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Abstract Metamorphic basements are usually considered rigid and isotropic at a large scale. However,
basements contain inherited weaknesses that may potentially accommodate superimposed contraction (e.g.,
fault reactivation), and that favor fold nucleation (e.g., penetrative foliations). If these conditions are met,
what could be the factors that impede the development of basement folds or their recognition? Actual
basement folding is rarely documented, especially for large dimensions. Here we provide a case example,
discussed from the perspective of structural analysis of surface data and sustained by geophysical data.
The basement of the Spanish-Portuguese Central System is defined by an Alpine mega-fold
(Hiendelaencina Antiform) that trends parallel to this mountain range and affects the basement and its
sedimentary cover, collectively. The wavelength of this fold matches or even surpasses the thickness of the
crust that hosts it (36—41 km). The Moho under this mega-fold is displaced by an Alpine fault that
accounts for incipient intraplate continental subduction. The topography of the mantle may reflect an up-
warping compatible with the mega-fold observed on the surface. Mega-folding is observed in the hanging
wall of the Berzosa Fault, which emerges as a SE-dipping, Variscan (Paleozoic), extensional fault
reactivated as a basal decollement upon Alpine (Cenozoic) contraction. The mega-fold was formed after
well-oriented planar anisotropies in the basement (foliation and bedding). The development of this fold
was assisted by heterogeneous shearing (coeval thrusting) plus the buttressing effect of pre-existing, near-
vertical, crustal-scale faults (Somolinos and Somosierra), which inhibited slip-upsection through the basal
decollement (Berzosa Fault).

1. Introduction

In fold-thrust belts characterized by cold deformation (no metamorphism), there is a tendency to consider their
basements as rigid and isotropic at a large scale. This is reflected in many cross-sections, especially those at the
crustal-scale, which obliterate the structure of the basement, even when widely exposed, only drawing the cover
structure.

In orogens containing a basement, there are some uncertainties about how deformation is distributed between the
hard part (the basement) and the soft part (the sedimentary cover). In the absence of pre-existing weaknesses
across the basement, its sedimentary cover requires less stress to be deformed and it may detach from the
basement and be duplicated by thrusts (thin-skinned tectonics) (Calabro et al., 2003; Chapple, 1978; Lacombe
et al., 2003). If the basement contains inherited mechanical weaknesses (e.g., previous faults), these can rule how
deformation is distributed (Brown et al., 2022; Butler et al., 2006; Holdsworth et al., 1997; Selander et al., 2012;
Webb & Johnson, 2006). Accordingly, the orogens exhibit various deformation styles that range from pure thin-
to pure thick-skinned tectonics (Pfiffner, 2017; Pfiffner et al., 2006).

Temperature affects the rheological behavior of the orogenic crust by softening the lithosphere, either if the
temperature is inherited from a previous stage or the temperature increase is sourced directly from the orogenic
building. In the internal zones of orogens, previous major faults (e.g., former suture zones) can be readily folded
and reworked (not reactivated) under metamorphic conditions (Diez Fernandez et al., 2019, 2022). In these cases,
the basement and sedimentary cover may deform similarly. On the other hand, cold deformation conditions do not
prevent folding at any scale in a sedimentary cover, but in the literature, folding appears challenging in cold
basement rocks at a large scale (commonly treated as rigid blocks).
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There is a variety of mechanisms by which a sedimentary cover is folded while its underlying basement remains
relatively unaffected by folds (see extended revision by Lacombe and Bellahsen (2016)). Strain distribution by
fluid circulation and/or thermal weakening (Beaudoin et al., 2011; Bellahsen et al., 2012), or heterogeneous
shearing (damage zones) ahead of fault tips (Bump, 2003; Erslev, 1986, 1991; Garcia & Davis, 2004; Narr &
Suppe, 1994) may confer a folded appearance to basements. In turn, the actual folding of a basement is hardly
documented using outcropping structures (Bellahsen et al., 2016; Garcia & Davis, 2004) and requires well-
oriented planar anisotropies (e.g., penetrative foliations) (Schmidt et al., 1993).

The reactivation of pre-existing structures is a process that may involve pieces of basement and its cover into
superimposed compressional deformation in thrust belts (e.g., Berberian, 1995; Brown et al., 1999, 2022;
Granado et al., 2016; Horton & Folguera, 2022; Jackson, 1980; Lacombe & Mouthereau, 2002; Mitra &
Mount, 1998; Mouthereau et al., 2002). The tendency to consider the basements as rigid objects, reluctant to be
folded under cold conditions, relies on the few documented cases of cold basements affected by folds of sig-
nificant scale, in various tectonic scenarios such as: the mega-antiforms in gneiss (thermal) domes (Teyssier &
Whitney, 2002; Yin, 2004), the curved geometry of slabs (Mahadevan et al., 2010; Turcotte & Schubert, 2002), or
in the oroclines (Carey, 1955; Johnston et al., 2013).

Metamorphic basements contain inherited weaknesses (e.g., faults) through which superimposed contraction can
be accommodated. They also contain abundant planar anisotropies from which folds can be nucleated (e.g.,
bedding and penetrative foliations; Schmidt et al., 1993). Accordingly, the development of basement folds and
their recognition seems, in our view, a multifaceted issue. On the one hand, the orientation of inherited faults
relative to regional stress may not favor their reactivation and/or the shortening and folding of a foliated bedrock.
If the orientation of inherited or newly formed faults is right, large faults could trigger large folds (e.g., Gerbault
et al., 1999), depending on Moho temperatures, shortening rates (Schmalholz et al., 2009), and behavior of the
mantle (Davy & Cobbold, 1991). However, the entire lithosphere can be affected by low-amplitude, large-
wavelength folds (lithospheric folding), and so can the basements (e.g., Tikoff et al., 2022). On the other
hand, the basements are typically multi-deformed, so the ascription of folds to a given deformation event is not a
straightforward process. This problem can be solved by tracking the deformation in the cover, which should have
areflection in the basement. Here we discuss a case example based on extensive structural analysis of surface data
and geophysical data. We provide evidence for mega-folding affecting collectively a basement and its cover, the
wavelength of which is similar to, or even exceeds the thickness of the crust that hosts it. We discuss whether this
mega-folding affects the entire crust, and the mechanisms, boundary conditions, and geodynamic setting
behind it.

