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ABSTRACT

Exhumation of high-pressure (P) rocks may require a long path and multiple deformation
phases. During this journey, late faults and folds can introduce changes to the primary
tectonic stacking and lead to misleading conclusions regarding subduction polarity and
plate reconstructions. This hypothesis has been tested positively via mapping and
structural analysis in the eastern section of the Central Unit (Eastern Ossa-Morena
Complex, Iberian Massif), which comprises Devonian high-P rocks subducted during the
Variscan Orogeny. Following subduction beneath Gondwana, exhumation was assisted
by in-sequence underthrusting of the continental crust, along with thinning of the
overlying and formerly accreted crust. Convergence persisted and was accommodated by
Gondwana-directed, out-of-sequence thrusts. Subsequent extension favored erosion and
basin inception during the Early Carboniferous, whereas further convergence produced

late folding and faulting during Late Carboniferous sinistral transpression. Late faults
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duplicated the Devonian suture zone several times, producing a series of closely-spaced
exposures of a single suture. The manner in which late faults affected the Devonian suture
produced an outcome that could be mistaken for a collection of individual suture zones.
Late faults may distort the primary relationships between upper and lower plates;
however, they provide a geometry-based approach for restoring the primary geometry of

suture zones.

Keywords: Suture zone; Continental subduction; Exhumation; Thrusts; Variscan

Orogen; Iberian Massif

1. INTRODUCTION

Much effort has been devoted to understanding the exposure of high-pressure
(P)/low- to mid-temperature (T) rocks (blueschists and eclogites) on the surface to
identify the processes responsible for their exhumation through a subduction channel and
up to the lower-middle crust (Agard et al., 2009; Diez Fernandez et al., 2011; Gerya et
al., 2008; Gerya et al., 2002; Jolivet et al., 2003; Warren, 2013). Such exhumation is
conceived as a transient event after perturbations in the subduction zone (Guillot et al.,
2009). A complementary line of thinking acknowledges the exhumation of some
subducted rocks through diapiric ascent away from subduction channels (Little et al.,
2011; Malusa et al., 2015; Maierova et al., 2021). In any case, deep-seated rocks follow
paths within or away from the subduction channel, and the dynamics of the latter seem to
control much of the path that high-P rocks follow back to the surface (Ernst and Liou,
2008; Willner et al., 2002; Yamato et al., 2007). Understanding high-P rock exhumation
requires the entire set of processes that have operated from the mantle to the uppermost

crust to be revealed (e.g., Platt, 1993). Late steps through the exhumation path occur in
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the middle and, more importantly, in the upper crust. Exhumation in the upper crust is
mostly caused by a combination of erosion and normal faulting. However, erosion may
act not only on crust sections attenuated by normal faults (e.g., Strak et al., 2011), but
also on sections affected by thrusts and folds (e.g., Avouac, 2003), giving ways for
exhumation to occur during crustal thickening.

The onset of continental subduction heralds continental collisions. In this
particular case, early high-P rock exhumation is controlled by subduction channel
dynamics, but late exhumation can be unrelated and controlled by processes that may
eventually operate across the hinterland of collisional orogens, and are not only localized
across the root of any of their suture zones. This would encompass later faulting (either
thrusts, normal, or strike-slip faults), typical for advanced stages in an ongoing collisional
orogen (Vanderhaeghe, 2012). In this context, shortening is usually accommodated by
thrusting upon later convergence long past the onset of the collisional stage. Normal faults
can drive the exhumation of lower and middle crust rocks during thermal and gravitational
re-equilibration after (or during) crustal thickening (e.g., orogenic collapse) (Dewey,
1988; Diez Fernandez et al., 2012; Rey et al., 2001), whereas strike-slip faults may be
formed at any stage during orogenesis to accommodate lateral displacements (Pavlis et
al., 2004; Shelley and Bossiére, 2000; Woodcock and Daly, 1986).

Late faults and folds have the potential to distort previous structures. Faults
operating on high-P rocks exhumed to middle and upper crust depths can modify
structures generated during previous decompression (e.g., within or away from the
subduction channel), thus complicating the reconstruction of subduction zone dynamics
(Diez Fernandez et al., 2021a; Diez Fernandez et al., 2022b). Folds modify (curve) the
primary geometry of preexisting planar features. This makes interpretation of the pre-fold

record challenging. Here, we present a case example from the Variscan Orogen (SW
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Iberian Massif) to illustrate the intense re-deformation distortion of early collisional
structures affecting high-P rocks formed in a continental subduction zone once they have
returned to middle-upper crust depths. We discuss the processes and structures
responsible for the latest exhumation and how such distortions may have contributed to

misleading interpretations of subduction zone dynamics in the Variscan Orogen.

2. GEOLOGICAL SETTING

The Iberian Massif represents a piece of the Western European Variscan Orogen,
which was formed after the collision of Laurussia, Gondwana and their peripheral terranes
during the late Paleozoic (Figs. la and 1b; Diez Fernandez et al., 2016; Kroner and
Romer, 2013; Matte, 2001; Schulmann et al., 2014). This collision resulted in the
amalgamation of continental terranes separated by two types of suture zones, those along
which Gondwana-derived terranes are juxtaposed and those where Gondwana-derived
terranes are juxtaposed against pieces of continental crust with Laurussian affinity. The
SW Iberian Massif contains both types of suture zones, some of which include high-P
rocks that attest to the burial of continental crust to mantle depths (Abalos et al., 1991b;
Arenas et al., 2021; Lopez Sanchez-Vizcaino et al., 2003; Novo-Fernandez et al., 2021,
Pereira et al., 2010a). This is the case for the Central Unit, which strikes NW-SE and is
surrounded by mid- to low-P rock assemblages and Variscan syn-orogenic strata (Fig. 1c)
(Abalos, 1990; Azor, 1994).

The lower and upper plates of the suture zone exposure, represented by the Central
Unit, are a matter of debate. It is accepted that the lower plate (Iberian Autochthon in
Figure 1b) comprises at least two rock assemblages in SW Iberia: the Albariza-Bembézar
Succession and the Azuaga Formation (Azor et al., 1994; Diez Fernandez and Arenas,

2015). This pair shows affinity with some rock units of the Central Iberian Zone
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(Fuenlabrada et al., 2021; Solis-Alulima et al., 2022) and is also referred to as Iberian
Autochthon. The Iberian Autochthon is thought to have been structurally and
paleogeographically connected to the same section of the margin of Gondwana (i.e., the
Central Iberian Zone), which represents the lower plate of the Variscan suture zone
exposed in the NW Iberian Massif (Diez Fernandez and Arenas, 2015; Diez Fernandez
and Arenas, 2016). This connection formed during the suturing and building of a
Devonian accretionary system, which included, in ascending order, the following
Variscan nappe stacks: (i) a lower plate with Gondwanan affinity (referred to as the
Autochthon), (ii) far-traveled pieces of subducted continental crust (Lower Allochthon,
including the Central Unit), (iii) ophiolites (Ophiolitic or Middle Allochthon), and (iv) an
upper plate with Gondwanan affinity (Upper Allochthon) (Arenas et al., 2016; Diez
Fernandez et al., 2016).

