triangle zone development seems to be 
related with the pattern of mechanical layering of the lithospheric mantle and crust (Moore & Wiltschko, 2004), 
in this study we will discuss the possible candidates that could lead to such a structure. The Variscan Orogen 
constitutes the crystalline basement of the SPCS and is a source of first-order rheological (vertical and lateral) 
discontinuities. For instance, the several stages of SE-directed Variscan extensional collapse contributed to a 
two-layer rheological crustal arrangement. In this study, we will demonstrate that such a delamination process 
occurred, approaching the SPCS to what we normally understand an orogen to mean.

2. Geological Setting
The rocks that conform to the crystalline basement of the SPCS were deformed and recrystallized during the 
Late Paleozoic Variscan Orogeny (Díez Fernández et al., 2016). Remnants of this orogen in southwestern Europe 
constitute the Iberian Massif, which is made of crystalline rocks that form the basement of a relatively thin Meso-
zoic and Cenozoic sedimentary series. The basement of the SPCS represents the lower plate of a Devonian suture 
zone (Arenas et al., 2016; Díez Fernández & Arenas, 2015; Martínez Catalán et al., 2009).

The autochthon of the Devonian suture (lower plate) consists of Neoproterozoic to Devonian strata (Gutiérrez Marco 
et al., 1990; San José et al., 1990). The Neoproterozoic and Cambrian series consist of metasandstones alternat-
ing with metapelites and rather minor carbonate (Fuenlabrada et al., 2016; San José et al., 1990). In the study 
area (eastern SPCS), the Paleozoic series includes alternations between metapelites (including graphite-rich 
rocks), metasandstones, quartzites, and carbonate (marbles and calc–silicate rocks) (Fernández Rodríguez, 1991; 
González Lodeiro,  1980,  1981; Rubio Pascual,  2013) (Figure  2a). The Neoproterozoic and Cambrian series 
host massifs of orthogneiss, which range from fine-to coarse-grained and include augen gneisses (Fernández 
Rodríguez, 1991; García-Arias et al., 2018; González Lodeiro, 1980; Navidad, 1978; Rubio Pascual, 2013).

Variscan metamorphism varies across the pre-Variscan lithostratigraphy to define normal and telescoped zona-
tion (Moreno-Martín & Díez Fernández, 2021; Rubio Pascual, 2013; Rubio Pascual et al., 2013). The younger 
series experienced low-grade and low-P metamorphism (slates and phyllites with well-preserved bedding). The 
older series recrystallized under mid-to high-grade metamorphic conditions (mid-to high-P conditions; Barbero 
& Villaseca,  2000; Rubio Pascual,  2013), and now occurs as schists, paragneisses, and orthogneisses (e.g., 
Fernández Rodríguez, 1991).

The Variscan autochthon is exposed in central Iberia over the hinge zones of antiformal and dome structures 
cored by gneissic massifs and Variscan synorogenic granitoids (Díez Fernández et al., 2012; Doblas et al., 1994; 
Escuder Viruete et al., 1994; Rubio Pascual et al., 2013). The high-grade cores of the autochthon are flanked 
by mid-to low-grade rocks. The juxtaposition between these contrasting crustal sections occurred during the 
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Figure 1. (a) Simplified Alpine Tectonic Map of Iberia. Red square corresponds to panel (b) (b) Identification of the main Cenozoic faults, Cenozoic sedimentary 
basins (Mondego, Duero, Lower Tagus, Badajoz, and Madrid) and general stratigraphy. Variscan metamorphic basement—phyllites, 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; SCS— South Central System; 
SG—South Gredos. Strike-slip faults (referenced in blue): SO—Somolinos; MP—Messejana-Plasencia. Messejana-Plasencia dyke in green. Variscan structures (in 
yellow): BF—Berzosa Fault; HD—Hiendelaencina Dome. MGP—Mora-Gálvez Pluton. Detailed map of (a) in Figure 2, Bouguer and Magnetic anomaly maps of (b) 
in Figure 13. Cross section X-Y in Figure 14.
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extensional collapse that followed a stage of crustal thickening during the early stage of continental collision and 
suture zone obduction (Martínez Catalan et al., 2014, 2016; Rubio Pascual et al., 2013). This collapse was driven 
by shear zones that juxtaposed pieces of crust that reached eclogite facies conditions (Barbero & Villaseca, 2000) 
against sections of the middle-upper crust (Rubio Pascual et al., 2013).

The structures formed during the early collapse of the Variscan Orogen are bent into upright folds formed along-
side late orogenic transpressional shear zones (e.g., Díez Balda et al., 1995; Díez Fernández & Pereira, 2016; 
Díez Fernández et al., 2013). Crustal thickening was again attenuated by further extensional tectonics, which is 
also responsible for the current juxtaposition of the low-grade crustal sections onto the high-grade sections across 
the autochthon of central Iberia (Barbero, 1995; Rubio Pascual et al., 2013).

The SPCS is an intraplate range with a thick-skinned tectonic style (as defined by Lacombe & Bellahsen, 2016) 
that trends E-W and has a thin cover. The cover is particularly thin in central Iberia and is not detached from 
the basement. In the eastern sector, the cover is made of patches of Permian and Triassic strata up to 200 m 
in thickness (Sopeña, 1979), whereas the Upper Cretaceous sedimentary rocks constitute the most continuous 
member of the cover. This makes the Cretaceous series a good marker to trace the Alpine deformation, although 
it wedges to the W and is missing in the intra-montane El Amblés Basin (Figure 1b). To the E and resting onto 
the Variscan basement, the basal unit of the Cretaceous series is composed of 100 m of sandstones (Utrillas Fm.), 
followed by a 250 m thick packet of limestones, marls, and dolomites. The SPCS did not act as a paleogeographic 
boundary during the Cretaceous period (Alonso & Mas, 1982; Gil et al., 2010). In the Madrid Cenozoic Basin, 
the Cretaceous carbonate series are covered by 800–1,200 m of gypsum-rich sedimentary layers deposited during 
the Maastrichtian-Rhenanian (Díaz Molina et al., 1990), while in the northern section of the Duero Cenozoic 
Basin, these layers conform to a thinner series (e.g., 40 m near Sepúlveda; López-Olmedo et al., 2007). The only 
pre-orogenic cover in the central section of the SPCS (Gredos) is composed of 120 m of slightly discordant upper 
Rhenanian-Headonian (Lower Oligocene) sedimentary rocks. This is followed by the onset of syntectonic alluvial 
fans during the Oligocene-Lower Miocene, which draw a progressive unconformity whose thickness exceeds 
1,000 m in the field exposure (Arribas, 1986) but reaches 3,000 m in depth according to seismic data (de Vicente 
and Muñoz-Martín, 2012).

The crustal structure of the SPCS is an asymmetric pop-up. The south-directed throw is mostly accumulated 
in a single thrust, the South-Central System thrust (SCS), which controls the northern geometry of the Madrid 
Cenozoic Basin. The north-directed throw is distributed between several thrusts that occur in the southern section 
of the Duero Cenozoic Basin (de Vicente et al., 2018). The SPCS exhibits basement-involved thin-skinned struc-
tures in some sections, such as in Honrubia (Figure 1b).

In the SPCS, sedimentary cover folds are basement-cored anticlines with different accommodation mechanisms 
in the basement rocks (e.g., Lacombe & Bellahsen, 2016). In the eastern sector of the SPCS, where Variscan foli-
ated rocks predominate, one of the most common mechanisms is the development of kink shear bans (de Vicente, 
Muñoz-Martín, et al., 2021).

