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ABSTRACT

Suture zones are key to understand collisional orogens, but not all the remains of
subduction leading to collision occur in the root of the suture. The Azuaga Fault bounds
a Devonian suture zone known as Central Unit. This fault is a steeply NE-dipping,
Variscan strike-slip fault with left-lateral and reverse oblique slip components formed
during sinistral transpression in the Pennsylvanian. Motion along this fault was coeval

with folding and fabric development in both its hanging wall and footwall and also with
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the Matachel Fault. Tectonic flow associated with the Azuaga Fault shows high-vorticity,
explaining the exhumation of a flat-lying Devonian suture zone via WNW-plunging
extrusion from the upper-middle crust under inclined triclinic transpression during ENE-
WSW convergence. The exposed basal contact of the Central Unit is not the root zone of
a Variscan suture zone, but instead is a NE-dipping breaching fault that cuts across the
suture zone that is contiguous to the SW under the upper section of the footwall. The peri-
Gondwanan terrane between the Central Unit and the South-Portuguese Zone of the
Iberian Massif (most of the Ossa-Morena Zone) is underlain by a Devonian suture,
implying it is a continental allochthon. Variscan suture zones in Europe are affected by
strike-slip faults. In our case, this pattern implies the location of suture zone exposures
and location of its root are different. Suture zones and strike-slip faults are common in
orogens and analysis of their relationships may lead to relocation of suture zone roots and

re-thinking of upper and lower plates.
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1. INTRODUCTION

Recognizing the major architecture of a collisional orogen relies on an
understanding of its suture zone(s). The final structure and local geometry of a suture
zone is typically the result of multiple deformation events, from the subduction that
records convergence to the syn- and post-collisional structures responsible for the
lithospheric thickening and/or thinning that follow (Andersen et al., 1991; Hatcher, 1978;
Hodges, 2000; Matte, 1986; Platt, 1986; Vanderhaeghe, 2012). The later structures
influence the way a suture zone is exposed, and their recognition impacts on our

understanding about how collisional orogens are built. Suture zones and strike-slip faults
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are common in orogens worldwide (Abdelsalam et al., 1998; Dewey, 1977; Hirn et al.,
1984; Hutton, 2009; Oyhantcabal et al., 2011; Taylor et al., 2003). In some cases, strike-
slip faults can include oblique slip components and/or cut across the nappe structure of
the orogen (Brueckner et al., 2009; Faure et al., 2009; Guillot et al., 2009; Martinez
Cataldn et al., 2020; Pérez-Cdceres et al., 2015). Identification of the upper and lower
plate to a suture zone that is affected by a strike-slip shear zone is heavily reliant on the
(1) kinematics and (ii) tectonic flow associated with the motion along the shear zone as
well as on the (ii1) geometrical relationships between the suture and the shear zone (Figure
D).

The role of strike-slip faults in the final geometry of suture zones can be
investigated in the Variscan Orogen (Fig. 2). Part of the internal architecture of this
orogen is considered to derive from the suturing of more than one ocean basin (Arenas et
al., 2014; Franke et al., 2017; Shaw and Johnston, 2016; Simancas et al., 2005; Wu et
al., 2020), the rest of it resulting from the subsequent progressive collision between
intervening landmasses, i.e. Laurussia, Gondwana, and other pericontinental terranes
(Diez Ferndndez et al., 2016; Faure et al., 2009; Kroner and Romer, 2013; Martinez
Cataladn et al., 2009; Matte, 1991; Murphy et al., 2016). The number of ocean basins
considered to be consumed varied from section to section along the orogen, resulting in
models showing a complex pre- and syn-orogenic paleogeography (Arenas et al., 2014;
Cocks and Torsvik, 2002; Franke, 2000; Franke et al., 2017; Kroner and Romer, 2013;
Simancas et al., 2005; Stampfli et al., 2013). Models that incorporate a simpler pre-
orogenic paleogeography with a lesser number of suture zones require that some long-
standing ideas for the Variscan Orogen be disproved. Here we test the model that within
the Iberian Massif there is a Devonian suture zone that is rooted along the boundary

between the Ossa-Morena Domain to the south and the Obejo-Valsequillo Domain to the
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north (Azor et al., 1994) (Fig. 3). Contrary to this model, it has been proposed that the
high-P metamorphic rocks exposed along this boundary represent a portion (not the root)
of a Devonian suture zone that separates the Iberian Allochthon (ensemble containing far-
traveled peri-Gondwanan terranes) from the Iberian Autochthon and Parautochthon
(representing mainland Gondwana) (Fig. 3a; Diez Ferndndez and Arenas, 2015). The
significance of identifying the rooted or rootless nature of the rocks defining this
Devonian suture zone in SW Iberia is that the second (rootless) option implies the
existence of a stack of allochthonous nappes of peri-Gondwanan terranes (Iberian
Allochthon) that can be mapped along almost the entire orogenic hinterland (Fig. 3a). In
addition it requires the existence of only two suture zones for the Variscan Orogen in
Iberia; one separating peri-Gondwana terranes from Laurussia (suture of the Rheic Ocean
s.l.), and another one separating those terranes from Gondwana (suture of a peri-
Gondwana marginal basin).

Since oblique tectonics is the rule rather than the exception (e.g., Philippon and
Corti, 2016), a detailed analysis of the kinematics of shear zones is a necessary condition
for a correct understanding of orogenic belts. In particular, the study of late
transpressional shear zones makes it possible to restore more rigorously the geometry of
the structures associated with the previous stages, especially those due to the main phases
of tectonic evolution of the orogenic belt. The Azuaga Fault zone was defined as a
Variscan strike-slip structure that exposes a Devonian suture zone, referred to as the
Central Unit, and separates Gondwanan terranes in SW Iberia (Azor et al., 1994), i.e. the
Ossa-Morena Domain from the Obejo-Valsequillo Domain (Fig. 3b). A detailed structural
analysis of this fault zone and the blocks contained within it constrains the regional
geometry and kinematics of this suture zone in the context of syn- to late-collisional

activity associated with the Variscan Orogeny. Our analysis indicates that the NE-dipping
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Azuaga Fault cuts across a more shallowly-dipping Devonian suture zone and transported
it upwards in its hanging wall to its current exposure level. This interpretation implies
that the Devonian suture zone continues SW-wards into the footwall rocks to the Azuaga
Fault, underlying most of the peri-Gondwanan terrane exposed between the Central Unit
and the South-Portuguese Zone of the Iberian Massif (i.e., most of the Ossa-Morena Zone
defined by Lotze, 1945 and Julivert et al., 1972) (Diez Ferndndez and Arenas, 2015). The
structural analysis presented in this work supports the rootless nature of a suture zone
exposure affected by a strike-slip shear zone formed during transpression and allows re-
consideration of lower and upper plates. The Variscan Orogen is divided in tectonic
blocks bounded by strike-slip faults (Fig. 2) that cut across the nappe stack structure of
the orogen (e.g., Faure et al., 2008; Martinez Cataldn et al., 2020; Matte, 2001;
Schulmann et al., 2014). Consequently, other suture zone exposures along the Variscan

Orogen may similarly be rootless.

2. GEOLOGICAL SETTING

The Variscan Orogen resulted from the collision of Laurussia, Gondwana and
their peripheral terranes after the consumption of the Rheic and other subsidiary oceans
(Fig. 2; Diez Ferndndez et al., 2016; Faure et al., 2008; Franke, 2000; Kroner and Romer,
2013; Martinez Cataldn et al., 2009; Matte, 2001; Simancas et al., 2013), as part of the
amalgamation of Pangea in the late Paleozoic. The Iberian Massif is a crystalline
basement that records many of the processes that took place during the Variscan Orogeny
(Fig. 3). These processes include the establishment of the subduction zones that consumed
the existing Paleozoic oceans (Diez Ferndndez et al., 2012; Gémez Barreiro et al., 2010),
syn-collisional regional-scale thrusts and folds (Azor et al., 1994; Diez Ferndndez et al.,

2011; Martinez Cataldn et al., 1996), post-collisional orogenic collapse (Escuder Viruete
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et al., 1994; Martinez Cataldn et al., 2002; Pereira et al., 2009), development of strike-
slip shear zones (Diez Ferndndez and Pereira, 2017; Iglesias Ponce de Leon and
Choukroune, 1980; Llana-Fiinez and Marcos, 2001) and oroclinal bending of the entire
orogen (Weil et al., 2013) and coeval magmatism (Ferndndez-Sudrez et al., 2011) that
culminated or followed the Variscan record.