The Central Unit and surrounding rocks have Gondwanan affinity; therefore, it is
an example of an intra-Gondwanan suture zone, that is, a suture that is interpreted to have
formed after the closure of a peripheral (marginal) basin located along the margin of
Gondwana (Diez Fernandez and Arenas, 2015; Simancas et al., 2009). Most of the Central
Unit is bounded by late Variscan faults, namely, the Azuaga Fault to the SW and the
Matachel Fault to the NE (Fig. 1; Abalos and Eguiluz, 1991; Azor et al., 1994; Diez
Fernandez et al., 2021a; Diez Fernandez et al., 2022b). These faults belong to the so-
called Coimbra-Badajoz-Cordoba shear zone (Burg et al., 1981), which is a sinistral
transpressional system that formed at a late stage during the Variscan orogeny (Abalos
and Eguiluz, 1991; Azor et al., 1994; Diez Fernadndez et al., 2021a; Pereira et al., 2010b).
These faults cut across the folded internal structure of the Central Unit, which is defined
by Early Carboniferous mylonitic foliation formed during exhumation after Devonian

high-P (eclogite facies) metamorphism (Abati et al., 2018; Azor et al., 1994; Diez
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Fernandez and Arenas, 2015; Pereira et al., 2010a). The assemblage of rocks that
constitute the Central Unit includes meta-sedimentary and meta-igneous rocks, with
protolith ages ranging between the Ediacaran and Ordovician (Abalos, 1990; Abati et al.,
2018; Azor, 1994; Ordonez Casado, 1998). High-P metamorphism ranges between
blueschist facies (e.g., Arenas et al., 2021) and eclogite facies conditions (e.g., Abalos et
al., 1991b; Lopez Sanchez-Vizcaino et al., 2003; Pereira et al., 2010a). Post-high-P
metamorphism ranges between greenschist, amphibolite, and granulite facies conditions,
including partial melting in some sections (e.g., Abalos et al., 1991b; Lopez Sanchez-
Vizcaino et al., 2003; Pereira et al., 2010a; Arenas et al., 2021; Diez Fernandez et al.,
2021a).

The Upper Allochthon (upper plate; Upper Allochthonous Units in Figure 1b)
bears an imprint of tectonomagmatic processes related to the Cadomian orogeny (from
Ediacaran to Cambrian; Arenas et al., 2018; Diez Fernandez et al., 2022a; Diez Fernandez
et al., 2019; Eguiluz et al., 2000; Quesada, 1990; Rojo-Pérez et al., 2022). Variscan
tectonics is recorded in all of its pre-Variscan rock assemblages, which range from the
Ediacaran to the Devonian (e.g., Diez Fernandez et al., 2021b; Eguiluz et al., 2000;
Exposito et al., 2002; Expdsito et al., 2003; Martinez Poyatos et al., 2001). The protoliths
of the Autochthon show a similar age range (Ediacaran to Devonian), the older protoliths
being affected by pre-Variscan (Ordovician) tectonomagmatic processes (e.g., Azor et al.,
2012; Solis-Alulima et al., 2020). The Central Unit is surrounded by syn-orogenic strata,
which span from the Tournaisian to the Gzhelian (Azor, 1994; Martinez Poyatos, 2002;
Matas et al., 2015). Most series are affected by Variscan deformation and metamorphism,
and some even contain Variscan igneous rocks (Armendariz et al., 2008; Diez Fernandez
et al., 2021a). Carboniferous syn-orogenic strata can be found covering the Variscan

upper and lower plates. The older units were deposited in marine environments (e.g.,
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Armendariz et al., 2008), whereas the younger units were formed in intramountainous

settings (Wagner, 2004).

3. MATERIALS AND METHODS

Geological mapping was carried out on a 1:10,000 and 1:25,000 scale using a
rugged tablet assisted by GPS and GIS technologies. Base maps (topographic and
orthophotos) were downloaded from the Spanish National Geographical Survey
(http://centrodedescargas.cnig.es). Figure 2 shows a new geological map and serial cross
sections across the most representative structures, whereas Figure 3 is an adapted version
of the geological map published by Diez Fernandez et al. (2021b) from an adjacent area
located to the north (see the location of both maps in Figure 1).

The bedrock of the study area was divided into pre-orogenic and syn-orogenic
rocks with respect to the Variscan Orogeny. Pre-orogenic rocks are grouped into
tectonostratigraphic units that consist of rock members with equivalent Variscan
tectonometamorphic evolutions. Each tectonostratigraphic unit is considered to be
separated from the other units by a major crustal-scale fault. This subdivision is based on
the interpretation that each tectonostratigraphic unit represents a major tectonic slice
within an imbricate system that hosts a suture zone formed during the early stages of the
Variscan subduction/collision (see data and discussion below). The location and nature
of major faults are based on structural analysis and metamorphic evolution.

The structural data used in large-scale (km-scale) structural analyses and
geometrical interpretations comprise field observations and the selection of domains
where structures are well preserved. The selected domains are referred to as Reference
Points (RP) in the text. Unless otherwise indicated, the main foliation within each

lithological assemblage was the reference to determine and describe a lower or upper
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structural position across the same assemblage. The shear sense criteria in field outcrops
were established based on sections as normal as possible to the local vorticity vector
(roughly parallel to the stretching lineation in this study). Presentation of structural data
on stereographic projections (lower hemisphere and equal area) was performed using
Stereonet v. 11.3.1 (R.W. Allmendinger, https://www.rickallmendinger.net/stereonet;

Cardozo and Allmendinger, 2013).

4. TECTONOMETAMORPHIC RECORD AND TIME FRAME

4.1. Autochthon

The nature of the main foliation in the Albariza-Bembézar Succession varies from
gneissic layering in the ortho- and paragneisses that occupy the lower structural positions
to schistosity at the intermediate and upper structural levels (Fig. 4a). In meta-
sedimentary rocks, metamorphic garnet, staurolite, and sillimanite form part of the main
foliation. Minor melanosomes and andalusite are also present. In the Azuaga Formation,
the main foliation is slaty to phyllitic cleavage that grades into a poorly developed
schistosity (vague tectonic banding) down structure (Fig. 4b). The main foliation may
include quartz, plagioclase, chlorite, muscovite, biotite and minor garnet. The main
foliation includes mineral and stretching lineations. In meta-sedimentary rocks, the
stretching lineation is marked by quartz ribbons, elongated aggregates of metamorphic
minerals (sillimanite, garnet, biotite, and muscovite), or by boudinaged layers of meta-
sandstone or veins. The elongated shape of syn-kinematic minerals (sillimanite, garnet,
and biotite) defines the mineral lineation. The mineral and stretching lineations are
consistently parallel and show a trend between N-S and NW-SE (Fig. 5a). The main

foliation includes asymmetric structures, such as C-S fabrics, C’-planes, C’-S fabrics,
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sigma-type objects (porphyroclasts), asymmetric pressure shadows around
porphyroblasts, and oblique fabrics at the microscale. Dominant shear sense is top-to-the-
SE and S.

The main foliation in the Autochthon is axial-planar to the folds. The obliquity
between bedding and the main foliation suggests that the major folds are overturned with
an intersection lineation that trends NW-SE (Fig. 5b), parallel to the hinge lines of the
parasitic folds associated with the main foliation (figs. 4c and 5c). Refolding (see section
4.5) and a lack of good way-up criteria and marker layers prevented the establishment of
major fold vergence and asymmetry. However, if the Azuaga Formation is younger than
the Albariza-Bembézar Succession, the upper structural position of the former suggests a
major normal fold limb in the study area.