The SCS extends for more than 300 km, from at least the Iberian Chain to Sierra de Gata, trending NE-SW to E 
and E-W in Gredos. Global-phase seismic interferometry and seismic noise data support that it is a crustal-scale 
thrust, with an approximately 5 km throw affecting the Moho (Andrés et al., 2019, 2020). The lithological compo-
sition of the basement plays a role in the Alpine structure. Alternating pop-ups and pop-downs occur where the 
basement is mostly granitic (central and western sections), such as in Gredos; imbricate thrusts occur where 
the basement is composed of foliated metamorphic rocks (phyllite, schist, and gneiss), defining either thick- or 
thin-skinned sets with basement-involved structures. This is the case in the study area, which lacks granitoids.

Tear faults related to thrusts strike differently depending on the trace of the thrusts (E-W or NE-SW). In general, 
left-lateral faults strike N-S to NNE-SSW, whereas right-lateral faults strike NW-SE to NNW-SSE (de Vicente 

Figure 2. (a) Geologic map of the studied area ((a) in Figure 1b). Main alpine structures: SPFS—Somosierra Pass Fault; So—Somolinos Fault; T—Tortuero 
backthrust; SV—San Vicente backthrust; M—Majadillas backthrust; (a) El Atazar backthrust; S—Santotis backthrust; Se—Semillas backthrust; Ca—Catrejo 
backthrust; V—El Vado backthrust; Tm—Tamajón thrust; VJ—Villares de Jadraque thrust; (c) Cogolludo anticline; (b) Baides anticline. Variscan structures (in 
yellow): BF—Berzosa Fault; CA—El Cardoso antiform; MS—Majaelrayo synform; HD—Hiendelancina Dome. White squares: location of the analyzed Alpine retro-
verging structures (Figures 5–11). (b) Simplified tectonic map of (a) showing the tectonic transports: Purple—Variscan extensional flow; Black—NW Alpine; Red—SE 
Alpine. The area dominated by backthrusts is colored in gray. Seismic lines 7916 and 7928 are located (Figures 3a and 3b). Orange squares: Location of the analyzed 
alpine retro-verging structures (Figures 5–11). BW: Baides well.
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et al., 2007; de Vicente et al., 2009). In this way, there is the tear fault where the SPCS ends and the southern 
(Castilian) branch of the Iberian Chain, which constitutes a right-lateral transpressive NW-SE trending crustal 
scale belt; therefore, the evolution of both intra-plate mountain belts might be related (de Vicente et al., 2009). Out 
of this strike-slip fault pattern, the Messejana-Plasencia fault reactivated the late-Triassic Messejana-Plasencia 
dike as a left-lateral strike-slip fault, which strikes NE-SW, and in the eastern section of the SPCS parallels the 
coeval Cenozoic thrusts (Figure 1b). The Messejana–Plasencia fault is a crustal-scale structure that reaches the 
mantle and converge toward the base of the crust with the SCS thrust (de Vicente, Olaiz, et al., 2021). Their 
functioning as coeval faults has been framed into a strain partitioning process (simple shear) to accommodate 
generalized N–S shortening.

The uplift of the SPCS has been dated using apatite fission track data (De Bruijne & Andriessen, 2002; Sell 
et al., 1995) and through the age of synorogenic strata in foreland and intra-montane basins (Cunha et al., 2019). 
In the Gredos sector, the most accelerated cooling events took place at 43 ± 7 Ma (Middle to early Late Eocene), 
30 ± 4 Ma (Early Oligocene), 19 ± 3 Ma (Early Miocene), and 5 ± 5 Ma (Late Miocene to present day), whereas 
in the Guadarrama sector, close to the studied zone, two episodes of fast cooling were detected: one between 45 
and 35 Ma and the other from approximately 10 Ma to the present day. The analysis of the sedimentary units 
bounded by discontinuities, namely allostratigraphic units (UBS), demonstrates that the thickest accumulation 
of sediment related to the uplift of the SPCS occurred during the Upper Oligocene to Lower Tortonian (UBS 
9 and 10; Cunha et al., 2019) and corresponds to alluvial fans formed during the Oligocene–Lower Miocene 
(Arribas, 1986). UBS 11–13 (9.5–1.8 Ma, Upper Tortonian to Gelasian) indicate a later and lesser uplift, with 
less accumulation of sediment. However, the deformation along the SPCS is diachronous and younger in the 
Portuguese section, where it remains active (Cabral, 2012). In our study area, seismicity is lower. However, a long 
continuous GPS position time series studying vertical deformation rates indicates that the SPCS is uplifting by 
up to 1 mm/year (Serpelloni et al., 2013).

The Madrid Cenozoic Basin occupies a narrow, E-W trending pop-down overridden by Montes de Toledo to the 
south and by Gredos to the north. The Madrid Cenozoic Basin also includes the Campoarañuelo subbasin and a 
wider domain with a triangular shape to the east (Figure 1b). The SCS thrust crops out with a NE-SW strike along 
the hypotenuse of the triangle. Data from seismic lines obtained during 1976–1980 across the Madrid Cenozoic 
Basin (Querol, 1989; Racero, 1988) were used by de Vicente and Muñoz Martín (2012) to infer the 3D structure 
of the Madrid Cenozoic Basin boundary with the SPCS. Line 7916 (Figure 2a) provides a good example of the 
geometry of the SCS thrust in this sector (Figure 3a). Surface exposure of the thrust shows a low dipping angle 
(30°) (Figure 3c). It is a simple NW-dipping structure with a reverse throw of 5–6 km. Its footwall contains 
more  than 2,000 m of synorogenic sediments resting below pre-orogenic rocks, both units not folded under the 
fault.

To the east of the (Variscan) Berzosa Fault (Figure  2a), the Alpine structure of the SPCS is quite different 
from that at the west of the (Variscan) Berzosa Fault (Figure 3b). Seismic line 7928 and surface data indicate 
a more complex scenario. The SCS thrust is missing, and the shortening is solved by imbricate thrusts defin-
ing a basement-involved thin-skinned system. The most relevant thrusts affect the entire cover and demonstrate 
tectonic transport to the NW, that is, they are backthrusts with respect to the SCS thrust. The pre-orogenic cover 
was bent into an open synform. The SE limb of this fold has accumulated synorogenic sediments, whereas the 
northern one has been raised to accommodate the uplift of the SPCS. The nature of the Variscan basement 
sources a fundamental difference between the two sectors of the SPCS defined here. The basement includes 
high-grade metamorphic rocks and predominantly granitoids, with little pre-Alpine mechanical anisotropies to 
the west. Alpine deformation in this context could not be efficiently spread within the fault blocks, and no tight 
folds are formed near the SCS thrust. In contrast, the basement is characterized by low-grade metamorphic rocks 
with various mechanical anisotropies (bedding and foliations) to the east. Such discontinuities add to the largest 
structure, the Berzosa Fault, a Variscan extensional detachment that separates the low-grade metamorphic rocks 
in its hanging wall from the granitoids and high-grade metamorphic rocks in its footwall. Finally, the eastern 
sector of the SPCS was affected, to a lesser extent, by the geodynamic processes related to the opening of the 
Iberian Basin, namely Permian faulting, Triassic rifting (Figure 2a), and extension in the Early Cretaceous. In any 
case, the defining characteristic of this sector is the abundance of Alpine backthrusts, which clearly outnumber 
the thrusts directed to the foreland (Figure 2b).
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Figure 3. (a) (1) Seismic line 7916 (Querol, 1989). (2) Seismic facies interpretation. (3) Migrated structural–tectonic interpretation. (b) (1) Seismic line 7928 
(Querol, 1989). (2) Seismic facies interpretation. (3) Migrated structural–tectonic interpretation prolonged with field observations to the NW. Locations in Figure 2a. 
(c) Surface exposure of the Southern Border Thrust (SCS) N of Villanueva del Pardillo (Blue dot, T, in Figure 1b), SW of seismic line (a) Note the low dip of the fault 
(30°). Bedding: S0.



Tectonics

DE VICENTE ET AL.

