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Abstract The Cadomian Orogeny produced a subduction-related orogen along the periphery of Gondwana
and configured the pre-Variscan basement of the Iberian Massif. The architecture of the Cadomian Orogen
requires detailed structural analysis for reconstruction because of severe tectonic reworking during the
Paleozoic (Variscan cycle). Tectonometamorphic analysis and data compilation in SW Iberia (La Serena
Massif, Spain) have allowed the identification of three Cadomian deformation phases and further constrained
the global architecture and large-scale processes that contributed to the Ediacaran building and early Paleozoic
dismantling of the Cadomian Orogen. The first phase (D, prior to 573 Ma) favored tabular morphology in
plutons that intruded during the building of a continental arc. The second phase (D,, 573-535 Ma) produced
an upright folding and contributed to further crustal thickening. The third phase of deformation (D,

ranging between ~535 and ~480 Ma) resulted in an orogen-parallel dome with oblique extensional flow. D,
represents the crustal growth and thickening stage. D, is synchronous with a period of crustal thickening

that affected most of the Gondwanan periphery, from the most external sections (Cadomian fore-arc) to the
inner ones (Cadomian back-arc). We explain D, as a consequence of flat subduction, which was followed by
a period dominated by crustal extension (D) upon roll-back of the lower plate. The Ediacaran construction
of the Cadomian Orogen (D, and D) requires ongoing subduction beneath Gondwana s.I., whereas its
dismantlement during the Early Paleozoic is compatible with oblique, sinistral convergence.

1. Introduction

Part of the crystalline basement of Central and Southern Europe consists of rocks that were formed, deformed,
metamorphosed, and recycled in an active-margin system, which involved a continental arc, accretionary
wedges, back-arcs and other components (even cratonic basements in some cases) (Chantraine et al., 2001; Diez
Fernandez et al., 2019, 2022; Hajna et al., 2010). This arc system was built along the periphery of Gondwana
during the Ediacaran and Early Paleozoic, and its dynamics is usually referred to as Cadomian Orogeny (D’Lemos
et al., 1990; Eguiluz et al., 2000; Fernandez-Suérez et al., 1999; Linnemann et al., 2000, 2008; Quesada, 1990).
In the Iberian Massif, many interpretations regarding the Cadomian Orogeny have come from the analysis of
Ediacaran-Early Paleozoic deposition of sedimentary series and coeval magmatism (Albert et al., 2015; Diez
Fernandez et al., 2010; Fernidndez-Suérez et al., 2014; Fuenlabrada et al., 2016; Rojo-Pérez et al., 2019, 2021).
However, structural data is key to reconstructing the architecture of the Cadomian Orogen, its evolution, and
to discussing the evolving plate kinematic model that may explain it. In SW Iberian Massif, studies that have
contributed to distinguishing and characterizing Cadomian structures at the plate scale (e.g., suture zones) are
gaining momentum (Arenas et al., 2018, 2021, 2022; Diez Fernandez et al., 2019, 2022).