The strain is heterogeneous and generally increases in the down structure.
Protoliths of the Azuaga Formation exhibit bedding (Fig. 4b), whereas the Albariza-
Bembézar Succession is pervasively deformed (strain distribution is not markedly
heterogeneous), and bedding is largely obliterated (Fig. 4a). The Azuaga Formation
recrystallized under greenschist facies conditions characterized by garnet and minor
biotite. The lower part of the Albariza-Bembézar Succession reached partial melting
conditions, whereas the upper part recrystallized under amphibolite facies conditions
(within the garnet-staurolite zone; Gonzalez del Téanago and Arenas, 1991), followed by
high-T and low-P recrystallization (andalusite stability field; Azor and Balleévre, 1997).

Overall, the metamorphic grade defines a telescoped normal zonation.

4.2. Lower Allochthon
The Lower Allochthon (Central Unit) exhibits a main, penetrative, mylonitic

foliation that wraps around pods of (retro)eclogite and rocks that preserve mineral
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assemblages formed under high-P and low-T conditions (Abalos et al., 1991b; Arenas et
al., 2021). Tectonic fabrics older than the main foliation were preserved as preferentially
oriented and retrogressed mineral assemblages within (retro)eclogite pods and as mineral
inclusions within albite and garnet porphyroblasts. The main foliation was formed under
amphibolite to greenschist facies conditions during decompression and is defined by
different mineral assemblages depending on the lithology (see Abalos (1990) and Azor
(1994) for further petrographic details). The main foliation in migmatites, which are
exclusive to the Serie Negra Group, is defined by alternating bands of (granitic)
leucosome and (biotite-rich) melanosome that bind variably thick bodies of paleosome
made of sillimanite-bearing paragneiss, whose main foliation is also parallel to the
migmatitic banding (Fig. 4d). Granitic veins and pods are abundant near and in migmatite
exposures. The deformation of these granitoids varies between being nearly unaffected
by the main foliation and being flattened, stretched and boudinaged during foliation
development.

Minerals oriented parallel to the main foliation also define mineral and stretching
lineations (Fig. 4e). In meta-sedimentary rocks, this stretching lineation is marked by
quartz ribbons, elongated aggregates of metamorphic minerals (sillimanite, garnet,
biotite, and muscovite), or by boudinaged and/or lens-shaped layers of quartzite, meta-
sandstone, meta-basites, or veins. The elongated shape of syn-kinematic minerals such as
sillimanite, garnet, biotite, and albite define the mineral lineation. In meta-igneous rocks,
the orientation of the stretching lineation is represented by the long axis of pre-tectonic
objects such as porphyroclasts, xenoliths, or boudinaged dikes or veins. Both mineral and
stretching lineations in meta-sedimentary and meta-igneous rocks are consistently

parallel and trend between NW-SE, N-S, and NNE-SSW (figs. 5d and 5e). The intensity
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of the linear fabric of these rocks varies such that LS (most common), S and L-tectonites
are present.

Protoliths of the Lower Allochthon are commonly pervasively deformed,
especially meta-sedimentary ones (Fig. 4f), into high-strain tectonites. Low-strain rocks
are locally preserved in the orthogneisses, although the heterogeneous strain is generally
high (e.g., Abalos and Eguiluz, 1989; Abalos and Eguiluz, 1990). The main foliation is
axial planar to near-isoclinal folds (Fig. 4g), which are defined by the compositional
banding of the rocks, either primary (bedding in meta-sedimentary rocks) or tectonic
(banding in gneisses). The development of the main foliation includes asymmetric
structures, such as C-S fabrics, C’-planes, C’-S fabrics, sigma-type and delta-type objects
(porphyroclasts), asymmetric pressure shadows around porphyroblasts and
porphyroclasts, asymmetric folds, oblique fabrics at the microscale, and fractured grains
(porphyroclasts). The dominant shear sense is top-to-the-SE and -S (Fig. 4h).

Early metamorphism within the Lower Allochthon reached eclogite facies
conditions in some sections (Abalos et al., 1991b; Pereira et al., 2010a) and blueschist
facies conditions in others (Arenas et al., 2021). The main foliation also developed under
different conditions, ranging between partial melting (migmatitic paragneisses; Fig. 4d)
and greenschist to amphibolite facies conditions (Abalos et al., 1991b; Arenas et al., 2021;
Pereira et al., 2010a). The abundance of migmatites and magmatism synchronous with
the main foliation decreases rapidly towards the upper structural levels of the Ediacaran
sequences, in less than 500 m across the structure. The gneissic banding that dominates
the lower sections (Serie Negra Group) progressively turns into a finer-grained schistosity
upsection. Overall, the metamorphism associated with the main foliation in the Serie
Negra Group of the Lower Allochthon decreases upsection and defines a likely telescoped

normal zonation.
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4.3. Upper Allochthon

The main foliation is a slaty cleavage that grades into spaced and rough cleavages
marked by reoriented sedimentary clasts of quartz, feldspar, plagioclase, and mica, and
the preferred orientation of newly formed chlorite and sericite. The main foliation is
oblique to bedding.

The strain related to the main foliation is very low compared with that of the rest
of the units. It is still possible to observe well-preserved fossils in sections away from the

major faults.

4.4. Syn-orogenic meta-sedimentary rocks

Only the older units of the Early Carboniferous sedimentary rocks (C1, Culm
facies) exhibit penetrative (axial plane) foliation. This foliation is defined by newly-
formed quartz, sericite, muscovite, and chlorite and by mineral grains (clasts) of the
protolith reoriented parallel to the fabric. In the meta-conglomerates, the foliation is an
anastomosing spaced cleavage, whereas in meta-sandstones and meta-pelites, it appears

as a regularly spaced cleavage.

4.5. Late crenulation cleavage

The main foliation in the pre-orogenic rocks is transposed by a near-vertical
crenulation cleavage that strikes NW-SE (Fig. 6a). This fabric is best developed in meta-
sedimentary lithologies and is axial-planar to upright folds on all scales (fig. 4a, 4b, and
4d). Fold axes trend NW-SE and plunge shallowly either to the NW or SE (figs. 6b, 6c,

6d, and 6e). The crenulation cleavage is accompanied by a crenulation lineation that
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trends NW-SE (Fig. 6a), subparallel to the strike of the crenulation cleavage and to
mesoscale upright fold axes (Fig. 6).

This sub-vertical crenulation cleavage is defined by reoriented minerals from
previous foliation and neo-blasts of quartz, sericite, muscovite, and chlorite. This
cleavage and associated folds are parallel and geometrically similar to the axial planar
foliation and folds in the syn-orogenic Culm facies rocks. Accordingly, they are
considered equivalent. The metamorphic conditions accompanying the development of

this fabric were estimated at greenschist facies (2-5 kbar; Abalos et al., 1991a).

4.6. Deformation ages

The main foliation in the Autochthon must be post-Cambrian (age of the younger
rocks with this fabric). “°Ar/*’Ar dating of the main foliation in the Albariza-Bembézar
Succesion (amphibole in meta-basites and muscovite in schists) yielded plateau ages of
c. 392 Ma, 385 Ma, 359-351 Ma and 336 Ma (Azor et al., 2012; Dallmeyer and Quesada,
1992), so Variscan deformation and cooling in the Autochthon ranges from the Late
Devonian to at least the Early Carboniferous. U-Pb zircon dating of migmatites of the
Albariza-Bembézar Succession yielded crystallization ages between c. 497 Ma (Azor et
al., 2012) and c. 478 Ma (Solis-Alulima et al., 2020), which, together with the intrusion
of Ordovician granitoids (Azor et al., 2016; Solis-Alulima et al., 2020) and some
“0Ar/3°Ar ages obtained from amphiboles (c. 482 Ma; Azor et al., 2012) are considered to
represent a pre-Variscan tectonothermal imprint in the Autochthon (e.g., Dallmeyer and
Quesada, 1992). In our case study, the first deformation recorded in the Azuaga
Formation is also the first one that affected Devonian strata (Diez Fernandez et al.,
2021b); therefore, the pre-Variscan tectonothermal imprint appears to be missing or

negligible in this part of the Autochthon.