10.1029/2022TC007315

8 of 31

Another significant difference between the areas to the E and W of the Berzosa Fault is the thickness of the 
syntectonic infilling of the Madrid Cenozoic Basin (Oligocene–Lower Miocene). The sedimentary infilling 
exceeds 2,000  m to the W and decreases progressively down to be less than 500  m to the E (de Vicente & 
Muñoz-Martín, 2012).

3. Methodology
3.1. Structural Analysis

The analysis carried out in the crystalline basement is based on a revision and synthesis of the main Variscan 
structures observed. The description we provide aims to define the local geometry, distribution, and interference 
of Variscan structures to use those parameters as a guide to identify the role of pre-Alpine planar anisotropies in 
the building of the SPCS. The analysis of the geometry of major Variscan structures is firstly based on regional 
geological maps (see accompanying references). Surficial structural data is used in combination with the meta-
morphic conditions of deformation to estimate the reach of individual structures down into the crust. As a practi-
cal example, it requires a crustal scale shear zone to drive the exhumation of a piece of crust from eclogite facies 
conditions up to juxtapose it against rocks of the middle-upper crust. Deformation related to such process would 
have formed a series of planar structures (anisotropies) throughout a significant part of the lower and middle crust 
and parallel to the planes of mass flow.

The analysis of the alpine structures between the Berzosa Fault and Hiendelaencina Dome is based on the 
1:50,000 geological maps published by the Spanish Geological and Mining Institute (IGME-CSIC), extensively 
corrected with our own field observations. The most characteristic individual structures are described, determin-
ing their tectonic transport directions and macrostructural arrangement. Finally, a structural section of the upper 
crust that integrates all the observations will be produced.

3.2. Geophysical Analysis

Bouguer anomaly maps of the study area were published by de Vicente et  al.  (2007) and de Vicente and 
Muñoz-Martín (2012). In this study, a compilation of public domain data was used (Ayala, 2013). A qualitative 
interpretation of the data set was performed after a complete Bouguer correction (rock mass between the measur-
ing site and height datum was removed). The correction assumes the rocks to be a flat infinite slab of thickness (h) 
and constant density of 2.67 g/cm 3. To achieve full coverage of the study area, the magnetic data from Ardizone 
et al. (1989) and Fletcher et al. (2010) were combined. The data set from Ardizone et al. (1989) is a national 
survey, in which the flight line spacing was 10 km and flight height was 1,000 m. Fletcher et al. (2010) compiled 
surveys acquired during the 70 and 80s, where the line spacing was 1 km and flight height was 120 m. An upward 
continuation of 1,000 m was applied to the high-resolution data before data merging. Once the total magnetic 
intensity map was obtained for the study area, the reduction to the pole was applied to locate the magnetic anom-
alies above the causative bodies (Baranov, 1957).

4. Results
Early Variscan crustal thickening (D1) was accomplished via east-verging folds, which occur along with axial 
plane foliation (S1) (González Lodeiro, 1980). The primary dip direction for S1 and S0 (except for the hinge zones) 
is to the west, but subsequent deformation has modified their orientation (see below). Early crustal attenuation 
(D2) resulted in ductile extensional shear zones (Moreno-Martín & Díez Fernández, 2021; Rubio Pascual, 2013). 
In this section of the orogen, D2 shearing was predominantly directed to the SSE and produced penetrative, 
flat-lying foliation (S2) from the lower upper crust downward (Fernández Rodríguez, 1991; Rubio Pascual, 2013). 
S1 is the dominant fabric in most of the preserved Variscan upper crust (mostly Ordovician to Devonian strata), 
which escaped D2 penetrative shearing (González Lodeiro, 1980). S1 is variably affected in the zones bearing 
S2, from a mere reorientation toward the D2 shear planes (S2 s.l.) to a complete obliteration via D2 metamorphic 
recrystallization. S0, when observed, parallels S2, similar to the boundaries of the individual lens-shaped massifs 
of the orthogneiss and Variscan synorogenic granitoids that tend to occur in the lowermost structural sections of 
the autochthon (Arango et al., 2013; Fernández Rodríguez, 1991; Rubio Pascual, 2013). Late crustal thickening 
(D3) produced upright folds at the expense of S0, S1, and S2 (Figures 2, 4a, and 4b). D1 and D3 folds are roughly 
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homoaxial and may produce hook-type interference patterns in the sections of the preserved Variscan upper crust 
(e.g., Rubio Pascual, 2013). In the lower structural sections, dominated by S2, D3 fold axes trend between N-S 
and NW-SE, and usually plunge to the S–SE, following the primary dip direction of S2 (Figure 4). Note that S2 
was developed within the SSE-dipping extensional shear zones. The D3 folds range from open to close and are 
locally accompanied by a subvertical crenulation cleavage (S3). In the lower structural levels, D3 folds plunge 
to the S and SE. Therefore, S0, S1, and S2 tend to dip in the same direction. Late crustal attenuation (D4) was 
performed by extensional detachments, such as the Berzosa Fault (Rubio Pascual, 2013). These faults cut across 
all the previous structures and crop out to the western boundary of the study area (Figure 2a), where they dip to 
the SSE (Hernaiz Huerta et al., 1996; Rubio Pascual, 2013). In the study area, this type of fault represents the 
actual mechanical boundaries between the low-grade S1-dominated crustal sections and the mid-to high-grade 
S2-dominated sections (Arenas et al., 1982).

In the following, we describe a series of Alpine retroverging structures from our study area and their relation to 
the Variscan basement structure (see locations in Figure 2b).

Figure 4. E-W cross section ((a and b) in Figure 2a) showing the main Variscan structures of the basement of the Spanish-Portuguese Central System in the studied 
area. BF—Berzosa Fault; CA—El Cardoso antiform; MS—Majaelrayo synform; HD—Hiendelaencina Dome; Tm—Tamajón (Permian–Alpine) thrust. (b) Minor 
antiform in an asymmetric parasitic fold pair in the east flank of the Majaelrayo synform (location in Figure 2a and (a)), affecting the Ordovician quartzites of the Alto 
Rey Fm. at Almiruete. D3 deformational stage of the Variscan Orogeny. The white arrow indicates the location of the Tamajón thrust (Section 4.6).
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4.1. San Vicente Backthrust

The San Vicente backthrust (Figure 5a) is located in the western part of the study area (Figure 2b). It includes an 
antiform-synform pair that verges to the N, and a fault propagation fold that juxtaposes the northern limb of the 
antiform and the underlying basement with the southern limb of the synform (Figure 5b). The throw of the fault 
increases to the NE. The folds occur extremely close to the Berzosa Fault and they parallel thrust strikes and dips. 
A crystalline basement made of high-grade metamorphic rocks and granitoids is the only bedrock that occurs W 
of the Berzosa Fault, where the tectonic transport of the Alpine thrusts is to the SE. Therefore, the Berzosa Fault 
represents a boundary from which the Alpine tectonic polarity changes. Thus, this major fault can be envisaged as 
a rheological discontinuity acting as a tear fault for SE-directed thrusts in the W-and NW-directed thrusts in the E. 
In fact, the Berzosa Fault zone s.l. (i.e., including satellite faults) hosts a sinistral strike-slip deformation belt from 
the Cenozoic contraction, referred to as the Somosierra Pass Fault System (Figures 1b and 2). The main Alpine 
fault of that system is located 5–10 km from the Berzosa Fault s.s to the W. The faults of the Somosierra Pass 
Fault System affect sediments from UBS 11 (Late Miocene in age) (Del Olmo Sanz, 1991), including polymictic 
immature conglomerates (quartzite, slate, schists, gneisses, and granites) with pebbles exceeding 0.5 m in diam-
eter with little sediment transport.

This area provides the main microstructural evidence that the steeply dipping westernmost part of the Berzosa 
Fault was reactivated as a strike-slip fault during the Alpine contraction. To avoid any pre-Alpine deformation 
(e.g., Permian-Triassic), slickenfibers of calcite and quartz were measured in the Upper Cretaceous cover at the 
W periclinal termination of the antiform above the San Vicente backthrust -measurement station 14 in de Vicente 
et al.  (1996)- (S14 in Figure 5). These measurements provide a related stress tensor with σ1 at 01/335, σ2 at 
87/114, and σ3 at 02/265, with an R of 0.37 (close to a pure strike-slip solution).