2. Geological Setting

The Spanish-Portuguese Central System (SPCS) and the Iberian Chain (IC) are intraplate orogens formed after
the Cenozoic convergence between Iberia-Africa and Eurasia (de Vicente et al., 2007, 2018). The SPCS strikes E-
W and NE-SW and is connected to the IC at the east, which strikes NW-SE (Figure 1a). The SPCS and IC
comprise a sedimentary cover and basement cores. The basement cores were deformed and metamorphosed
during the Variscan Orogeny (Diez Fernandez et al., 2016; Fernandez Rodriguez, 1991; Gonzélez Lodeiro, 1980;
Moreno-Martin et al., 2022; Rubio Pascual et al., 2013). The cover can be divided into pre-orogenic and syn-
orogenic about the timing of the Alpine orogenesis. The Alpine pre-orogenic cover includes strata that span
from the Permian to the Cretaceous (Paleocene) and were deposited in continental and marine environments
established and expanded during continental rifting (Lopez-Gémez et al., 2019; Sopefia et al., 1988). The Alpine
syn-orogenic sediments were mainly deposited in endorheic Cenozoic continental basins (Alonso-Gavilan
et al., 2004; Alonso-Zarza et al., 2004), the largest and widest of which occupy the forelands at both flanks of the
mountain belts, namely the Madrid, Duero, Almazan, and Ebro Cenozoic basins (Figure 1b). The syn-orogenic
cover is divided into sedimentary units bounded by discontinuities, that is, allostratigraphic units (UBS, Cunha
et al., 2019; Figure 2). One of the main differences between SPCS and IC is the thickness of the pre-orogenic
materials. Whereas the IC is an inverted rift formed during Alpine contraction, the thickness of the pre-
orogenic cover is much lower in the eastern SPCS, with no evidence of previous extensional stages related to
thermal subsidence in the rift flanks (de Vicente et al., 2009). The pre-orogenic sedimentary cover is missing to
the west of the SPCS up to the Lusitanian Basin in Portugal. The Triassic Keuper facies serve as a detachment
level in the IC, whereas in the SPCS, the sedimentary cover is attached to the basement with no detachments (de
Vicente et al., 2018, 2022).
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Figure 1. (a) Simplified Alpine Tectonic Map of Iberia. (b) Regional geology map of the Spanish-Portuguese Central System
and the Iberian Chain focused on the elements related to its Alpine evolution, namely the main faults, the Variscan basement,
the pre-orogenic cover (Permian—Cretaceous), and the syn-orogenic cover (Cenozoic). The location of the geological map
in Figure 2 is indicated. Reference points (e.g., RP-1) are used to guide data presentation and interpretations in the main text.
The red dashed line represents the axial trace of the Hiendelaencina Antiform. Abbreviations: HA—Hiendelaencina
Antiform; M-PF—Messejana—Plasencia Fault; SCS—South Central System Thrust; SF—Somolinos Fault; SPF—
Somosierra Pass Fault. (¢) Profile from global-phase seismic interferometry (Andrés et al., 2019) crossing the Gredos Sector.
MP D/F and SCS/SG are shown.

At a crustal-scale, the structure of the SPCS is an asymmetric pop-up flanked by thrusts to the NW and SE (de
Vicente et al., 2018). The deformation concentrates in a single crustal thrust at the south (South Central System
Thrust—SCS), in the Madrid Cenozoic Basin, whereas at the north (Duero Cenozoic Basin), the deformation is
distributed through several faults. The Moho is displaced by the SCS, a S-directed thrust with a dip of ~30°
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Figure 2. Geological map of the easternmost section of the Spanish-Portuguese Central System. Reference points (e.g., RP-1) are used to guide data presentation and
interpretations in the main text. The map has been produced after our data and a compilation and synthesis of previous works (de Vicente et al., 2022; Fernandez
Rodriguez, 1991; Gonzalez Lodeiro, 1980; Rubio Pascual, 2013).

(Andrés et al., 2019, 2020), which is connected to the emerging SE-directed thrust that bounds the SPCS
northwest of Madrid city (RP-1; Figure 1b) (de Vicente et al., 2018). In its easternmost part, the southern section
of the SPCS hosts numerous NW-directed (back)thrusts (e.g., de Vicente & Mufioz-Martin, 2013; Gonzélez-
Casado et al., 2002) that are considered to sole into a shallowly dipping inherited detachment (de Vicente
et al., 2022), referred to as the Berzosa Fault (Escuder Viruete et al., 1998; Hernaiz Huerta et al., 1996; Rubio
Pascual et al., 2013). This detachment is a reactivated Late Variscan—Permian normal fault that is thought to
connect to a SE-directed crustal-scale thrust at depth (de Vicente et al., 2022).

The southern (Castilian) branch of the IC is a right lateral transpressional deformation belt that accommodates
the uplift of the SPCS at a crustal-scale (de Vicente et al., 2009). Some sections of the IC may show a fold-and-
thrust belt structure (Guimera, 2018), but the Alpine thrusts co-exist with both left and right lateral strike-slip
faults. The Somolinos Fault (SF in Figure 1b) is a steeply NE-dipping, right lateral strike-slip fault that sep-
arates the SPCS from the southern branch of the IC (Figure 1a). This fault was the main border fault during the
Permo-Triassic rifting and was reactivated during the Mesozoic and Cenozoic. The Somolinos Fault belongs to
the dextral strike-slip system that dominates the structure of the southern IC (Arche & Lépez-Gomez, 1996; de
Vicente et al., 2009). The Somosierra Pass Fault is a system of left-lateral strike-slip faults that separates the
easternmost section of the SPCS from the rest of it (RP-2; Figure 1b). This system is connected to the emerging
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major thrust that defines the southern boundary of the SPCS, that is, the SCS (RP-1; Figure 1b) (de Vicente
et al., 2007).