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

The age of high-P metamorphism in the Lower Allochthon has been estimated to
be 377 £ 19 Ma (U-Pb metamorphic zircon in retro-eclogites; Abati et al., 2018). This
Variscan age matches the age range obtained in a previous study (c. 380-350 Ma, U-Pb
zircon dating; Ordofiez Casado, 1998) and is roughly in agreement with previous work
that obtained ages of either slightly older (427 + 45 Ma, U-Pb zircon dating in retro-
eclogite; Schiifer et al., 1991) or slightly younger (c. 370-360 Ma, *°Ar/*’Ar dating;
Quesada and Dallmeyer, 1994). The radiometric ages for the development of the main
foliation of the Lower Allochthon are ca. 355 Ma (Rb/Sr dating of mylonites formed
during post-high-P retrogression; Garcia Casquero et al., 1988), and c. 340-333 Ma
(*°Ar/*Ar mica and U-Pb zircon dating of post-high-P migmatization; Abati et al., 2018;
Pereira et al., 2010a; Pereira et al., 2012).

In SW Iberia, Variscan granitoids dated at c. 318 Ma (Pereira et al., 2010b) display
a fabric correlated with near-vertical crenulation cleavage elsewhere, which is cut by
younger Variscan plutons dated at c¢. 306 Ma (Sola et al., 2009). In our study area, late
crenulation cleavage is associated with upright, NW-SE trending folds, which affect the
youngest syn-orogenic series dated at Moscovian (c. 315-307 Ma). Accordingly,
deformation related to late crenulation cleavage occurred (at least) between c. 318 and

307 Ma.

5. RECOGNITION OF MAJOR FAULTS
Some of the major structures developed in the study area are not directly exposed
(due to intense weathering). However, their existence, geometry, and relative timing were

established based on a detailed structural mapping (Fig. 2).

5.1. Early thrusts
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Early thrusts are identified by Variscan high-P rocks (Lower Allochthon)
structurally overlying Variscan mid-P rocks (Autochthon), in the absence of
Carboniferous syn-orogenic strata, and in the presence of serpentinites (meta-peridotites)
(RP-1, Figure 2). Serpentinites also occur within the Ediacaran sections of the Lower
Allochthon (RP-2, Figure 2), and they separate higher-grade sequences (sillimanite and
partial melting) from structurally underlying lower-grade sections. In the absence of
meta-peridotites, these thrusts were tentatively mapped by identifying the sections
affected by more intense strain. Additionally, the migmatites and the rest of the rocks that
form part of the Ediacaran section of the Lower Allochthon (Serie Negra) lie on top of
the younger (Paleozoic) and colder sections of the Lower Allochthon, such as the (garnet-
bearing) mica-schists (RP-3, Figure 2). The thrust required to explain such metamorphic

juxtaposition has also been considered as early Variscan.

5.2. Early extensional low-angle faults

The main foliation in the Lower Allochthon and Autochthon is axial-planar to
isoclinal folds on the meso- (figures 4c and 4g) to macroscale (e.g., RP-4, Figure 2).
However, the axial trace (RP-4, Figure 2) and both fold limbs (RPs-5 and 6, Figure 2)
converge and are cut-off by a fault that reminds us of an early thrust (RP-1, Figure 2).
The trace of the latter fault, referred to as the Villanueva detachment, no longer represents
the trace of an early thrust (needed to explain the current Allochthon-Autochthon
juxtaposition), but the trace of a later, low-angle fault that excised a former tectonic stack
previously built by early thrusts (see section above).

The main foliation in the Lower Allochthon and Autochthon is sub-parallel to the
trace of the Villanueva detachment and formed under roughly similar metamorphic

conditions (greenschist to amphibolite facies). The Villanueva detachment cuts
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structurally lower sections of the Lower Allochthon in the SE (RP-5, Figure 2) than in the
NW (RP-4, Figure 2), and produces wedging of the Lower Allochthon orthogneisses to
the NW (RP-6, Figure 2). To the S, the same (Ediacaran) section of the Lower Allochthon
does not rest onto the Autochthon, but onto younger, yet underlying sections of the Lower
Allochthon (RP-3, Figure 2). This implies N-NW wedging of the Lower Allochthon as a
whole (section C-C’ in Figure 2). Accordingly, the fault that defined its base before late
upright folding (Villanueva detachment) dipped either steeper to the S-SE or shallower
to the N-NW than the (missing) early thrust that transported the Lower Allochthon onto
the Autochthon. If an N-NW-dipping paleo-geometry of the Villanueva detachment is
combined with the top-to-the-SE and -S shearing associated with the main foliation in the
Lower Allochthon and Autochthon, the structural discontinuity between Autochthon and
Lower Allochthon has thrust fault kinematics. However, no tectonic duplication was
observed in relation to the Villanueva detachment. In contrast, if the kinematics of the
main foliation is combined with an original S-SE-dipping Villanueva detachment, the
fault has normal fault kinematics and the wedging (excision) of the Lower Allochthon

can be linked to extension.

5.3. Early out-of-sequence thrusts

Early out-of-sequence thrusts cut across the trace of the early thrusts (RPs-7, 8
and 9, Figure 2), duplicate the foliated Lower Allochthon (RPs-10 and 11, Figure 2) and
Autochthon (RP-12, Figure 2), and emplace the Autochthon again onto the Lower
Allochthon. These features separate these thrusts from the early thrusts, but both
originally had a relatively shallow-dipping orientation, which is either directly observed
in the field or can be inferred from their upright folded nature where affected by

subsequent deformation (RPs-7, 8, and 12, Figure 2). The original overall low-angle
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geometry of these thrusts is further supported by a klippe of Autochthon south of
Villanueva del Rey (RP-12, Figure 2).

The early out-of-sequence thrusts cut across the previous structures in the
Autochthon and Allochthon and include flats (faults that tend to be parallel to the previous
structure; RP-8; Figure 2) and ramps (faults that are markedly oblique to the previous
structure RP-9, Figure 2). The lower structural section of the hanging wall of the early
out-of-sequence thrusts consists exclusively of Autochthon rocks. In some sections, these
thrusts cut upward through the internal structure of the Autochthon (RP-13, Figure 2),
whereas in other parts, they seem to be the opposite (RP-9, Figure 2). Similarly, the Lower
Allochthon occupies the footwall of these thrusts, which progressively intercept lower
structural sections of the Lower Allochthon towards the NE (RPs-7, 8 and 9, Figure 2),

as they cut through earlier steeper SW-dipping thrusts.

5.4. Late out-of-sequence reverse faults and strike-slip shear zones

The late reverse faults differ from the other earlier-formed reverse-slip faults in
the study area in that they are parallel and cut upright folds as defined by primary contacts
(sedimentary or igneous) and main foliation (Fig. 2). These faults generally strike NW-
SE and dip steeply SW. These faults form along the shared steep limbs between upright
(hanging wall) antiforms and upright (footwall) synforms (RPs-1 and 12, Figure 2) and
collectively define an imbricate fault set with tectonic transport directed to the NE (RP-
14, Figure 2).