4.2. Tortuero and Majadillas Backthrusts

This is an imbricate set of two E-W trending and N directed thrusts (Figure 2b) that must join a S-dipping décol-
lement within the basement (Figures 3b and 6a). The southern thrust (Tortuero) juxtaposes Silurian rocks from 
the basement (Rodada Fm.) with the Triassic and Cretaceous covers (Figure 6b). Its throw exceeds 1,000 m, and 
the southern regional dip of the axial plane of the hanging wall antiform is probably controlled by an underlying 
detachment within the basement (red line in Figure 3b). The Cretaceous strata were bent into an N-verging foot-
wall synform. The overall architecture defines a basement-involved thin-skinned structure (Figure 3b), which is 
segmented by N-S trending left-lateral faults (Figure 6a).

The northern thrust (Majadillas) exhibits a similar geometry, but the Mesozoic cover has been lost to erosion. 
However, the footwall includes Permian rocks (conglomerates and sandstones; Sopeña, 1979) that have been 
affected by normal faults striking N-S, which also seem to control the distribution of Triassic sedimentary rocks 
(Buntsandstein facies). These normal faults may have been reactivated as strike-slip faults during the Alpine 
contraction (Figure 6a). Both backthrusts seem bounded by a right-lateral tear fault to the E, which may extend to 
the SE in the Madrid Cenozoic Basin (de Vicente & Muñoz-Martín, 2012).

4.3. El Atazar Backthrust

This fault branches off from the Majadillas backthrust and occupies its hanging wall. It cuts and duplicates the 
hinge zone and periclinal fold of the El Cardoso Variscan antiform (Figures 2b and 7). The El Atazar backthrust, 
with a calculated throw exceeding 1,500 m (Fernández-Casals, 1976), juxtaposes the Cambrian strata in the core 
of the Variscan antiform with the Silurian strata from the Rodada Fm. The axial plane cleavage (S3) associated 
with the (D3) El Cardoso antiform is near-vertical, but the plunge of this fold, and of its parasitic folds, is gentle 
to moderate and consistently to the S (Rubio Pascual, 2013). In this way, the bedding has a consistent S-dipping 
geometry in the hinge zones and an apparently E or W dipping geometry in their fold limbs. Such geometry seems 
to have favored and conditioned the nucleation of S-dipping faults such as El Atazar backthrust, which parallels 
the folded bedding envelope in this area. The exposure of the eastern limb of the antiform in the footwall to the 
fault represents a good example of this (Figure 7).
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Figure 5. (a) Geological–tectonic map of the San Vicente backthrust (Figure 2b). (b) Field view of the San Vicente backthrust. Silurian slates of the Rodada Fm. 
over Cretaceous sandstones (Utrillas Fm.). P in panel (a) S14 indicates the location of fault-slickenfibers measured to constrain the strike-slip component of Alpine 
deformation around the Berzosa Fault. Bedding: S0.
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Figure 6. (a) Geological–tectonic map of the Tortueto (T) and Majadillas (M) backthrusts. Permian normal faults are labeled 
in white (Figure 2b). (b) Field outcrop of the Tortuero backthrust. Rodada Fm. (slates) overriding Triassic conglomerates 
(Buntsandstein Fm.) and Cretaceous sandstones (Utrillas Fm.). P in panel (a) Bedding: S0.
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4.4. Santotis Backthrust

There is a set of Variscan parasitic folds to the W of the study area (Figure 2b) between the Majaelrayo synform 
and the Hiendelaencina Dome. These folds in the basement that plunge to the S (note periclines) define a 
local antiformal structure and are duplicated by a NE-SW trending thrust that transports them onto the cover 
(Figure 8a). This setting is similar to that of El Atazar backthrust, although here there is an N-verging footwall 
synform that has affected the Triassic and Cretaceous strata (Figure 8b). Bedding in the crystalline basement 
seems to have played a similar role as a weak rheological discontinuity, as in the case of the El Atazar area 

Figure 7. Geological–tectonic map of the El Atazar backthrust (A). The S periclinal termination of the Variscan D3 El Cardoso antiform is duplicated (Figure 2).
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(Section 4.3). The depth of the Variscan ductile shear zone has been obtained following Rubio Pascual (2013) and 
Moreno-Martín and Díez Fernández (2021), after projecting the structural data of González Lodeiro (1980) and 
Fernández Rodríguez (1991). The hanging wall to the Santotis backthrust is featured by open folds that parallel 
the fault trace and connect with the Cogolludo fold system located to the S (Figures 2 and 9) (Section 4.5).

4.5. Cogolludo N Verging Folds

To the S of the Santotis backthrust, and paralleling its strike, there is a train of folds (antiform-synform-antiform) 
that verges to the N–NW (Figures 2b and 9a). The core of the antiforms is composed of gypsum-rich sedimen-
tary rocks (Garum facies) deposited during the Late Cretaceous-Palaeocene, whereas the cores of the synforms 

Figure 8. (a) Geological–tectonic map of the Santotis backthrust (Figure 2b). (b) cross section 1-1´in (a) The presence of 
a SE-dipping Variscan extensional shear zone under the Cambrian-Silurian series is based on Rubio Pascual (2013) and 
Moreno-Martín and Díez Fernández (2021).
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Figure 9. (a) Geological–tectonic map of the Cogolludo folds (Figure 2b). (b) Oligocene–Lower Miocene (UBS 9) 
synorogenic conglomerates cropping out at the core of the N C syncline. P in panel (a) Bedding: S0.
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include synorogenic conglomerates dated at the Oligocene–Early Miocene (UBS 9) (Figure 9b) and they define 
a progressive unconformity that wedges to the N. The top part of this series is equivalent to the Lower Miocene 
unit (Calvo et al., 1996). Unconformably over the series that defines the outer part of the folds, we may find the 
Middle Miocene Unit, which is dated at the Aragonian (continental biostratigraphic units that roughly correspond 
to the Aquitanian–Lower Tortonian) (Calvo et al., 1996) (UBS 10). However, this unit is gently folded between 
the Santotis backthrust and the Cogolludo folds, so the uplift of the SPCS must have continued during the Middle 
Miocene, yet at a lower rate. Overall, the Middle-Late Miocene strata were post-orogenic (UBS 10). The core of 
the southern antiform in Cogolludo is segmented by right-lateral strike-slip faults that strike NW-SE and accom-
modate different amounts of shortening. We should note that the SCS thrust does not crop out from the Se to the 
S of the C folds, where we find subhorizontal post-orogenic strata.

4.6. Tamajón Thrust

Apart from this backthrust arrangement, the Tamajón thrust (TM in Figures 2 and 4b) has a different trend and 
verges to the S. It has an arched shape from N-S at the SE to NE-SW to the N, reaching its throw toward the 
E. The Tamajón thrust has affected the Early Permian massive breccias with slate boulders, indicating a very 
immature sediment (Sopeña, 1979). The Triassic Buntsandstein facies, with limited thickness variations, crops 
out on both sides of the fault. Early Permian and Triassic sediments crop out within a schuppen between two 
imbricated thrusts. Therefore, it is probably a W–NW-dipping Early Permian normal fault inverted during the 
Alpine contraction.

The Permian-Triassic inheritance also influences the location of Alpine strike-slip faults that worked as tear faults 
of the Alpine thrusts, as in the Tamajón and Majadillas areas (Figure 6a).