The Iberian Massif hosts several suture zone exposures. Some of them have been
identified as Cadomian (Neoproterozoic-Cambrian in age) (Arenas et al., 2018; Diez
Ferndndez et al., 2019; Diez Ferndndez et al., 2021), while others are Variscan (Abati et
al., 2018; Arenas et al., 2016; Azor et al., 2008; Moita et al., 2005; Pereira et al., 2010a;
Rosas et al., 2008). A classical view for the Variscan examples is that almost all suture
zone exposures are interpreted as recording separate and distinct subduction zones. One
example is the Central Unit, which is thought to represent the root zone of a suture
separating an upper plate to the NE from a lower plate to the SW (Azor et al., 1994; Burg
et al., 1981; Pereira et al., 2010a).

The Central Unit is a high-P metamorphic belt (Abalos et al., 1991a) formed in a
Devonian subduction zone (Abati et al., 2018; Azor et al., 1994). This belt is bound to the
north by the Matachel Fault (Azor, 1994) and to the south by the Azuaga Fault (Chacon
et al., 1974) (Fig. 3). The Matachel Fault is a NE-dipping sinistral strike-slip fault with
normal oblique-slip movement, whose hanging wall exposes the upper plate (Obejo-
Valsequillo Domain) of a Devonian subduction zone (Central Unit) (Azor, 1994; Azor et
al., 1994). Some studies consider this fault to have reverse oblique-slip movement
(Abalos and Eguiluz, 1991; Abalos, 1990), but other works point to a down-thrown
movement for the hanging wall, which is consistent with the metamorphic contrast across
the Matachel Fault with the Central Unit on the footwall (Azor, 1994; Azor et al., 1994,

Simancas et al., 2003). The Azuaga Fault is also a sinistral strike-slip fault for which
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either reverse oblique-slip (Abalos and Eguiluz, 1991) or normal oblique-slip (Azor,
1994) motions have been proposed. The geometry of the Azuaga Fault is disputed. Abalos
and Eguiluz (1991) proposed a NE-dipping geometry for the Azuaga Fault, whereas Azor
(1994) considered it as near-vertical.

The Central Unit is comprised of a variety of gneisses, schists and metabasites
(Abalos et al., 1991a; Azor, 1994; Pereira et al., 2010a). Some protoliths of its
metasedimentary rocks are Ediacaran in age and were deposited along the periphery of
Gondwana (Pereira et al., 2010a). To the north of the Matachel Fault and within the
Obejo-Valsequillo Domain (Fig. 3), the evolution of metasedimentary and metaigneous
rocks can be divided in two tectonic stages: pre-orogenic and Variscan (syn-orogenic).
The pre-orogenic stage consists of Ediacaran to Devonian rocks deposited or intruded in
peri-Gondwanan basins related to the onset of a Cadomian arc and subsequent passive
margin conditions in the Paleozoic (Martinez Poyatos, 2002; Rojo-Pérez et al., 2019; San
José et al., 2004). The syn-orogenic stage consists of Carboniferous rocks that
unconformably overlie rocks of the pre-orogenic series (Martinez Poyatos et al., 1998b).
Variscan deformation in the pre-orogenic stage rocks includes NE-directed thrusts and
NE-verging folds. Normal and strike-slip faults, and upright folds affected both pre-
orogenic and syn-orogenic rocks (Abalos, 1990; Martinez Poyatos et al., 1995, 1998a).
Syn-orogenic rocks are characterized by low- to very-low grade metamorphism, and pre-
orogenic rocks by Variscan low-grade metamorphism (e.g., Martinez Poyatos et al.,
2001).

Bedrock to the south of the Azuaga Fault can be also divided into pre-orogenic
and syn-orogenic rocks. We describe the sections that are close to (< 10 km) and located
SW from the Azuaga Fault (colored in green and yellow in Figure 3). Pre-orogenic rocks

include Ediacaran to Devonian strata and Ediacaran to Ordovician igneous rocks that
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formed along the periphery of Gondwana, initially related to a continental arc that is part
of the Late Neoproterozoic — Early Cambrian Avalonian-Cadomian belt (Ediacaran to
Cambrian rocks; Arenas et al., 2018; Eguiluz et al., 2000; Quesada, 1990), and the Late
Cambrian — Early Ordovician establishment of a passive margin during the opening of
the Rheic Ocean (Cambrian to Devonian rocks; Robardet and Gutiérrez Marco, 2004;
Sdanchez-Garcia et al., 2003). The Variscan syn-orogenic rocks consist of Devonian to
late Carboniferous sedimentary and igneous rocks. Variscan deformation is dominated by
SW-verging folds and thrusts (which affect both pre- and syn-orogenic successions),
followed by normal and strike-slip faults, and coeval upright folds (Diez Ferndndez et al.,
2019; Eguiluz et al., 1990; Expdsito et al., 2002). Variscan metamorphism ranges
between low-grade (especially in the green section of Figure 3; Expdsito Ramos, 2005)
and medium-grade (some parts in the yellow section of Figure 3; Azor and Ballévre, 1997,

Garrote, 1976; Gonzdlez del Tanago and Arenas, 1991).

3. MATERIALS AND METHODS

Geological mapping was performed at the 1:25,000 scale using a rugged tablet
computer and GIS software. Topographic maps and digital orthophotos from the Spanish
National Geographical Survey (http://centrodedescargas.cnig.es) were used as base maps
for construction of the geologic map. Orientation of structural data was obtained with
traditional analog compass. Statistical analysis of structural data was done with Stereonet
(Cardozo and Allmendinger, 2013).

Transpressional shear zones have been modeled using analytical (e.g., Dewey et
al., 1998; Fossen and Tikoff, 1993, 1998; Jones et al., 2004; Lin et al., 1998), numerical
(e.g., Braun, 1993; McCaffrey et al.,2000; Nabavi et al., 2020; Vernant and Chéry, 2006),

and analog models (e.g., Casas et al., 2001; Leever et al., 2011; McClay et al., 2004;
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Richard and Cobbold, 1990). Transpression can be seen as a three-dimensional flow
regime in a high strain zone that combines simple shear parallel with the shear zone
boundaries, and coaxial flow resulting from shortening across the zone. Transpression
flow can be monoclinic or triclinic. A flow is triclinic when the infinitesimal vorticity
vector is oblique to the three instantaneous stretching axes (ISA; Passchier, 1997), and
ISA orientations are not necessarily fixed in an external reference frame (e.g., the
boundaries of the shear zone). Most kinematic models of transpression consider
homogeneous, steady-state flow. Although the deformation in nature is commonly
heterogeneous, the study area is usually divisible into smaller domains within which the
homogeneity of the deformation is assumed (e.g., Fossen and Tikoff, 1998; Ramsay and
Graham, 1970). More debatable is the assumption of steady flow. However, deformation
paths are rarely known and steady deformation can be a valid approximation, particularly
if constant boundary conditions persisted during the activity of the shear zone (e.g.,
Fossen and Tikoff, 1997; Jiang et al., 2001; Tikoff and Fossen, 1995).

The transpressional character of the Azuaga Fault is here evaluated using an
analytical model of triclinic transpression with oblique extrusion (Ferndndez and Diaz-
Azpiroz, 2009). In this model, the main parameters controlling the flow pattern within the
shear zone are: (1) the transpression obliquity, defined by angle ¢, i.e., the angle between
the simple shear direction and the strike of the shear zone, (2) the angle v between the
extrusion direction, related to the coaxial component of flow, and the dip direction of the
shear zone, (3) the relative amount of the simple shearing component with respect to the
coaxial component, characterized by the kinematic vorticity number, Wk (Truesdell,
1953). Wk values vary between 1 (simple shearing) and 0 (coaxial flow). The model can
consider any type of coaxial component, although in this work a pure shear component

has been sufficient to adequately simulate the structures and fabrics observed in the
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Azuaga Fault. The model is able to deal with virtually any of the most common types of
transpressional flow, either monoclinic or triclinic, and also with zones characterized by
inclined boundaries. For specific values of its controlling parameters (among other
structural features), the model can determine the shape and orientation of the strain
ellipsoid, the shape of the resulting folds, the magnitude of extrusion parallel to the
boundaries of the shear zone, and the orientation of the convergence vector between the
blocks separated by the shear zone. A protocol was developed to check the model against
natural ductile and ductile-brittle shear zones (Diaz-Azpiroz et al., 2014; Ferndndez et al.,
2013), mainly comparing the finite strain produced by the model against the fabrics and

other finite strain structures observed in the studied natural case.