In Europe, obtaining structural data to discuss kinematic models of tectonic plates for the Ediacaran and Early
Paleozoic Gondwana has some limitations. First, Cadomian records are geographically fragmented. Most of the
rocks potentially bearing some structural imprint of that age are covered by Paleozoic, Mesozoic and Cenozoic
strata, or even melted/intruded by later magmas (Eguiluz et al., 2000). This way, we observe pieces of a continen-
tal paleomargin and intra arc basin in North Armorican Massif in France (Chantraine et al., 2001), an accretion-
ary wedge and tectonic mélange in Teplad-Barrandian Unit (Hajna et al., 2010, 2013, 2014; Sldma et al., 2008),
a section of a forearc basin in Iberian Massif (Arenas et al., 2018), or pieces of a back arc marginal basin in
Iberian Massif (Diez Fernandez et al., 2022). Second, basement rocks have been involved in two additional
orogenies other than the Cadomian, namely the Variscan (e.g., Abalos & Eguiluz, 1992; Arenas et al., 2016;
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Azor et al., 2019; Bandrés et al., 2002; Diez Fernandez et al., 2016; Exposito et al., 2003; Franke et al., 2017;
Martinez Catalan et al., 2009, 2021; Matte, 1991; Quesada, 1990) and Alpine (e.g., de Vicente & Vegas, 2009;
de Vicente et al., 2018). Third, the magmatic and metamorphic data regarding the Cadomian record suggest that
this orogeny may span between ~750 and 500 Ma (Albert et al., 2015; Fuenlabrada et al., 2010; Linnemann
et al., 2008, 2014; Pereira et al., 2006; Rodriguez-Alonso et al., 2004; von Raumer and Stampfli, 2008); therefore,
several phases of deformation and evolving plate scenarios are expected. The fragmentary record of the Cado-
mian Orogen is pending to be discussed considering solid structural grounds that acknowledge both the potential
complexity of Cadomian tectonics alone and the restoration of deformation that followed. Recognition of indi-
vidual Cadomian phases of deformation as well as their dating along Europe is not always homogeneous. The use
of different dating techniques should not preclude correlation if the data are accurate, as the choice of technique
should not be the sole determinant of accurate results and robust correlation. However, the use of different tech-
niques with their associated corresponding margin of error can slightly distort the data and make it difficult to
correlate different metamorphic events. However, despite all of this, it is possible to make an approximation to
perform a comparative analysis of the tectonic processes as well as their ages. The different pulses of crustal
thickening and thinning observed in the Iberian Massif seem to be diachronous relative to those observed in other
parts of Europe (Figure 1a). However, in order to build a tectonic model for the Cadomian evolution of Europe,
we need to identify the major tectonic processes in each section of the Cadomian Orogen.

The SW part of the Iberian Massif (Figure 1a) occupied a peripheral position across the margin of Gondwana
during the Cadomian Orogeny (Bandrés et al., 2004; Dorr et al., 2002; Drost et al., 2004; Henriques et al., 2015;
Rubio-Ordéiiez et al., 2015). This part is poorly affected by Alpine deformation (de Vicente et al., 2018; Jolivet
et al., 2008). Accordingly, it represents an excellent candidate for tracking plate interactions between Gondwana
and a subducting plate back in the Ediacaran and Early Paleozoic times. SW Iberia contains several exposures of
Ediacaran rocks flanked by Paleozoic rocks, so it is possible to track the post-Cadomian deformation that affected
the region and restore it to observe the primary geometry of Cadomian structures. This study includes a structural
analysis of Cadomian-related rocks exposed in SW Iberia to distinguish between their Cadomian deformation and
later imprints. The Cadomian record was integrated into a kinematic model of tectonic plates that discusses the
processes that contributed to orogenic building and those that led to its dismantlement. The large-scale processes
proposed in this work are tested against the main stages of Cadomian tectonic activity documented in other parts
of Europe.

2. Geological Setting

The Iberian Massif is the southernmost part of the Variscan Orogen (Figure 1a), which resulted from the collision
between Gondwana, Laurussia, and other peripheral terranes during the Devonian and Carboniferous (Arenas
et al., 2016; Diez Fernandez et al., 2016; Martinez Catalan et al., 2009; Matte, 2001; Ribeiro et al., 2007). The
Iberian Massif is mostly made of crust that belonged to the Gondwana paleocontinent (D'Lemos, et al., 1990
Murphy et al., 2006; Stampfli et al., 2013). Such crust was fragmented into peripheral terranes during the
Neoproterozoic and lower Paleozoic (Nance et al., 1991, 2010) to be transferred back again to their parental
continent as a collection of far-traveled tectonic nappes during the Variscan Orogeny (Arenas et al., 2014, 2016;
Diez Fernandez et al., 2015, 2016; Martinez Catalan et al., 2009; Matte, 1991). The early history of these periph-
eral terranes, including their initial fragmentation, is related to subduction of oceanic crust beneath Gondwana
and the dynamics of a continental arc system during Neoproterozoic-Cambrian times (Albert et al., 2015;
Arenas et al., 2018, 2022; Bandrés et al., 2004; Diez Fernandez et al., 2010, 2019, 2022; Dorr et al., 2002;
Eguiluz et al., 2000; Henriques et al., 2015; Linnemann et al., 2008; Pereira et al., 2006, 2023; Quesada, 2006;
Rojo-Pérez et al., 2019, 2022; Rubio-Ordéiiez et al., 2015). This orogenic cycle (Cadomian Orogeny) led to a
period of extension and related magmatism throughout the Iberian margin of Gondwana (Expdsito et al., 2003;
Linnemann et al., 2000; Rojo-Pérez et al., 2022), which culminated with the opening of the Rheic Ocean (Nance
et al., 2010). The Cadomian processes proposed in the Iberian Massif left a record in the fragments of the Cado-
mian Orogeny found throughout the European Variscan belt. Cadomian structures and metamorphism suggest
accretion and subsequent extension in the Armorican Massif (Chantraine et al., 2001), the Bohemian Massif
(Hajna et al., 2010, 2013, 2014; Linnemann et al., 2008, 2014; Slama et al., 2008) and Iberian Massif (Diez
Fernandez et al., 2019, 2022).