The presence of lithospheric/crustal folds in Iberia was discussed by Cloetingh et al. (2002) and Fernindez-
Lozano et al. (2011), who argued that the timing of such folds is coincidental with upper crustal folds. Both can be
explained by Cenozoic intraplate compression, likely assisted by the reactivation of inherited Variscan faults.
Both types of folding (lithospheric and crustal) were deduced after Fourier analysis of the topography and
Bouguer anomaly around Iberia (Mufioz-Martin et al., 2010). Alpine folds affecting the basement have been
identified in the Iberian Chain (Liesa Carrera & Casas Sainz, 1994). In the SPCS, this folding has been identified
at the micro- to mesoscale, mostly within the damage zones of Alpine faults (de Vicente, Mufloz-Martin,
et al., 2021). The existence of larger Alpine folds in this basement was put forward by Moreno-Martin
et al. (2022), who recognized that the basement and its cover were collectively affected by the same folds.

The basement of the SPCS mostly consists of metamorphic rocks (see extensive descriptions of its lithos-
tratigraphy by Gonzalez Lodeiro (1980), Fernandez Rodriguez (1991), Rubio Pascual (2013), and Moreno-Martin
et al. (2022)). The bedrock of this basement is divided into units according to the age of their protoliths and the
nature of the rocks (Figure 2). The units of the basement are pre-orogenic concerning the Variscan Orogeny,
except for the syn-orogenic Carboniferous granitoids.

The Variscan structure of the basement of the SPCS includes N-S trending folds and shallowly dipping shear
zones. Early Variscan folds tend to be overturned and E-verging (Figures 3a and 3b), while the late Variscan folds
are homoaxial and upright (Gonzélez Lodeiro, 1981). The shear zones are divided into two types. The early shear
zones are ductile and were formed after early Variscan folding events (Hiendelaencina Shear Zone; Fernandez
Rodriguez, 1991; Moreno-Martin et al., 2022; Rubio Pascual et al., 2013). The late shear zones are ductile-brittle
and cut the late Variscan folds (Berzosa Fault; Escuder Viruete et al., 1998; Hernaiz Huerta et al., 1996; Rubio
Pascual et al., 2013). Accordingly, Variscan folds and shear zones were formed in alternating stages of crustal
thickening and thinning, respectively (Arango et al., 2013; Diez Fernandez et al., 2013). Variscan deformation
resulted in composite foliations, whose mineral assemblages and parageneses define a normal, telescoped
metamorphic zonation. The Hiendelaencina Shear Zone is a top-to-the-SE ductile shear zone that divides the
basement into two parts (Ferndndez Rodriguez, 1991). In the upper structural levels of the basement (hanging wall
of the Hiendelaencina Shear Zone; see structural subdivision in the legend of Figure 2, and Figure 4a), the main
fabric was formed under low-grade metamorphic conditions (greenschist facies), and it is an axial planar foliation
related to early Variscan folding plus a local reworking of it upon late Variscan folding (Moreno-Martin
et al., 2022). In the lower structural levels (footwall of the Hiendelaencina Shear Zone; Figure 2), the main
foliation is parallel to the boundaries between units and was formed under mid- to high-grade metamorphic
conditions (amphibolite to granulite facies; Rubio Pascual et al., 2013). This foliation results from the pervasive
reworking of early Variscan foliations within the Hiendelaencina Shear Zone (Moreno-Martin et al., 2022).

3. The Hiendelaencina Antiform

Evidence about Alpine folding in the SPCS exists at all scales. A regional view of the distribution of the pre-
orogenic cover suggests that the Mesozoic strata rim the basement to the NW (RP-3; Figure 1b) and to the SE
(RP-1; Figure 1b). These strata continue to the E (RP-4-5; Figure 1b), up to converge and define the map pattern
of a fold closure (RP-6; Figure 1b). This fold is a NE-plunging antiform, which will be referred to as the
Hiendelaencina Antiform (HA).

The regional structure of the cover of the SPCS implies that the basement—cover interface is a folded uncon-
formity, with a major SE-dipping fold limb located on the southeastern border of the basement (RP-1-2-3;
Figure 2) (Figures 3a and 3c), and a major NNE-dipping limb on the northern border (RP-4-5; Figure 2)
(Figures 3b and 3d). A zoom into the hinge zone defined by these two major fold limbs (RP-6; Figure 2) reveals
several smaller folds affecting the cover (1-3 km in wavelength), and a set of SE-directed thrusts affecting both
the cover and its basement. Deep within the regional exposure of the basement (RP-7; Figure 2), the Mesozoic
sedimentary layer shows folding patterns that run parallel to the Alpine thrusts traversing the basement.

The Alpine folds that rotated the basement-cover unconformity trend ENE-WSW (Figure 4b). This trend is
roughly parallel to the strike of the Alpine thrusts that affect the basement (Figure 2). The axis plunge of these
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Figure 3. Aerial views of the two limbs of the Hiendelaencina Antiform (source: Google Earth), and geological maps of those
areas. (a) The southern limb is defined by a S-dipping cover (Mesozoic) resting onto Paleozoic metamorphic rocks affected
by S-plunging Variscan folds. Aerial view obtained from Reference Point 26 (Figure 2) looking at the SE. (b) The northern
limb is defined by a cover (Mesozoic and Cenozoic) resting onto Paleozoic metamorphic rocks affected by N-plunging
Variscan folds. The Cenozoic and Mesozoic strata are cut by the Somolinos Fault (red dashed line) and affected by the Pela
synform and Somolinos antiform, respectively. Aerial view obtained from Reference Point 25 (Figure 2) looking at the NNE.
Green arrows indicate the plunge direction of Variscan folds. White dashed lines show the local orientation of bedding in
metamorphic rocks, while green and orange lines indicate the bedding in Mesozoic and Cenozoic strata, respectively.

