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IX.2.1. Introduction

First order arcuate structures are a common feature in orogenic belts (Argand, 1924;
Carey, 1955). Their understanding is an important issue in Plate Tectonics, because similar
shapes could result from different processes. Primary arcs are induced by the formation of the
fold belt, as happens when moulding the orogen around a promontory. When the curved

shape is not a pre-orogenic feature but the result of an impressed strain on a previous linear
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belt, it is known as an orocline (Carey, 1955). Curved arcuations could also be considered as
thick skinned or thin skinned: in the formers ones the strain pattern was developed both in the
cover and the basement of the orogen, while the strain pattern in thin skinned arcs is
restricted to the cover.

The understanding of orogenic arcs is usually easier in active orogens because the
continuity of major structures between both branches is often visible. In such young tectonic
environments, major arcuations are common in convergent settings, either related to ocean-
ocean (e.g. Scotia Arc, Dalziel, 1971; De Wit, 1977), ocean-continent (e.g. the Central Andean
orocline, Eichelberger and McQuarrie, 2014 or the Banda Arc, Vroon et al., 1995; Harris, 2011)
or continent-continent (e.g. western and eastern syntaxis of Himalayas; Tapponier and Molnar,
1976; Matte, 1986) collisions.

In old orogens major arcs are more difficult to emphasize because the original continuity
is often:

- disrupted by the superposition of younger structures or magmatic batholiths;
- hidden below younger sediments;
- dismembered by the opening of new oceans.

Nevertheless, since the early works several major arcs have been described in the
Variscan Belt, not only at the orogen scale but also in Iberia (e.g. Du Toit, 1937; Carey, 1955).
However, at this moment there is still a lack of understanding concerning the formation of the
first order Variscan arcs in Iberia, which is the main purpose of this work. A four step approach
will be used:

- A historical review of the major arcuate structures;

- A critical review of the existing data (e.g. structural, deformation age,
lithostratigraphic, and paleomagnetic);

- A discussion of the previous models;

- A unifying approach trying to conciliate the previous data.

The discussion of the lberian Variscan arcs is crucial, mostly because since 2010 several
papers strongly emphasize the so-called Central-lberian Arc (e.g. Martinez Catalan, 2011a;
2011b; Johnston et al., 2013). In spite of the weakness of the data supporting this Arc, several
models were proposed for its formation, considering an Upper Carboniferous-Permian age for
all the Iberian Arcs (e.g. Martinez Catalan, 2011c; Johnston et al., 2013; Weil et al., 2013;
Martinez Catalan et al., 2014), which is difficult to conciliate with most of the data.

This paper is also a contribution to the subject concerning the primary or secondary origin
of curved orogenic belts, emphasizing the complexity of these structures and the care which

should be taken when using simple models.
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IX.2.2. Arcuate Variscan Patterns in Iberia; a Historical Approach

Any discussion concerning the geodynamical evolution related to the major Variscan arcs

in Iberia should address the major zoning of this sector of the fold belt.

1X.2.2.1. Zones in Iberian Variscides

Since Lotze (1945) the Iberian Variscides has been divided in several zones based on
stratigraphic, structural, metamorphic and magmatic features. Later works have led to some
minor modifications in their number and boundaries (Fig. 1; Julivert et al., 1972; Julivert and
Martinez, 1983; Farias et al., 1987; Arenas et al., 1988; Martinez Catalan, 1990). This zoning
reflects the complex evolution due to the superposition mainly of the Neoproterozoic

Cadomian collision, the Lower Palaeozoic extensional tectonic activity and the Upper
Palaeozoic Variscan Orogen.

- External Fold and Thrust belt i / NAD - North Armorican Domain
Gondwana zonss with strong <X CAD - Central Armorican Domain
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SPZ - South Portuguese Zone
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PTFASZ - Porto-Tomar-Ferreira do Alentejo shear zone

Figure 1 — Main Variscan tectonostratigraphic units in Iberia in the framework of the European
Variscides (adapted from Lotze, 1945; Julivert et al., 1972; Julivert and Martinez, 1983; Farias et al.,

1987; Arenas et al., 1988; Martinez Catalan, 1990; 2011; Ribeiro et al., 2007; Ballevre et al., 2014).

The Cantabrian Zone (CZ), considered the thin skinned foreland fold and thrust belt in the

NW part of the Iberian Variscides (Pérez-Estaun, 1990), is characterized by a decollement level
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within the Palaeozoic cover above a non-exposed Precambrian basement overlaid by its fixed
cover. The Lower Palaeozoic is composed of a passive margin sequence of shallow-marine to
shoreface facies (Julivert and Marcos, 1973), which becomes progressively thinner towards the
East (Pérez-Estaun et al., 1991). This Cambro-Devonian sequence (Pérez-Estaun, 1990) was
deformed in the Pennsylvanian, giving rise to a thin-skinned fold-and-thrust belt verging
towards Gondwana craton (Pérez-Estaun et al., 1988). The progressive emplacement of this
imbricate complex structure, which is rooted below the West Asturian Leonese Zone (Pérez-
Estaun et al., 1991), controls the deposition of syn-kinematic marine to terrestrial foreland
basin successions (Marcos and Pulgar, 1982; Pérez-Estaun et al., 1988; 1991). The
metamorphism related to this Variscan shortening is almost absent, although it could locally
attain a low grade (Pérez-Estaun, 1990).

The boundary between the CZ and the West Asturian Leonese Zone, is considered the
Neoproterozoic rocks outcropping in the complex Narcea Antiform (Julivert et al., 1972).

The West Asturian Leonese Zone (WALZ) is often considered the transition between the
foreland CZ and the more internal zones of the Variscan hinterland core (Pérez-Estaun et al.,
1991). It consists of a thick Upper Proterozoic flyschoid series unconformably overlain by a
thick cover (Marcos et al., 2004) of shallow-water Lower Cambrian to Lower Devonian
deposits, where thick siliciclastic units are dominant (Pérez-Estaun et al., 1990; 1991;
Fernandez-Sudrez et al., 2000). Such unconformity, has also been found in the Cantabrian Zone
(Lotze, 1956; De Sitter, 1961), being a major characteristic of these two domains. The previous
WALZ sequence presents a pervasive Variscan deformation due to the interference of at least
three major tectonic events, that have originated a general structure (sometimes with large
recumbent folds, like the Mondofiedo anticline and the Courel syncline) facing the external
part of the orogenic belt (Bastida et al., 1986; Martinez Catalan el al., 1990; Pérez-Estaun et al.,
1991; Fernandez et al., 2007; Bastida et al., 2010). The Variscan metamorphic grade increases
towards the West, from greenschist to amphibolite facies (Suarez et al., 1990). The granitoid
plutonism exhibits a similar trend, becoming abundant in the western sectors of WALZ
(Corretgé et al., 1990; Pérez-Estaun et al., 1991).

The western limit of the WALZ is still controversial. While some authors (e.g. Abalos et al.,
2002) follow the initial proposal of Ollo de Sapo anticlinorium (Julivert et al., 1972), others (e.g.
Marcos, 2004) consider the more complex boundary proposed by Martinez Catalan (1985)
formed by the main Vivero normal fault and its southern continuation in the Pefialba and
Courel synclines (Martinez Catalan et al., 1992; Fernandez et al., 2007).

The rather heterogeneous Central lberian Zone (CIZ) is the axial domain of the Iberian

Variscan Fold Belt with abundant granitic plutonism and metamorphism ranging from very
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low-grade to high-grade. Three main stratigraphic features have been fundamental for its
individualization (Julivert et al., 1972), because its Palaeozoic succession from Arenig to Middle
Devonian is similar to the one found in adjacent zones (Ribeiro, 1990):

- The predominance of Pre-Ordovician sequences;

- The transgressive character of the Lower Ordovician quartzites;

- The presence of a pervasive unconformity which places the Lower Ordovician over

Precambrian to Cambrian rocks (Douro-Beiras Super Group).

The presence of high-grade metamorphic allochthonous complexes and the abundant
Silurian volcanism, led some authors to individualize in the NW of CIZ a Galicia - Tras-os-
Montes domain, which has been considered either as a sub-Zone (Julivert et al., 1972) or a
Zone (Tex and Floor, 1971; Farias et al.,, 1987). Whatever the option, its allochthonous
behaviour over the CIZ autochthon is recognized (e.g. recent compilations of the lberian
Geology of Gibbons and Moreno, 2002; Vera, 2004; Dias et al., 2013a). This Galicia - Tras-os-
Montes Zone comprises two domains, bounded by a major thrust, with distinct
paleogeographic and tectonometamorphic histories (e.g. Martinez Catalan et al., 2004; Dias
and Ribeiro, 2013):

- The parautochthonous "schistose" domain with clear lithostratigraphic affinities with
the CIZ autochthon, mainly with its upper part;
- The domain of the allochthonous complexes with high-grade massifs.

Concerning the southern boundary of CIZ, Lotze (1945) proposed the elongated Los
Pedroches granitic batholith. The Tectonic Map of the Iberia (Julivert et al., 1972) still uses this
batholith for the Spanish limit, while in Portugal it is marked by the Ferreira do Zézere and
Portalegre thrusts. However, some authors (e.g. Diez Balda et al., 1990; Azor et al., 1994;
Martinez Cataldn et al., 2004) considered that the main stratigraphic and structural changes
are marked by the main Tomar - Badajoz - Cordoba intra-continental shear zone (TBCSZ).

The Ossa-Morena Zone (OMZ), considered the southernmost zone of the hinterland
orogenic domain of lberian Massif, presents a magmatic, metamorphic and sedimentary
complex evolution. One of its most distinctive features is the presence of two orogenic cycles
(Cadomian and Variscan; Quesada, 1990; Ribeiro et al., 2007; 2009; 2010), giving rise to three
general stratigraphic successions (e.g. Quesada, 1990; Nance et al., 2012; Araujo et al., 2013;
Moreira et al., 2014):

- A Neoproterozoic sequence related to the Cadomian Cycle;
- A Lower Paleozoic anorogenic sequence related to the Rheic Ocean rifting and drifting;
- Syn-orogenic series of Lower-Middle Devonian to Carboniferous age linked to the

Variscan convergence.
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The magmatism also emphasizes three main different pulses: Neoproteroic, Cambrian-
Ordovician and Devonian-Carboniferous (e.g. Quesada, 1990; Moreira et al., 2014). The
geochemical signature and the temporal span of these rocks match the episodes recorded in
the stratigraphic successions. The structure and metamorphism are complex, due to the
superimposed of main Neoproterozoic and Paleozoic tectonometamorphic episodes with a
heterogeneous distribution.