The SW Iberian Massif contains evidence of Cadomian deformation, metamorphism, and magmatism. In the
Ediacaran series of SW Iberia, isotopic systems and minerals have yielded Neoproterozoic ages (600-550 Ma,
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Figure 1.

Arenas et al., 2018, 2022; Blatrix & Burg, 1981; Dallmeyer & Quesada, 1992). The recognition of regional
unconformities along the base of the latest Ediacaran through to the Ordovician has provided evidence of Cado-
mian deformation events, implying crustal thickening and/or thinning (Diez Fernandez et al., 2019, 2022; Pereira
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et al., 2006, 2023). In SW Iberia, Cadomian magmatism includes moderately basic to acidic igneous rocks, and
bears the geochemical imprint of a supra-subduction zone setting (Rojo-Pérez et al., 2022, 2024).

The Obejo-Valsequillo Domain represents the northern section of a thrust stack formed during the Variscan Orogeny
(Diez Fernandez & Arenas, 2015; Diez Fernandez et al., 2021; Figure 1b). A late Variscan fault system juxtaposes
this domain against the Central Iberian Zone (Figure 1c; Apalategui & Pérez-Lorente, 1983; Diez Ferndndez &
Arenas, 2015; Martin Parra et al., 2006), which is widely considered to be an inner section of the margin of Gond-
wana with respect to the rest of the SW Iberian Massif during the Variscan Orogeny (Diez Fernandez et al., 2016;
Pereira et al., 2012; Ribeiro et al., 2007; Simancas et al., 2009). The Obejo-Valsequillo Domain is featured by Edia-
caran to lower Paleozoic rocks that bear imprints of Cadomian tectonics (e.g., Abalos & Eguiluz, 1992; Apalategui
& Pérez-Lorente, 1983; Arenas et al., 2022; Bandrés et al., 2004; Diez Fernandez et al., 2019, 2022; Eguiluz
et al., 2000; Sanchez-Lorda et al., 2016), some of which are arguably linked to ophiolite accretion and obduction
(Arenas et al., 2022; Diez Fernandez et al., 2022). Within this domain, the La Serena Massif consists of an exposure of
Ediacaran and Paleozoic rocks (Figure 1c). The geological record of this massif has been divided into Cadomian and
Variscan histories (Bandrés, 2001; Bandrés et al., 2004; Eguiluz et al., 1999; Ordéfiez Casado, 1998). The geochro-
nology, petrology, and regional lithostratigraphy of the rocks within this massif have been addressed in several studies
(see Section 2.1). However, a study of the structure and tectonometamorphic evolution of the La Serena Massif aimed
to distinguish between its Cadomian and Variscan imprints is pending, which is the core of this work.

2.1. Lithostratigraphy of the Study Area

Previous descriptions and subdivisions of the local lithostratigraphy of the La Serena Massif have been considered
to map the bedrock of the study area (Apalategui et al., 1988; Bandrés, 2001; Castro, 1988; Herranz Aratijo, 1985;
Insta Marquez et al., 1991; Pieren, 2000; Sanchez-Cela & Gabaldon, 1977). We deviated a little from their group-
ing of units, mostly in what primarily intrusive igneous rocks is concerned, where we preferred a different gathering
of rock types in order to make meaning structural patterns emerge. In the following sections, we present the main
petrological and stratigraphic features of the units considered in this work in the map and cross-sections of Figure 2.