4.7. Mesostructural Analysis of the Deformation in the Cretaceous Sediments of the Torrelaguna 
Flatiron

The Torrelaguna flatiron can be tracked from the San Vicente backthrust up to the Tortuero backthrust 
(Figure 2a). In the El Pontón de la Oliva area (X in Figure 2b), small duplexes and thrusts have formed from 20 
to 30 cm thick bedding layers of Santonian-Campanian dolostones, dolomitic limestones, limestones, and marls 
(Figures  10a–10d), sedimented in an internal carbonated platform (Alonso & Mas,  1982). Small duplex and 
ramp-flat thrusts have formed in single beds by bedding-parallel shear. These structures can be seen in sections 
perpendicular to the tectonic transport within the Cretaceous sediments. The roof thrusts allow the estimation of 
the overall tectonic transport to be 330°. The exposed duplex branch lines converge and diverge, suggesting the 
lateral continuity of the structures. Duplexes present within the non-competent strata indicate an increase in the 
localized deformation, while associated horses and thrusts only show fracturing.

The style of the structures developed depends on the competence of individual layers; duplexes and horses 
occur in the non-competent strata (Figure 10d), whereas small ramp-flat thrusts develop in the competent strata 
(Figure 10b). Intermediate structures can also be found (Figure 10c) with the steepest dips in the less competent 
layers. Here, the movement zones are continuous across more than one horse, suggesting that some have formed 
after imbrication and horse stacking. Some structures display a variable reverse sense of displacement of up to 
1 cm on the step features, while the thrusts dipping 20° show larger displacements of up to 10 cm. Slickensides 
are seen in the isolated patches on the movement surfaces within the duplexes and thrusts (Figure 10e). The 
slickenfiber orientations are more variable in the plunge but have a similar trend. The overall transport direction 
is toward the hinterland.

The outcrop was studied by González-Casado et al. (2002), who concluded that, although the tectonic transport 
is toward the NW, the structures were developed in the footwall of the SCS thrust, which supposedly appeared to 
the N, within the Variscan basement. However, this was not the case in this study (Figure 2a). Nevertheless, the 
scheme is very illustrative (Figure 10a).

This type of structure is ubiquitous along the Torrelaguna flatiron and is found at different scales. One of the most 
interesting and larger structures is located 1 km SW of El Pontón de la Oliva. A NW-verging antiform-synform 
pair can be observed at the flatiron top (Figure 11a). In the cross section, a thrust plane can be observed at the 
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Figure 10. (a) General outcrop of El Pontón de la Oliva. Modified from González-Casado et al. (2002). Deformed dolostones, dolomitic limestones, limestones, 
and marls from the Santonian–Campanian. Compressive structures in El Pontón de la Oliva outcrop (X in Figure 2b). (b) Ramp-flat thrusts in competent layers. (c) 
Intermediate structures. (d) Duplexes and horses in non-competent strata. (e) Slickensides in isolate patches within duplexes and thrusts.
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base of the Santonian–Campanian limestones and dolostones over the Turonian marls (Figure 11b). This footwall 
and hanging wall flat ends in an SE-dipping ramp that terminates in a tip line within the antiform (Figure 11c). 
Nevertheless, at 300 m toward the SW, the anticline is broken again at its NE limb. The fold to the NW can then 
be considered as a footwall synform. The overall structure has tectonic transport toward the NW (Figure 11).

Figure 11. (a) Google Earth and (b) interpreted view of the Torrelaguna flatiron W from El Pontón de la Oliva. (c) Field 
view of the flatiron.
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Regional stress inversion from fault populations (de Vicente et al., 2007) indicates a triaxial compression with a 
mean horizontal, N150°E trending σ1 in the area, which is in accordance with the macrostructural observations 
and with the overall tectonic transport toward the NW.

Despite the local effect of the Permian inverted normal faults, the overall tectonic arrangement of the area indi-
cates a set of imbricate backthrusts with a common tectonic transport toward the NW. Therefore, all these struc-
tures must have a common detachment at depth within the Variscan basement. We propose that this detachment 
dips toward the SE and joins the SCS thrust SE of the Cogolludo folds, defining a tectonic wedge and a delamina-
tion process, where the high-grade metamorphic rocks W of the Berzosa Fault are indented within the low-grade 
metamorphic material E of the Berzosa Fault. We propose naming these two different domains Daurius (NW) 
and Arriaca (SE) (Figure 12). The shortening calculated from the current length of the Cretaceous cover in the 
backthrusting zone is of 8 km (Figure 12).

5. Gravity and Magnetic Anomalies Analysis
The SPCS is delineated in the Bouguer anomaly map by an exceptionally sharp gradient in its southern border, 
related to the Cenozoic Madrid Basin depocenter (de Vicente et al., 2007) (Figure 13a). The northern limit is 
gradual, and various steps are observed associated with the basement-involved thrusts. The depth of the Moho is 
shallower in the western sector of the SPCS (de Vicente et al., 2007; Diaz et al., 2016; Olaiz et al., 2015), which 
favors positive anomalies in that area. Major structures and changes in the lithological composition contributed 
to the map of the anomalies. The western sector (Gredos) is dominated by granites, which are represented by 
positive gravity anomaly. The central area is characterized by medium-to high-grade metamorphic rocks, which 
produce low gravity. The Berzosa Fault coincides with a N-S gravity gradient. To the east, positive gravity values 
are observed in continuity with a NW–SE trending gravity high associated with the Castilian Branch of the 
Iberian Chain. The gravity low to the south of this intersection results from the depocenter of a Cenozoic sedi-
mentary basin that was extremely active during the Oligocene (de Vicente & Muñoz-Martín, 2012) and a lower 
density basement (Bergamín & Tejero, 1994) made of granitoids (Baides well, BW in Figure 2b; Querol, 1989). 
A particularly good correlation between the gravity and magnetic data was observed (Figure 13b), especially in 
terms of the lithologies within the SPCS. Thus, the three domains previously described exhibit different magnetic 
signals, in agreement with the magnetic susceptibility values (Villaseca et al., 2017). The Gredos domain matches 
with a magnetic high, whereas the central sector of the SPCS in the map corresponds to a magnetic low. The 
Berzosa Fault defines a steep magnetic gradient, which continues southward below the strata of the Madrid 
Cenozoic Basin and northward up to the Somolinos Fault (Figure 2) to the east. This fault constitutes the western 
limit of the Triassic Rift that conformed the Iberian Basin. The N-S magnetic fabric produced by low-grade meta-
morphic rocks is detectable up to the Iberian Chain, which is dominated by NW–SE magnetic lineaments. The 
N-S pattern is only distorted in the Baides area (Figure 2) because of the granitic basement. The most remarkable 
feature of the Duero Cenozoic Basin is the magnetic high produced by the Messejana-Plasencia dyke and Ceno-
zoic left-lateral deformation belt.

Figure 12. Deduced structural arrangement from field observations. Tectonic wedge and delamination of Daurius within Arriaca domains. Overall picture, location, 
and legend are shown in Figure 14b. M Majadillas, and T Tortuero backthrusts. C, Cogolludo folds. The shortening calculated from the primary Cretaceous cover 
length (pale green bar below) is of 8 km.
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Figure 13. (a) Bouguer and (b) Magnetic anomaly maps of the E sector of the SPCS. NCS—North Central System; SCS—South Central System; PE—Peñalara; NG—
North Gredos; PA—Paramera; MP—Messejana-Plasencia and SO—Somolinos Faults. IC—Iberian Chain; DB—Duero Cenozoic Basin; MB—Madrid Cenozoic Basin. 
Variscan structures (in yellow), BF—Berzosa Fault; HD—Hiendelaencina Dome. Backthrusts and the delaminated area are indicated as a yellow dashed line. X–Y 
modeled profile of Figure 14a (also shown in Figure 1b).
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5.1. Gravity Forward Modeling

Gravity forward modeling was first programmed by Talwani et al. (1959). Once the geological section is densely 
populated, its gravity signal is calculated and compared with the observed signal. In this study, the Bouguer grav-
ity anomaly was modeled by considering three main controls: (a) the SCS thrust is a crustal scale fault (Andrés 
et al., 2019, 2020); (b) it is not a high angle thrust; (c) there is a significant increase in the crustal thickness in the 
area (Diaz et al., 2016); and (d) field data suggest a delamination process with the development of imbricated, 
NW-verging backthrusts (Figure 14a).