4. THE AZUAGA FAULT ZONE
Reference Points (referred to in the text as RP-1, RP-2, etc.) are used for clarity

in data description and located using circled numbers in Figure 4a.

4.1. Fault zone and subsidiary faults

The Azuaga Fault (RP-1; Fig. 4a) strikes WNW-ESE (N108°E on average), with
some minor variation in its trend to the north of Berlanga village, and juxtaposes the
Central Unit against Cambrian and Carboniferous rocks. The fault zone is characterized
by cataclasites, breccias and gouges (Fig. 5a). Breccias and gouges within the zone (see
further description by Abalos, 1990) vary in width from < 10 m to > 300 m, occur in both
hanging wall and footwall rocks, and make up > 50% of the rock volume. Most faults
within the zone strike NW-SE and dip between ~55° and ~75° (61°NE on average) (Figs.

4a, 4b, 4c, 4d, 4e, 5a). The fault trace V pattern apices point NE up drainages on very
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gentle SW-facing slopes, indicating moderate to steep NE dips for the Azuaga Fault. A
good example of that can be seen to the W of Azuaga village (RP-2; Fig. 4a).

The trace of the Azuaga Fault merges with subsidiary faults, which collectively
define an imbricate structure. Two minor faults stand out, namely Berlanga-1 Fault (RPs-
3-4-5; Fig. 4a) and Berlanga-2 Fault (RPs-6-7; Fig. 4a). Berlanga-1 Fault is also marked
by breccias and gouges (fault zone is ~15 meters in thickness) and shows similar NE-
dipping geometry to the Azuaga Fault, if slightly less inclined in some areas (note
pronounced V-shapes of its trace NE of Berlanga village; Fig. 4a). Berlanga-2 Fault is
near-vertical and its fault includes gouges, breccias and phyllonites (Fig. 5b). The Azuaga
and Berlanga-1-2 faults step to the right as you move along strike to the northwest of
Berlanga village, where the number of minor faults seems larger than elsewhere. The
Berlanga-1-2 faults, along with many other minor faults, depict a series of connecting
imbricates (e.g., RPs-8-9; Fig. 4a) and horses (e.g., RP-10; Fig. 4a). The strike of minor
faults is generally clockwise from the major faults (Fig. 4e).

Fault planes may show slickenlines (Fig. 5¢) and slickenfibres (Fig. 5d), which
trend E-W in the Azuaga Fault, NW-SE in the minor faults and plunge shallowly to the
E (Fig. 4e), except for the Berlaga-2 Fault, where they are sub-horizontal. The stepped
structure of slickenlines (Fig. 5c) and slickenfibres (Fig. 5d) indicates consistent sinistral
shear sense for all faults, consistent with kinematics constrained by CS fabrics in
cataclasites, breccias (Fig. 5e) and phyllonites (Fig. 5b), and by sigma porphyroclast

structures in phyllonites/cataclasites (Fig. 5f).

4.2. Fault blocks

4.2.1. Lithostratigraphy
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The hanging wall to the Azuaga Fault consists of albite-bearing schists and
paragneisses (Fig. 6a), migmatitic paragneisses, metasandstones, black quartzites,
metabasites (retroeclogites; Fig. 6b), and felsic to intermediate orthogneisses (Fig. 6c¢).
This rock ensemble comprises the Central Unit (Azor et al., 1994), and the protoliths of
some of its metasedimentary rocks are Ediacaran in age (Pereira et al., 2010a).

The footwall to the Azuaga Fault is comprised of pre-Variscan and Variscan (syn-
orogenic) units. The pre-orogenic units include a series of mica-schists and
metasandstones (Albariza-Bembézar Succession; Delgado Quesada, 1971; Gonzdlez del
Tdnago, 1995), and micro-banded phyllites (Fig. 6d) and metasandstones (Azuaga
Formation; Apalategui et al., 1983; Delgado Quesada, 1971). The depositional age of the
Azuaga Formation protoliths is Early-Middle Cambrian (Jensen et al., 2004; Lifidn,
1978), and the age of the Albariza-Bembézar Succession, which rests on top of Paleozoic
strata (Azor et al., 1991; Marcos et al., 1991) and below the Azuaga Formation, is inferred
to be Early Cambrian.

Syn-orogenic metasedimentary rocks include meta-conglomerates (Fig. 6e),
meta-sandstones, slates and minor meta-limestones and coal. The meta-conglomerates
contain irregularly-shaped and -sized clasts of micro-banded phyllites similar to those of
the Azuaga Formation. The basal part of this syn-orogenic series has been estimated at
late Tournaisian — early Visean in age (Gabaldon et al., 1985; Hartung, 1941). Syn-
orogenic igneous rocks are represented by a rhyolitic dike intruded along the Berlanga-2

Fault, which contains xenoliths of foliated rocks and black quartzites (Fig. 6f).

4.2.2. Internal structure in the hanging wall

The metamorphic rocks of the Central Unit are characterized by a S» penetrative,

post-eclogitic and mylonitic foliation that is parallel to bedding (Fig. 6a) and to the

This article is protected by copyright. All rights reserved.



elongate shape of orthogneiss bodies (Fig. 4a). This S» foliation post-dates the first phase
(D1) of deformation recorded in this unit, which is interpreted to reflect subduction down
to high-P metamorphic conditions (Abalos et al., 1991a; Arenas et al., 2020; Lopez
Sdnchez-Vizcaino et al., 2003) during the Devonian period (Abati et al., 2018). D,
deformation and generation of the main (S2) foliation in the Central Unit occurred in the
early Carboniferous during post-eclogitic recrystallization (D2) (355-340 Ma; Garcia
Casquero et al., 1988; Pereira et al., 2010a) under amphibolite to greenschist facies
conditions (6-12 kbar; Abalos et al., 1991a; Arenas et al., 2020; Pereira et al., 2010a)
(see individual descriptions of S for each lithology by Abalos, 1990; Azor, 1994).

S2 is deformed into upright NW- to SE-plunging periclinal folds (Ds; Fig. 6¢), as
are the different bodies of gneiss (Figs. 4a, 4b, 4c, 4d); the change in plunge direction
from NW (e.g., RPs-11-12; Fig. 4a) to SE (e.g., RP-13; Fig. 4a) is localized over the
section where major faults have a trace with an inflexion (RP-1; Fig. 4a). This change is
also noticeable from the folded structure shown by Sz (Fig. 7), which presents changing
plunges from west (Fig. 7a) through to east (Fig. 7d). In the hanging wall to the Azuaga
Fault, D3 upright folds are accompanied by an axial plane crenulation cleavage (S3; Fig.
6a) (Fig. 4g) defined by neoblastic quartz, muscovite, sericite and chlorite, as well as
reoriented minerals from previous fabrics. The strike of S3 is oblique and mostly
clockwise relative to that of the Azuaga Fault (Fig. 4f, 4g). D3 axial planes calculated
(following Cardozo and Allmendinger, 2013) from S, measurements are near-vertical,
steeply dipping to the NE (Fig. 7) and parallel to S3 (Fig. 4g). S3 contains a mineral
lineation (mL3) defined by muscovite, chlorite and sericite. mL3 trends NW-SE and
consistently plunges gently to the SE (Fig. 4g). The S; mineral assemblage formed under

greenschist facies conditions (2-5 kbar; Abalos et al., 1991b). S3 affects granitoids dated
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at 318 Ma (Pereira et al., 2010b) and is cut by granitoids dated at 306 Ma (Sold et al.,
2009), so S3 is late Carboniferous (Pennsylvanian).

The majority of S planes dip to the SW within 1-3 km of the Azuaga Fault
(between 22°-70°; mean at ~55°) (e.g., surroundings of RP-13; Fig. 4a) and is near-
perpendicular to the NE-dipping geometry of the Azuaga Fault (Figs. 4b, 4c, 4d).
However, to the NE, S> is NE-dipping thus defining a regional upright D3 antiform in the
hanging wall to the Azuaga Fault (Fig. 6¢) (Chacon, 1982). These folds are periclinal, as
depicted by lithological contacts observed in several sections (RPs-11-12; Fig. 4a),
although in some sections this regional antiform includes parasitic folds across its hinge
zone (e.g., RP-13; Fig. 4a). The obliquity between the Azuaga Fault and the internal
structure of its hanging wall is also evident from the mapping of the elongate bodies of
orthogneiss that can be mapped in the southwestern limb of the antiform that is cut by the
fault (RPs-2-12-14; Fig. 4a). The steeper dip of S3 compared to the Azuaga Fault implies
they are oblique, some 27° (Fig. 4g). Upright D3 fold traces are cut by the Azuaga Fault.
This obliquity in strike is low (almost parallel) close to the fault zone but increases up to

be ~40° away from it.