The strike, kinematics, and relationships between strike-slip faults and late out-
of-sequence reverse faults are complicated. The most common set of strike-slip faults
strikes NE-SW and is sinistral (as inferred from horizontal separations). The main

sinistral-slip fault defines the northern boundary of the Villaviciosa — La Coronada
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Complex (RP-15, Figure 2). This fault could represent the eastern continuation of the
Matachel Fault (Azor et al., 1994). The strike of this fault is dominantly NW-SE, but it
runs E-W and SW-NE towards the eastern part of the study area (RP-16, Figure 2).
Slickensides related to this fault (three in sifu observations) are near-vertical, parallel to
its trace, and accompanied by very shallowly NW-plunging slickenlines (~5°) (two in situ
observations). This sinistral strike-slip fault seems to define a tear fault system with
respect to the late out-of-sequence reverse faults (RP-6, Figure 2) for which we cannot
rule out a component of strike slip. A set of dextral, subsidiary, strike-slip faults strike
NW-SE (RP-17, Figure 2).

The strike of the late out-of-sequence reverse faults is clockwise from the major
fault with which they converge (e.g., RP-15, Figure 2). The main foliations and axial
traces of the upright folds depict a similar en echelon pattern (e.g., RP-10, Figure 2). The
same obliquity and pattern can be observed between these faults and the upright folds

located at their hanging walls and footwalls (e.g., RP-18, Figure 2).

6. DISCUSSION
6.1. From deep-seated to surface: structural evolution of high-P rocks
The structures and mapped tectonostratigraphy described in previous sections can

be integrated into a tectonic model comprising five major tectonic events.

6.1.1. Subduction/accretion of Gondwanan crust

The main evidence for the early subduction of the Gondwanan crust (Figure 7a)
in the study area is the mid- to Late Devonian high-P metamorphism (eclogite to
blueschist facies conditions) recorded in the Lower Allochthon (Abati et al., 2018;

Ordofiez Casado, 1998; Quesada and Dallmeyer, 1994). Deep continental subduction of
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the Ediacaran units of the Lower Allochthon was followed by its (early) thrusting over
the younger and colder (less-buried?) units of the Lower Allochthon, namely mica schists
and garnet-bearing mica schists (RP-3, Figure 2). The garnet-bearing mica schists bear
imprints of Variscan high-P metamorphism (Abalos et al., 1991b; Arenas et al., 2021;
Azor, 1994); therefore, the onset of early thrusting occurred under a high-P gradient. In
addition to the initial burial beneath the mantle, early thrusting represents the decoupling
of lower plate pieces in the subduction channel.

The lack of high-P metamorphism in the Autochthon rocks and its early
overthrusting by the Lower Allochthon (RPs-1 and -18, Figure 2) indicate that subsequent
tectonic juxtapositions occurred under different metamorphic conditions, so the
decompression and exhumation of the high-P rocks of the Lower Allochthon was in an
advanced stage. The main foliation in the Lower Allochthon and Autochthon could be
entirely related to this phase of tectonometamorphic evolution. However, some key
observations suggest otherwise. These fabrics have yielded radiometric ages ~25-40 m.y.
younger than the age of high-P metamorphism in the Lower Allochthon (Garcia Casquero
et al., 1988; Pereira et al., 2010a). The main foliation in the Lower Allochthon and
Autochthon is parallel to the presumed early thrust contact between them (RPs-4, -5, and
-6, Figure 2), which attenuates the tectonic stack (see description of the Villanueva
detachment in Section 5.2). Accordingly, we believe that the main foliation in the Lower
Allochthon and Autochthon was formed in relation to a post-early thrusting event.

The serpentinite lenses (meta-peridotites) within the Lower Allochthon (RPs-8
and -9, Figure 2) and along its interface with the Autochthon (RP-1, Figure 2) probably
represent slices of mantle incorporated at this stage. Alternatively, the serpentinites were
inherited from Ediacaran accretionary processes, as recently described for the Serie Negra

Group in SW Iberia (Arenas et al., 2018; Diez Fernandez et al., 2022a; Diez Fernandez
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et al.,, 2019). The upper plate of the Variscan subduction system is inferred to be
represented by the Upper Allochthon (Diez Ferndndez and Arenas, 2015; Diez Fernandez
et al., 2021b), which experienced little Variscan tectonic loading compared with the

Lower Allochthon and Autochthon.

6.1.2. Early attenuation of the orogenic crust

The Villanueva detachment (RP-1, Figure 2) and the main foliation of the Lower
Allochthon and Autochthon account for crustal attenuation after early thrusting. The
primary dip-direction of the Villanueva extensional detachment suggests that its related
tectonic transport had a southerly component. The trend of stretching lineations in the
main foliation of the Lower Allochthon and Autochthon is dispersed between NE-SW,
N-S, and NW-SE trends (Fig. 5f), with a dominant component of shearing directed to the
S. This dispersion is compatible with the regional trend of late upright folds and strike-
slip faults, which are NW-SE. Collectively, these lineations seem to define a set of lines
that originally trended N-S, and most likely NE-SW (Fig. 5f), and were reoriented to a
linear fabric attractor (Passchier, 1997) trending NW-SE (see an equivalent example in
the Lower Allochthon published by Diez Ferndndez and Martinez Catalan, 2012).
Accordingly, the tectonic flow that can be inferred for this extensional event was directed
to the S and SW.

It is possible that they represent a phase of extensional collapse responsible for a
severe lithospheric attenuation. Although this extension may be related to the
development of thermal domes in other parts of SW Iberia (e.g., Pereira et al., 2009; Dias
da Silva et al., 2018), it reflects the subhorizontal ductile flow of an increasingly

constricted orogenic wedge upon progressive underthrusting of additional crust to its base



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

(Figure 7b; Diez Fernandez et al., 2016). This interpretation does not exclude the

possibility that thermal domes formed coevally and/or eventually afterwards.

6.1.3. Early out-of-sequence thrusting

This event introduced a major change in the makeup of the Variscan orogenic
wedge (Figure 7c). The early thrust that transported the Lower Allochthon onto the
Autochthon was duplicated by at least one later, primarily shallowly-dipping, out-of-
sequence thrust (RPs-9, -13, and -11, Figure 2). The shallowly dipping geometry can be
inferred from the fact that this out-of-sequence thrust and other imbricates are folded into
upright synforms (RPs-7 and -12, Figure 2) together with bedding and foliations in the
study area. Moreover, the trace of this fault defines ramps and flats that cut the lower
structural levels of its footwall (Lower Allochthon) and hanging wall (Autochthon) to the
NE (RPs-13, -8, and -9, Figure 2). Thus, we propose an overall SW-dipping, staircase
thrust geometry that is slightly more inclined to the SW than the former tectonic wedge
it cuts across and duplicates (Fig. 7). If so, the overall geometry of the previous tectonic
wedge was also SW-dipping, consistent with an assemblage pervasively affected by S- to
SW-directed extensional flow (note the reoriented nature of stretching lineations pointed
out in section 6.1.2).