The classic southern limit of OMZ is emphasized by oceanic like rocks, which compose the
Beja-Acebuches Amphibolites and, in their absence by the Ferreira-Ficalho-Almonaster thrust.
These mafic rocks are interpreted either as an ophiolite complex (Quesada et al., 1994;
Fonseca et al., 1999; Ribeiro et al., 2010), or a narrow and very ephemeral realm of oceanic-
like crust generated by mantle upwelling (e.g. Azor et al., 2008).

The South Portuguese Zone (SPZ) is considered the SW foreland fold-and-thrust belt of
Iberian Variscides, characterized by a thin-skinned SW facing structure, also emphasized by
geophysical data (Ribeiro and Silva, 1983; Silva et al., 1990; Simancas et al., 2003; Ribeiro et al.,
2007). This zone comprises a stratigraphic sequence mainly composed of detrital rocks,
occasionally with abundant magmatic rocks, with Devonian to Upper Carboniferous ages
(Oliveira et al., 2013). The deformation as a progressive behavior, which is older and more
intense near the NE suture, and younger and less deformed towards SW (Ribeiro and Silva,
1983; Silva et al., 1990; Dias and Basile, 2013). The metamorphism also presents a NE-SW
progression, from greenschist facies at north and very low to absente in SW sectors (Oliveira et

al., 2013).

1X.2.2.2. The Variscan Arcs in Iberia

Since the early regional studies it has become evident that the trend of the major
geological structures have a strongly wavy pattern in lberia. The remarkable pioneering
geological map of Asturias by Schulz (1858), clearly shows a tight fold at northern Iberia scale
(Fig. 2A). Such arc was detailed by the work of Barrois (1882) and used by Suess (1888), who
was the first to recognize it as a mountain range bend. Soon it has become evident that this
arcuate structure is not restricted to lberia being part of a larger structure, the so-called lbero-
Armorican Arc (IAA) that continues in Brittany (Bertrand, 1887; Suess, 1888; Stille, 1924; Fig.
2B). Indeed, the NW-SE trend that predominates in most lberia and rotates to a N-S
orientation in NW lberia, was assumed to continue in the E-W structures in Brittany (Choubert,
1935; Carey, 1955; 1958; Lotze, 1963; Cogné, 1967; 1971; Bard et al., 1971; Lefort, 1979;
Perroud and Bonhommet, 1981; Burg et al., 1987). Although the continuity between the

southern Iberian branch and the northern Armorican one is not possible to follow due to the
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opening of the oceanic rift of Biscay essentially during Upper Cretaceous (Ries, 1978), the
arcuate structural pattern not only in the CZ, but also in the WALZ / CZ seems to confirm this
interpretation (Staub, 1927, Fig. 2C; Carey, 1955, Fig. 2D). Indeed, here the continuity of the
Variscan structures, completely underline an orocline known as the Asturian Knee (Staub,
1927; Julivert and Marcos, 1973; Julivert et al., 1977), the Asturian Arc (Pérez-Estaun and
Bastida, 1990; Aramburu and Garcia-Ramos, 1993; Abalos et al., 2002), the Cantabrian Arc
(Parés and Van der Pluijm, 2004; Weil and Sussman, 2004), the Cantabrian - Asturian Arc
(Parés et al., 1994; Weil et al., 2013) or, more recently, the Cantabrian orocline (Gutiérrez-

Alonso et al., 2008: 2011; Johnston et al., 2013; Sengér, 2013; Weil et al., 2013).
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Figure 2 — Historical evolution of major Variscan Arcs proposed to lberia:
A —Simplified version of the geological map of Eastern Asturias (redrawn from Schulz, 1858);
B — The structural continuity between lberia and Brittany (Stile, 1924)
C — Asturian and Castilian major Iberian Arcs (Staub, 1927);
D — Matching geological structures across the Biscay Sea (redrawn from Carey, 1955);
E — Major structural arcuations in the Ibero - Brittany region (adapted from Du Toit, 1937);
F — Speculative sigmoidal pattern of the main Variscan structures in Iberia (adapted from Aerden,

2004).
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As the Cantabrian Arc (CA) is located in the core of the IAA (Parés and Van der Pluijm,
2004) they are often considered the same structure, with a curvature increasing from external
domains to its centre (Sengor, 2013). Such geometry led some authors to propose a common
origin (Johnston et al., 2013; Gutierrez-Alonso et al., 2010; Sengér, 2013; Weil et al., 2013;
Martinez Catalan et al., 2014).

Early works also emphasize another orocline in the Iberian Variscides, the Central-lberian
Arc (CIA). According to Staub (1927), the Caledonian and Hercynian folds have developed in
lower metamorphic formations wraps around an Archaen core composed of schists and old
granites, enhancing a Castilian Arc (Fig. 2C). This arc was also considered in the classical work
of Du Toit concerning the world Palaeozoic fold systems (1937; Fig. 2E). Subsequent studies
concerning the paleogeographic zoning of the Iberian Palaeozoic (e.g. Lotze, 1945; Julivert et
al., 1972) show that the original assumptions of Staub are no longer valid and the idea of a
Castilian Arc was abandoned. More recently this major arcuate structure was again considered
(Aerden, 2004). Indeed, extrapolating to SE the interpretation of a porphyroblasts study in NW
Iberia he considered, in a "still very speculative" model (op cit. p. 194), that the observed
structural relationships are apparently consistent with a late-Variscan sinistral transpression,
delineating a sigmoidal shape (Fig. 2F) that partly follow the Staub proposal.

Since 2010 several papers consider the existence of the CIA or Central Iberian Orocline in
the Iberian Variscides, but with two slightly different shapes:

- A short version where most of the southern branch is cut by the Tomar-Badajoz-
Cordoba Shear Zone (Martinez Catalan 2011a; 2011b; 2011c; Simancas et al., 2013;
Martinez Catalan et al., 2014; Fig. 3A)

- A long version, with the orocline assuming a major isoclinal shape and where the
southern domain of the CIZ is considered a lateral equivalent of the WALZ (Johnston et
al., 2013; Weil et al., 2013; Shaw et al., 2012a; 2012b; 2014; Fig. 3B). The palinspatic
restoration of both the Cantabrian-Central Iberian orocline pair, yields an initial linear
ribbon of over 1500 km long (Shaw et al., 2012a; 2012b) or even more than 2300 km
(Shaw et al., 2014; 2012b).

Although the coupled geometry of previous oroclines are sometimes considered the
result of a coeval formation (Johnston et al., 2013), some authors (e.g. Martinez Catalan et al.,
2014 and Simancas et al., 2013) proposed that they could be slightly diachronic with the CIA
older than the CA/IAA.
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Figure 3 — The pattern of the Central-
Iberian oroclines according to the:
A — short version (adapted from

Martinez Catalan et al., 2014);

B — long version (adapted from
CA - Cantabrian Arc

CIA - Central-Iberian Arc Johnston et al., 2013).

IX.2.3. Reviewing the Data
In the last 40 years a huge amount of data concerning the Variscan geology of Iberia have

been produced. A critical review of these data is fundamental to the main subject of this work.

IX.2.3.1. Variscan Folds and coeval Shear Zones

The strong shortening related to the Variscan orogeny gives rise to pervasive folding at all
scales, well expressed in the lithostratigraphic units with higher competence (e.g. the Lower
Ordovician quartzites).

Interference among folds in Iberia is often referred (e.g. Pérez-Estatin and Bea, 2004) and
could be locally important. Nevertheless the general pattern at the Iberian scale is usually
considered the result of the first and main Variscan tectonic event (D). However, this does not
mean that all the folds are coeval because, not only there is a strong diachronism transversally

to the orogen (Noronha et al., 1981; Dallmeyer et al., 1997), but also their development could
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be slightly heterogeneous being older close to some major anisotropies either on the

basement or on the cover.

Although the main trend of the regional D; folds have a simple arcuate pattern,

geometrical and kinematical details emphasize a more complex behaviour, allowing the

individualization of several sectors. We focus our analysis mostly on the CIZ, because this is a

key sector to discuss the problem of the lberian oroclines. It is not easy to make the

Portuguese and Spanish data compatible mainly in the central and southern sectors of ZIC. This

could partly reflect a change in the behaviour of the folds parallel to the trend of the orogen,

related to the distance to the hinge zone of the IAA. Whatever the causes, six main distinct

behaviours for the D; deformation in the CIZ could be emphasized (Fig. 4):
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- Domain A (Ribeiro et al., 1990; Dias, 1998; Moreira et al., 2010a; Dias et al., 2013b). It
is a central segment where the D; Variscan deformation is very weak. The bedding is
usually subhorizontal or presents open folds with subhorizontal hinges and subvertical
axial planes. When present, the coeval cleavage is subvertical and spaced. The transition
to the adjacent domains is sharp, usually marked by high dip sinistral shear zones
sometimes with a thrusting component.

- Domain B (Ribeiro, 1974; Ribeiro et al., 1990; Dias and Ribeiro, 1991; 1994; Pereira and
Ribeiro, 1992; Pereira et al., 1993; Dias, 1998; Moreira et al., 2010a; Dias et al., 2003;
2013b; Pamplona et al., 2013). NE and N of this central segment the Variscan
deformation strongly increases, becoming pervasive. The facing of the folds is towards
NE and N and there is a continuous transition to the next domain. The pervasive S;
cleavage is axial planar and has often developed a stretching lineation subparallel to the
subhorizontal fold axes (b kinematical axes of Ramsay, 1967). Coeval of the D; folding,
sinistral shear zones subparallel to the axial planes of the folds and a regional
development have been developed. The finite strain ellipsoids estimated for the
Armorican Quartzites are prolate.

- Domain C (Ribeiro, 1974; Diez Balda, 1986; Diez Balda et al., 1990; Dias et al., 2013b).
Towards the NE foreland, despite preserving subhorizontal axes, the D; folds become
recumbent with a NE to E facing. This geometry is similar to the WALZ Variscan general
structure.

- Domain D (Ribeiro et al., 1990; Dias and Ribeiro, 1994; 1995a; 1998; Dias, 1998; Dias et
al., 2013b). W and SW of the weakly deformed domain A, is found a narrow domain
where the folds, still with a subhorizontal axes, have a monoclinic symmetry with a W to
SW vergence. The deformation is intense and the axial plane S: cleavage is pervasive,

mainly in the short and usually overturned limbs. As in domain B, there are frequent



sinistral shear zones with a trend parallel to the orientation of the D; folds, and the
prolate finite strain ellipsoids are also dominant.

- Domain E (Ribeiro et al., 1990; Dias, 1998; Metodiev et al., 2009; Romao et al., 2013).
In most of the Portuguese southern sector of ZCl, the pervasive D; folds have subvertical
axial planes and no clear vergence. The cleavage is usually present and a stretching
lineation subperpendicular to the subhorizontal fold axes (a kinematical axes of Ramsay,
1967) predominates in deeply stepping axial plane cleavage. There is no evidence of the
D; sinistral shear zones which are common farther north, and the finite strain ellipsoids
are plane strain to slightly oblate.