4.2.3. Internal structure in the footwall

The syn-orogenic rocks rest unconformably upon the Azuaga Formation (RP-15;
Fig. 4a) as bedding and the main foliation in the pre-Variscan rocks are typically oblique
to bedding in the unconformably overlying strata. The main foliation in the pre-Variscan
units of the footwall to the Azuaga Fault (Sx) is penetrative, but defined by different
mineral assemblages in each unit. In the Albariza-Bembézar Succession, this fabric is a
schistosity that includes quartz (frequently as lens-shaped segregates), white mica, biotite,

plagioclase, and variable amounts of andalusite and garnet. Bedding is rarely preserved.
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In the Azuaga Formation, bedding is readily recognizable and the main foliation is a slaty
to phyllitic cleavage (Fig. 6d) characterized by relatively fine grained quartz (sometimes
in lens-shaped segregations), albite, white mica, chlorite, and minor biotite and garnet.
The Azuaga Formation rested structurally above the Albariza-Bembézar Succession
before imbrication by the Azuaga Fault. These relationships are indicated by the relative
orientations of their respective main foliations and the bedding observed within the horses
of the fault imbricates (e.g., RP-10; Fig. 4a). The contact between the Azuaga Formation
and the Albariza-Bembézar Succession before this imbrication is tentatively considered
as an extensional detachment, which juxtaposed these sequences with contrasting (low
grade-high-grade, respectively) metamorphic assemblages. Equivalent extensional faults
separating these series have been identified in the region, such as the Casa del Café Fault
(Azor, 1994).

The bedding and main foliation of the rocks in the footwall to the Azuaga Fault
are affected by upright folds (Fig. 8a), which show similar geometry to the D3 folds in the
hanging wall, including a NW-SE periclinal folds with steeply NE-dipping axial planes
(Fig. 7). The axial plane foliation (S3) varies between an anastomosing spaced (Fig. 8b)
and aregularly spaced cleavage (Fig. 6e) in the metaconglomerates, and between a spaced
(Fig. 8c) and a crenulation cleavage (Fig. 6d) in slates and phyllites. S3 occurs throughout
the footwall to the Azuaga Fault (Fig. 4f), and has both a similar mineralogy and a similar
orientation to S3 in the hanging wall (NE-dipping and clockwise from the strike of the
Azuaga Fault).

The syn-orogenic deposits are preserved in the cores of D3 synforms (e.g., RPs-
16-17; Fig. 4a), which are separated by anticlinoria cored by pre-Variscan rocks (RP-7).
The fault imbricates related to the Azuaga Fault, and the latter fault itself show the

following pattern: the first major D3 fold located NE from the fault is an antiform and the
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first major D3 fold SW from the fault is a synform. This pattern can be also observed at
the outcrop scale, where minor thrusts directed to the SW cut across the forelimb of paired
and slightly asymmetric SW-verging D3 folds (Fig. 8d).

The axial trace of D3 folds in the pre-Variscan rocks is oblique to the base of the
syn-orogenic rocks, which overlie different fold limbs from east to west (e.g., RPs-15-18;
Fig. 4a). The obliquity of the Azuaga Fault and its imbricates with the internal structure
of its footwall is evident from the crosscutting relationship between these faults and the
internal contacts between both the syn-orogenic rock (RPs-7-19; Fig. 4a) and the pre-
Variscan rock units (RP-10; Fig. 4a). Upright D3 fold traces in the footwall are commonly
cut by the Azuaga Fault and its imbricate faults. The S3 axial surface typically dips to the
NE, but locally can also be near-vertical or dip to the SW (Fig. 4f), depicting in all the
cases a steeper and oblique geometry compared to that of the Azuaga Fault and its

imbricates (Fig. 4g).

5. KINEMATIC ANALYSIS

The entire study area has been kinematically analyzed synoptically, i.e. without a
division into sectors for which there is not enough information. As a result, only a first
approximation has been reached to the kinematic description of the transpressional flow
responsible for the observed deformation. The analyzed structure includes the complex
trace of the Azuaga Fault itself, as well as the part of the hanging wall (Central Unit) and
footwall blocks shown in Figure 4. The structures described here suggest that the primary
strike-slip faults of the studied segment of the Azuaga Fault acted as structures that
absorbed the simple shear component (that is, Wi = 1), whereas the blocks bounded by
them could have undergone a more general transpressional flow (i.e. Wi < 1).

Accordingly, the mean orientation of the primary strike-slip faults (N108°E/61°NE, Fig.
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4) has been used as indicative of the average attitude of the boundaries of the entire
deformation zone. The slickenlines and slickenfibers measured in the primary faults allow
the pitch of the simple shear direction on the shear plane to be obtained (angle ¢), which
is ca. 19.2° SE (95% confidence cone with a half-angle —aos- of only 4.2°). The slip sense
associated with the simple shearing component is sinistral-reverse, as shown in this work.
In order to apply the transpression model to constrain the flow parameters controlling the
kinematic history of the domains limited by the primary faults, a wide range of extrusion
angles have been considered (v = 0°, 10°, 15°, 19.2°, 25°, 30°, 40°, 50°, 70°, 90°, 109.2°,
140°, 170° see Figure 9a for information about the location of the extrusion direction
along the shear zone boundary for those values of angle v). Although, in theory, any
kinematic vorticity number could explain the flow in the domains between the strike-slip
faults, a first study has allowed all the values of Wi < 0.7 to be discarded, because, in
those cases, the plunge of the lineations predicted by the model would be much steeper
than those measured in the field. Therefore, the vorticity values explored in detail are: Wi
= 0.7, 0.81, 0.9, 0.95, 0.99, 0.9999. Most values are in the field of simple-shearing
dominated flow (> 0.81, according to e.g., Fossen and Tikoff, 1993).

The orientation of the trajectories of the principal finite strain axes for the distinct
combinations of the controlling parameters described above (¢, v, Wx) is then represented
in stereoplots and compared with the distribution of the D3 fabrics. The poles to the mean
S3 foliation and the L3 lineations are compared with the orientation of the Z and X axes
of the predicted finite strain ellipsoid, respectively (see the entire set of stereoplots with
the comparison between the results of the model and measured data in the Supplementary
Material). The best fit to the natural data is obtained for the following range of the
kinematic parameters (Figure 9a shows the case for v = 50°): (1) v=30°to 50°% (2) Wk =

0.9 to 0.99. Therefore, the simple shear and the extrusion directions are not normal and
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not coincident, and the transpression flow is triclinic. Furthermore, deformation can also
be proved to be the result of a triclinic flow if the angle between the measured lineation
and the intersection of the shear zone boundary and the foliation deviates from either 0°
or 90° (Jones et al., 2004). This deviation is seen from the data collected (Fig. 9b), thus
supporting the results of the kinematic modeling.

Due to the absence of adequate markers or appropriate data to determine the shape
of the finite ellipsoid, it is not possible to further check the Azuaga Fault against the
kinematic model of transpression (see e.g., Diaz-Azpiroz et al., 2014; Ferndndez et al.,
2013). Therefore, the range of model parameters that has been obtained here cannot be

further constrained.

6. DISCUSSION

The detailed geometric and kinematic characterization of the Azuaga Fault as a
triclinic transpressional shear zone, as presented in this work, is a necessary condition to:
(1) understand the progressive development of the set of structures and tectonic fabrics
associated with the activity of the shear zone, (2) establish the direction of relative
convergence between the blocks separated by the shear zone, (3) estimate the exhumation
rates associated with the extrusion kinematic component, and (4) reconstruct with
precision the geometry and original attitude of the structures prior to activity in the shear
zone, with the consequent implications in the understanding of the tectonic evolution of
the orogenic belt. All of these topics will be explained in more detail throughout this

discussion.

6.1. Interpretations of the kinematic model
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Although there are no robust indications about the shape of the D3 deformation
ellipsoid in the domains located between the strike-slip faults, the widespread presence
of planar fabrics (S3) and the lower abundance of lineations (ml3) suggest oblate
(flattening) ellipsoids. The results of the model agree with that interpretation. The finite
strain ellipsoids predicted for the best-fit results plot in the field of flattening ellipsoids
(Fig. 9c¢). For the larger vorticity values (Wx = 0.99), the strain paths are closer to the
plane-strain ellipsoid line, deviating from this line with increasing strain intensity.