2.1.1. Phyllites and Quartzites of Serie Negra Group

The Serie Negra Gp. is composed of intercalations of meta-sandstones, schists and black-greyish phyllites, and
quartzites (Figures Sla, S2a, and S2b in Supporting Information S1). This series is considered to have been
deposited in a turbiditic system and a siliciclastic platform formed in an active margin setting (Bandrés, 2001;
Eguiluz, 1988; Pieren, 2000). The Serie Negra Gp. represents the host to the igneous rocks (as described in
Sections 2.1.2 and 2.1.3). Some of these igneous rocks have been dated to 573 + 14 Ma (zircon U-Pb age,
Ordéiiez Casado, 1998); therefore, this part of the Serie Negra Gp. must be older.

2.1.2. Porphyritic Metagranites and Augen Felsic Gneisses

Porphyritic coarse- to very coarse-grained metagranites are composed of K-feldspar, quartz, plagioclase (albite
to oligoclase), and biotite (Figure S2c in Supporting Information S1) (Bandrés, 2001; Castro, 1988; Ordoéfiez
Casado, 1998). Their texture is mostly cataclastic (Figure S2c in Supporting Information S1) and occasionally
mylonitic (Figures S2d and S2e in Supporting Information S1). The latter texture was observed in small domains
(2-10 cm) formed by shear zones. In these domains, the granites are deformed into mylonitic rocks and have
asymmetric structures, such as sigma-type porphyroclasts, S-C, and S-C’ structures (Figure S1b in Supporting
Information S1). The granites exhibit mingling textures with basic igneous rocks (diorites, tonalites, and gabbros)
(Figure S1c in Supporting Information S1). The granites were dated c. 573 + 14 Ma (zircon U-Pb age, Ordéfiez
Casado, 1998).

Figure 1. (a) Map of the Variscan Orogen. It contains references to the age of the main Cadomian deformation events, including the name of the units/formations

that recorded it. References in red, pale purple, and black refer to D, D,, and D, respectively. The numbers (1-7) indicate the reference from the following list:
1—Lindner and Finger (2018); 2—Slama et al. (2008); 3—Graviou et al. (1988); 4—Egal et al. (1996); 5—Drost et al. (2004); 6—Slama et al. (2008); 7—Bialek

et al. (2014). (b) Geological map of the Iberian Massif (Diez Ferndndez & Arenas, 2015). (c) Location of the study area in a regional map of SW Iberian Massif (Diez
Fernandez et al., 2021). Abbreviations: AF—Azuaga Fault; BToIP—Basal Thrust of the Iberian Parautochthon; BAO—Beja—Acebuches Ophiolite; CA—Carvalhal
Ampbhibolites; 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—ILIlanos 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.
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2.1.3. Mesocratic-Melanocratic Gneisses

We grouped the remaining granitic lithologies (with intermediate-basic composition), and separated them from
felsic granites. The igneous rocks of intermediate-basic composition are formed by biotite granites, tonalites,
diorites, and gabbros. The biotite granites are fine-grained and are composed of biotite, quartz, feldspar, plagi-
oclase, and opaque minerals. The diorites are formed by plagioclase, feldspar, and amphiboles (sometimes with
pyroxene cores; Figure S2f in Supporting Information S1). The classification of diorites includes several types
of adamellite and diorite (Castro, 1988). The most abundant is trondhjemite-type quartzdiorite, although there
are also monzonites and more alkaline, undersaturated terms (Sanchez-Cela & Gabaldon, 1977). The tonalites
are fine-grained and are composed of quartz, plagioclase, hornblende, and biotite, and are less abundant than the
diorites (Castro, 1988; Sanchez-Cela & Gabaldén, 1977). Gabbros are composed of plagioclase, pyroxene, and
occasionally very little quartz (leucocratic gabbros), and their texture is cataclastic (Figure S2g in Supporting
Information S1) or occasionally mylonitic (Figure S2h in Supporting Information S1). In contact with the felsic
granites, a mingling texture (Figure S1d in Supporting Information S1) and dikes of basic composition, such as
diabase (Figure S2i in Supporting Information S1), were observed (Castro, 1988).