- Domain F (Burg et al., 1981; Azor et al., 1994; Dias, 1998; Martinez Poyatos, 2002;
Martinez Poyatos et al., 2004; Pereira et al., 2010). Adjacent to the boundary with the
OMZ there is a narrow sector with an intense deformation and NE facing folds, which
could attain recumbent shapes in the Spanish sector (the Puebla de la Reifia anticline
and the Hornachos syncline). There is a penetrative S; axial plane foliation (often
mylonitic), with a low dipping NW-SE stretching lineation subparallel to fold axes. In the

Portuguese sector, the kinematical criteria indicate a predominant sinistral shear sense.

MLSZ - Malpica-Lamego shear zone
HDSZ - Herrera del Duque shear zone
JPCSZ - Juzbado-Penalva do Castelo shear zone
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Figure 4 — Main fold pattern in the CIZ of NW lberia (adapted from Azor et al., 1994; Diez Balda et al.,
1990; Ribeiro et al., 1990; Dias and Ribeiro, 1994; Dias, 1998; Dias et al., 2013b; Romao et al., 2013).
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Despite the geometrical diversity of the regional D; folds of ClIZ, their axes are always
subhorizontal or low dipping. Such behaviour indicates either the lack of a pervasive
superposition between Variscan deformation events, or a strong coaxiality of these events.

The predominance in northern Portugal of sinistral strike-slip shear zones subparallel to
the axial planes of the D; folds, and the centripetal vergences around a less deformed sector
has been interpreted as an asymmetrical positive flower structure (with a longer NE branch)
centred in domain A (Dias, 1998; Moreira et al., 2010a; Dias et al. 2013b) and developed in a
transpressive regime (Dias and Ribeiro, 1994). This first order structure, which can be followed
for more than 80 km (Moreira et al., 2010a), was controlled by a Precambrian basement
anisotropy (the Porto-Viseu-Guarda lineament; Dias, 1998) depicted by gravimetric (Mendes
Victor et al., 1993) and magnetic anomalies (Miranda, 1990; Miranda and Mendes Victor,
1990). Analogue modelling supports this interpretation (Richard and Cobbold, 1990). Towards
NW this structure is in continuity with the Malpica-Tui unit, which seems to indicate the
existence of an Early Variscan first order shear zone (the Malpica-Lamego shear zone - MLSZ in
Fig. 4; Llana-Funez and Marcos, 2001; Pamplona et al., 2016) controlling, not only the
exhumation and emplacement of the high-pressure —low to intermediate temperature rocks of
this unit (Llana-Funez and Marcos, 2002) but also the Variscan deformation in NW Iberia
autochthon.

This CIZ flower structure is not observed SW of the first order Juzbado - Penalva do
Castelo shear zone (JPCSZ; Fig. 4), showing that this structure has already been active since
the beginning of the main folding event of the CIZ, as previously proposed (Iglésias and Ribeiro,
1981).

Previous geometrical and kinematical CIZ zoning must be expanded to the Iberian scale in
order to understand its Variscan arcs. Indeed, the combination of the finite strain pattern of
folded layers and the coeval kinematics is a powerful tool to discriminate among folding
mechanisms (Dias and Ribeiro, 2008). Such approach has been used since the early models for
the IAA (Matte and Ribeiro, 1975; Ries and Shackleton, 1976).

Using the relation of the finite strain axes with the coeval folds / thrusts, Matte and
Ribeiro (1975) emphasize a major distinction between inner and external domains of the IAA,
separated by a narrow transition zone less than 10 km wide (Ries and Shackleton, 1976). The
inner domain (i.e. the Cantabrian, West Asturian-Leonese and previous domain C) is
characterized by thrusts and folds with a well-developed vergence towards the core of the arc.
The coeval maximum stretching lineation is subparallel to the a kinematical axes. In spite of
this regional behaviour (well expressed in the Mondofiedo nappe unit), the complexity of the

folding evolution could generate local anomalies as in Courel recumbent fold; here the
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stretching lineation coincides with the fold axes due to the superposition of an homogeneous
strain after the active folding process (Bastida et al., 2010). Concerning the external domain,
the stretching lineation has been considered to be always subparallel to the pervasive
subhorizontal fold axes. Such relation (stretching subparallel to the b kinematic axis), has been
described not only for the Iberian branch of the IAA but also for the Armorican one.
Nevertheless, Matte and Ribeiro (1975) emphasise a major contrast in both branches: while in
the southern branch the folds are coeval of pervasive sinistral shears with the same trend of
the folds, in Brittany the dominant regional shear is dextral. However, Audren et al. (1976)
show that the regional shears in both branches are not synchronous: while in Iberia the
sinistral shears are older than the Carboniferous granitic intrusions, the dextral shearing in
Brittany is essentially coeval of this major magmatic event. Moreover as previously described,

the external domain of Matte and Ribeiro (1975) presents a much more complex behaviour.

1X.2.3.2. Folding Events and Ages

The age of the main Variscan folds in Iberia is a key issue for the genesis of the Iberian
Variscan arcs. This is not easy being necessary to distinguish between local and regional
tectonic events, a problem enhanced by the heterogeneity of deformation. At a more regional
scale, the orogeny migrates both transversally and longitudinally to structures. The transverse
migration operates from the suture zones to the relative foreland and, in the autochthon, from
the axis of positive flower structures to their branches. The longitudinal migration operates
from the hinge of the IAA towards its flanks.

In spite of these limitations and some minor discrepancies, three main compressive
tectonic events are usually recognized in the autochthon of NW lberia Variscides (Gibbons and
Moreno, 2000; Vera, 2004; Dias et al., 2013a):

- D1, the only that is pervasive, usually induces the formation of upright to slightly
overturned structures in the more internal domains (i.e. most of the CIZ) and recumbent
folds and thrusts facing towards the core of the CA in the most external ones (i.e.
domain C of ClIZ, as well as the WALZ end CZ). As expected, D; intensity usually increases
from the foreland towards the hinterland, where a well-developed cleavage is pervasive.
- D, has a very heterogeneous development being restricted to the vicinity of the NW
Iberian allochthonous and parautochthonous units. It corresponds to a second folding
phase associated to shallow dipping shear zones, developing an S, axial planar cleavage
to schistosity which can completely transpose S;. This behaviour, as well as the

similarities between the kinematics of the structures found in the nappes and in the
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autochthon, show that this tectonic event has been induced by the emplacement of the
napes.
- Ds is also non penetrative, being expressed by upright folds often linked to subvertical
strike-slip shear zones, like the major ENE-WSW Juzbado-Penalva do Castelo with a left
lateral kinematics. The widespread granitic plutonism is also related to the D; tectonic
event.

Since the recognition of sin-D, subhorizontal shear zones with displacements parallel to
the orogenic trend in the Tormes gneiss dome (Escuder Viruete et al., 1994; Escuder Viruete,
1998) and in Martinamor antiform (Diez Balda et al., 1995), both in the vicinity of Salamanca,
widespread similar low dipping fabrics has been described. They are generally more frequent
in the vicinity of the parautochthonous /allochthonous units of the NW lberia, being usually
related with large antiforms and domes where outcrop high grade rocks (Escuder Viruete et
al., 2004). A recent review (Martinez Catalan et al., 2014), emphasizes two major extensional
events, the first one coeval with the end of D,, and the other sin to post-Ds. Although most
authors considered such events related to the extensional collapse of the orogen (Escuder
Viruete et al., 2004 Martinez Catalan et al., 2014; Ballevre et al., 2014) for others (e.g. Ribeiro
et al., 2007; Dias et al., 2013b), they could result from local compressions related to the
allochthonous / autochthonous units

The Variscan orogeny in lberia has recently been consider the result of a major Late
Carboniferous collision followed by a Permian wrenching (Schulmann et al., 2014). This is
different from previous models where the deformation began in Lower/Middle to Upper
Devonian times (e.g. Burg et al., 1981; Noronha et al., 1981; Matte 1986; Pérez-Estaun et al.,
1991; Azor et al., 1994; Abalos et al., 2002; Franke et al., 2005). The D; age (Fig. 5) is crucial to
understand the Iberian arcs.

The 359 Ma age is often considered the beginning of the D; deformation in the CIZ
autochthon (Martinez Catalan et al., 2014; Ballevre et al., 2014). This age (Fig. 5B) was
obtained (Dallmeyer et al., 1997) by “°Ar/**Ar in white micas on S; cleavage NE of Morais
Massif, in the normal limb of the Ollo de Sapo anticline (Fig. 5A). It is similar to the ages
obtained in Somosierra also in the CIZ autochthon (354 and 353 Ma; Rubio Pascual et al., 2013;
Fig. 5B). Using the ages obtained farther E in the WALZ (336 and 322 Ma; Dallmeyer et al.,
1997) they estimate the diachronism related to the migration of the D; deformation towards
the foreland (circa 23 Ma difference per 125 km of present distance). This value is similar to
the range they found in D> mylonites. Thus, an average convergence rate of circa 1-2 cm/year

was then proposed.
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Such evolution is consistent with the estimations for the West Asturian-Leonese and
Cantabrian zones based on stratigraphical evidences in synorogenic deposits (Pérez-Estaun et
al., 1988; Fig. 5B). While in the WALZ the deformation began in Lower Carboniferous (Pérez-
Estaun, 1974) in the rearmost units of CZ it could be Westephalian B (i.e. Lower Moscovian;
Arboleya, 1981) or even Namurian (i.e. Serpukhovian; Alonso et al., 2009). The emplacement
of nappes in the more external sectors of CZ persists until Stephanian (i.e. Kasimovian: Maas,
1974; Marquinez, 1978; Alonso et al., 2009). Nevertheless, there is still some controversy with
some works proposing that the foreland basin system had already developed during the Late
Devonian (Keller et al.,, 2008). This eastwards progression of NW Iberia autochthon
deformation is consistent with the emplacement of the allochthonous nappes in the same
sense (Fig. 5B): beginning of the accretion at 400-390 Ma with the old continental arc
preserved in the Upper Allochthon (Arenas et al., 2014), followed at 390-380 Ma by the Middle
Allochthon unit with ophiolitic affinities (Ballevre et al., 2014) and the Lower Allochthon

emplacement at 370-365 Ma (Ballevre et al., 2014).
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Figure 5 — Age distribution of main Variscan tectonic events in NW Iberia since Lower Devonian:
A — Simplified cross-sections emphasizing the main structural features of NW lberia (adapted
from Pérez Estaln et al., 1991; Ribeiro et al., 2005; Ballévre et al., 2014; Martinez Catalan et al.,
2014 );