The convergence vector between the blocks separated by the deformation zone is
marked by the flow apophysis oblique to the boundaries of that zone (e.g., Fossen and
Tikoff, 1998). The flow apophyses or asymptotes are the eigenvectors of the gradient-
velocity tensor (e.g., Passchier, 1997). Determination of the oblique flow apophysis for
the best-fit values obtained in this work for the Azuaga Fault indicates a convergence
direction, in present coordinates, between N77°E and N92°E, gently plunging to the E
(Fig. 9d). This convergence direction should be taken into account in any interpretation
concerning the tectonic setting and evolution of the studied region during the D3 phase.

Another implication of the kinematic study is the possibility to constrain the
amount of vertical extrusion due to the coaxial flow component (note that this figure does
not consider the exhumation due to the dip-slip, simple shearing component). The amount
of extrusion depends on the strain rate, the amount of time of steady activity of the
transpressional zone, and the initial distance of the studied rock volume above a rigid
floor depth, taken as a reference level (Schulmann et al., 2003). Given the range of v
angles (extrusion obliquity) determined in this work (30° to 50°), taking an intermediate
value of v=40° and reasonable figures of strain rate normal to the shear-zone boundaries
of 10"%s! to 1015571, the vertical extrusion would be of 0.5 to 4.6 km per every million

years of activity of the structure. Although this range of exhumation rates was determined
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for a reference level of 30 km, it can be predicted that the exhumation values should
increase with the depth to the reference level and vice versa. In this sense, a reference
level located at a depth of 40 km would yield exhumation rates ranging from 0.6 (for a
strain rate of 107>s) to 6.1 (for a strain rate of 10"'4s!) km/m.y., while the corresponding
range for a reference level of only 15 km varies from 0.2 to 2.3 km/m.y. The estimated
exhumation rates are within the same order of magnitude for a given strain rate,
irrespective of the considered reference level (15, 30, or 40 km), and explain the
metamorphic differences due to D3 between the Central Unit and the rocks exposed in the
footwall to the Azuaga Fault. These exhumation rates can be useful to estimate the depth
to the Central Unit (or analogous domains representative of the Devonian suture zone)
that lies below the surface at the footwall to the Azuaga Fault. The values of the depth to
the reference level considered in this work (15 to 40 km, and particularly the intermediate
value of 30 km), assume that the Azuaga Fault is a crustal scale structure. This assumption
is firstly based on metamorphic data. S3 is associated with the Azuaga Fault and formed
under greenschist facies conditions, probably in the upper-middle crust (> 6-12 km). After
subduction of the Central Unit (D1), D> exhumation proceeded up to 6-12 kbar (Abalos et
al., 1991a; Arenas et al., 2020; Pereira et al., 2010a), so Ds structures such as the Azuaga
Fault are responsible for the exhumation of rocks that were localized at middle-lower
crust depths. Secondly, seismic images of this region (Simancas et al., 2003) reveal a
reflector that coincides with the geometry and location of the Azuaga Fault proposed from
surface data in this work and that penetrates to the current middle crust (~12-15 km).
Previous works interpreted this reflector as internal structure within the Central Unit (e.g.
Simancas et al., 2003). Such internal structure does not reconcile with surface geology
data (e.g. Fig. 4). We interpret this seismic reflector as the Azuaga Fault. The depth of

the deepest section of the Azuaga Fault is a minimum estimate of its original depth since
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D3 structures probably assisted the exhumation of rocks that were even deeper. The cross-
sections made from surface geology suggest a significant part of the Azuaga Fault was
lost to erosion (Fig. 4). S3 in the syn-orogenic rocks of the hanging wall of the Azuaga
fault formed under metamorphic conditions of the anchizone-epizone transition (Abalos
et al., 1991a), so a minimum of 4 km of crust is missing. In transpressional structures the
coaxial extrusion component produces most of the observed exhumation, contrary to the
widely held belief that the uplift can be estimated by simple trigonometric calculations
from the pitch of the displacement direction on the deformation zone boundary. If that
were the case, explaining large vertical uplifts could (in some cases) require
displacements of several thousand km, which is unnecessary considering the exhumation
due to the coaxial component of extrusion.

Folds are among the most important structures generated by the activity of the
Azuaga Fault during D3. D3 folds affect all the previous planar fabrics (So, and Sx and S»
foliations), with S3 as an axial plane foliation. The statistically determined D3 fold axes
(Fig. 7) can be used to gain some insight into the pre-D3 orientation of the folded planar
fabrics. The procedure followed considers folds are formed by layer-parallel shortening,
and fold hinges nucleate normal to the maximum instantaneous shortening direction (e.g.,
Fossen et al., 2013). A wide range of possible original orientations of So, Sx and S> has
been considered from which it is possible to compute, for each orientation of the folded
planar fabric, the location of the initial fold hinges using the best-fit values of the
transpression model applied in this work. Assuming that fold hinges rotate as material
lines, their corresponding theoretical reorientation trajectories can also be determined.
The statistical fold axes obtained from the Azuaga Fault are then projected on stereoplots
including the computed theoretical trajectories. Those cases where the measured fold axis

coincides with a given theoretical reorientation path can be used to infer the original

This article is protected by copyright. All rights reserved.



orientation of the folded fabric (Figs. 10a, 10b, 10c). Note that the folds of the Eastern
section have not been included in the procedure, because they do not match the theoretical
reorientation trajectories. A possible explanation is that the orientation of the shear zone
is more E-W at the Eastern section, thereby deviating from the WNW-ESE trend in the
other domains of the structure, triggering local departures in the attitude of fold elements.
The estimated original orientation of So, Sx and S: slightly varies from one section to
another. The three planar fabrics were close to the horizontal, although their mean
orientations suggest that they were not completely parallel before D3, and formed average
dihedral angles of between 12° and 21° (Fig. 10d). While So was supposedly dipping to
the SE (less than 20°), Sx probably had a similar strike although dipping at a steeper angle
(Fig. 10d). On the other hand, Sz could have a NW-SE strike, with rather small dips (<10°)
to the SW.

The estimated obliquity between So and Sx suggests that Sx could be an axial plane
foliation to folds with SE-dipping axial planes (NW-verging?) that formed before D3,
implying the rocks of the Autochthon are located at the backlimb of one of those folds.
In the Azuaga Formation, such fold geometry and relationships to local main foliation are
equivalent to those that can be observed in that same unit to the north of the Central Unit
(Diez Ferndndez et al., in press; Martinez Poyatos et al., 1995, 1998a). This is also in
agreement with the discordant nature between the Autochthon and syn-orogenic
sediments (pre-Ds3 folds should exist in the Autochthon) and with the metamorphic grade
increasing downward and lacking discontinuities (especially in metamorphic P) within
the Autochthon. The SW-dipping geometry of Sz before D3 does not conform to models
that assume a primary and persistent NE-dipping geometry for the regional foliation in
the Central Unit (Azor et al., 1994), but rather suggests that this suture zone was part of a

shallow dipping metamorphic belt before D3 (see further discussion below).
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6.2. Kinematic evolution model for the Azuaga Fault

From a geometrical point of view, the Azuaga Fault plus its imbricates and S3 are
similar to the type-I S-C fabrics described by Berthé et al. [1979], where S3 would
accumulate finite strain (S-planes) and the faults take localized high shear strain (C-
planes) (Burg et al., 1981; Quesada and Dallmeyer, 1994). The arrangement of S-C
planes at the macro-scale would indicate sinistral sense of shear (Fig. 4g), which is
compatible with individual field observations of kinematic criteria within all fault zones
(Abalos and Eguiluz, 1991; Azor et al., 1994; Burg et al., 1981; Chacon, 1979; this work).
The line normal to the intersection between S3 (or calculated D3 axial planes; S-planes)
and fault planes (C-planes) observed over the fault planes is similar in orientation to the
slickenlines and slickenfibres in the fault planes (Fig. 4g), and to the orientations of
mineral and stretching lineations observed on C-planes of a S-C fabric formed under
transpression.