Densities used in the model are based on outcropping lithologies and values taken from Telford et al. (1990). 
Previous works in the area have reported more detailed density values in the NE corner of the Madrid Cenozoic 
Basin (Babín et al., 1993; Bergamín & Tejero, 1994).

The SPCS divides the gravity values across the selected area into two domains, as previously defined. The 
Arriaca domain to the SE has higher gravity values than the Daurius domain to the NW. A shallow Moho in the 
Madrid Cenozoic Basin may explain this zonation. In the central part of the model, the most prominent gravity 
high is observed in the Alto Rey area (N of the Hiendelaencina Dome) and can be explained by the exposure of 
higher density rocks such as the Armorican quartzites (Alto Rey Fm.). A steep gravity gradient was observed to 
the west. Such a gradient could be explained by a piece of crust with properties similar to the Arriaca domain but 
located (subducted?) underneath the Daurius domain (see the discussion below). The limit between both domains 
at depth coincides with a low-density granite body in the lateral continuation of the hanging wall materials of 
the Peñalara thrust (Figure 1b). The geometry of this body is conditioned by the crustal pop-up structure defined 
by de Vicente et al. (2007). The southern boundary of the Duero Cenozoic Basin across the modeled section 
was observed as a roughly gradual transition. The main gravity low defined by the Cenozoic basin depocenter 
is separated from the hinterland of the SPCS by a relative gravity high, which is interpreted as a north-directed 
basement-involved thrust. The basement of the Cenozoic Madrid Basin has at least two different compositions: 
a well-exposed low-grade metamorphic domain and a granitic domain only in the Baides well (Figure 2b). The 
involvement of the granitic basement is unclear and is still under discussion (Almendros, 2016; Bergamín & 
Tejero, 1994).

To constrain the gravity model, we have taken into account field and deep seismic data: (a) the crustal pop-up 
structure, (b) the asymmetric structure of the SPCS, where the deformation concentrates in a main thrust at the S 
and turns more distributed at the N, (c) a Moho offset of several kms, (d) the presence of a tectonic wedge in the 
backthrusts area, and (e) the asymmetric crustal flower structure related with the Messejana-Plasencia left-lateral 
strike-slip fault.

Deduced shortening from the model for the Cretaceous cover is around 17.7 km, what represents a 10.5% short-
ening. For the upper-lower crust limit, the total shortening is of 11 km (7%). These results are in agreement with 
previous estimates from field studies (de Vicente et al., 2018; de Vicente & Muñoz-Martín, 2012), but lower than 
the analysis from Andrés et al. (2019) and Andrés et al. (2020) that calculated a minimum shortening close to 
20 km.

6. Discussion
Delamination process was defined as the peeling away of the continental crust from its underlying denser lith-
osphere (Bird,  1979). This concept has been extended to decoupling and detachment occurring at any litho-
spheric level, either within the lithospheric mantle (e.g., Wang et  al.,  2018) or within the crust (e.g., Magni 
et  al.,  2013). The location of delamination is strongly controlled by the mechanical properties of continental 
lithosphere, although lateral heterogeneities at various depths also play a role (Calignano et al., 2015; Santimano 
& Pysklywec, 2020). Delamination has been recognized in active orogens (e.g., Ducea & Saleeby, 1998; Ueda 
et al., 2012) as well as suggested in ancient orogenic belts (e.g., Gutiérrez-Alonso et al., 2011). Nevertheless, 
examples of delamination in intraplate settings are scarce (Revenaugh & Turner, 2007; Lei, 2011) and even odd 
if delamination occurs within the crust.

Most delamination processes are linked to the end of an oceanic subduction. However, one of the most cited 
examples of continental subduction, the Pyrenean orogen, was not connected to an oceanic subduction (perhaps 
to an incipient-aborted subduction in the Cantabrian zone, but not in central-eastern Pyrenees), but to a largely 
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Figure 14. (a) Modeled Bouguer gravity anomaly. X–Y in Figures 1b and 13. (b) crustal structure beneath the zone of interest. Profile X–Y, Figures 1b, 12, and 13. 
MP, Messejana-Plasencia fault. BF, Berzosa fault.
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extended continental lithosphere (Teixell, 1998). Same situation is observed south of the Rif mountains (and 
also in the Atlas Mountains?) in Morocco, where incipient delamination of the Nubian continental lithosphere 
seems to have occurred (Baratin et al., 2016). What makes SPCS distinctive is that, unlike the Iberian Chain or 
Pyrenees, no significant previous extension related to the Alpine cycle took place and that, therefore, only inher-
ited Variscan structures were reactivated. In addition, its small-scale does not seem to be an obstacle for similar 
deformational processes to happen, as in other larger orogens affected by delamination.

The Iberian Chain, the SPCS and, offshore, the Estremadura Spur and the Tore Seamount share similar struc-
tural characteristics: thick-skinned tectonics with E-W to NE-SW trending thrusts with trace-lengths up to 
300 km. This central Iberian deformation belt is nucleated and inverts previous rifts, but also affects extended 
and hyper-extended continental crust, non-extended Variscan basement crust, as well as transitional crust and 
oceanic crust. Given the length of the deformed zone (more than 1,500 km), its position and age of deformation 
(Late Cretaceous to Pliocene), de Vicente et al. (2022) have suggested that it is an intra-plate trans-continent-oce-
anic, double-vergent, lithospheric orogen connected to an aborted subduction zone. Therefore, the studied area 
of the SPCS is, in all likelihood, an excellent example of crustal delamination occurring in an intraplate orogen 
and accompanied by incipient continental subduction (Andrés et al., 2018, 2019), probably connected with an 
incipient oceanic subduction de Vicente et al. (2022).

1.  Several observations in the crystalline basement of the SPCS suggest that it has a two-layer rheological 
structure originating from both primary and secondary tectonometamorphic processes linked to the Variscan 
orogenesis. The primary composition of the older and lower series differs from that of the upper and younger 
series, leading to a primary rheological contrast in the basement rocks. Although both series are primarily 
composed of siliciclastic strata, the Neoproterozoic and Cambrian series include multiple plutonic massifs 
(i.e., granitoids), some of which are at least several kilometers thick (their bottom part is unexposed). An 
exception to this rheological arrangement can be made for the younger series, which contains a unit of Ordo-
vician quartzites. This unit is surrounded by phyllitic rocks and thinner layers of metasandstones; therefore, 
its boundaries may also be considered as rheologically weak zones. In addition to these observations, the 
older and structurally lower series of the SPCS basement (Daurius domain) were intruded by Variscan 
granitoids. These igneous rocks constitute regional batholiths that cut across the local main foliation and are 
mostly unaffected by penetrative deformation (Figure 2a).