(c) Geological map of the aerial view represented in section (a). (d) Geological map of the aerial view represented in
section (b).

folds varies locally between E- to W-plunging, although the termination of the basement exposure to the east
(major fold closure) indicates a regional E-plunging of the Alpine folds.

The cover includes abundant Jurassic strata to the north and east of the Somolinos Fault (within the Iberian
Chain). In this section, there exist two families of Alpine folds. One family is parallel to the right lateral strike-slip
faults that run across this part of the Iberian Chain, while the other family trends almost perpendicular to the
former and parallel to the Alpine thrusts of the SPCS. Alpine thrusts and strike-slip faults are believed to have
formed simultaneously in a transpressional context (de Vicente et al., 2009). The family of thrust-parallel folds
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Figure 4. (a) Cross-section showing the structure of the basement (see trace in Figure 2; after Rubio Pascual, 2013; de Vicente et al., 2022). (b) Stereoplot showing the
orientation of the bedding of the sedimentary cover (poles to S,; Permian—Cenozoic strata) and of the axes of Alpine folds (measured directly in the field).

(c) Stereoplot showing the orientation of the bedding of the basement rocks (poles to S; Ediacaran—Devonian strata) and of the axes of Variscan folds (field
observation). (d) Stereoplot showing the orientation of the poles to Variscan foliations of the basement rocks. Many poles define an E-W to WSW-ENE girdle typical for
planes affected by N-S trending folds, such as the Variscan ones. The rest of the poles occur along the hypothetical orientations toward which the poles of a primary
WSW-ENE girdle would be reoriented (red arrows) if affected by E-W trending folds, such as the Alpine ones. (e) Idealized sketch showing the large-scale type-2
interference pattern between the N-S-trending, E-verging Variscan folds and the E-W trending Alpine folds. The Alto Rey Formation is illustrated as the reference level
(modified from Ramsay (1967)). A hypothetical horizontal section yields a cartographic geometry very similar to that shown in Figure 2. o and f angles (Ramsay, 1967)
are ~90° and range between 0°-45°, respectively. The shallower the dip of the Variscan fold axial planes, the lower is §. If a = 90°, intermediate values of f (Variscan
folds range between upright and overturned) will result in a fold interference straddling type-1 and type-2 patterns. Accordingly, the main interference pattern is type-2
(mushroom-like), but there are some type-1 examples (dome and basin; e.g., RP-24-26 in Figure 2).
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includes several major E- to NE-plunging antiforms (RP-8-9-10-11; Figure 2). The Permian and Triassic strata of
these folds are exposed along a lineament that connects regional fold culminations and is parallel to the Somolinos
Fault, if slightly oriented counterclockwise from that fault. At a regional scale, this lineament can be observed as
an open NW-SE trending antiform, a fold closure of which occurs next to the Somolinos Fault (RP-8; Figure 2).
Accordingly, this fold will be referred to as the Somolinos Antiform (Figure 3b). The Pela Synform is intersected
by the NW-SE Somolinos Fault, in a E-W restraining step (RP-12; Figure 2) filled by Oligocene—Lower
Miocene syn-orogenic sediments drawing a progressive unconformity. This synform separates the Somolinos
Antiform from the Hiendelaencina Antiform (Figure 3b). Individually, the Pela Synform, the Somolinos Anti-
form, and the Hiendelaencina Antiform are asymmetric and south-verging (sensu lato). Their forelimbs are either
steeper than their backlimbs or they are missing (cut) and replaced by a N-dipping fault. For instance, the cover in
the southern limb of the Pela Synform is nearly horizontal, while the dip in its northern limb and the southern limb
of the Hiendelaencina Antiform is higher than 25°, sometimes including inverted strata. In the case of the
Somolinos Antiform, its (southern) forelimb is mostly cut by the (NE-dipping) Somolinos Fault (Figure 3b).

In some sections, the core of an antiform defined by the sedimentary cover matches the core of an antiform
defined by units from the basement (RP-13; Figure 2). This is also the case of fold closures defined by Ordovician
(RP-14; Figure 2), Silurian (RP-15; Figure 2), Devonian (RP-10; Figure 2), and Triassic (RP-15; Figure 2) strata
alike (see further analysis by Moreno-Martin et al. (2022)). Accordingly, both the cover and basement are
collectively affected by Alpine folds.

The bedrock map of the SPCS basement reveals N-S to NW-SE trending folds at various scales (Figures 2 and 4c)
(Figures 3a and 3b). These folds are accompanied by axial plane foliation and were formed during superimposed
Variscan crustal thickening events (Ferndndez Rodriguez, 1991; Gonzilez Lodeiro, 1981; Moreno-Martin
et al., 2022; Rubio Pascual et al., 2013). The poles to regional Variscan foliation plot within a NE-SW trending
girdle (Figure 4d). This pattern is expected for fabrics that are either axial planar to NW-SE trending folds and for
fabrics that are affected by folds with that trend. However, part of those poles also approaches an N-S trending
girdle (note path indicated by red arrows in Figure 4d), which is an orientation related to E-W trending folds.

At the micro-to mesoscale, the plunge of Variscan fold axes changes frequently from N- to S-plunging (Figures 2
and 4c). At the regional scale, only one major change is observed. This change divides the basement into two
parts: a northern part featured by Variscan antiforms that close to the north (e.g., RP-16-17-18; Figure 2)
(Figure 3b), and a southern part with the same folds closing to the south (e.g., RP-2-19; Figure 2) (Figure 3a). The
quartzites of the Alto Rey Formation (Ordovician) depict an unequivocal fold interference map pattern that results
from the combination between N-S and E-W trending folds (Figure 2). The giant mushroom-like (type-2) fold
interference coexists with (type-1) structural domes (e.g., RP-20-21-22; Figure 2) and basins (e.g., RP-23-24;
Figure 2). The median line of the giant mushroom coincides with the regional division between N- and S-plunging
Variscan folds. This line aligns with the axial trace of the Hiendelaencina Antiform, that is, it is located at a similar
distance from the exposures of Mesozoic strata located to the N and S of the basement. Around the giant
mushroom interference drawn by the Alto Rey Formation, the base of the Mesozoic strata occupies similar
position respect to the Variscan fold closures defined by that formation, either if Variscan folds plunge to the N
(RP-16; Figure 2) or S (RP-2; Figure 2). This can only be achieved if the regional plunge of Variscan folds was
essentially horizontal before the Mesozoic cover was deposited. Accordingly, the giant mushroom-like pattern
emerged from the interference between Variscan folds occurring at various scales and a regional antiform that
affected both the Mesozoic strata and the entire basement (Figure 4e). This major Alpine fold is the Hiende-
laencina Antiform (Figures 1 and 2). This Alpine fold can also be identified by the curved pattern defined by the
limbs of similarly large Variscan folds, which exhibit a map trace convex-to-the-E (RP-25; Figure 2) or -W (RP-
26; Figure 2) depending on their primary E- or W-dipping geometry related to Variscan folds, respectively.