B — Main tectonic events evolution in the NW Iberia.
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Such diachronism shows that it is not plausible to assume 359 Ma as the lower limit to the
D: deformation in the CIZ autochthon, because such age has been obtained, at least 200 km
away from any suture. Thus, the deformation must be older in the more far-travelling nappes
rooted there and in the inner domains of the autochthon. This older age for the D;
deformation in the autochthon is supported by further evidence:
(1) The Gimondes, San Vitero and San Clodio formations are considered flyschoid
deposits related to the frontal thrusts of the allochthonous / parautochthonous unit of
NW lberia (Martinez Catalan et al., 2008). NE of the Braganca Massif, the paleontological
contend of the Gimondes formation (Ribeiro, 1974) indicates an age close to the
Givetian - Frasnian boundary (Fig. 6B; Teixeira and Pais, 1973; Pereira et al., 1999). This
unit presents pebbles from the allochthonous complexes showing that they were
already exhumed (Ribeiro and Ribeiro, 1974). Based on the youngest zircon contend of
these three synorogenic deposits, it was emphasized a diachronism of the
parautochthon deformation (Martinez Catalan et al., 2008) with the younger ages
towards the more external domains of the orogen (Fig 6B; 378 + 6 Ma for Gimondes;
355 + 8 Ma for San Vitero and 324 + 7 Ma for San Clodio). Such behaviour is compatible
with the observed in the autochthon.
(2) In the inner domains of CIZ, D; regional folds are cut by the imbricated basal thrusts
of parautochthon (e.g. N of Mardo; Pereira, 1987; 1989).
(3) The emplacement of the parautochthon in northern Portugal is subparallel to the
trend of major D; folds and coeval sinistral strike slip shear zones (Pereira, 1987; 1989;
Ribeiro et al., 1990; Rodrigues et al., 2005; Rodrigues, 2008; Rodrigues et al., 2013). This
indicates an already well structured autochthon where major anisotropies were
reactivated has lateral ramps of the nappes. Such model is common in other orogenic
domains, as in the Appalaches (Pohn, 2000) or the Greenville of Canada (Dufréchou, et
al., 2014).
(4) The stable platform environment that predominate in the CIZ since the Early
Cambrian change by the end of Lower Devonian (Martinez Catalan et al., 2008; Ballevre
et al., 2014; Martinez Catalan et al., 2014). The absence of Middle Devonian in northern
Portugal is probably related to the beginning of the Variscan deformation in the CIZ
autochthon (Pereira, 1988).
The beginning of a pervasive and intense deformation in the innermost sectors of ClZ, at
least since the Middle / Upper Devonian, is also coherent with Iberian geodynamics. In the
OMZ, the stratigraphic, metamorphic and magmatic data shows that the beginning of

subduction, and consequently the first deformation episode, had Lower Devonian age. Indeed
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in Odivelas (southernmost domains of OMZ) the Emsian-Eifelian limestones, which are
spatially associated with volcanic rocks with tholeiitic orogenic signature, show evidences of
syn-sedimentary deformation (Machado et al., 2009; 2010; Moreira et al., 2010b; Silva et al.,
2011). Also in the OMZ the Lower Devonian Terena formation, in which the D; is absent, shows
evidences of syn-sedimentary deformation (e.g. Oliveira et al., 1991; Araljo et al., 2013).
Geochronological data (Pereira et al., 2012; Braid et al., 2011; Rodrigues et al., 2014) also show
clusters of inherited zircons around Lower-Middle Devonian, which seems to indicate that the
orogenic magmatic processes was active during lower Devonian (e.g. Moreira et al., 2014). The
first deformation events in northern and central domains of OMZ are associated with a
sinistral kinematic component (e.g. Expésito et al., 2002; Araudjo et al., 2013). In the TBCSZ,
where a pervasive sinistral kinematics is described (e.g. Abalos, 1992; Quesada and Dallmeyer,
1994), Upper Devonian metamorphic ages were obtained in Neoproterozoic volcanic rocks
(370 and 360 Ma by *°Ar/3°Ar in amphibole; Quesada and Dallmeyer, 1994).

Thus, the lberian Variscides is the result of a Lower Devonian - Upper Carboniferous
complex evolution like its northeast extension and not an essentially Late Carboniferous

collision as recently proposed (e.g. Schulmann et al., 2014).

I1X.2.3.3. The Regional CIZ Folding

Most of the regional folds of the CIZ autochthon have been traditionally attributed to the
main D; Variscan shortening (Fig. 6A). However, recently a drastically different proposal was
presented (Martinez Catalan, 2011a; 2011b; 2011c; Martinez Catalan et al., 2014), where most
of these folds are now considered to related to the D; event (Fig. 6B). This new definition of
the folding events in CIZ is one of the main arguments favouring the existence of the CIA. The
age of these CIZ folds is thus a key issue.

All the recent syntheses of the Iberian Geology, either from the Spanish groups (Abalos et
al., 2002; Martinez Poyatos et al., 2004) or from the Portuguese ones (Dias et al., 2013b;
Romdo et al., 2013) consider that these regional folds were formed during the early D;
Variscan phase. A similar conclusion is obtained comparing the great number of works
supporting their formation during D1, with the scarcity of papers considering they are D3 (Table
1).

In order to discriminate between both models (i.e. Fig. 6A versus Fig. 6B) three situations
will be discussed (see location in Fig. 6B): the Mardao complex folded structure in the vicinity of
the allochthon / parautochthon of northern Portugal, the Améndoa - Carvoeiro syncline close
to the intersection between the first order PTFA and TBC shear zones and the Mora -

Madridejos region south of Toledo.
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Figure 6 — Central-Iberian Zone major folds according to their Variscan tectonic event:
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A — Classical interpretation (based in Diez Balda et al., 1990; Ribeiro et al., 1990; Abalos et al.,
2002; Martinez Poyatos et al., 2004; Dias et al., 2013b; Rom3ao et al., 2013). See table | for the
association between the numbers inside the circles and the structures;

B — Recent interpretation emphasizing the Central-lberian Arc (based in Martinez Catalan 2011a;

2011b; Martinez Catalan et al., 2014), with locations of figures 7, 8 and 9.



Table | — Relation between main CIZ Variscan folds and regional tectonic events according to different

authors.
Ref. | structure D D3
Améndoa-Carvoeiro Martinez Catalan, 2011a; 2011b; 2011c; ~ . ~
1 syncline Martinez Catalédn et al., 2014 HCIETR AL LI DCe el
2 Vila Velha de Rédado Ribeiro et al., 1990; Dias, 1994; Metodiev Martinez Catalan, 2011a; 2011b; 2011c;
syncline et al., 2009; Romao et al., 2013 Martinez Catalan et al., 2014
. Ribeiro et al., 1990; Dias and Ribeiro, 1993; |\ ;o) ¢ora1an, 2011a; 2011b; 2011c,
3 Bugaco syncline Dias, 1994; Dias et al., 2013b; Rom3o et al., , .
Martinez Catalan et al., 2014
2013
. Ribeiro et al., 1990; Dias, 1994; Dias and Martinez Catalan, 2011a; 2011b; 2011c;
4 Caramulo syncline Ribeiro, 1995a; Dias et al., 2013b; Romao et , .
Martinez Catalan et al., 2014
al., 2013
5 Oliveira de'Azemels Ribeiro et al,, 1990; Dias et al,, 2013b Martinez C’atalan, 20’11a; 2011b; 2011c;
syncline Martinez Catalan et al., 2014
Ribeiro et al., 1990; Pereira and Ribeiro, Martinez Catalan, 2011a; 2011b; 2011;
" 1992; Dias, 1994; Dias and Ribeiro, 1998; ., .
6 Valongo anticline . . Martinez Catalan et al., 2014; Valle
Dias et al., 2013b; Pamplona and Ribeiro,
Aguado, 1992
2013
N Ribeiro et al., 1990; Dias, 1994; Coke, 2000; | /. i, catalan, 2011a; 2011b; 2011c;
7 Marao anticline Coke et al., 2003; Rodrigues et al., 2005; Martinez Catalan et al.. 2014
Moreira et al., 2010a; Dias et al., 2013b v
Diez Balda et al,, 1990; Ribeiro et al,, 1990; |\ o) cotaian, 2011a; 2011b; 2011¢;
Moncorvo and Dias and Ribeiro, 1991; Dias, 1994; Dias et . . .
8 X X . Martinez Catalan et al., 2014; Dias da
Poiares synclines al., 2003; 2013b; Rodrigues et al., 2005; Silva, 2013
Moreira et al., 2010a !
Diez Balda, 1986; Diez Balda et al., 1990;
9 Martinamor Martinez Poyatos et al., 2004
anticline Martinez Catalan, 2011a; 2011b; 2011c;
Martinez Catalan et al., 2014
Diez Balda, 1986; R6lz, 1975; Diez Balda et
al., 1990; Abalos et al., 2002; Martinez
10 Tamames and Poyatos et al., 2004
| li
salamanca synclines |- tinez Catalan, 2011a; 2011b; 2011¢;
Martinez Catalan et al., 2014
Pefia de Francia G, 1,975; R TR Dlez/BaIda et Martinez Catalan, 2011a; 2011b; 2011c;
11 . 1990; Abalos et al., 2002; Martinez Poyatos , .
syncline Martinez Catalan et al., 2014
et al., 2004
12 Céceres syncline Tena, 1980; Diez Balda et al., 1990; Abalos Martinez Catalan, 2011a; 2011b; 2011c;
Y et al., 2002; Martinez Poyatos et al., 2004 Martinez Catalan et al., 2014
Sierra de S. Pedro Bascones et al., 1980; Diez Balda et al.,
13 s ncliéwe 1990; Abalos et al., 2002; Martinez Poyatos
Y et al., 2004
) , Diez Balda et al,, 1990; Gil Tojaand Pardo |\ i) otaisn, 2011a; 2011b; 2011c;
14 Cafiaveral syncline Alonso, 1991; Abalos et al., 2002; Martinez , .
Martinez Catalan et al., 2014
Poyatos et al., 2004
15 Valdelacasa anticline Diez Balda et al., 1990; Abalos et al., 2002; Martinez Catalan, 2011a; 2011b; 2011c;
Martinez Poyatos et al., 2004 Martinez Catalan et al., 2014
. . , Martinez Catalan, 2011a; 2011b; 2011c;
16 Navalucillos syncline Martinez Poyatos et al., 2004 Martinez Catalan et al., 2014
Dias Balda et al., 1992; Martinez Catalan,
17 Mora anticline 2011a; 2011b; 2011c; Martinez Catalan et
al., 2014
18 Urda dome Diez Balda et al., 1990
19 Navaloifio anticline Diez Balda et al., 1990; Abalos et al., 2002; Martinez Catalan, 2011a; 2011b; 2011c;
P Martinez Poyatos et al., 2004 Martinez Catalan et al., 2014
Puebla de D. Rodrigo , Martinez Catalan, 2011a; 2011b; 2011c;
2 b . .
0 syncline e ey e Gl ADIS Martinez Catalan et al., 2014
Diez Balda et al., 1990; Abalos et al., 2002;
21 Herrera del Duque Martinez Poyatos et al., 2004;
syncline Martinez Catalan, 2011a; 2011b; 2011c;
Martinez Catalan et al., 2014
22 Almadén svncline Diez Balda et al., 1990; Abalos et al., 2002; Martinez Catalan, 2011a; 2011b; 2011c;
¥ Martinez Poyatos et al., 2004 Martinez Catalan et al., 2014
. . Diez Balda et al., 1990; Abalos et al., 2002; Martinez Catalan, 2011a; 2011b; 2011c;
23 Alcudia anticline