2.1.4. Torrearboles Formation (Early Cambrian)

This unit includes metaconglomerates and metasandstones (metaarkoses and quartz-rich metaarenites) (Figures
$2j—S21 in Supporting Information S1). Metasandstones are composed of abundant quartz and K-feldspar (major
microcline), ranging between 1 and 8 mm in size, filled on a partially recrystallized clay-micaceous matrix. It
should be noted that plagioclase is present as an accessory (Sanchez-Cela & Gabaldén, 1977). Cross-bedding was
observed in the weakly strained sections (Figure Sle in Supporting Information S1). The metaconglomerates are
composed of sub-rounded to rounded clasts ranging between 2 and 8 cm, generally of quartz and quartzite, and to a
lesser extent granitic porphyry, black quartzite, and slate (Sanchez-Cela & Gabaldon, 1977). According to its fossil
content, the age of this formation is Early Cambrian (Lifian, 1984; Lifidn & Palacios, 1983; Lifidn et al., 1984).

2.1.5. Phyllites and Quartzites (Ordovician)

This succession consists of phyllites and white quartzites (Figure S1f in Supporting Information S1) (Apalategui
et al., 1988). At its base, the succession includes an alternation of layers of quartzite and phyllite not thicker than
a few centimeters. In the upper part, white quartzites occur as layers several meters thick alternating with minor
phyllites. Cross-bedding was observed in the quartzite section (Figure S1f in Supporting Information S1). This
succession shows very high lithostratigraphic affinity with the so-called Armorican Quartzite, so their sedimen-
tary protoliths have been considered to have been deposited in a shallow marine siliciclastic platform during the
Ordovician period. Contact metamorphism was observed close to the Late Carboniferous-Early Permian plutonic
rocks that occur in the NE of the study area (Los Pedroches batholith; Figure S2m in Supporting Information S1).

2.1.6. Red Phyllites and Quartzites (Early Middle Devonian)

The lower part of this unit contains bioclastic marbles (not always present), followed by multi-colored phyl-
lites and caramel-colored quartzites (Figures S1g—S1i in Supporting Information S1), whereas the upper part is
composed of quartzites and ferruginous, red meta-sandstones, and minor phyllites (Figures S1j—S11, S2n, and S20
in Supporting Information S1). The marbles contain brachiopod fauna fossils and, to a lesser extent, crinoids,
bryozoans, and corals dated at Early Devonian (Apalategui et al., 1988). The upper part of this succession is anal-
ogous to a detrital succession from which Middle Devonian fossils were found (Apalategui et al., 1988).

2.1.7. Gray Phyllites and Quartzites of the Central Iberian Zone (Ordovician)

This series includes black, gray, and purple phyllites interbedded with levels of sandy slates, quartzites, and sandy
bars alternating with caramel-colored quartzites (Figures SIm—S1q in Supporting Information S1), marble, and
calc schist (Instia Marquez et al., 1991). Quartzites appear in the lower layers alternating with silty slates. Marble
presents bedding in layers of 1-2 m with interspersed metapelitic levels. This series has been considered Middle
Ordovician-Silurian in age based on regional correlation (Instia Mérquez et al., 1991).

3. Tectonometamorphic Data

In the study area, Cadomian and Variscan deformation and metamorphism occurred, resulting in three major
unconformities and six phases of deformation, that generated planar and linear structures (Figures 2 and 3).
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3.1. Unconformities

The base of Torrearboles Fm. may contact either felsic (RP-1; Figure 2) or intermediate to melanocratic Cado-
mian igneous rocks (RP-2; Figure 2). This base cuts the boundaries between porphyritic and mesocratic meta-
granites (RP-3; Figure 2), sometimes at a high angle (RP-4; Figure 2), and cuts the contacts between the Serie
Negra Gp. and the Cadomian igneous rocks (RP-5; Figure 2). Accordingly, the Torredrboles Fm. lies uncomform-
ably over the Serie Negra Gp. and an ensemble of Cadomian metaigneous rocks.

The base of the Ordovician succession cuts the contacts between the Cadomian metaigneous rocks (RP-6;
Figure 2) or rests directly onto the Torrearboles Fm. (RP-7; Figure 2).

The Devonian strata features another unconformity, since the base of the Devonian series generally lies on the
Ordovician succession (RP-8; Figure 2), but it can also occur over the Torrearboles Fm. (RP-9; Figure 2), and
Cadomian igneous rocks (RP-10; Figure 2).