4. Crustal Structure of the Spanish-Portuguese Central System

Recent seismic studies indicate that the SCS passes through the entire crust and cuts off the Moho (Andrés
etal., 2019, 2020; DeFelipe et al., 2022). The studied seismic section is located to the west of the Hiendelaencina
Dome, but the SCS crops out up to the Madrid meridian. Further east, the SCS develops a tectonic wedge where
only back-thrusts continue limiting the northern border of the Madrid Cenozoic Basin. Therefore, the SCS is the
base of the wedge and continues up to the IC for more than 300 km.
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Figure 5. V, slices in the Iberian crust at sample depths of (a) 3 and (b) 10 km (central-depth £3 km), along with a (c) vertical V, cross-section going through A-A’
(Feng & Diaz, 2023). Note the location of the South Central System Thrust (SCS) and the open antiformal structure that occurs on top of it.

Lower crustal ductile flow, along with its duplication as an effect of this crustal thrust, leads to a crustal thickening
below the SPCS, which was deduced early from gravimetric studies (Surifiach & Vegas, 1988). From the
combination of controlled-source seismic profiling and receiver functions, Diaz et al. (2016) drew a 3D Moho
depth map of the Iberian Peninsula with a grid spacing of around 50 km. For the SPCS the deduced Moho depths
range between 36 and 41 km, whereas in the adjacent Duero and Madrid Cenozoic Basins, the crustal thickness
varies between 32 and 35 km. Nevertheless, the map does not have adequate resolution to detect crustal folds with
a wavelength of a few tens of km as the one here deduced. Recently, a shear velocity model of the crust and
uppermost mantle has been developed for Iberia (Feng & Diaz, 2023). In the study area, the Vj, crustal model
outlines an open antiform visible in the 3 and 10 km depth maps (Figures 5a and 5b), also observed in cross-
section (Figure 5c), with higher V, in the SPCS close to the surface than in the surrounding areas.

5. Crustal-Scale Model and Kinematics

The Alpine upper crust structure of the eastern SPCS is defined by a mega-fold (Hiendelaencina Antiform)
located at the hanging wall of the SCS. This fold is bounded to the NE and W by right and left lateral brittle shear
zones, the Somolinos and Somosierra Pass faults, respectively. The steepness of the latter faults, together with the
gently NW-dipping geometry of the SCS, define an orogenic wedge cored by the Hiendelaencina Antiform
(Figure 6). Both the Somolinos and Somosierra Pass fault zones serve as tectonic boundaries, partitioning Alpine
strain into components: orogen-normal and orogen-parallel/oblique. The normal component was accommodated
by thrusts and major folds (e.g., SCS and Hiendelaencina Antiform), while the parallel component is distributed
through right and left lateral faults (e.g., Somolinos and Somosierra Pass faults). In the western part of the SPCS,
the transition from sections dominated by tectonic transport directed to the SE (pro-wedge) to others with
transport to the NW (retro-wedge) occurs within the SPCS (de Vicente et al., 2018). In the eastern section of the
SPCS, this transition occurs within the southern branch of the Iberian Chain (de Vicente et al., 2009).

Alpine deformation partitioning was not the result of decomposing oblique convergence (e.g., Platt, 1993). It
would have rather been determined by the structural inheritance of the basement. The Somolinos Fault is a
reactivated Permian-Triassic fault, and so seems the case for the Somosierra Pass Fault, which is largely parallel
to the trace of the Variscan Berzosa Fault (Figure 2). Accordingly, the orientation of these faults is independent of
the Alpine stresses and represented readily crustal rheological weaknesses upon Alpine deformation. The
obliqueness of their inherited traces forces the wedging of the basement to the north (RP-7; Figure 1b). The
steepness and strike of the Somolinos and Somosierra Pass faults seem to have conferred a virtual buttress role to
the combination of both, thus forcing lateral tectonic escape in response to local indentation. Accordingly, these
two faults would have contributed to diminishing the N-directed propagation of the Alpine shortening through the
upper crust by transforming N-S compression into lateral sliding of fault blocks to the SE (e.g., right-lateral
sliding in the Iberian Chain; de Vicente et al., 2009) and to the SW (e.g., left-lateral movement of the
Messejana-Plasencia Fault; de Vicente, Olaiz, et al., 2021). Collectively, the three major Alpine folds of the
easternmost part of the SPCS (Hiendelaencina, Pela, Somolinos) define a S-verging train of folds. This regional
asymmetry is likely connected to the N-dipping geometry of the underlying SCS. However, the spacing of these
major folds is closer in the vicinity of the Somolinos Fault, thus reflecting that Alpine shortening was
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Figure 6. Crustal-scale, composite cross-sections of the easternmost part of the Spanish-Portuguese Central System (based on the map of Figure 2), and 3D schematic
models that explain the development of the Hiendelaencina Antiform is a context of intra-plate subduction. The cross-sections are focused on the Alpine structures. The
upper third of the cross-sections is supported by surface geology. Letters A through E refer to points used to trace the cross-section (see location in Figure 2). (a) Cross
section and 3D model that consider that the Hiendelaencina mega-fold is restricted to the (reactivated) hanging wall of the Berzosa Fault. (b) Cross-section and 3D
model that consider that the Hiendelaencina mega-fold affects the entire crust. Both models include (back)thrust imbricates that branch off from the Berzosa Fault a cut
its hanging wall. Some imbricates may also represent Permian normal faults inverted upon Alpine contraction. In model 6a, the Alpine shortening in the upper crust
could be greater than in model 6b, where shortening is more distributed. In model 6b, the Hiendelaencina Antiform affects the whole crust and, eventually, the Berzosa
Fault, which may not have been fully inverted (note that in the uppermost section of this fault, the Permian extension has not been overcome by Alpine shortening;
Figure 2).