Martinez Poyatos et al., 2004

Martinez Catalan et al., 2014
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(1) In the region around Mardo the regional Variscan fold pattern in the autochthon is
well expressed in the Armorican quartzites formation. These folds have always been
considered as D; (Pereira and Ribeiro, 1983; Ribeiro et al., 1990; Pereira et al., 1993;
Coke et al., 2000; 2003; Rodrigues et al., 2005). Such conclusion is well supported
because some of the folds are truncated by the basal thrusts of the NW Iberia
parautochthon (Fig. 7; Pereira 1987; 1989), related with the nappe emplaced during the
regional Variscan D, (Pereira 1987; Ribeiro et al., 1990; 2007). These D, thrusts were
locally folded during the Ds shortening, a less intense and not pervasive deformation
event (Pereira 1987; 1989). Nevertheless this clear cartographic interference pattern,
the major D; Mardo folds have been recently considered (Martinez Catalan, 2011a;

2011b; 2011c; Martinez Catalan et al., 2014) due to the regional Ds; Variscan event (Fig.

7B), although they did not present any arguments to support this new interpretation.
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Figure 7 — General structural map northern of Mardo Mountain showing the interference between D:

and Ds folds with D2 thrusts (adapted from Pereira, 1989).
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(2) In the models supporting the CIA, the E-W Améndoa-Carvoeiro syncline (Fig. 8) has
been considered (Martinez Catalan 2011a; 2011b; Martinez Catalan et al., 2014) a D,
structure deformed during Ds by regional folds and the movement of the PTFASZ (Fig.

7B). Nevertheless, these authors never present any justification for such assumption.



Moreover, previous studies (Romao, 2000; Rom3ao et al., 2013; Fig. 8A), show a complex
cartographic pattern due to the overprint of, at least three major tectonic events:
19 NW-SE D; folds and thrusts with a NE facing (Fig. 8A);
29, NNW-SSE D, folds and thrusts with a ENE facing (Fig. 8A) and clear interference
patterns with D; structures (Fig. 8B);
39, E-W Ds folds and coeval thrusts, facing towards N (Fig. 8A). The interference with
previous D; and D, structures (Fig. 8C) shows that the major Améndoa syncline
must be considered a Ds structure and not D;.
It should be emphasized that this local D; tectonic event expressed in the Améndoa -

Carvoeiro syncline, could be related to the Late Variscan deformation.
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Figure 8 — The Améndoa - Carvoeiro syncline structure:
A — General structural map (adapted from Romao, 2000);
B — D1 syncline folded by D2 structures at Monte de Jodo Dias, W of Magdo city (adapted from
Romdo, 2000);
C — D2 structures folded by younger E-W Ds folds at Sanguinheira sector, W of Envendos village

(adapted from Romao, 2000).
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(3) The Mora - Madridejos region is very important because it is close to the hinge zone
of the supposed CIA. Detailed mapping has recently been presented trying to emphasize
the regional development of D3 folds in this sector (Fig. 9A; Martinez Catalan, 2011c).
Nevertheless, the observed rotation of the D; folds from the regional NW-SE trend to
the local N-S was already known (Diez Balda et al., 1990; Diez Balda and Vegas, 1992;
Julivert and Martinez, 1983; Julivert et al., 1983) and its meaning is debatable. According
to Martinez Catalan (2011c) it is the result of the intense Ds folding related to the CIA
(Figs. 6B, 9C). However, when considering the proximity to the D3 Herrera del Duque
shear zone (Fig. 9C; Martinez Poyatos et al., 2004) such rotation could reflect the

presence of another WNW-ESE Ds sinistral shear zone (Fig. 9D).
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Figure 9 — Variscan structural map of Toledo - Ciudad Real region:

A — Rotation of main D1 structures at Mora - Madridejos sector (simplified from Martinez

Catalan, 2011c);

B — Geological map, emphasizing the general pattern of D1 major folds (based on Julivert et al.,
1983; Dias Balda et al., 1992; Rodriguez-Fernandez, 2004);

C — Mora - Madridejos D1 structures in the framework of the CIA (redrawn from Martinez

Catalan, 2011c);
D — Deflection of D1 folds in Herrera del Duque and Mora sectors induced by Ds WNW-ESE

sinistral shear zones.
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It is not easy to choose between both models because the deformation occurred at a low
structural level without a pervasive cleavage and thus, the interference structures are rare.
Moreover, whatever the proposals, the Cenozoic sediments of the Tagus basin hide the
northern continuation of the N-S Mora structures (Fig. 9A). Thus, the deflection of the Variscan
structures in the Mora - Madridejos region could not be used to support the existence of a
pervasive regional Ds folding (Fig 6B). Nevertheless, we favour the existence of a discrete Ds
sinistral shear zone, not only due to the vicinity of the Herrera de Duque one, but also due to
the proximity to the major TBCSZ (Fig. 1).

As a major conclusion, we consider that the structural data show that the only pervasive
Variscan tectonic event at the CIZ is Di1. D, and D3 have an heterogeneous spatial distribution
and are mostly important in the northern sectors (Julivert et al., 1972: Diez Balda et al., 1990;
Ribeiro et al., 1990; 2007; Abalos et al., 2002; Martinez Poyatos et al., 2004; Rodrigues et al.,
2005; 2013; Ribeiro et al., 2013).

I1X.2.3.4. Lithostratigraphic constraints in Pre-Orogenic Sequences
The lithostratigraphic Palaeozoic data are fundamental when trying to reconstruct the

original shape of the proposed CIA where the continuity of the outcrops is often hidden by the
overlap of younger sediments. This is particularly important in the "long-version" of the arc
(Fig. 3B) where the southern domain of the CIZ (i.e. the Luso-Alcudian Zone of Lotze, 1945) is
considered the lateral equivalent of the WALZ (Shaw et al., 2012a; 2012b; 2014; Johnston et
al., 2013; Weil et al., 2013). Thus, 2 critical review of the lithostratigraphy around the Iberian
oroclines is thus fundamental to check the strength of previous proposals:

- To explain the different transition between the Lower Ordovician and older sequences

in the WALZ (where there is stratigraphic continuity) and in CIZ (where a clear

unconformity is pervasive), a possible "topographic high that was more proximal to the

southern portion of the Gondwana margin" was suggested (Shaw et al., 2012a), but no

evidence of it has been presented.

- The correlation between (Shaw et al., 2012a) the Lower Ordovician Ollo the Sapo

volcanism (close to the boundary between CIZ and WALZ) and the Urra formation (in the

vicinity between CIZ and OMZ) cannot be sustained. Indeed, in the proposed pattern of

the CIA, the lateral equivalent of Ollo de Sapo must be in the central domains of CIZ (Fig.

3B).

- The S-pattern of paired CA and CIA oroclines is not compatible with the presence of the

larger IAA. Indeed the continuity of the southern CIZ and OMZ in the French Armorican

massif should imply a refolding of the Iberian oroclines (Shaw et al., 2012a). Any model

315



constraining the continuity between the Iberian and Armorican branches of the IAA is
difficult to accept due, not only to the strong correlation not only between the
autochthonous formations of CIZ (e.g. the Lower Ordovician from Crozon in West
Brittany and Bucaco in central Portugal; Robardet, 2002), but also between the
allochthonous units exposed in the NW Iberian Massif and the southern Armorican
Massif (Ballevre et al., 2014).

Previous correlations of paired CA and CIA oroclines are unable to propose any southward
lateral correlation to the CZ, because OMZ or SPZ could not be considered its lateral
equivalents (Shaw et al., 2012a; Fig. 3). Several possibilities have been proposed to explain this
major constraint: the vanishing of CZ along the strike (Shaw et al., 2015), the possibility of OMZ
and SPZ representing cryptic nappes not preserved in the core of the CA (Shaw et al., 2012a)
or an important offset along the TBCSZ (Shaw et al., 2012a). However, these proposals are
never supported by observed data.

As a major conclusion, the existence of the CIA puts major lithostratigraphic constrains,

which are difficult to solve.

IX.2.3.5. Lower Ordovician Paleocurrents

The Lower Ordovician paleocurrents in the CZ were considered as a western deposition in
a N-S linear basin subsequently folded during the formation of the CA (Aramburu and Garcia-
Ramos, 1993). Paleocurrent studies in Lower Ordovician rocks have recently extended to most
of the NW Iberian autochthon. Although several papers have been published (Johnston et al.,
2013; Shaw et al., 2012a; 2012b; 2014; Weil et al., 2013) they all use the same data set
concerning 50 localities from CZ, WALZ and CIZ. All these works considered the data
compatible with a model of a long N-S linear basin (> 1500 km or even > 2300 km) filled from E.
This basin was folded by a Carboniferous-Permian N-S shortening giving rise to two major
oroclines (e.g. Johnston et al., 2013; Weil et al., 2013): the CA, preserving a centrifugal pattern
of the Lower Ordovician paleocurrents, and the CIA with a centripetal pattern (Fig. 10A).
However, the visual inspection of the published Rose diagrams of the paleocurrents, shows a
great dispersion of the data in both branches of the CIA (sectors C and D in Fig. 10A). This led
us to rework the same data (available at Shaw et al., 2012a, doi:10.1016/].epsl.2012.02.014),
using a slightly different approach. When the trend of the arc limbs (sectors A, B, C and D of
Fig. 11A) is projected against the expected paleocurrents (i.e. orthogonal to the trend), several
linear segments are expected, one for each limb (dashed lines in Fig. 10B). When in this graphic
the principal paleocurrents for each locality are projected, their dispersion around the

theoretical dashed linear segments is a measure of the strength of the proposed model.
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Figure 10 — The Lower Ordovician paleocurrents pattern around the Iberian oroclines:
A — Theoretical relation between paleocurrents and Variscan trend assuming an early N-S basin
filled from E;
B — Predicted paleocurrent azimuths versus observed values (the numbers refer to sample
localities as in Shaw et al., 2012);
C — Divergence between the predicted and observed paleocurrents (the numbers refer to sample

localities as in Shaw et al., 2012).