2.  Secondary processes that control the rheology of the Variscan crust are linked to specific structures, either 
penetrative or discrete. In this sense, D2 contributed to the enhancement of the two-layer rheological struc-
ture by operating at a specific structural level. The upper and weaker rheological layers are dominated by 
N-S trending and W-dipping planar anisotropies such as S0 and S1 (S2 is missing or negligible). This layer 
broadly corresponds to sections including the Ordovician and younger strata. The contrast in rheology can 
be explained by the grain size and different orientations of the planar anisotropies. The Variscan metamor-
phic grade and grain size increase consistently downward and therefore the viscosity of the rocks defines a 
lower and harder rheological layer. This layer is primarily characterized by SSE-dipping planar anisotropies, 
such as S2, and reoriented S0 and S1, which usually fit in with the exposures of the Neoproterozoic and 
Cambrian series that also host granitic orthogneisses. The D3 upright folds may have contributed to the 
regional reorientation of S2, and, therefore, to a lessening of a structurally derived planar anisotropy dipping 
to the SSE at the regional (crustal) scale. However, most D3 folds plunge gently to the SSE, especially in the 
areas dominated by S2. This implies that every planar anisotropy before D3 (S0, S1, and S2) has a component 
of dip (apparent dip) to the SSE, and their regional envelope dips in the same way. The D4 extensional faults 
may have already exploited the rheological contrasts between the two rheological layers defined above 
because, in the study area, the largest of these faults (Berzosa Fault) separates the two layers and dips toward 
the SSE, in the same way as its hanging wall, which moved to the SSE. The extension-related structures 
formed during the Variscan Orogeny (D2 + D4) were responsible for the current juxtaposition of eclogite 
facies rocks of the lower crust against rocks from the upper-middle crust. Accordingly, the planar anisotro-
pies related to them (e.g., SSE-dipping S2 and Berzosa Fault) probably formed throughout the whole middle 
and lower crust and dominate the current infrastructure of the SPCS crystalline basement.

3.  The Alpine structure in the eastern sector of the SPCS is different from that in other areas to the west. In 
the east, the SCS thrust does not crop out at the contact between the range and the basin (de Vicente & 
Muñoz-Martín,  2012). Seismic lines also indicate that the SCS thrust is not buried under the Cenozoic 
sediments (de Vicente & Muñoz-Martín,  2012). As we have shown, backthrusts and northwest-verging 
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structures are ubiquitous across a large range of scales (Figures 5–11). These periodically spaced thrusts 
must sole in a SE-dipping décollement level within the upper crust or in the upper-middle crust boundary. 
The Berzosa Fault and the upper limit of the D2 Variscan extensional shear zones collectively divide the 
metamorphic basement into two domains with dissimilar lithologies and structures (Daurius and Arriaca), 
which highly influence the Alpine tectonic arrangement: (I) to the west, a single thick-skinned SE-verging 
thrust system cuts off the entire crust, whereas (II) to the east, a NW-verging imbricate thin-skinned system 
with involved basement accounts for more distributed deformation. In the latter, the rheological discontinu-
ity featured by the Berzosa Fault is also the best candidate to be the décollement level with sole backthrusts, 
because it is also an SE-dipping plane (Figure 15).

4.  The individual backthrust locations are also influenced by the geometry of the Variscan N-S D3 folds. South 
plunging periclinal terminations host the Paleozoic bedding gently dipping to the SE, favoring the nucleation 
and propagation of N-verging structures, such as in El Atazar (Figure 7) and Santotis (Figure 8) backthrusts 
(Figure 14b).

5.  The seismic lines indicate that the Madrid Cenozoic Basin was slightly deformed during the Alpine defor-
mational event (de Vicente & Muñoz-Martín,  2012). Alpine shortening was much more intense below 
the SPCS, which implies a considerable Alpine reworking of the crust at different crustal levels. The 
global-phase seismic interferometry and seismic noise analysis (Andrés et al., 2019, 2020) suggest that the 
SCS fault is the main Alpine thrust dipping 30° toward the N–NW. The southward displacement along this 
basement-involved thrust resulted in the uplift of the SPCS. This thrusting cut across the entire crust down 
to a depth of 30–40 km, entering the Moho (Diaz et al., 2016). Because of this, an important Alpine crustal 
root developed under the uplifted SPCS, giving rise to crustal thickening, with Moho depths of 40 km (Diaz 
et al., 2016). Considering these observations, we think that the most reasonable interpretation of the Alpine 
structure dominated by backthrusts consists of a process of tectonic wedging and duplication of the crust 
over the Berzosa Fault, as a result of the southward indentation of the (harder) high-grade Variscan inherited 
crust of the “Daurius” domain, which forced the delamination and northward subduction of the “Arriaca” 
crust at upper crustal levels. Gravity modeling fits this macrostructural arrangement (Figure 13a). Therefore, 
we propose the overall crustal structure shown in Figure 14b.

Figure 15. Variscan inheritance: the rheological discontinuity featured by the Berzosa Fault plus the Variscan ductile extensional shear zone defined by S2 is 
considered to be the décollement level where the Alpine backthrusts sole. Profile C-D is located in Figure 2a.
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6.  Our study is in agreement with crustal structure and Moho depths deduced in more recent geophysical anal-
yses: the SCS thrust dips 30° toward the N–NW and offsets the Moho (Andrés et al., 2019, 2020); Moho 
depth exceeds 40 km (Diaz et al., 2016) and is higher than those calculated in previous works (i.e., 35 km in 
Suriñach and Vegas (1988); 31–34 km in Gómez Ortíz et al. (2005); 30–34 km in de Vicente et al., 2007). 
Nevertheless, crustal roots of the SPCS vary along strike and decrease toward the W. The amount of horizon-
tal shortening is 17.7 km for the cover (10.5%) and 11 km for the lower crust (7%), which represent interme-
diate values between those previously portrayed from field observations (5–9 km and a maximum of 20 km, 
respectively; de Vicente & Muñoz-Martín,  2012; de Vicente et  al.,  2018), but clearly lower than those 
deduced from seismic noise and global-phase seismic interferometry studies (Andrés et al., 2019, 2020) 
(20 km). This mismatch could be addressed by drawing a model with a still more intense incipient continen-
tal subduction. Therefore, our study area is a suitable candidate to develop a deep seismic line in the future.

7.  The results from geophysical modeling suggest that the basement underneath the Madrid Cenozoic Basin 
includes a large volume of granitic gneisses, granitoids, or both (Figures 14a and 14b). The only section of the 
Central Iberian Zone of the Variscan Orogen that hosts such abundant granitic gneisses are the medium- and 
high-grade domains (e.g., Rubio Pascual et al., 2013). In terms of the surface geology, the high-grade section 
is structurally below the medium- and low-grade sections of the Central Iberian Zone (Díez Fernández 
et al., 2013; Doblas et al., 1994; Escuder Viruete et al., 1994; Rubio Pascual et al., 2013). Conversely, drill 
cores indicate that the base of the Madrid Cenozoic Basin, close to our study area, consists of granitoids 
(Querol, 1989). Although abundant in the lower parts of the eastern Central Iberian Zone, granitoids are 
not exclusive to such sections of the basement. Granitoids may also intrude the lower metamorphic grade 
sections of the Central Iberian Zone, and when they do so, they usually occur as relatively small bodies. An 
exception to this tendency is the Mora-Gálvez pluton (Andonaegui & Villaseca, 1998), which occurs to the 
south of the study area (Figure 1b). This pluton extends for at least 70 km 2 and intrudes low-grade metamor-
phic series that are equivalent in age and composition to those in the low-grade sections of our study area 
(Martín Parra et al., 1990; Sánchez Carretero et al., 1990). Interestingly, the Mora-Gálvez pluton is located 
partly along the base of the hanging wall to a south-dipping extensional detachment that separates both the 
pluton and its host from high-grade metamorphic rocks (Enrile, 1991; Martín Parra et al., 1990). According 
to its size, host, and structural relationship with its host, the Mora-Gálvez pluton could represent an intru-
sion equivalent to the one that would explain the geophysical modeling in our study area. The south-dipping 
geometry proposed for the base of this pluton in our case fits the structure of the D2 and D4 extensional shear 
zones of the Variscan age. We cannot overlook the idea that the basal part of this pluton may be a hanging 
wall imbricate that branches off from the Berzosa Fault, but the lack of evidence regarding reactivation of 
the basal boundary as a thrust during Alpine contraction results in this hypothesis and the actual geometry 
of this boundary remaining unclear.
 Because of the existence of high lateral density changes, estimating crustal thickness from gravimetric data 
is always problematic. On the Bouguer anomaly map (Figure 13), the central section of the SPCS, between 
the studied area and Gredos, has anomaly values similar to those of the foreland basins (Madrid and Duero). 
This could indicate the absence of crustal roots in this area. Nevertheless, it may not be the case because 
it corresponds to an area of high topography (up to 2,400 m). Therefore, our model must be considered as 
a “possible” solution taking into account that the “final” solution must satisfy the conditions, (a) the SCS 
Thrust cuts the entire crust, (b) it is not a high angle thrust, and (c) the presence of a tectonic wedge. With 
these statements, the studied area is an excellent candidate to develop a future deep seismic line.