3.2. Cadomian Structures

The structures described below do not affect lithologies younger than Torrearboles Fm. This criterion and the
unconformity at the base of the Ordovician series were used to distinguish and integrate these structures as part
of the Cadomian record sensu lato. Three Cadomian phases of deformation are observed in the study area (D,
Dg,, and D).

3.2.1. D, (S¢,)

Patches of metasedimentary rocks of the Serie Negra Gp. experienced contact (thermal) metamorphism, as typi-
fied by cordierite-bearing hornfels after foliated phyllites. In these cases, cordierite occurs as a post-kinematic,
sub-idiomorphic, and poikiloblastic mineral that includes foliation defined by white mica, quartz, and minor
biotite and opaques (Figure S2b in Supporting Information S1; S,). This thermal metamorphism is missing
in the Cambrian sedimentary succession that lies unconformably on top, even in outcrops located a few tens of
meters away from these hornfels. Accordingly, we link this contact metamorphism to the nearby Cadomian igne-
ous rocks, with the previous foliation (S.,) being the oldest evidence of deformation observed in the study area.
The intrusion of igneous bodies and Sc,, which occurred during D, and affected the Serie Negra Gp., predates
the Torrearboles Fm., as none of them are observed within this formation.

3.2.2. D,

The existence of a second phase of Cadomian deformation is based on the unconformable nature of the Torrear-
boles Fm. The varying lithologies that occur under the basal contact of this Cambrian series suggest that some
type of deformation is needed to expose the pre-Cambrian rocks before Cambrian sedimentation. Mapping of the
Cadomian igneous rocks suggests that they represent roughly tabular-shaped bodies, as inferred from the sinuous
pattern of their boundaries and sub-parallelism to foliation, both of which usually define the same folds as the
overlying metasedimentary series (Figure 2). Such tabular structures were truncated by the base of the Torrearbo-
les Fm. at several points (e.g., RP-3, 4, 11; Figure 2), indicating that some of the tabular shapes have been formed
prior to the Cambrian strata. A critical observation can be made at RP-4 (Figure 2a), where the main foliation
observed in the Cadomian igneous rocks is folded into an antiform that is unconformably covered by the base of
the Torrearboles Fm., which cuts at a high angle the foliation-parallel contacts defined by the metaigneous rocks.
Figure 4a shows up to five levels of near-tabular metaigneous rocks (from A to E) that can be inferred from the
structural analysis.

We performed a qualitative analysis of the obliquity between the base of the Torrearboles Fm. and contacts
between the pre-Cambrian rocks (Figure 4a). The analysis is based on map patterns, such as crosscutting relation-
ships between contacts and wedging of units, so that we can identify structures at the map scale. This analysis
yielded different primary dip-directions for the pre-Cambrian rock ensemble relative to a roughly horizontal
Torrearboles Fm. (deformation affecting Cambrian rocks must be restored). For instance, in the SW part of the
map (RP-3; Figure 2), the dip of the contact between the melanocratic (D in Figure 4a) and felsic gneisses (C
in Figure 4a) is shallower than the dip of the Torredrboles Fm. (note the wedging of felsic gneisses under the
Cambrian strata). Accordingly, if we rotate the Cambrian strata to a horizontal geometry and tracked such rotation
in the pre-Cambrian rocks, the latter would be roughly dipping to the NE before Cambrian sedimentation.
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Figure 4.
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In the N part (RP-4; Figure 2), the base of the Torrearboles Fm. rests on top and cuts the contact between felsic
(C in Figure 4a) and melanocratic gneisses (B in Figure 4a). To the south, the contact defines an SE-plunging
periclinal fold, and the Torrearboles Fm. is missing (RP-12; Figure 2), thus implying an S- to SSE-dipping direc-
tion of the pre-Cambrian rocks before Cambrian sedimentation. In the hinge zone of the NW-plunging antiform
(RP-13; Figure 2), the SE wedging of the Serie Negra Gp. between the melanocratic gneisses and Torrearboles
Fm. indicates an SE-dipping geometry for the pre-Cambrian rocks before Cambrian sedimentation.