The results (Fig. 10B and C) show that the paleocurrents around the Cantabrian orocline
are compatible with a secondary origin for the arc. Indeed, there is a good linear correlation
between the data and the theoretical predictions, either for the northern limb (sector A in fig.
10B) or the southern limb (sector B in fig. 10B). However, such behaviour is not found in the
CIA data. Indeed, the great dispersion of the paleocurrents (sectors C and D in fig. 10B) seems
to indicate that they could not be the result of uniform sedimentation in a N-S basin filled from
East. The same conclusion was obtained when the regional structural trend is projected

against the angular deflection (&) away from the perpendicularity to the strike of the bedding
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where the paleocurrent has been measured (Fig. 10C). While in both limbs of the CA the
deflection is lower than 309, in the CIA the deflection is much higher.

Some early paleocurrent studies in Lower Ordovician Quartzites of the Portuguese
southern sectors of CIZ (Conde, 1966) are also not compatible with the CIA. Indeed, although
located in the southern limb (sector D of Fig. 10A) they emphasize paleocurrents towards NW
instead of NE.

In conclusion, although the Lower Ordovician paleocurrents support the existence of the
Cantabrian orocline, they cannot be used to sustain the Central Iberian one as previously
considered by several authors (Johnston et al., 2013; Shaw et al., 2012; 2013; 2014; Weil et al.,
2013).

IX.2.3.6. Variscan Paleomagnetism in lberia

Paleomagnetism has always been considered fundamental to understand the Iberian
Variscan arcs (Ries et al., 1980; Bonhommet et al., 1981; Perroud and Bonhommet, 1981; Hirt
et al., 1992). These early data demonstrate that, at least some of the CA curvature is secondary
due to the Variscan deformation. Recent works show the weakness of this conclusion, not only
because it was based on very few data, but mostly due to the inability of the used
methodology to differentiate between secondary syn-tectonic and post-tectonic
remagnetizations (Weil et al., 2013). Such limitations have been overcome in more recent
studies, mostly concentrated on the CA (see Weil et al., 2013 for a detailed resume), which
show:

- The oroclinal occurred after the regional orogenic folding / thrusting has been nearly
completed;

- Undoing the orocline leads to a nearly straight original belt with a N-S trend;

- The bending occurred primarily about near-vertical axes, without much further tilting
of the already folded thrust sheets;

- The orocline formed between the Late Carboniferous and the Early Permian
(Moscovian to Asselian, i.e. around 310-297 Ma; Weil, 2006).

Although there is some consensus in previous statements, it is still debatable how far the
orocline rotation perpetuates downward (Van der Voo, 2004). Moreover, several models
assume that it seems dynamically impossible for the Cantabrian orocline to be a thin-skinned
crustal structure, due to space problems related to a 1802 bent of a previous linear belt (Weil
et al., 2013). However, it is even harder to understand how this difficulty is solved by the

bending of all the lithosphere as proposed by these models.
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The CIA paleomagnetic data are much scarcer. However, recent data from the supposed
southern limb of this orocline (Pastor-Galan et al., 2015), show that the rotation during the
Late Carboniferous - Early Permian is comparable to the one estimated in the southern limb of
the CA. This indicates that, either this arc did not exist, or it must be older than the CA, being

an inherited major structure (Pastor Galan et al., 2015).

IX.2.4. Iberian Arcs; reviewing the Models
The complexity of the first order arcuate Variscan structures in Iberia, gave rise to a wide
range of interpretative models.. A brief critical review of the geodynamical mechanisms that

have been used to explain the Iberian arc(s), helps to narrow the range of possibilities.

IX.2.4.1. How many Arcs?
When discussing the mechanisms that have induced the formation of the first order
arcuate structures in Iberia, it is fundamental to identify how many Variscan Arcs could be

recognized in Iberia.

IX.2.4.1.1. Cantabrian Arc

The CA, sometimes called Asturian Arc (Pérez-Estaun and Bastida, 1990; Aramburu and
Garcia-Ramos, 1993; Abalos et al., 2002), is the only unquestionable Variscan Arc in lberia.
Indeed, due to the almost continuous outcrops of CZ, it is possible to follow an almost 1802
trend rotation of the Variscan structures. Moreover, the existence of this arc is well supported
by several other data, (discuss in detail in Alonso et al., 2007; Weil et al., 2013) like the
centripetal trend of Lower Palaeozoic sediments (Aramburu and Garcia-Ramos, 1993) and
coeval paleocurrents (Shaw et al., 2012; Fig. 10), the spatial and temporal pattern of tensile
joints in rock units with different ages (Pastor-Galan et al., 2011) or paleomagnetic studies
(Weil, 2006; Weil et al., 2013). The CA mostly overlaps the region where the Variscan
structures are related to a stretching lineation subparallel to the a kinematical axis (Matte &

Ribeiro, 1975; Ries and Shackleton, 1976).

1X.2.4.1.2. Central-lberian Arc
Although since 2010 this orocline became very popular (Johnston, et al., 2013; Martinez
Catalan, 2011a; 2001b; 2011c; Martinez Catalan et al., 2014; Shaw et al., 2012a; 2012b; 2014;
2015) its existence is highly doubtful:
- There is no continuity of the main structures from one branch to the other, because

the supposed hinge zone is hidden below Cenozoic basins (Fig. 3).
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- The supposed arcuate pattern of the geophysical anomalies is not clear. It often differs
from study to study (e.g. Ardizone, 1989 versus Alvarez Garcia, 2002). It is are almost
impossible to ascribe such anomalies to an unquestionable Variscan age and, in some
cases, they are clearly related, either to Alpine events (like in the vicinity of Béticas
Chain), or inherited Cadomian basement structures.
- The new pattern of the D; and D3 Variscan folding events (Fig. 6B; e.g. Martinez
Catalan, 2011a) are in clearly contradicts most of the published structural studies and
the new interpretation is not supported by new structural studies.
- The supposed centripetal trend of the Lower Ordovician paleocurrents around the
orocline (e.g. Shaw et al., 2012) results from a very crude interpretation of the data set
(Fig. 10).
- The proposed correlation between the WALZ and the southern domains of the CIZ
(Shaw et al., 2012) is not supported by lithostratigraphic data (see compilations
concerning WALZ in Pérez-Estaun et al., 1990; Marcos et al., 2004 and for the CIZ in
Gutiérrez Marco et al., 1990; San Joséet al., 1990; Diez Montes et al., 2004; Rodriguez
Alonso et al., 2004; Romdo et al., 2013 and Fig. 1). Thus, this correlation implies (Shaw et
al., 2012) along strike variation (not observed because it is hidden below the Cenozoic
Douro and Tejo basins) in order to accomplish the differences between the supposed
northern limb of the Arc (in the WALZ) and the southern limb (in the southern domains
of the CIZ). Moreover, the lithostratigraphy of the CIZ southern domains (e.g. Romao et
al., 2013) is very similar to the one found in the northern ones (e.g. Dias et al., 2013b),
mainly concerning the post-Cambrian metasediments, which suggests a common basin.
- Recent paleomagnetic data (Pastor-Galan et al., 2015) discard a major bend at the CIA.
Thus, the geological arguments supporting the CIA are highly questionable and this

proposal should be abandoned.

1X.2.4.1.3. Ibero-Armorican Arc

The continuity between the northern Armorican and the southern Iberian branches of the
IAA cannot be followed due to the Atlantic and Biscay Mesozoic oceanic rifting. Nevertheless,
there is a strong similarity between the geological formations found in both sectors, not only
of the autochthon but also of the allochthonous units (Ballevre et al., 2013). This led to a

strong consensus concerning the IAA.
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1X.2.4.2. Previews Models

The complexity of the Variscan arcs in Iberia, gave rise to a wide range of models. A major
constraint results because some models explain such arcs using a plate tectonic framework
with only one ocean (the Rheic), while others also considered a second minor ocean related to
the southern Brittany suture (the Paleotethys of Stampfli and Borel, 2002, also called Galicia-
Massif Central Ocean by Matte, 2002; Ballévre et al., 2009). A brief critical review of these
models helps to narrow the range of possible mechanisms. In this approach, previous models

have been grouped using a simplification of Macedo and Marshak classification (1999).

1X.2.4.2.1. Arcs due to Margin Irregularities

Even before the establishment of plate tectonics, Dana (1886) proposed that the arcuate
shape of some mountain belts was due to their wrapping around nonlinear margins of a pre-
existing craton. Since then, several works recognize that the heterogeneous compressive
stress induced by the collision with an irregular continental margin should produce wavy fold-
thrust belts (Marshak, 1988). Such arcuations could be either margin-controlled curves or
indenter-controlled curves (Macedo and Marshak, 1999). In the first situation, the thrusting is
related to an originally nonlinear continental margin, while in the second case the arc forms
because at the lateral edge of the indentor the deforming rock layer is subject to a shear
couple, whereas at the front of the indentor the deforming rock layer is subject to a normal
stress in plan (Marshak, 1988). Both solutions have been used since the early attempts to
explain the IAA formation (Fig. 11).