Based on these observations and data, we propose that the Azuaga Fault and its
imbricates are part of a major shear zone developed during sinistral transpression (Abalos,
1990; Azor, 1994; Burg et al., 1981; Jackson and Sanderson, 1992; Pereira et al., 2008;
Pérez-Cadceres et al., 2016), where strain would have been partitioned into more discrete
shear bands (i.e. the faults) and folded domains. Displacement along strike would be
mostly accommodated by faults, whereas sub-horizontal shortening would have been
accommodated by the component of reverse dip-slip movement along the faults as well
as the generation of D3 upright folds and associated foliation (S3) in the hanging wall and
footwall. The abundance of subsidiary faults over the section where the Azuaga Fault

steps to the right may be explained by the development of a restraining bend.
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The cross-cutting relationships between structures preserved in the study area
indicate that D3 shearing occurred under greenschist facies conditions in the upper-middle
crust (formation of S3) and brittle conditions in the upper crust (formation of breccias and
gouges). The evolution of the D3 towards lower temperatures occurred in two overlapping
stages: an early stage that featured widespread development of steeply inclined to upright
folds and related foliation (S3), and a later stage where strain was partitioned into discrete
domains (faults). This evolution can be explained by degeneration of the velocity field in
domains affected by a high simple shear component (non-coaxial laminar flow) (e.g.
Torvela and Ehlers, 2010). The relationship between steeply inclined to upright folds and
faults suggests that the narrow shear bands (i.e. faults) were localized preferentially along
the forelimbs of paired, asymmetric, major folds, resulting in regional antiforms in the
hanging walls and regional synforms in the footwalls to the faults. In this scenario, S3
could have acted as a mechanical weakness that facilitated nucleation of the faults,
however its obliqueness relative to the faults casts doubt about such an interpretation.

One of the major throws in the region is inferred for the Azuaga Fault, which
juxtaposes the eclogite- and migmatite-bearing Central Unit and Variscan low-grade
metamorphic rocks, including syn-orogenic Carboniferous strata. The throw of the fault
imbricates in the study area are arguably more limited. The Carboniferous syn-orogenic
rocks of the northern upright D3 synform (RP-16; Fig. 4a) are contiguous across the
upright fold and fault structure with the syn-orogenic rocks in the southern upright D3
synform (RP-17; Fig. 4a) via a local occurrence of syn-orogenic deposits located in
between them (RP-20; Fig. 4a). Another significant throw was recognized across the
Matachel Fault, a NE-dipping extensional fault with sinistral and dip-slip movement in
which Variscan low-grade and low-P metamorphic rocks are above the eclogite- and

migmatite-bearing Central Unit (Azor, 1994; Azor et al., 1994) (Fig. 3). The Matachel
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Fault either cuts or is unaffected by the D3 upright folds within the Central Unit (Azor,
1994), a relationship that is also apparent from seismic imaging of this region (Simancas
et al., 2003). In this scenario, the Central Unit would be bounded by two NE-dipping,
sinistral faults with dip-slip components, the upper fault with normal displacement
(Matachel Fault) and the lower one with reverse movement (Azuaga Fault) (Figs. 3b and
11). Similar kinematic patterns within transpressional settings, with an inclined and
uplifted block bounded by two deformation zones or faults, one at its base with a reverse
dip component, and the other at its top with a normal dip component, have been described
(e.g., at the Torcal de Antequera massif by Diaz-Azpiroz et al., 2014, or at the Sanbagawa
belt of Japan by Wallis, 1998, and Wintsch et al., 1999, among others). Both bounding
deformation zones can be considered to be similar to the stretching faults of Means
[1989], a concept that has been applied to transpression settings (e.g. Sullivan and Law,
2007). The faults limiting the Central Unit have been traditionally considered to be part
of the Coimbra-Cérdoba Shear Zone (Abalos, 1990; Azor, 1994; Burg et al., 1981;
Pereira et al., 2008), which is one of the major shear zones in the Variscan Orogen (Figs.
2 and 3b). If so, its geometry would be non-vertical and the shear zone would have
experienced coeval contraction (S3 and D3 folds), strike-slip (e.g., Berlanga-2 Fault) and
dip-slip shearing (e.g., Azuaga Fault). Our analysis suggests that the geometrical and
kinematic properties of this major fault system fit with those formed under inclined
triclinic transpression (Jones et al., 2004) with heterogeneous (partitioned) strain (Dewey
et al., 1998), including the expected orientation of foliation (S3) and stretching/mineral
lineation (mL3) (Fig. 4g) for this type of shear zone. S3 dips more steeply and strikes
obliquely (clockwise) to the boundaries of the (sinistral) shear zone, which is assumed to
strike roughly parallel to the major NW-SE faults that formed within it (Fig. 3). The

average angle (/) between ml3 and the intersection of S3 and shear zone boundary,

This article is protected by copyright. All rights reserved.



measured in the plane of the foliation is ~82° (Figs. 4g and 9b), within the range for
triclinic strain (Jones et al., 2004).

Transpressional shear zones may experience inclined extrusion of its core due to
zone-normal shortening favored by pure shear (e.g., Ferndndez and Diaz-Azpiroz, 2009;
Jones et al., 2004). In the study area, the normal and reverse movement of the faults on
top and below, respectively, imply the Central Unit is a piece of upward and laterally
extruded upper-middle crust (deformation conditions for S3) that underlies the domains
that now flank this high-P unit to the NE and SW. The model of extrusion during inclined
transpression only accounts for the latest pulse of exhumation (D3) of the Central Unit,
the older tectonic fabrics being related to earlier exhumation from eclogite facies
conditions to the lower-middle crust (not addressed in this work; see Abalos et al., 1991a;
Azoretal., 1994).

Some of the structures observed within the fault zone of the Azuaga Fault to the
NW of the study area, such as S- to SW-dipping fault planes and slickenlines, indicate
dextral and normal dip-slip kinematics for some sections of this fault (Azor, 1994). Given
the consistent juxtaposition of the Central Unit against lower grade rock assemblages
along the entire trace of the Azuaga Fault, we believe the normal dip-slip movement
represents a local reactivation of this fault, and that total offset is dominated by earlier

reverse faulting that accompanied left-lateral slip.

6.3. Implications for the Variscan Orogen

The quasi-orthogonal cross-cutting relationship between D2 and D3 structures
suggests that D3 structures such as the Azuaga Fault do not represent progression of
former major tectonic processes and structures (i.e. D; and D). The ages of deformation

do not support such a progression either because D3 is ~20-25 m.y. younger than D».
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Finally, D3 structures cross-cut almost orthogonally syn-orogenic strata that was
unconformably deposited on top of the Azuaga Formation and probably the Central Unit
(see discussion below). Therefore there is a gap of ~30 m.y. between the late Tournaisian
—early Visean sedimentation of the syn-orogenic rocks and the onset of D3 in Moscovian
times, including the development of a sedimentary basin.

The Azuaga Fault is commonly considered to be a re-activated earlier thrust with
strike-slip and dip-slip movement and limited vertical throw (Abalos et al., 1991c; Azor
et al., 1994; Chacon et al., 1974). If so, the Azuaga Fault should not produce a regional
disruption in the pre-fault structure of the region. Instead, our data suggest the
Carboniferous syn-orogenic strata rest unconformably above the Azuaga Formation
towards the southwest but are overridden by the Central Unit (via Azuaga Fault) towards
the northeast. These relationships imply that either the Central Unit and Azuaga
Formation were juxtaposed and at the same crustal level and both covered by
Carboniferous syn-orogenic strata before motion along the Azuaga Fault (Figs. 12a and
12b), or the Central Unit was located beneath the Azuaga Formation and Carboniferous
syn-orogenic strata before that motion along the Azuaga Fault (Fig. 12c¢).