The Torrearboles Fm. can be found along the rims and core of the pre-Cambrian rock set. The exposure of the
Cambrian series at the core (RP-1; Figure 2) corresponds to the hinge zone of a synform, but that series is missing
over the hinge zone of an equivalent synform that occurs to the W (RP-14; Figure 2). Given that the melanocratic
gneisses around RP-14 (Figure 2) correspond to the same massif (D in Figure 4a), the occurrence of the Torrear-
boles Fm. to the E of RP-14 (at RP-1; Figure 2) can be explained by a SW-dipping geometry of the boundary
between orthogneisses before Cambrian sedimentation. Torrearboles Fm. rests onto melanocratic gneisses (D in
Figure 4a) at RP-2 (Figure 2), but those gneisses wedge toward the E between the base of the Cambrian series
and the underlying felsic gneisses (E in Figure 4a). Such wedging occurs in the NE-dipping limb of an antiform
(RP-15; Figure 2) and indicates an SW-dipping geometry for the contact between orthogneisses before Cambrian
sedimentation. The collection of individual inferences for the geometry of the boundaries between orthogneisses
before the Torredrboles Fm. was deposited supports a NW-SE trending synform (Figure 4a). This would not be
the only fold attributable to this phase of deformation, since the antiform at RP-4 (Figure 2a) should be also part
of the same fold family. We cannot rule out the existence of tectonic fabric associated with this folding (i.e., S,),
but we did not find any foliation in the pre-Cambrian rocks that could be exclusively explained by such folding
alone.

The quantitative restoration of bedding (Serie Negra Gp.) and foliations that rest unconformably under the
Torredrboles Fm. suggests D, folds trending NNW-SSE (10°/172°; Figure 4a), which are analogous to the
synform inferred from the qualitative analysis and the antiform at RP-4 (Figure 2a).

3.2.3. D¢y (Sey)

The identification of a third phase of Cadomian deformation is based on a collection of structures that are only
observed in the Ediacaran metaigneous rocks, Serie Negra Gp., and Torrearboles Fm., plus the unconformable
nature of the Ordovician succession.

The pre-Ordovician rocks show a foliation (S.,) that is heterogeneously distributed throughout the study area.
The penetrativeness and intensity of S.; range between poorly developed foliation (Figures Sla and S1b in
Supporting Information S1), even absence of shape-fabric (Figures S1c and S1d in Supporting Information S1),
and mylonites (Figures S1r, S1s, and S2a in Supporting Information S1). S.; in metaigneous rocks is a coarse
foliation (shape fabric) that may be defined (depending on the protolith) by the preferred orientation of feldspar,
plagioclase, quartz (ribbons), biotite, muscovite, amphibole, chlorite, and opaque minerals (e.g., Figures S2e and
S2h in Supporting Information S1). S, is a schistosity in the metasedimentary rocks of the Serie Negra Gp.,
whereas in the metasandstones and metaconglomerates of the Torrearboles Fm. S, consists of a shape fabric
ranging between rough and mylonitic foliation. In both cases, and depending on protolith, S.; may be defined
by the shape-preferred orientation of quartz (ribbons and segregates), biotite, muscovite, plagioclase, feldspar
and opaque minerals (Figures S1i, S2a, and S2k in Supporting Information S1). The minerals that define S,
can sometimes be observed as aggregates parallel to foliation, and their elongated shape, together with the long
axis of individual metamorphic minerals and porphyroclasts (both in igneous and sedimentary rocks), define a
stretching and mineral lineation (L) mostly trending NW-SE (Figure 5a).

S, is associated with the development of asymmetric structures, including S-C-C’ structures (Figures S1r and
S1s in Supporting Information S1), sigma objects (Figures Sla, S1b, S1r, S1s, S2e, S2h, and S2k in Supporting
Information S1), and asymmetric folds with asymmetry reversal (Figure S1r in Supporting Information S1). The
shear-sense inferred from these structures (Fossen & Cavalcante, 2017) and the stretching lineation was either