Using mostly paleomagnetic, paleontological, sedimentary and magmatic data Lorenz
(1976) and Lorenz and Nichols (1984) consider a paleogeographic realm for Lower
Carboniferous times (Fig. 11A;) with a small and very elongated Southern Europe continental
plate between two large ones: the northern North America - Europe and the southern Africa.
The minor plate was limited by two oceans: the northern Mid - European (Buret, 1972) or
Rheic Ocean (Mckerrow and Ziegler, 1972) and the southern Paleotethys (Stampfli, 1996). The
metamorphic and magmatic processes induced by the two centripetal subduction in the
overriding Southern Europe Plate (Fig. 11A;) have weakened this continental plate due to
widespread partial melting in the lower and middle crust (Lorenz and Nichols, 1984). Thus,
when in the Visean to Westephalian times, Southern Europe collided with both large
neighbouring North America-Europe and Africa plates the irregular continental margins of the
larger and thicker major continental plates induced oroclinal bending of Variscan Europe (Fig.
11As). Such process gave rise to the IAA induced by the northern Brabant-Newfoundland

embayment, due to clockwise rotation of the Armorican sub-plate (western France) and
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anticlockwise rotation of Iberian sub-plate, explaining the sinistral shears in lberia and the

dextral ones in Brittany. However, a major objection to such model, emphasizes the

diachronism behaviour of the shear zones in both limbs of the IAA (Audren et al., 1976), which

are Devonian in Iberia and Carboniferous in Brittany (Dias and Ribeiro, 1995b). Another main

problem concerns the proposed location of Iberia in Southern Europe minor plate (Fig. 11As),

when most recent reconstructions show its close affinity to the major Gondwana (e.g. Ribeiro

et al., 2007).
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Figure 11 — Proposed models for the IAA formation in relation to major irregularities of continental

margins:

A — Internal plastic distortion of the Southern Europe plate by the adjustment to irregular

continental margins of large neighbouring plates (adapted from Lorenz and Nicholls, 1984);

B — Indentation related to one tectonic event (adapted from Matte and Ribeiro, 1982; Matte,

1991);

C — Indentation during two tectonic events (adapted from Dias and Ribeiro, 1995a).
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An alternative approach considers the IAA the result of a wrapped Southern Europe
microplate around a rigid indentor of northern margin of a major Africa plate. Using the
opposed kinematics of the NW-SE sinistral shear zones in Iberia and the E-W dextral ones in
Brittany, coupled with the Variscan finite strain pattern (orthogonal to the main structures in
the core of the arc, and longitudinal in the more external domains) the IAA was explained
(Matte and Ribeiro, 1975) as the result of an indentation process giving rise to a thin skinned
arc with centripetal vergences (Fig. 11B). Although in this model the arc is essentially the result
of a tectonic process, it was suggested that the deformed Palaeozoic basins and their boundary
basement faults could have some initial curvature. This early indentation model also did not
take into account the diachronism between shearing events in northern and southern
branches of the arc (Audren et al., 1976). Nevertheless, similar models were often used in later
works where the arcuation was due, either to the impingement of a promontory of the African
continent (Matte and Burg, 1981; Matte, 1991) or to the more rigid behaviour of the West
African Precambrian craton (Lefort, 1989; Lefort and Van der Voo, 1981).

In order to account for the age disparity between the Iberia and Armorican shears, a two
stage indentation model was presented (Dias and Ribeiro, 1995b; Ribeiro et al., 1995). During
Upper Devonian (Fig. 11C;) the northward displacement of the Gondwana indentor produced
NW-SE sinistral transpression in Iberia and almost orthogonal collision farther north, either
towards NNW (Lizard obduction in southwest Britain) or SE (Bretonic phase in the Armorican
Massif). The collision of Iberia with the irregular southern margin of Laurentia/Baltica induced
an anticlockwise rotation of Iberia during Late Carboniferous tightening the arc. This led to a
change in the deformation regime in the IAA; in the northern branch dextral strike-slip shear
zones were predominant, while in Iberia thrusts overprinted previous structures (Fig. 11C,).
This model not only explains the differences in the structural behaviour between both
branches during Devonian / Carboniferous times, but also the younger origin of the CA.
Moreover, it is still consistent with the recent data concerning the southern Pulo do Lobo
domain (located in the boundary between Ossa-Morena and South Portuguese Zones), which
indicates it was a Southern Uplands terrane displaced along a major sinistral shear zone in
Early to Middle Devonian times due to the indentation of the Iberian promontory in the British
Caledonides (Braid et al., 2011).

It has recently been it was proposed that the Cantabrian orocline was due to the
westward drift of the Pyrenees between a major dextral E-W northern fault and the left-lateral
shear system of inner Iberia during Late Carboniferous (Sengor, 2013). As in the early
indentation models (Matte and Ribeiro, 1975) this also presents the major problem of

diachronism between the NW-SE sinistral shears and the dextral E-W ones.
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1X.2.4.2.2. Arcs controlled by Major Strike-Slip Shear Zones

Several models consider the formation of Iberian Variscan arcs mostly the result of the
movement along major strike-slip shear zones. Slip on wrench faults could induce pronounced
curvature of fold-thrust belt (Marshak, 1988; Macedo and Marshak, 1999), as the Cenozoic
South Island orocline in New Zealand (Sutherland, 1999; Hall et al., 2004). Such process could
result, either from a younger fault overprinting a previous belt, or from the fact that the
movement on the fault and the growing belt are contemporaneous (Marshak, 2004).

One of the first proposals (Ries and Shackleton, 1976) considered the IAA a secondary arc
due to a counter-clockwise rotation of Iberia relative to Brittany, with the amount of rotation
around the arc increasing southwards in direction to a supposed transform fault (Fig. 12A).
Such simple mechanism, in spite of explaining the arcuate shape and the finite strain contrast
between the inner and the external domains of the arc (Fig. 5A), is unable to explain the main
regional sinistral shear of northern CIZ (Fig. 5B). Moreover, it only considered one tectonic

event, which is incapable of explaining the variability of deformation observed in both

branches of the IAA.
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Shackleton, 1976);
B — The predominance of the Badajoz-Cordoba shear zone (adapted from Brun and Burg, 1982;
Burg et al., 1987);

C — The major role of E-W major shears (adapted from Martinez Catalan, 2011c).
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Later models mostly explore the role of major TBCSZ and PTFASZ Iberian shear zones (Fig.
1). One of the early approaches (Brun and Burg, 1982; Burg et al., 1987) considers a long-
lasting interaction between the TBCSZ and an E-W southwards dipping intra-oceanic
subduction zone, related to the emplacement of the Limousin ophiolites. During oceanic
subduction the TBCSZ behaves has a sinistral transform fault (Fig. 12B1). With the collision of
the two continents In Lower Devonian, the deformation becomes intra-continental increasing
the interaction transform fault / continental subduction. As the subduction of the continental
crust is limited, a so-called "corner effect" was produced at the intersection of the transcurrent
shear zone and the thrust zone (Fig. 12B,). During Carboniferous collision, the intra-continental
deformation increases the previous incipient curvature (Fig. 12Bs). This tightening of the arc is
coeval of the foreland thrusting on its core and of the important dextral and sinistral shearing
on the outer Armorican and Iberian domains. This model has the main advantage of
considering two main stages with different kinematics for the Devonian and Carboniferous
deformation. Nevertheless, the correlation between the different tectonostratigraphic zones
of the southern and northern limbs of the arcs is difficult to explain.

A different proposal relates the formation of the IAA with a 4000-5000 km dextral
displacement of Laurentia around northern Gondwana during closure of the Rheic and the
formation of Pangaea (Shelley and Bossieére, 2000; 2002). The arc was formed, either by
wrapping the mobile dextral transpressive shear belt around a rigid Iberian basement block
(Shelley and Bossiere, 2000), or counter clockwise rotation of the south-western part of Iberia
around a possible extensional bend of the major dextral shears (Shelley and Bossiére, 2002).
Whatever the options, they do not exclude some indentation of an Iberian promontory
synchronous of the major dextral transpressive shearing. Such idea is questionable, because
oblique indentation originates asymmetric arcs (Marshak, 2004), which is not the case. Even if
one does not question the existence of the proposed huge shear for the Variscan Fold Belt
origin (a highly debatable topic; e.g. Stampfli and Borel, 2002), some assumptions are difficult
to accept. One is the proposal that the sinistral faults of Iberia (e.g. the TBCSZ) are bookshelf-
type related to the dextral shearing along the PTFASZ, considered the most important shear
zone of Iberian Variscides, because it does not explain the pervasive D; sinistral kinematics in
northern sectors of the CIZ. As they assume some part of the arcuation is primary, the degree
of bending of the arc should be much less than the estimated using recent paleomagnetic data
(section 3.4; Weil et al., 2013).

A recent model (Martinez Catalan, 2011c; Martinez Catalan et al., 2014) also relates the
formation of the Iberian arcs with major E-W dextral shearing but only during Middle to Upper

Carboniferous (Fig. 12C). This approach does not only explain the formation of the arcuate
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geometry and the correlation between the different variscan domains, but also the
paleomagnetic behaviour established in the CA (Weil et al., 2013). The deformation starts with
the emplacement of the allochthonous nappes oblique to the zones in the autochthon (Fig.
12C;) giving rise to the thickening of the northern Gondwana continental margin. The tectonic
setting changes with the onset of two major E-W right-lateral strike-slip faults with a stair-case
geometry (Fig. 12C;). The evolution of the previous pattern gave rise to the bending of the
wrench system in the sector where the major shears overlap, creating a restraining bend
forming the CIA as a fault-bend or a fault-propagation fold. Subsequent movement along
dextral major shears induced domino-style antithetic structures (Fig. 12C3), explaining the last
motion along the TBCSZ. Such event was superposed on the pre-existing CIA and is older than
the PTFASZ. Finally, the tightening of the IAA (Fig. 12C,4), occurred due to the counter clockwise
ductile rotation of the bounding shear zones to the west (TBCSZ) and to the east (Moldanubian
thrusts), perhaps because their orientation was no longer able to allow the gliding of the
blocks. The formation of the Bohemian and Massif Central arcs was produced during this last
intra-continental deformation. The major problems with the previous model is, not only the
existence of the highly dubious CIA, but also the assumption that all the Variscan deformation

in Iberia has a Middle to Upper Carboniferous age.

1X.2.4.2.3. Arcs Related to Lithospheric Delamination

A different approach was recently proposed mostly based on the location of the CA in the
core of Pangaea supercontinent precisely, on the western tip of Paleotethys (Fig. 13A;). If the
first proposals only considered the CA (Gutiérrez-Alonso et al., 2004; 2008; Fig. 13A;), soon
these models evolved to include also the CIA with a "S" general pattern for the paired
oroclines (Gutiérrez-Alonso et al., 2011; 2012; Johnston et al., 2013; Weil et al., 2013; Fig.
13A;).

In spite of some variations, these models have always considered two tectonic events (Fig.
13B). During Carboniferous the closure of Rheic Ocean between Gondwana and Laurussia, due
to an E-W shortening (in present-day coordinates), produces a N-S linear orogen facing East
(Fig. 13B,). Close to the Permian-Carboniferous boundary (from 315 to 299 Ma) the shortening
becomes N-S inducing orocline buckling around a vertical axis (Fig. 13B,). From the early works
concerning the IAA (Matte and Ribeiro, 1975; Ries and Shackleton, 1976), the resultant strain
field was considered to be close to tangential longitudinal strain leading to strong space
problems in the inner arc (Fig. 13C). The extensive magmatism coeval of the CA formation was
considered to reflect a thick-skinned process with the involvement of all the lithosphere

(Gutiérrez-Alonso et al., 2004; 2008; 2011; Fig. 13D;). The outer arc extension and the inner
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arc compression gave rise to a strong lithospheric thinning in the outer arc coupled with a
strong thickening in the CA core. The continuity of the process induced delamination of the

mantle lithosphere under the core of the CA, solving some space problems (Fig. 13D3).