8.  The dominance of backthrusts over the SCS thrust sources an exclusive, and especially characteristic, 
geomorphological feature: the Torrelaguna flatiron (cuesta). This steeply sloping triangular landform orig-
inated from the differential erosion of the resistant Upper Cretaceous limestones and dolostones overlying 
softer marls and sandstones at the contact with the Cenozoic sediments of the Madrid Cenozoic Basin. 
Previous interpretations for this feature describe it as a frontal hanging-wall antiform related to the SCS 
thrust (e.g., González-Casado et al., 2002; de Vicente et al., 2007). Nevertheless, thrust-related frontal anti-
forms are usually eroded because of the associated uplift. In contrast, ramp-related back limbs are less 
affected by erosion. Therefore, the flatiron landscape only appears where delamination has occurred, and the 
dipping slope of this characteristic geomorphological feature is a double —Alpine and Variscan—tectonic 
inheritance (Figure16).

9.  The overall deduced crustal structure in the study area is quite similar to that of other northern Alpine ranges 
in Iberia, such as the Pyrenean and Cantabrian ranges. In the Pyrenees, the Iberian plate is sandwiched by 
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a wedge of its northern counterpart plate and is forced to a northward continental subduction, creating a 
crustal root (Teixell, 1998). This crustal root continues toward the W in the Cantabrian range, making a 
single and continuous orogen at the crustal scale. Tectonic wedging and duplication of the crust have been 
interpreted as the result of the southward indentation of the lower crust of the Iberian margin, which forced 
the delamination and northward incipient subduction of the Iberian crust at deep crustal levels (Gallastegui 

Figure 16. (a) Aerial view of the Torrelaguna flatiron. (b) Simplified sketch on the origin of the Torrelaguna flatiron and its relationship with backthrust back limbs: 
Double inheritance Variscan-Alpine.
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et al., 2016; Lallemand & Arcay, 2021). The main difference between the Pyrenean-Cantabrian orogen and 
the SPCS is that the latter is an intraplate range. In any case, both mountain systems seem to be intimately 
related according to their age and closeness.

10.  Collisional orogens built at the expense of previously deformed crust are common (Holdsworth et al., 2001; 
Jackson, 1980; Martín-González et  al.,  2021). Previous deformation can influence the building of those 
orogens by (a) having shaped the margins of the landmasses involved before collision (e.g., during rifting; 
Díez Fernández et al., 2015; Pedrera et al., 2020), and/or by (b) providing prominent weaknesses within the 
crust (e.g., faults) that could preferentially accommodate subsequent deformation. Structural inheritance 
across and along plate margins would condition orogenic processes clearly at the scale of the lithosphere. 
Intraplate orogens are probably less influenced by upper/lower plate configuration, but their location toward 
the interior of tectonic plates makes them prone to include a crystalline basement with its own internal 
structure, which can include former suture zones and therefore inherited weaknesses at the lithosphere scale. 
In that case, superimposed deformation would probably tend to accommodate shortening or extension at 
the same scale. If the basement section does not host a suture zone, weaknesses are expected at the scale of 
the crust. Our study case includes a section of the Variscan Orogen that does not host a suture zone, and we 
propose that Alpine shortening inverted (reactivated) an inherited extensional structure that did not reach 
the Moho, thus forcing other (new or inherited) faults to accommodate superimposed shortening. Accord-
ingly, we propose that crustal delamination in an intraplate range is favored by the existence of crustal 
instead of lithosphere scale inheritance. Interestingly, our study case illustrates that incipient subduction 
in an intraplate setting can be independent from any inheritance at the lithosphere scale and can be largely 
conditioned by the structural inheritance of the overlying crust, even by the shallower sections of the crust.

7. Conclusion
The SCS fault is an NE–SW trending Alpine thrust with an average dip of 30° to the NW, which cuts the entire 
crust and affects the Moho with 5 km of throw. This agrees with the results from Andrés et al. (2019) and Andrés 
et al. (2020). With more than 200 km in length from the west of the Berzosa Fault and up to the Gredos moun-
tain range, the SCS thrust appears as a simple structure that carries the SPCS in its hanging wall and produces 
limited drag in the cover both in its footwall and hanging wall. However, the Alpine structure of the SPCS changes 
dramatically east of the Berzosa Fault and up to the Hiendelaencina Dome. The SCS thrust is not observed in the 
upper crust of this area, neither at the surface nor under synorogenic sediments that fill the Cenozoic foreland 
basin to the SE of the SPCS. Instead, the internal Alpine structure of the SPCS includes a series of imbricate 
backthrusts with tectonic transport to the NW. The backthrust spacing increases to the east and ranges between 
5 and 10 km. A common décollement for the imbricate structure defined by these backthrusts must occur within 
the crystalline basement of the SPCS.

The basement of the SPCS was mainly configured during the Variscan Orogeny and exhibits a two-layered rheo-
logical structure collectively defined by primary (lithological) and secondary (tectonometamorphic) features. 
Large-scale SE-dipping structures, such as the ductile (D2) and brittle-ductile (D4) shear zones, formed during 
the extensional collapse of the Variscan Orogen and seem to have exploited and even enhanced the two-layered 
crustal structure, which would be defined by an upper member with low-grade metasedimentary rocks and by a 
lower member with higher-grade metasedimentary and metaigneous rocks and granitoids. The match between 
the geometry of the D2-D4 Variscan structures, Alpine backthrusts, and the location of their sole detachment level 
suggests that Cenozoic contraction reactivated previous mechanical anisotropies. Therefore, the Alpine tectonics 
in the study area was strongly conditioned by the Variscan inheritance.

A section dominated by NW-directed backthrusts located in the hanging wall to the SCS thrust could be associ-
ated with Alpine crustal delamination. Such a process creates a wedge in which more competent basement rocks 
(referred to as the Daurius domain) force flake tectonics by shearing off a rheologically weaker top crust (referred 
to as the Arriaca domain), while the lower part of the weaker crust is forced to subduction. The creation of the 
upper flake is assisted by major mechanical weaknesses inherited from the previous orogeny. Gravity modeling 
along with the observed crustal thickening and geometry of the SCS thrust supports partial continental subduc-
tion of an SE block (Arriaca) under a NW block (Daurius) and its uppermost subcontinental mantle. The Permo–
Triassic inheritance, characterized by W-dipping and N-S- to NE-SW- trending normal faults, plays a secondary 
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role in the Alpine tectonics. The local Alpine inversion of these faults produced tectonic transport in the opposite 
direction of the backthrusts, but they do not connect to the SCS thrust.

The most salient geomorphological feature of this wedge structure is the Torrelaguna Flatiron (cuesta), which 
fits the geometry and location of the backthrusts especially that of their associated fold back limbs. Therefore, 
this iconic morphology in the landscape results from a double inheritance, one that is linked to the local alpine 
structure of the region, and the other (Variscan) that controls the geometry of the Alpine structures.

The study case documents that crustal delamination in an intraplate range is favored by crustal instead of litho-
sphere scale inheritance. Incipient continental subduction in an intraplate setting can be independent from litho-
sphere scale inheritance and can be ruled by the structural inheritance of the overlying crust.

Data Availability Statement
The data on which this article is based are available in Ardizone et al. (1989), de Vicente et al. (2007), Fletcher 
et al. (2010), de Vicente and Muñoz-Martín (2012), Ayala (2013), and Rubio Pascual (2013).
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