In the first case, the Carboniferous strata could have covered a former major
mechanical contact (a suture zone boundary) between the Central Unit and Azuaga
Formation (Fig. 12a). However, this model fails to explain the marked obliquity between
the NE-dipping Azuaga Fault and the consistently SW-dipping main foliation within the
Central Unit near its fault zone (Figs. 4a, 4b, 4c, 4d). Such a relationship suggests that the
Azuaga Fault cut the internal fabrics of the Central Unit (S2) and its major tectonic
boundaries at a moderate to high angle. Therefore, the Azuaga Fault does not seem to be
the result of mere reactivation of a former basal boundary of the Central Unit that was

parallel to its internal foliation (Fig. 12a), as expected for a major accretionary thrust that
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transported the Central Unit onto its relative autochthon located in the lower plate during
a Devonian subduction. Even if the Azuaga Fault is a reactivated structure other than a
major accretionary thrust, its primary geometry would be markedly oblique to the pre-Ds
internal structure of the suture zone (Fig. 12b), implying that the Central Unit belongs to
a Variscan suture zone that must extend to the SW in the footwall to the Azuaga Fault.
A third case implies that before the development of the Azuaga Fault, a section of
the Azuaga Formation was located on top of the Central Unit, and that at least the Azuaga
Formation was exposed at the surface before the Azuaga Fault moved (Fig. 12c¢). This
model is in agreement with the sedimentary record of the Carboniferous syn-orogenic
strata, as they contain a significant proportion of pebbles extracted from an already
exposed Azuaga Formation and deposited, after rather limited transport, onto the same
formation. The Azuaga Formation was probably exposed towards the south of the Azuaga
Fault because there are Carboniferous sediments that lie unconformably on top of it (Fig.
4a). To the north of the Azuaga Fault, a model that accepts that the Azuaga Formation
lied on top of the Central Unit before the Azuaga Fault moved would explain a proximal
source of Azuaga Formation pebbles derived from the relief created by the Azuaga Fault
or other faults. The first option requires that the functioning of the Azuaga Fault and the
Carboniferous syn-orogenic strata of this basin be coeval. The age of the basal part of this
basin is Tournaisian (Gabaldon et al., 1985; Hartung, 1941), whereas the activity for this
type of faults and related (D3) folds in the Iberian Massif is Moscovian through to
Gzhelian (Diez Ferndndez et al., 2016). Consequently, although the Azuaga Fault might
have played a role in the latest infilling of this basin, this fault together with other
subsidiary faults, are likely cutting across the internal structure of a much larger basin.
This relationship can be inferred from the close occurrence of syn-orogenic strata in the

core of upright D3 folds and separated by superimposed faults, from the Azuaga Fault to
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the southwest (RPs-5-16-20; Fig. 4a). The second option requires structures able to create
relief during the Tournaisian. The onset of the Espiel thrust matches that age (Martinez
Poyatos et al., 1995, 1998b), and has been recently considered as a structure that roots to
the SW, beyond the exposures of the Central Unit, and responsible for the overriding of
the Azuaga Formation onto a Devonian suture zone (Diez Ferndndez et al., in press).
Motion along the Espiel thrust, or along another fault similar to it, would explain the
juxtaposition of the Azuaga Formation onto the Central Unit before the Azuaga Fault
moved.

The crosscutting relationship between the Azuaga Fault and the internal structure
of the Central Unit (Fig. 12d) provides one simple inference: the Central Unit, or some
other analogous exposures of this Devonian suture zone, should occur somewhere to the
S, SW, and/or W of the Azuaga Fault, and in particular, beneath rocks that are currently
exposed in the upper parts of its footwall. This latter position is occupied by a vast
exposure of peri-Gondwanan rocks affected by Variscan metamorphism that only reached
low-grade and low- to medium-P conditions. This metamorphic fingerprint is compatible
with an upper plate position during the Devonian subduction of the Central Unit.
Interestingly, the Escoural Unit (Chichorro, 2006; Diez Ferndndez et al., 2017) and the
Cubito-Moura Unit (Araiijo et al., 2005) (Fig. 3) are comprised of high-P rocks
metamorphosed during the Devonian period (Moita et al., 2005; Rosas et al., 2008).
Similarly to the Central Unit, the Escoural and the Cubito-Moura units are located beneath
the same set of peri-Gondwanan rocks that experienced Variscan low-grade and low- to
medium-P metamorphism, and therefore can be interpreted as domains within the
Devonian suture zone that should occur south to the Azuaga Fault and related to the

Central Unit (Diez Ferndndez and Arenas, 2015).
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Our interpretation challenges the traditional understanding of the Variscan Orogen
in Iberia because the current location of the Central Unit does not represent the root zone
of a Devonian suture zone, but instead is a section of a suture zone underlying SW Iberia
that was cut and transported upwards in the hanging wall to the Azuaga Fault (e.g. Fig.
1f). In this model, pieces of the upper plate to the Devonian continental subduction where
the Central Unit was involved could occur to the NE and SW of this unit (e.g. Figs. 1f,

1g, and 1h).

7. CONCLUSIONS

The Azuaga Fault is the southern boundary of the Central Unit. It is a high-angle,
NE-dipping, strike-slip fault with left-lateral and reverse components that formed during
the Pennsylvanian (~315-300 Ma; Moscovian through to the Gzhelian) sinistral
transpression. Its markedly oblique geometry relative to former exhumation-related
structures in the Central Unit as well as its relative autochthon suggests it is a Variscan
breaching fault. The Azuaga Fault is paired with coeval late Variscan folding and fabric
development in its hanging wall and footwall and with the Matachel Fault. These
relationships support a model in which the latest exhumation of a piece of a Devonian
suture (Central Unit) via extrusion from the upper-middle crust occurred under inclined
triclinic transpression.

The application of the analytical model of oblique transpression with oblique
extrusion to the studied segment of the Azuaga Fault has confirmed that the flow in the
domains bounded by primary strike-slip faults corresponds to triclinic transpression, with
an extrusion direction plunging to the WNW and a high vorticity (0.9 < Wi < 0.99). The

model explains most of the structural characteristics of the Azuaga Fault, as well as the
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magnitude of the exhumation experienced during the D3 phase by its central area,
indicating ENE-WSW convergence during this tectonic stage.

The Azuaga Formation occupied an upper structural position relative to the
Central Unit before Pennsylvanian faulting. Such a position does not conform to a lower
plate position relative to the suture zone exposure represented by the Central Unit, unless
undocumented additional thrusting events occurred. The exposed basal contact of the
Central Unit should not be considered as the root zone of a Variscan (Devonian) suture
zone, but instead is an oblique, NE-dipping high-angle fault that cuts across the suture
zone. Therefore, the Central Unit represents an exposure of a Variscan suture zone that
underlies the upper plate to the NE and overlies it to the SW, i.e. the Central Unit belongs
to a Variscan suture zone that must extend to the SW in the footwall to the Azuaga Fault.
Consequently, most of the peri-Gondwanan terrane that is exposed between the Central
Unit and the South-Portuguese Zone of the Iberian Massif (most of the Ossa-Morena
Zone) is likely underlain by a suture zone that is coeval with the one exposed in the
Central Unit, i.e., this suture zone represents the base of a huge continental allochthon
emplaced onto mainland Gondwana during the Variscan Orogeny.

This interpretation implies that the major tectonic blocks involved in the
Gondwana — Laurussia collision during the Variscan Orogeny need re-appraisal. Late
tectonic structures such as the Azuaga Fault have modified the geometry of the suture
zones that occur in the Variscan Orogen, whose nappe stack structure of its hinterland is
cut by strike-slip faults. Tectonic models that have not recognized the breaching nature
of this type of faults should be reconsidered because other suture zone exposures along

the Variscan Orogen could not represent the root site of the suture zone they belong to.
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FIGURE CAPTIONS

Figure 1: Sketches showing different relationships between a suture zone and
superimposed faults that cut across the suture. Each case is shown within a white box,
with a simplified map to the left and a cross-section to the right (white line represents
topography). Main foliation and fault traces are oblique to conform to a breaching nature
of the faults. Dip angle of the faults is steeper than that of the foliation. In all cases three
main lithological ensembles have been recognized. Two lithological ensembles with
continental crust affinity bound an exposure of rocks that belong to a suture zone (e.g.
high-pressure rocks, ophiolites, etc.). The recognition of upper and lower plate of the
suture zone as well as the location of the root zone of the suture depend on the kinematics
of the faults that bound the suture zone exposure and on the primary and final geometrical
relationships between the suture and those faults. In the simplest case (a), the contacts
between lithological ensembles at surface are primary accretionary faults; the exposure
of rocks that belong to the suture zone marks its actual root. In the absence of large-scale
folds, rocks that belong to the same suture zone should not be exposed to the left or right
of this root. (b), (c), (d), and (e) illustrate cases where the contacts (at surface) between
lithological ensembles are not accretionary faults but later faults. As in case (a), there
should not be additional exposures of rocks that belong to the same suture zone to the left
or right. (f), (g), (h), (i) and (j) illustrate cases where the contacts (at surface) are also later
faults. In these cases an additional exposure of suture zone rocks is expected to the left.
(d), (f), (g), (h) represent cases where the two lithological ensembles that bound the suture

zone exposure belong to the same upper (f, g, and h) or lower (d) plate.

Figure 2: Sketch showing the zonation of the Variscan Orogen after Diez Ferndndez and

Arenas [2015]. Location of the Iberian Massif (Figure 3) is indicated. Main Variscan
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strike-slip shear zones of the Iberian Massif: 1 — Porto-Tomar; 2 — Malpica-Lamego; 3 —
Juzbado-Penalva do Castelo; 4 — Douro-Beira; 5 — Huebra; 6 — Tamames; 7 — Palas de

Rei; 8 — Coimbra-Coérdoba; 9 — South Iberian.