The hanging wall of this early out-of-sequence thrust set covered the entire area
represented in Figure 2, from the sections located to the S of the main strike-slip shear
zone (RP-11, Figure 2), passing through the klippe in the central part (RP-12, Figure 2),
to at least the section covered with Carboniferous syn-orogenic sedimentary rocks. The
current juxtaposition of the Lower Allochthon against the Autochthon, covered by syn-
orogenic rocks, via late out-of-sequence reverse faults (see below) implies that the pre-

Variscan rocks of that part of the study area represent hanging wall remnants of the early
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out-of-sequence thrust. The Autochthon exposed in that area (e.g., RP-19, Figure 2)
would be the continuation of the Autochthon that occupies the hanging wall to the early
out-of-sequence thrust exposed to the SW (e.g., RP-9, Figure 2). The Culm facies syn-
orogenic strata (C1 in Figure 2) rest unconformably exclusively on top of the hanging
wall of this early thrust system. These syn-orogenic strata occur in both the SW and NE
of the study area. Therefore, the hanging wall of the early out-of-sequence thrust system
occupied the topmost structural position and covered the entire study area (Figure 7c)
before the Culm series was deposited (Figure 7d).

The Upper Allochthon is missing in the SW of the study area (Fig. 2), whereas it
occupies the upper structural levels in the footwall of an early out-of-sequence thrust
system (Figure 3; Diez Ferndndez et al., 2021b). This is compatible with a thrust system
whose footwall wedges to the SW (Fig. 8), that is with NE-directed tectonic transport.
The early out-of-sequence thrust system identified in the study area shares relative timing
(post-main foliation and pre-upright folding), geometry, and kinematics with the Espiel
thrust (see the description by Diez Fernandez et al., 2021b). A tentative connection
between the early out-of-sequence thrusts in our study area and the Espiel thrust is
presented in Figure 8. Diez Fernandez et al. (2021a, 2022b) suggested that these thrusts

formed part of a large-scale thrust system that roots SW-wards outside the study area.

6.1.4. Late extensional tectonics

The early out-of-sequence thrust system is cut by a Variscan mafic-felsic plutonic
complex (Villaviciosa — La Coronada Complex; ~345-320 Ma; Delgado-Quesada et al.,
1985) (RP-11, Figure 2). This complex includes alkaline igneous rocks that were formed
during a period of lithospheric extension (Sédnchez Carretero et al., 1989), which also

affected other sections of SW Iberia (e.g., Cambeses et al., 2015). The hanging wall rocks
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of the early out-of-sequence thrust system are unconformably overlain by Carboniferous
syn-orogenic strata (Culm facies rock series, C1, Figure 2 and 7d), which alternate with
layers of basaltic rocks (Armendariz et al., 2008). The marine sedimentation of
Tournaisian to Viséan syn-orogenic strata in the study area has been ascribed to a period
of crustal thinning (Armendariz et al., 2008; Martinez Poyatos, 2002; Matas et al., 2014),

although no associated structure has been identified in the study area.

6.1.5. Late out-of-sequence reverse faulting and strike-slip tectonics

The related late, NE-directed, out-of-sequence reverse faults and upright folds
define a breaching fault system (Figure 7d). Their geometry locally mimics the tectonic
juxtaposition achieved during the early Variscan thrusting, which consists of allochthons-
on-top-of-autochthon. However, these late faults are characterized by containing pieces
of Carboniferous syn-orogenic strata sandwiched in between, what evidences a much
longer tectonic history.

The major architecture that can be inferred for these late faults is defined by an
imbricate system of SW-dipping, reverse faults that converge to a major, near vertical,
sinistral fault located to the SW (see cross-sections in Figure 2). To the SW of the study
area, the Azuaga Fault is a sinistral, NE-dipping, reverse fault likely formed during the
same time interval (because it affects Tournaissian — Viséan strata) and is related to the
same type of structures (e.g., late upright folds, sub-vertical crenulation cleavage) (Diez
Fernandez et al., 2021a; Diez Fernandez et al., 2022b). We believe that all of these faults
and associated structures define a pop-up (Figure 7d), which emerged at the center of a
strike-slip system formed during transpression (Coimbra-Cordoba shear Zone; Abalos,
1990; Apalategui et al., 1990; Burg et al., 1981; Silva and Pereira, 2004) and cored by

high-P rocks (Central Unit). The high vorticity associated with this positive flower
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structure can explain the exhumation of crust sections by extruding them from the middle-
upper crust during triclinic transpression (Diez Fernandez et al., 2021a; Diez Fernandez
et al., 2022b). This process was accommodated in part by a combination of reverse
faulting and erosion (younger syn-orogenic strata lie unconformably over older ones;
Apalategui et al., 1982; Diez Fernandez et al., 2021b; Martinez Poyatos et al., 1998) and
produced the overriding of the footwall of the early out-of-sequence thrust system onto

its hanging wall.

6.2. Implications to Variscan tectonics

The basal contact of the Lower Allochthon in SW Iberia was originally a thrust,
but now it is a (folded) low-angle extensional detachment around which there may be
missing sections of its hanging wall and footwall. Most of the main foliation within the
Lower Allochthon seems to be related to ductile flow associated with the extensional
event; therefore, it is possible that some missing pieces of an early Variscan accretionary
wedge on top of the Lower Allochthon (e.g., mantle wedge, ophiolites) could have been
excised by similar faults. The attenuation of the Lower Allochthon by low-angle
extensional faults and ductile flow before it was deformed into its current upright fold
structure implies a regional shallowly dipping geometry for the Lower Allochthon after
and likely before attenuation.

The Devonian suture zone represented by the Lower Allochthon is duplicated by
a set of NE-directed, low-angle early thrusts, which should continue to the SW of Iberia,
beyond the Central Unit. Because this thrust system transports pieces of that Devonian
suture in its hanging wall, the Devonian suture must also extend to the SW of the Central

Unit (Diez Fernandez et al., 2016). For the same reason, the Devonian suture zone should
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also continue beneath the surface towards the NE, that is to reach the Central Iberian
Zone.

The Coimbra-Coérdoba shear zone caused extrusion and uplifting of its core along
with the overlying syn-orogenic basins that covered this part of the Variscan Orogen. The
current exposure of most Tournaisian — Viséan syn-orogenic deposits related to crustal
extension along narrow bands cored by upright, late synforms is simply a reflection of a
combination of late breaching thrusts and upright folds that disconnect the rock series that
once belonged to a larger basin (see also Armendariz et al., 2008).

Variscan tectonics in this part of the orogen formed by a combination of and
alternation between compressional and extensional processes that resulted in a complex
structural architecture. Until recently, the role of early crustal attenuation and
subhorizontal extensional flow had gone unnoticed. Also, the duplication of the suture
zone containing high-P rocks and the later uplift from the middle-upper crust were not
documented.

Duplication of the Devonian suture zone by out-of-sequence thrusting implies that
in the absence of stratigraphic evidence, we will not be able to assess whether a piece of
the suture zone is situated in the hanging wall or footwall of an out-of-sequence system
fault. In an orogen like the Variscan, characterized by multiple exposures of
tectonostratigraphic units that are recognized as relicts of suture zones (ophiolites, high-
P rocks, and tectonic slices of the upper mantle), the occurrence of such rock assemblages
may not indicate where the root zone of the suture is located. The degree of out-of-
sequence thrusting has been underestimated in the Iberian Variscan Orogen. This may
also be the case for other parts of the orogen. We note that some alleged Variscan suture

zones may be just tectonic duplications of others.
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Variscan deformation started with the subduction of the Gondwanan crust, which
was followed by exhumation and structural attenuation of the existing orogenic wedge
while underthrusting was still in progress. The resulting collision zone experienced
further thickening by out-of-sequence thrusting, which duplicated the suture zone.
Thickening was succeeded by a stage of extensional tectonics and the onset of formation
of syn-orogenic basins preserved in the region. These two events were likely accompanied
by prominent erosion and denudation. Resumed contraction brought about a second pulse
of out-of-sequence thrusting and intracontinental strike-slip tectonics, which overprinted
any previous structure, inverted previous syn-orogenic basins, and contributed to the re-

thickening of the orogenic crust.