preferentially accumulated in this section, probably due to the buttress effect of that fault. Within the Iberian
Chain, the family of Alpine folds parallel to the right lateral strike-slip faults reflects a similar effect, which
suggests that N-S compression was also transmitted into the buttress.

The Hiendelaencina Antiform is constrained by three crustal-scale faults. The minimum wavelength of the
Hiendelaencina Antiform ranges between 28 km (if measured in Cretaceous strata) and 40 km (if estimated from
Ordovician strata) (Figure 6a); therefore, it approaches, even surpasses the thickness of the crust in the region (36—
41 km; Diaz et al., 2016). The wavelength of the Hiendelaencina Antiform needs a mechanism(s) able to curve
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(upwarp) a significant portion of the crust. However, the question remains as to whether this fold impacts the
entire crust or only a segment of it.

5.1. Upper Crust Folding

The bedding and foliations that define the internal structure of the basement affected by the Hiendelaencina
Antiform represent well-oriented planar anisotropies from which the fold nucleates (e.g., Bellahsen et al., 2016).
Some of the characteristics of mode 2 folds described by Schmidt et al. (1993) are met: (a) basement deformation
occurs in a broad zone; (b) cover strata are not significantly thinned through the fold; (c) the axial plane penetrates
the basement; (d) there are back-thrusts; (e) the basement consists of well-foliated rocks. Accordingly, the
mechanisms based on strain distribution and heterogeneous shearing proposed to fold basements in thrust fold
belts (see revision by Lacombe and Bellahsen (2016)) would explain the development of the Hiendelaencina
Antiform if this is a fold restricted to an upper section of the crust.

The Berzosa Fault represents the largest mechanical weakness in the region. This fault juxtaposes two crustal
sections with contrasting rheological properties, that is, an upper block mostly consisting of slates and phyllites,
and a lower block made of gneisses and minor granitoids (Rubio Pascual et al., 2013). The Alpine Somosierra
Pass Fault mimics the trace of the Berzosa Fault (Figure 2), indicating the Alpine reactivation of the uppermost
structural sections of the latter. The set of NW-directed (back)thrusts that cut across the Hiendelaencina Antiform
branches off from an underlying crustal detachment that should extend beneath the entire basement of the eastern
SPCS (de Vicente et al., 2022). The SE-dipping geometry of those Alpine (back)thrusts fits the geometry of the
Variscan Berzosa Fault at depth (Escuder Viruete et al., 1998; Hernaiz Huerta et al., 1996; Rubio Pascual
et al., 2013), if slightly steeper. This way, the folding of the basement could have been assisted by heterogeneous
shearing distributed along reactivated (Berzosa) and/or newly formed faults (Figure 6a). We think that the
collection of minor Alpine folds affecting the basement reflects heterogeneous shearing along local faults (de
Vicente, Mufioz-Martin, et al., 2021). However, given that the Hiendelaencina Antiform matches the magnitude
of the Berzosa Fault, with tens of km in wavelength and length, respectively, the origin of the Hiendelaencina
Antiform should be related to shearing along a larger fault, such as the Berzosa Fault. In this model, the buttress
effect of the Somolinos and Somosierra Pass faults would have inhibited slip along the Berzosa Fault, thus
contributing to the shortening and folding of the rocks in its hanging wall (e.g., buttress folds; Abu Sharib
et al., 2017; Baum et al., 2008; Withjack et al., 2010).

5.2. Modeling of the Alpine Mega-Fold

The shortening of the upper crust to generate a mega-fold is a process that can be evaluated, at least in a first
approximation, using a simple mechanical model. In this model, the upper crust acts as a competent layer sub-
jected to shortening parallel to its limiting surfaces (i.e., to buckling), due to the buttressing effect mentioned
above. The model will also serve to discuss the possible presence of a decoupling level at the base of the
competent folding level, which could correspond to the Berzosa Fault, as indicated above in this work.

The strength of the continental lithosphere in the SPCS and the adjacent Madrid Basin has been analyzed by
various authors (e.g., Gomez-Ortiz et al., 2005; Ruiz et al., 2006; Tesauro et al., 2009). Figure 7a shows two of the
strength envelopes from Jiménez-Diaz et al. (2012) that provide very valuable information to understand the
mechanical behavior of the continental lithosphere in the eastern part of the SPCS during the Alpine Orogeny. The
crustal structure in these profiles has been obtained from seismic data (e.g., Banda et al., 1981; Suriflach &
Vegas, 1988; see Jiménez-Diaz et al., 2012 for more information on the construction of the profiles). An essential
result of Jiménez-Diaz et al.'s (2012) calculations is the difference in the total strength of the lithosphere (T,
which in the cited article is named S,,,). The integrated stress in the Madrid Basin is almost twice that of the
SPCS due to a higher level of stress in both the lithospheric mantle and the upper crust. This difference explains
the greater deformability of the SPCS lithosphere concerning the Madrid Basin. It is also important to highlight
that the upper crust, about 11 km thick in the SPCS, is the only lithospheric level that exhibits brittle deformation.