@ rift 00T @
Late Carboniferous
Paleotethys
\ r 5 ( a)

Carboniferous-Permian
~ 299 M

)

Figure 13 — Proposed models for the IAA formation by lithospheric delamination:

A — Schematic diagrams showing simplified Pangaea reconstructions (adapted from Gutiérrez-
Alonso et al., 2012; Johnston et al., 2013);

B — Stress rotation inducing secondary Cantabrian orocline formation by buckling (adapted from
Johnston et al., 2013; Weil et al., 2013);

C — Neutral surface model (adapted from Gutiérrez-Alonso et al., 2012; Weil et al., 2013);

D — Schematic block diagram illustrating Cantabrian orocline development (adapted from
Gutiérrez-Alonso et al., 2012; Weil et al., 2013);

E — Geometric tectonic model for secondary development of coupled orocline (adapted from

Johnston et al., 2013).

Despite always coupling the CA and CIA, these models never discuss how to solve the
space problems in the southern CIA. Another major problem concerns the mechanism that has
induced a 909 rotation of the major compression from normal to subparallel to the orogenic
belt. This is not an easy task and several mechanisms have been proposed:

- The so-called self subduction of Pangaea (Gutiérrez-Alonso et al., 2004; 2008 Fig. 13A;)

where the Upper Carboniferous compressive stress field inside the plate was induced by
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the oceanic margin of a continent being subducted beneath the continental edge at the
other end of the same plate.

- The buckling of a ribbon continent between Laurussia and Gondwana during the final
amalgamation of Pangaea (Johnston and Gutierrez-Alonso, 2010; Weil et al., 2010; Fig.
13E).

If in the first case a possible explanation for the strong reorientation of the stress field

was advanced, in the second, the rotation of the very long (at least 1500 km) Cantabrian -

Central Iberian ribbon continent from the Early Palaeozoic E-W trend to its N-S pre-orocline

position during the Late Carboniferous is unclear (Shaw et al., 2014).

However the rotation mechanism isn't the only problematic situation (Sengor, 2013):
- There are frequent Late Carboniferous - Permian E-W dykes, showing that B
(maximum compression) is oriented E-W and not N-S, as predicted by the models.
- Lithostratigraphic arguments show that the core of the CA was never very high as it
should be expected in a region above a delaminated lithospheric mantle.
- The Early Permian volcanics which have been considered in NW lIberia induced by the
lithospheric detachment are not exclusive of this region, being characteristic of the
entire Late Variscan magmatism of Europe.
- It is difficult to explain the preservation of the highest supracrustal sedimentary rocks

in the core of the Cantabrian orocline, if a lower lithospheric detachment has occurred.

I1X.2.5. A Unifying Approach
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Any discussion of Iberian arcs models must take into account some major constraints:

- There is no evidence concerning the existence of the CIA and so, only the IAA and the
CA should be considered.

- The age of the first and main Variscan tectonic event is at least middle Devonian in the
inner domains of the Iberian Variscides and it propagates towards its external domains
where it has an Upper Carboniferous age (Fig. 5).

- Although the data show that the CA was formed during Carboniferous / Permian (e.g.
Weil et al., 2013), this does not mean that the IAA has a coeval formation, representing
an earlier stage of arc generation.

- The E-W trend of the axial planes of IAA and CA was used to deduce a N-S major
compressive stress, inducing orocline buckling around a vertical axis (Fig. 13B3).
However, the same geometry could be obtained by bending (Hobbs et al., 1976; Twiss
and Moores, 1992). So, a westwards indentation is also compatible with the CA data,

and it is going to be used here because it is more able to explain the observed features.



- Although recent models concerning the Variscan evolution mostly focus on Rheic

Ocean without considering an Armorica plate, the existence of a Paleotethys / Galicia -

Massif Central Ocean is well established in Brittany and is going to be used (Fig. 14).

. main Variscan
.......... trend

strong|:

Cadomian overprint

BA - Bohemian Arc

MCA - Massif-Central Arc
IAA - Iberio-Armorican Arc
CA - Cantabrian Arc

/ - Caledonian Suture (lapetus) / - Variscan Sutures (Rheic - GMC/Galicia - Massif Central Ocean)

Figure 14 — Major plates and Palaeozoic sutures in the vicinity of the IAA on an Early Mesozoic
reconstruction of the North Atlantic (adapted from Matte, 2001; Ribeiro et al., 2007; Ballévre et al.,
2009; Nance et al., 2012).

The previous assumptions have been integrated in a general model. In Upper Ediacarian,
oblique subduction below the northern margin of Gondwana gives rise to the Cadomian arc-
continent collision (Fig. 15A). The sectors closer to the trench were strongly deformed, being
included in the so-called Cadomia microplate (Linnemann et al., 2008; Nance et al., 2012).
During Lower Palaeozoic stretching predominates in this continental margin, inducing a
widespread thinning. In Lower / Middle Cambrian, Avalonia began to drift (Linnemann et al.,
2008) due to the opening of Rheic Ocean (Fig. 15B), mostly following an old Neoproterozoic
suture (Murphy et. al., 2006). Farther north, the subduction of lapetus below Laurentia
compensate the widening of Rheic and the continuous stretching in northern margin of
Gondwana (Fig. 15C), giving rise to the lberia and Armorica paleogeographic domains (Fig. 1).
The position of these domains is difficult to establish due to the intense Variscan deformation
of Peri-Gondwana Terranes during Pangaea assemblage.

Another ribbon continent, Armorica, began to be isolated from Gondwana due to the
opening of Galicia-Massif Central Ocean (Fig. 15D; Matte, 2001; Ballévre, 2013). Such opening
could be related to the subduction of the Rheic below the northern margin of Armorica

(Ribeiro et al., 2007). Due to the obliquity between previous paleogeographic zones and the
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major trend of this new ocean, some of the zones appear in both margins, while others are

restricted to the lberian side (i.e. CZand WALZ).

adomian overprint

Peri

Lower/Middle
Cambrian

-

+ +
West
African
Craton
+

Cambrian . +

Ordovician e Silurian
STZ - Saxo-Thuringian Zone  CZ - Cantabrian Zone PTFASZ - Porto-Tomar-Ferreira do Alentejo shear zone
NAZ - North Armorican Zone = WALZ - West Asturian Leonese Zone AGSZ - Azores-Gibraltar shear zone

CAZ - Central Armorican Zone CIZ - Central Iberian Zone
OMZ - Ossa-Morena Zone GMC - Galiza-Central Massif Ocean

Figure 15 — Schematic Lower Palaeozoic evolution of northern margin of Gondwana (adapted from

Matte, 2001; Linnemann, et al., 2008; Nance et al., 2012).
A —The Cadomian Arc during Upper Ediacarian;
B — Individualization of Avalonia by the opening of Rheic Ocean;
C - The northward drift of Avalonia due to widening of Rheic;

D — The drift of Armorica due to the Galicia-Massif Central Ocean.

During Devonian / Carboniferous the convergence of the continents to form Pangaea led
to a strong inversion of initial basins. In the Devonian, the subduction of Variscan oceans
produce (Fig. 16A) an almost orthogonal thrust tectonics in the Brittany branch (Burg et al.,
1987; Dias and Ribeiro, 1995b), with sense of movement either towards the NNW (Lizard
obduction in southwest Britain) or SE (Bretonic phase in the Armorican Massif). At the same
time in Iberia due to the interaction between the subduction of the Rheic and the wavy
northern Gondwana margin an oblique collision occurs, inducing the predominance of a
sinistral transpressive regime. Due to the location of the lberian suture in the external

boundary of OMZ, the deformation propagates from there towards the CZ (Fig. 5). However,
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due to a strong strain partitioning, the Devonian deformation in Iberia was very
heterogeneous, with regions where sinistral transpression was predominant, adjacent to
regions deformed by almost pure compression (Dias and Ribeiro, 1994; 1995b; Dias et al.,
2013b). This explains the coexistence of regions dominated by almost a pure thrusting
tectonics, like happens in ZOM (e.g. Simancas et al., 2003 and references therein).

In Early Carboniferous the tectonic setting is similar, but previous plate convergence has
evolved to continental collision (Fig. 16B). The allochthonous units were then emplaced with
the movement above the CIZ subparallel to the main D; structures, which were often reworked
as lateral ramps (Rodrigues et al. 2005; 2013; Dias et al., 2013b).

In the Upper Carboniferous / Lower Permian a drastic change occurs (Weil et al., 2013).
The irregular shape of the southern margin of Laurentia/Baltica block has probably induced an
anticlockwise rotation of lberia during the intra-continental deformation (Dias and Ribeiro,
1995b). Thus, in the northern branch of the IAA major dextral strike-slip shear zones occur,
while in Iberia thrusts overprinted previous structures. Such process is not unusual and has
already been proposed not only for the Variscan orogen (Lorenz and Nicholls, 1984), but also
for the Alpine Himalayan Fold Belt (Treloar et al., 1992) and the Oligocene collision between
Africa and Euro-Asian plates (Carvalho et al., 1983-85). The Cantabrian basement was
displaced westwards producing indentation on the WALZ and CZ metasediments above the
indenter, giving rise to a tight first order arcuate shape, the CA (Fig. 16C). A thin-skinned arc
was produced with the major thrusts displaced towards E above a decollement located within
the limestones and dolomites of the Lancara Formation of Lower-Middle Cambrian age (Pérez-
Estaun and Bastida, 1990; Alonzo et al., 2009). This indentation also affects the NW lIberian
units, not only the allochthonous nappes but also the autochthon ones. The more open shape
of this western thick-skinned IAA, reflects not only the higher metamorphic grade of the rocks
of the inner domains of the Iberian Variscides, but also the greater distance to the indentor.
Moreover, it should be stressed that the arcuate shape of this arc, between the NW-SE
structures in lberia, and the E-W ones in Brittany, did not represent a strong rotation of a
previous liner belt, but two major trends of mostly independent structures that have been at a
high angle in the early stages, and were slightly bent at a latter phase.

We are well aware that this model didn't take into account the interpretation of the axial
zone of Tomar-Badajoz-Cérdoba as an Eo-Variscan suture (Simancas et al., 2001; Gomez
Pugnaire et al., 2003). However, we disagree with such interpretation, because we consider
this structure is a Cadomian suture reactivated as a transpressive intraplate flower structure,
for reasons exposed in detail elsewhere (Ribeiro et al., 2007) and confirmed by recent

geochronological data (Henriques et al., 2015).
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Figure 16 — Schematic interaction between Avalonia / Armorica and northern Gondwana during Upper
Palaeozoic (colours and abbreviations like in figure 1).

A —Convergence between Iberia and Armorica during Middle Devonian;

B —The collision stage with all the plates assembled;

C —The westward indentation of the Cantabrian basement and the formation of major Iberian

Arcs.
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