7. CONCLUSIONS

The Eastern section of the Central Unit (Eastern Ossa-Morena Complex, Iberian
Massif) provides a case example for evaluating the impact of post-subduction processes
on high-P rocks in their path back to the surface. Continental crust subducted during the
Devonian and related to the development of a Variscan, intra-Gondwanan suture zone
(Lower Allochthon), was affected by successive deformation phases, starting with its
initial burial beneath the leading edge of Gondwana. Early exhumation was accompanied
by progressive underthrusting of (thicker?) continental crust beneath the orogen
(Autochthon), which led to attenuation, lateral flow, and exhumation of overlying and
formerly accreted continental crust such as the Lower Allochthon. Further convergence
led to the duplication of the Devonian suture zone by out-of-sequence thrusts directed to
the Gondwana interior, seemingly blocking further accretion along the suture zone. After
a transient period of extension, erosion, and basin inception, convergence was

accommodated by folds and faults formed during sinistral transpression. Late faults
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overprinted all of the previous records and contributed to the extrusion of the underlying
crust (including the high-P rocks yet to be exposed at the surface) along the cores of
strike-slip shear zones (positive flower structures).

We recommend caution when dealing with exposures of suture zone-related rocks
that are currently disconnected but relatively close to one another (within a few tens of
kilometers). They may be part of the same major structure and are potential markers of
unnoticed out-of-sequence tectonics. Late faults add to the structural complexity of
collisional orogens by distorting the primary relationships between the upper and lower
plates. In turn, late faults provide a geometry-based method to restore and unveil the
primary geometry of suture zones, which are usually cryptic and could be lost to intense

tectonic reworking in orogeny worldwide.
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FIGURE CAPTION

Figure 1: (a) Tectonic sketch of the Variscan orogen and (b) geological map of the Iberian
Massif indicating the main terranes involved in the orogeny (Diez Ferndndez and Arenas,
2015). (c) Location of the study areas on a regional map of SW Iberian Massif (Diez
Ferndndez et al., 2021a). Abbreviations: AF — Azuaga Fault; BToIP — Basal Thrust of
the Iberian Parautochthon; BAO — Beja—Acebuches Ophiolite; CA — Carvalhal
Amphibolites; CF — Canaleja Fault; CMU — Cubito—Moura Unit; CO — Calzadilla
Ophiolite; CU — Central Unit; EST — Espiel Thrust; EU—Escoural Unit; ET—Espina
Thrust; HF— Hornachos Fault; IOMZO —Internal Ossa-Morena Zone Opbhiolites; J—
PCSZ — Juzbado-Penalva do Castelo Shear Zone; LFT — Lalin-Forcarei Thrust; LPSZ
— Los Pedroches Shear Zone; LLSZ — Llanos Shear Zone; MLSZ — Malpica—Lamego
Shear Zone; MF — Matachel Fault; OF — Onza Fault; OVD — Obejo—Valsequillo
Domain; PG-CVD — Puente Génave—Castelo de Vide Detachment; PRSZ— Palas de
Rei Shear Zone; PTSZ — Porto—-Tomar Shear Zone; RF — Rias Fault; SISZ —South

Iberian Shear Zone; VF — Viveiro Fault; ZSI — Zalamea de la Serena Imbricates.

Figure 2: Geological map and cross-sections of the eastern part of the Central Unit and
its surrounding terranes (location in Figure 1). Data to constrain the age and in-depth
descriptions of the lithostratigraphic assemblages can be found in published works
(Delgado Quesada, 1971; Ortuilo, 1971; Lifidn, 1978; Apalategui et al., 1982, 1983;
Andreis and Wagner, 1983; Delgado-Quesada et al., 1985; Sanchez Carretero et al., 1989;

Abalos, 1990; Azor, 1994; Azor et al., 1994; Azor and Ballévre, 1997; Martinez Poyatos,
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2002; Jensen et al., 2004; Pereira et al., 2010a; Matas et al., 2015; Abati et al., 2018;

Fuenlabrada et al., 2021).

Figure 3: (a) Geological map and (b and c) cross-sections of the northeastern part of the
Ossa-Morena Complex, to the north of the study area shown in Figure 2 (location in

Figure 1) (Diez Fernandez et al., 2021b).

Figure 4: (a) Main foliation in schists of the Albariza-Bembézar Succession affected by
NE-verging upright folds. Note the orientation of late crenulation cleavage (red dashed
line). (b) Late crenulation cleavage (red dashed line) affecting bedding (yellow dashed
line) in phyllites of the Azuaga Formation. (¢) Asymmetric, isoclinal recumbent folds in
meta-sandstones from the Albariza-Bembézar Succession. The bedding is marked by
yellow dashed lines, and the (main) axial plane foliation is green. (d) NE-verging,
asymmetric, upright folds affecting the main foliation of migmatitic paragneisses from
the Central Unit. (¢) Main foliation and associated stretching lineation in paragneisses
from the Central Unit. (f) Mylonitic foliation in albite-bearing paragneisses from the
Central Unit. Note the top-to-the-SE C-S structures defined by C-planes (green dashed
line) and S-planes (white dashed lines). (g) Recumbent isoclinal folds formed in gneisses
from the Central Unit (main foliation is axial-planar). Note that pronounced stretching
along the forelimbs and sigma-shaped quartz segregates, indicating top-to-the-SE
shearing. (h) Main foliation in felsic orthogneisses from the Central Unit with sigma-

shaped quartz and feldspar porphyroclasts, indicating top-to-the-SE shearing.

Figure 5: Lower hemisphere equal area projections showing the orientation of the

lineation in the Autochthon and Lower Allochthon. (a) Stretching lineation related to the
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main foliation in the Autochthon. (b) Intersection lineation (bedding and main foliation)
in the Autochthon. (c) Crenulation lineation related to the main foliation in the
Autochthon. (d) Stretching and (e) mineral lineation related to the main foliation in the
Lower Allochthon. (f) Stereoplot including all lineations and showing a possible path of
counter-clockwise reorientation to fabric attractors (axial planes and fold axis) calculated

in Figure 6.

Figure 6: Stereoplots showing the orientation of the main planar microstructures in the
Autochthon, syn-orogenic strata, and Lower Allochthon. The plots include the pi-axes
and axial planes of the upright folds, which they collectively define. (a) Plot including
late crenulation cleavage together with the calculated axial planes and fold axes (see the
following sections). (b) Bedding in the Autochthon. (¢) Bedding in the syn-orogenic

strata. (d) Main foliation in the Autochthon. (e) Main foliation in the Lower Allochthon.

Figure 7: Simplified tectonic model explaining the exhumation of high-P rocks related to
a (a) suture zone that is (b) constricted and attenuated after accretion and then (c) affected
by early out-of-sequence thrusting, followed by (d) erosion and inception of a syn-
orogenic basin. Further contraction resulted in late out-of-sequence reverse faulting and
upright folding (Figure 8). White stars represent visual references at the same location

throughout each step of the model.