Figure 3: (a) Zonation and major tectonic elements of the Iberian Massif after Diez
Ferndndez and Arenas [2015]. Location of the map in Figure 4 is indicated. (b) Inset map
and tectonic sketch showing the location of the Coimbra-Cérdoba Shear Zone in SW
Iberian massif and its general structure in map view. Abbreviations: AF — Azuaga Fault;
BTolP — 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
Ophiolites; 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 4: (a) Geological map of the study area including reference points (e.g. RP-1)
referred to in the text (D3 foliation and lineation are shown in (f)). The location of
reference points is indicated by circled numbers. (b), (c), (d) Cross-sections normal to
main faults and folds. (e) Stereoplot with structural data from the primary and secondary

faults. (f) Geological map showing D3 fabrics (S3 and mL3). Dashed lines demarcate the
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domains used for structural analysis in Figure 7. (g) Stereoplot with structural data from

brittle (faults) and ductile (S3 and mL3) D3 structures.

Figure 5: (a) Breccias within the fault zone of the Azuaga Fault. Note NE-dipping planes
featured by gouges (dashed lines) cutting across the breccias or bounding them. Plane of
observation is vertical. (b) SC structures indicating sinistral shearing in phyllonites from
the fault zone of the Berlanga-2 Fault. C-planes (white dashed lines) and S-planes (yellow
dashed lines) are near-vertical. (c) Slickenlines (red lines) in the fault zone of the
Berlanga-1 Fault. (d) Slickenfibres (red lines) in the fault zone of the Azuaga Fault. Note
SE-plunging and staircase geometry of the fibres stepping down to the NW (sinistral and
reverse dip-slip). (e) SC structures indicating top-to-the-SW tectonic transport in
phyllonites and breccias from the fault zone of the Azuaga Fault. C-planes (white dashed
lines) and S-planes (yellow dashed lines) show moderate NE-dipping (picture is oblique
to the strike of C-planes; actual dip is 55°). (f) Phyllonites after syn-orogenic
conglomerates affected by sinistral strike-slip shearing within the fault zone of the
Berlanga-2 Fault. Note sigma structure (red dashed lines) of individual clasts.

Abbreviations: VOP — Vertical Observation Plane; HOP — Horizontal Observation Plane.

Figure 6: (a) Folded compositional banding (bedding) and main foliation (blue line) in
albite-bearing paragneisses of the Central Unit. SW-verging folds are accompanied by
crenulation cleavage (S3). (b) Garnet-bearing amphibolite (retro-eclogite) from the
Central Unit. (c) Main foliation (S2) in alternating paragneisses and felsic orthogneisses
deformed into a SW-verging D3 antiform that occurs close to the Azuaga Fault. The
backlimb dips 50° to the NE, while the forelimb is near-vertical. (d) Folded compositional

banding and main foliation (white line) in banded phyllites of the Azuaga Formation close
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to the Azuaga Fault. Asymmetric parasitic folds are accompanied by crenulation cleavage
(S3; red line) and suggest regional antiform to the NE (i.e., in the Central Unit). (e) Folded
bedding in meta-conglomerates of the syn-orogenic strata (white line). Note ellipsoidal
shape of individual clasts oriented almost normal to bedding and defining a planar shape
fabric (S3; red line). (f) Rhyolite intruded along the Berlanga-2 Fault. It contains xenoliths
of black quartzite (arrow). Abbreviations: VOP — Vertical Observation Plane; HOP —

Horizontal Observation Plane.

Figure 7: Stereoplots showing the orientation of bedding (So) and main foliation in the
Azuaga Formation and Albariza-Bembezar Succession (Sx), and in the Central Unit (S).
—axes and axial planes are calculated using software Stereonet (Allmendinger et al., 2013;

Cardozo and Allmendinger, 2013). Data location is indicated in Figure 4f.

Figure 8: (a) Folded main foliation (Sx; blue line) in banded phyllites of the Azuaga
Formation. Parasitic folds are accompanied by incipient crenulation cleavage (S3; red
line). (b) Anastomosing rough cleavage (S3; red) in meta-conglomerates of the
Carboniferous syn-orogenics. (c) Compositional banding (bedding; white line) in
phyllites and meta-sandstones of the Azuaga Formation deformed into an upright
antiform that shows refracted and near-vertical crenulation cleavage (S3; red line). (d)
NE-dipping minor reverse fault featured by breccias and cataclasites (fault zone bounded
by white dashed lines). This fault cuts across paired D3 folds that affect the main foliation
in the Azuaga Formation (Sx; blue line). Note the antiform in the hanging wall and the
synform in the footwall. Abbreviations: VOP — Vertical Observation Plane; HOP —

Horizontal Observation Plane.
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Figure 9: Comparison of the structural data from the Azuaga Fault with the predictions
of the model of oblique transpression with oblique extrusion (Ferndndez and Diaz-
Azpiroz, 2009). (a) Small stereoplot: graph depicting the orientation of the mean shear-
zone boundary (szb, orange great circle), its pole (orange triangle), the simple shear
direction (orange circle with a pitch of 19.2° SE; angle ¢), and the range of v angles
(extrusion direction, orange diamonds) considered in this work. Large stereoplot:
Example of best-fit between the predictions of the model (orientation of the principal axes
X and Z of the finite strain ellipsoid) for v =50° and distinct vorticity (W) values. Arrows
indicate the reorientation sense of the principal axes of the strain ellipsoid with increasing
finite strain. The mean orientations of poles to S3 (purple circle) and L3 (blue circle) are
shown together with their respective confidence cones (aos = 6.0° and, 5.6°, respectively).
The purple and blue patterns mark the area of concentration of the largest part of poles to
S3 and L3 (densities of more than 2% and 10% per 1% area, respectively). (b) Histogram
of the angles between mL3 and the intersection Sa/shear zone boundary. The mean angle
is 98° (which is equivalent to 82°), with a confidence angle (os) of +5°. (c¢) Logarithmic
deformation diagram depicting the shapes of the strain ellipsoids for distinct deformation
sequences taken from selected best-fit results of the kinematic analysis of the Azuaga
Fault (v = 50°). (d) Stereoplot with the orientation of the convergence vectors (oblique
flow apophysis) for the best-fit results of the kinematic analysis of the Azuaga Fault. The
orange pattern shows the azimuth range for the determined convergence vectors. (a and

d) Equal-angle, lower-hemisphere projection.

Figure 10: (a), (b), (c) Stereoplots depicting selected, best-fit reorientation paths (a to i)
of fold hinges as passive lines for the three pre-Ds3 planar fabrics (So, Sx and S»), compared

to the estimated statistical fold axes (blue, red, and purple squares) for the Western (1),
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Central-western (2), and Central (3) sections of the Azuaga Fault. For each path the
corresponding v angle, Wik value and original orientation of the folded plane is indicated
at the bottom of the figure. (d) Stereoplot showing the statistical results of the pre-D3
orientation of So, Sx and S». Mean values and confidence cones (avs) of the poles to those

planes are detailed in the table.

Figure 11: Structural model of inclined transpression (based on Jones et al., 2004) with
heterogeneous strain adapted to the case study. The Central Unit would occupy a less-
strained deformation zone of a sinistral shear zone bounded by dip-slip faults (more
strained domains). The D3 folded structure of Central Unit is the result of late exhumation
performed via oblique, upward extrusion from the middle crust of a piece of an underlying
Devonian suture zone. S3 strikes obliquely to the deformation zone and its dip is steeper
than the boundaries of the deformation zone. The pitch of D3 lineation relative to Ss is

moderate to shallow.

Figure 12: Sketches illustrating the late Variscan tectonic evolution of the Central Unit as
observed perpendicular to its trace. (a) Hypothesis (ruled out) showing the Central Unit
thrust onto the Azuaga Formation before the Carboniferous syn-orogenic strata were
deposited (proto-Azuaga Fault). The internal structure of the Central Unit (suture zone)
parallels the Azuaga Fault. (b) Same hypothesis as in Figure 12a, although the internal
structure of the Central Unit (suture zone) is cut by the Azuaga Fault. The conclusion
regarding the continuation of an underlying Devonian suture zone to the SW is similar to
that in Figure 12d. (c) Structure inferred for the study area before the Azuaga Fault. (d)
Regional structure after the Azuaga Fault. Blue square shows the structure observed in

the study area (see Figures 4b, 4c, 4d).
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