According to the SPCS rheological profile, to apply a folding model to that lithosphere or part of it, it is not
possible to simply use the classic viscous folding model of Biot (1957) and Ramberg (1961). Burov and Cloe-
tingh (2009) have pointed out that, for the folding of the lithosphere as a whole and considering Newtonian media,
the dominant wavelength predicted by the Biot-Ramberg model can be up to an order of magnitude higher than
that observed. An alternative considered by Burov and Cloetingh (2009) was that of a stiff viscous layer at the top
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(@) Differential stress (MPa) of an inviscid medium, subjected to the action of gravity. In this work, a
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Figure 7. (a) Rheological profiles by Jiménez-Diaz et al. (2012) for the SPCS
and the Madrid Basin. The values of the thermal and mechanical parameters
selected to obtain these profiles are presented and discussed in Jiménez-Diaz
et al. (2012), who also indicate the results of the elastic thickness (T, shaded
areas) and the total integrated lithospheric strength (T;,). (b) Results of the
calculation of the mega-fold wavelength (L) for a range of ratios of elastic
shear moduli (R) and for distinct thicknesses of the competent layer (given
by the effective elastic thickness —T .- of the SPCS -16 and 28 km- according
to Jiménez-Diaz et al., 2012, and by the thickness of the upper crust: 11 km).
(i) and (ii) indicate the minimum R, values for deformation of elastoplastic
material (1.7, according to So et al. (2012)), and for folding of an elastic
competent layer (3, according to Price and Cosgrove (1990)). Rectangles (1)
and (2) mark the predictions of the model compatible with the observed
wavelength of the Hiendelaencina mega-fold (gray shaded area). See the
main text for an explanation.

Ramberg (1961) in the sense that their well-known equation for the dominant
wavelength (L) of a single layer subjected to buckling could also be expressed
in terms of the ratio (R,) of elastic shear moduli of the layer and its matrix (see
also Price and Cosgrove (1990)):

L =2ra(R,/6)"3, 1

where a is the thickness of the competent layer.

To semi-quantitatively determine the wavelength of the large crustal folds in
the SPCS, it is suggested here to use estimates of the elastic thickness of the
lithosphere (7,) as a proxy for the thickness of the competent layer (a). Ac-
cording to Watts and Burov (2003), T, describes the effective flexural rigidity
and is associated with the integral depth of the bending stress. Therefore, it
does not exactly coincide with the thickness of an elastic layer subjected to
buckling, hence we consider that this is only a first approach to the problem.
Jiménez-Diaz et al. (2012) offer T, values of the studied area which, in the
case of the SPCS, would vary between 18 km (wet rheology) and 28 km (dry
rheology). Other determinations of 7, in the SPCS, such as that of Tesauro
et al. (2009), show lower values, equal to or less than 10 km, which practically
coincides with the thickness of the upper crust (Figure 7a). In this way, three
values of “a” have been considered in this work: 11, 16 and 28 km. Price and
Cosgrove (1990) suggest that values of R, between 3 and 10 can reasonably
reproduce values of L/a obtained from real folds in nature. So et al. (2012)
have found, based on the study of numerical models simulating elastoplastic
rheologies, that deformations and the development of mechanical instabilities
can be observed in materials with shear modulus contrasts of R, > 1.7. In this
way, a range of values of R, > 1 has been considered, with special interest in
R, > 1.7 and >3.

The wavelength (L) of the Hiendelaencina mega-fold exceeds 28 km and most
likely also 40 km (see above). Figure 2 shows that in the western part of the
studied area, this wavelength is greater than 50 km. The upper limit is un-
known because the structure is covered by Cenozoic materials to the north
(Duero Basin) and south (Madrid Basin). But, according to the sections
shown in Figure 6, it could be greater than 70 km. Therefore, the results of the
folding model (Equation 1) have been checked with a wide range of L values
between 28 and 80 km (gray shaded area in Figure 7b), although values be-
tween 40 and 70 km are considered much more probable. The wavelength
predicted by the folding model for the greatest thickness of the competent
layer (a: T, = 28 km) exceeds 100 km (Figure 7b), making it unable to explain

the observed folds. In the case of the intermediate thickness for the competent layer (a: 7, = 16 km) folds with
reasonable wavelengths (L ~ 65-70 km) are obtained for values of R, between 1.7 and 1.9 (rectangle 1 in
Figure 7b), but too long wavelengths are predicted (L > 80 km) when R > 3, that is, in the most suitable con-
ditions to generate buckling folds according to Price and Cosgrove (1990). Finally, if the competent layer is
limited to the upper crust (a: 11 km), it is possible to obtain folds with wavelengths compatible with those of the
Hiendelaencina mega-fold for a very wide range of R, values (rectangle 2 in Figure 7b). Thus, when R, = 1.7, L is
45 km, while when 4 > R, > 3, L stabilizes between 55 and 60 km.

In conclusion, the classical competent layer buckling model (Equation 1) can predict upper crustal folds whose
wavelength mimics that of the Hiendelaencina mega-fold. While it would be possible to derive wavelength values
from a layer whose thickness aligns with a wet crust model (elastic thickness of 16 km; Jiménez-Diaz et al., 2012),
the likelier explanation is that the Hiendelaencina mega-fold resulted from the folding of the upper crust (a:
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11 km). In this sense, it is important to recall that, according to Watts and Burov (2003), T, is not necessarily
associated with the thickness of a competent layer but includes contributions from the brittle and ductile parts of
the entire lithosphere as a whole. This result coincides with those of the 2D models and 3D flexure models of the
SPCS and the Madrid Cenozoic Basin by Van Wees et al. (1996), who noted a low effective elastic thickness and a
partial decoupling of upper and lower crustal deformation.

The contact between the upper crust and the middle crust, whose depth (11 km) has been obtained from seismic
information, is characterized by a pronounced relative strength minimum (Figure 7a). It is important to note that a
perfect correspondence is not expected between the block diagrams of Figure 6, which represent geological units
(most with similar rheological behaviors), and the strength profiles of Figure 7a. However, the strength minimum
approximately coincides with the average position at depth of the Berzosa Fault as determined from surface
geological information and depicted in Figure 6. Therefore, this contact combines the presence of an ancient
Variscan structure, susceptible to being reactivated, with that of a minimum in the mechanical strength of the
crust. Thus, it could have acted as a level of decoupling between the upper crust and the rest of the lithosphere
during Alpine shortening.