Figure 8: (a) Composite cross-section, including section E-E’ from Figure 2 and section
B-B’ from Figure 3. (b) Integration of lithological units into broader tectonic units that
discriminates a lower plate (Autochthon s./) and a Devonian suture zone (Lower

Allochthon and lenses of mantle rocks, such as meta-peridotites) from an upper plate
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(Upper Allochthon s./.). Syn-orogenic strata are omitted for simplicity and better
visualization of the thrust nappes. The legend follows Figure 7 and results from the
gathering of units shown via boxes and arrows. The primary and secondary contacts

shown in section (a) are kept in (b) to track the units between the cross-sections.
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	1. INTRODUCTION
	Much effort has been devoted to understanding the exposure of high-pressure (P)/low- to mid-temperature (T) rocks (blueschists and eclogites) on the surface to identify the processes responsible for their exhumation through a subduction channel and up...
	The onset of continental subduction heralds continental collisions. In this particular case, early high-P rock exhumation is controlled by subduction channel dynamics, but late exhumation can be unrelated and controlled by processes that may eventuall...
	Late faults and folds have the potential to distort previous structures. Faults operating on high-P rocks exhumed to middle and upper crust depths can modify structures generated during previous decompression (e.g., within or away from the subduction ...
	2. GEOLOGICAL SETTING
	The Iberian Massif represents a piece of the Western European Variscan Orogen, which was formed after the collision of Laurussia, Gondwana and their peripheral terranes during the late Paleozoic (Figs. 1a and 1b; Díez Fernández et al., 2016; Kroner an...
	The lower and upper plates of the suture zone exposure, represented by the Central Unit, are a matter of debate. It is accepted that the lower plate (Iberian Autochthon in Figure 1b) comprises at least two rock assemblages in SW Iberia: the Albariza-B...
	The Central Unit and surrounding rocks have Gondwanan affinity; therefore, it is an example of an intra-Gondwanan suture zone, that is, a suture that is interpreted to have formed after the closure of a peripheral (marginal) basin located along the ma...
	The Upper Allochthon (upper plate; Upper Allochthonous Units in Figure 1b) bears an imprint of tectonomagmatic processes related to the Cadomian orogeny (from Ediacaran to Cambrian; Arenas et al., 2018; Díez Fernández et al., 2022a; Díez Fernández et ...
	3. MATERIALS AND METHODS
	Geological mapping was carried out on a 1:10,000 and 1:25,000 scale using a rugged tablet assisted by GPS and GIS technologies. Base maps (topographic and orthophotos) were downloaded from the Spanish National Geographical Survey (http://centrodedesca...
	The bedrock of the study area was divided into pre-orogenic and syn-orogenic rocks with respect to the Variscan Orogeny. Pre-orogenic rocks are grouped into tectonostratigraphic units that consist of rock members with equivalent Variscan tectonometamo...
	The structural data used in large-scale (km-scale) structural analyses and geometrical interpretations comprise field observations and the selection of domains where structures are well preserved. The selected domains are referred to as Reference Poin...
	4. TECTONOMETAMORPHIC RECORD AND TIME FRAME
	4.1. Autochthon
	The nature of the main foliation in the Albariza-Bembézar Succession varies from gneissic layering in the ortho- and paragneisses that occupy the lower structural positions to schistosity at the intermediate and upper structural levels (Fig. 4a). In m...
	The main foliation in the Autochthon is axial-planar to the folds. The obliquity between bedding and the main foliation suggests that the major folds are overturned with an intersection lineation that trends NW-SE (Fig. 5b), parallel to the hinge line...
	The strain is heterogeneous and generally increases in the down structure. Protoliths of the Azuaga Formation exhibit bedding (Fig. 4b), whereas the Albariza-Bembézar Succession is pervasively deformed (strain distribution is not markedly heterogeneou...
	4.2. Lower Allochthon
	The Lower Allochthon (Central Unit) exhibits a main, penetrative, mylonitic foliation that wraps around pods of (retro)eclogite and rocks that preserve mineral assemblages formed under high-P and low-T conditions (Abalos et al., 1991b; Arenas et al., ...
	Minerals oriented parallel to the main foliation also define mineral and stretching lineations (Fig. 4e). In meta-sedimentary rocks, this stretching lineation is marked by quartz ribbons, elongated aggregates of metamorphic minerals (sillimanite, garn...
	Protoliths of the Lower Allochthon are commonly pervasively deformed, especially meta-sedimentary ones (Fig. 4f), into high-strain tectonites. Low-strain rocks are locally preserved in the orthogneisses, although the heterogeneous strain is generally ...
	Early metamorphism within the Lower Allochthon reached eclogite facies conditions in some sections (Abalos et al., 1991b; Pereira et al., 2010a) and blueschist facies conditions in others (Arenas et al., 2021). The main foliation also developed under ...
	4.3. Upper Allochthon
	The main foliation is a slaty cleavage that grades into spaced and rough cleavages marked by reoriented sedimentary clasts of quartz, feldspar, plagioclase, and mica, and the preferred orientation of newly formed chlorite and sericite. The main foliat...
	The strain related to the main foliation is very low compared with that of the rest of the units. It is still possible to observe well-preserved fossils in sections away from the major faults.
	4.4. Syn-orogenic meta-sedimentary rocks
	Only the older units of the Early Carboniferous sedimentary rocks (C1, Culm facies) exhibit penetrative (axial plane) foliation. This foliation is defined by newly-formed quartz, sericite, muscovite, and chlorite and by mineral grains (clasts) of the ...
	4.5. Late crenulation cleavage
	The main foliation in the pre-orogenic rocks is transposed by a near-vertical crenulation cleavage that strikes NW-SE (Fig. 6a). This fabric is best developed in meta-sedimentary lithologies and is axial-planar to upright folds on all scales (fig. 4a,...
	This sub-vertical crenulation cleavage is defined by reoriented minerals from previous foliation and neo-blasts of quartz, sericite, muscovite, and chlorite. This cleavage and associated folds are parallel and geometrically similar to the axial planar...
	4.6. Deformation ages
	The main foliation in the Autochthon must be post-Cambrian (age of the younger rocks with this fabric). 40Ar/39Ar dating of the main foliation in the Albariza-Bembézar Succesion (amphibole in meta-basites and muscovite in schists) yielded plateau ages...
	The age of high-P metamorphism in the Lower Allochthon has been estimated to be 377 ± 19 Ma (U-Pb metamorphic zircon in retro-eclogites; Abati et al., 2018). This Variscan age matches the age range obtained in a previous study (c. 380-350 Ma, U-Pb zir...
	In SW Iberia, Variscan granitoids dated at c. 318 Ma (Pereira et al., 2010b) display a fabric correlated with near-vertical crenulation cleavage elsewhere, which is cut by younger Variscan plutons dated at c. 306 Ma (Solá et al., 2009). In our study a...
	5. RECOGNITION OF MAJOR FAULTS
	Some of the major structures developed in the study area are not directly exposed (due to intense weathering). However, their existence, geometry, and relative timing were established based on a detailed structural mapping (Fig. 2).
	5.1. Early thrusts
	Early thrusts are identified by Variscan high-P rocks (Lower Allochthon) structurally overlying Variscan mid-P rocks (Autochthon), in the absence of Carboniferous syn-orogenic strata, and in the presence of serpentinites (meta-peridotites) (RP-1, Figu...
	5.2. Early extensional low-angle faults
	The main foliation in the Lower Allochthon and Autochthon is axial-planar to isoclinal folds on the meso- (figures 4c and 4g) to macroscale (e.g., RP-4, Figure 2). However, the axial trace (RP-4, Figure 2) and both fold limbs (RPs-5 and 6, Figure 2) c...
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