5.3. Folding of the Entire Crust

In the study area, the Moho depth defines a relative minimum of ~36 km in a region where the thickness of the
surrounding crust reaches ~41 km (Diaz et al., 2016); therefore, the topography of the Moho is compatible with an
open crustal antiform. The V, crustal model should be compliant with the deduced geometry of the SCS at depth,
but no significant crustal thickening is observed. Accordingly, the V, crustal model is better fitted with a crustal
fold developed over the Berzosa Fault. However, when considering the depth to which the antiform extends
within the crust (almost to the base of the crust; Figure 5c), it cannot be ruled out that the entire crust is folded.

Strong plate coupling in subduction zones can produce open crustal folds in the upper plate (note the open
antiform in close-to-the-trench sections; e.g., Bottrill et al., 2012; Gvirtzman & Stern, 2004; Regalla et al., 2010).
In a continental collision, this type of folds can also be produced under conditions of strong coupling along the
plate boundary (Luth et al., 2010). The SCS and its prolongation to the NE into the study area has been recently
imaged as a crustal-scale thrust that displaces the Moho and produces a crustal imbrication (Andrés et al., 2019,
2020) that mimics an incipient continental subduction zone (de Vicente et al., 2022). In this scenario, the me-
chanical coupling between “plates” (Daurius and Arriaca; two pieces of regular continental crust) is expected to
be strong; therefore, the movement of the lower plate could have dragged the section of the upper plate closer to
the “trench” down. The resulting structure in the upper plate would be an asymmetric antiform verging toward the
lower plate, that is, to the SE (Figure 6b). This is essentially the large-scale Alpine structure of the study area, and,
in a broad sense, accounts for the topographic upwarping of the hanging wall to the SCS along the SPCS
(DeFelipe et al., 2022).

The Hiendelaencina Antiform could, at least partially, be the expression of an upper plate antiform (Figure 6b).
This mechanism does not invalidate, but may be added to, the mechanisms based on heterogeneous shearing,
reactivation, and buttressing (Section 5.1). The low resolution of the Moho topography in the eastern SPCS does
not allow us to quantify the contribution of each mechanism to the global architecture of the crust in the study
area.

Analyzing the folding of the entire crust or lithosphere involves examining how different layers with varying
vertical and horizontal rheologies behave, which determines the coupling or decoupling between these layers.
This analysis can be conducted using lithospheric-scale analog or numerical modeling (e.g., Auzemery
et al., 2021; Cloetingh et al., 2002; Martinod & Davy, 1994; McAdoo & Sandwell, 1985; Sokoutis et al., 2005).
These models are even capable of predicting the generation of disharmonic or polyharmonic folds with different
dominant wavelengths depending on the geometric, thermal and mechanical structure of the lithosphere. Such
type of approach is used to obtain the characteristics of folds that only affect the upper crust, the entire crust or
even the lithosphere as a whole. Some initial work in this line has already been advanced, on a large scale, in
Iberia (e.g., Cloetingh et al., 2002), but it would be necessary to address similar studies in more detail in the SPCS,
which is beyond the scope of this work. However, analog modeling experiments indicate that weak layers enhance
strain localization. The wavelength of lithospheric/crustal folding depends primarily on its stratification and
rheology. A weak mantle produces folding wavelengths between 60 and 165 km (Sokoutis et al., 2005). Short
(40-70 km) and intermediate (75-90 km) wavelengths are found in many orogens and have been explained as
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strong upper crust and strong lower crust respectively (e.g., Delvaux et al., 2013). The Hiendelaencina antiform
can be considered a case with a short wavelength, which may indicate a strong upper crust and a strong lower
crust. In the light of the discussion presented here, obtaining a more detailed profile of the Moho and a subsurface
image of the Berzosa Fault are key milestones not only to understanding the evolution of this Alpine intraplate
orogen but to quantifying the actual shortening accumulated in this region and the structures and mechanisms that
led the process.

6. Conclusions

Basements can be affected by folds at any scale and should not be treated as rigid and isotropic on a large scale.
The basement of the Spanish-Portuguese Central System has undergone deformation into an Alpine mega-fold
with a wavelength that reaches or even exceeds the thickness of the continental crust. The local structure of
the Moho exhibits an up-warping compatible with this mega-fold and is also disrupted by a reverse fault that
leaves this fold on top. Mega-folding occurred in the hanging wall (upper plate) of an incipient intraplate con-
tinental subduction zone. Folding might have been a result of the high coupling between the upper and lower plate
(drag effect over the upper plate), yet it was assisted by heterogeneous shearing during the Cenozoic inversion of
Permian-Triassic faults that existed in the upper plate. The buttressing effect of pre-existing, near-vertical,
crustal-scale faults (Somolinos and Somosierra) inhibited slip upsection through a basal decollement (Berzosa
Fault), thus favoring fold amplification.

Detecting basement mega-folds might prove challenging due to the complexity of distinguishing them from the
primary deformation structures of the basement. However, identifying these folds allows studying the contri-
bution of folding to the rising of mountain belts. Intraplate orogens can be constructed by folding the whole crust;
or a significant part of it. This process is favored by inherited crustal faults, which would represent low-yielding
layers to accommodate the superimposed shortening through the basement instead of its cover. We believe that
the primary geometry of reactivated faults makes a fundamental difference in intraplate orogens. If shortening is
transmitted through near-vertical faults, reactivation would allow for strike-slip tectonics. If such faults were
shallowly dipping and penetrated the crust, shortening can be transmitted into the fault blocks and generate low-
plunging folds at the expense of large pieces of crust or the whole crust (i.e., including the Moho).

Data Availability Statement

The structural data [Dataset] used for analysis in the study are available at Mendeley Data via https://doi.org/10.
17632/83ftn959js.1, with CC BY 4.0 license (Diez Fernandez, 2023).
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