Figure 4. (a) Geological map highlighting the D, structure in the study area (brown dashed line corresponds to the axial trace of an upright synform). (b) Stereogram
with pre-Torrearboles Fm. bedding and Cadomian foliation in Cadomian basement and fold axis calculated from the bedding and Cadomian foliation. (c) Geological
map indicating the D, structure in the study area (green dashed line corresponds to the axial trace of an upright antiform) and tectonic flow direction calculated after
Cadomian S-C structures. The numbers that accompany the calculated Sn and S, refer to those included in the database containing all the structural data (Moreno-
Martin et al., 2023). (d) Stereogram with pre-Ordovician bedding in Torrearboles Fm. and fold axis calculated from the pre-Ordovician bedding in Torrearboles Fm.
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Figure 5. Stereograms with structural data from the study area. (a) D, mineral and stretching lineation. Note that the Cambrian tectonic flow inferred from these
lineations fits the trend of D,,; mineral and stretching lineations and that of the tectonic flow vectors (LSC) calculated after C-S structures. (b) Lines and shear sense
(calculated after C-S structures) defining the pre-Ordovician tectonic flow. (c) Dy, fold axes calculated from bedding in Torredrboles Fm., Ordovician quartzites, and
Devonian phyllites and quartzites. (d) Dy, fold axis calculated from poles to S.;. (e) Dy, fold axis calculated from poles to Sy,. (f) S,; and Dy, fold axes calculated from
bedding in Torrearboles Fm., Ordovician quartzites and Devonian phyllites and quartzites. Abbreviations: T. Fm.—Torrearboles Formation. Ord. phy.—Ordovician
phyllites. Dev. quar.—Devonian quartzites.

top-to-the-NW or top-to-the-SE (Figure 5b). L, shows a trend parallel to Variscan linear structures (fold axes
and lineations; Figure 5a), so it might have resulted from reorientation upon Variscan deformation. However, the
trend of L., (Figure 5a) matches the trend of tectonic flow vectors (LSC) calculated for D, (Figure 5b).

We performed qualitative and quantitative restoration of the pre-Ordovician structure (Figure 4c). Qualitative
restoration followed a procedure similar to that described in Section 3.2.2. The quantitative restoration was done
by rotating Ordovician bedding to a horizontal geometry, using Dy, fold axis, while tracking such rotation in the
planar structures of the lithologies below (either S, or bedding). The resulting pre-Ordovician structure consists
of an antiform defined by bedding, lithological contacts between metaigneous rocks, and S,. The axial trace of
this antiform is shown in Figure 4b, and its fold axis trends NW-SE (03°/328°; Figure 4d). The tectonic flow
inferred from the asymmetric S, structures and the trend of L, is oblique to the hinge of this fold and is oriented
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clockwise from its axial trace. The D, tectonic flow shows a bi-vergent pattern directed away from the hinge
zone of the antiform (i.e., top-to-the-NW in the NE-dipping limb and top-to-the-SE in the SW-dipping limb).

3.3. Variscan Phases of Deformation and Their Interference
The set of structures presented below can be observed in pre-Paleozoic and Paleozoic metamorphic rocks.
3.3.1. Dy, Folds and Fabrics

Dy, generated folds that affected the Ediacaran through to the Devonian rocks. The D,;, folds are tight, overturned,
and asymmetric (E-verging). Although many individual Variscan folds in the study area probably result from the
addition of D,;; and homoaxial D, , folds (see below), some D, folds can still be identified at the meso- to macro-
scale. When this is possible, Dy, folds tend to show N-S trending, as is the case for the type-1 interference pattern
(Ramsay, 1967) at RP-16 and RP- 4 (Figure 2), or the folds at RP-17 and RP-18 (Figure 2) (bedding is folded but
the dip-direction of the first Variscan foliation is not), among others. D,;, folds show axial planar foliation (S,;,)
(Figures S1j and S20 in Supporting Information S1). In Ordovician and Devonian rocks, S,;, is schistosity defined
by quartz, muscovite, opaque minerals, chlorite, plagioclase, and minor biotite.

3.3.2. Dy, Fabrics

Dy, structures and bedding are transposed by flat-lying crenulation cleavage (S,,; Figures S1g and S20 in Support-
ing Information S1) and associated crenulation lineation. These fabrics are spatially related to NNW-SSE-trending
folds, all of which are local and have no bearing on the structure at the macroscale. Sy, is defined by the mechan-
ical reorientation of previous minerals (e.g., Sy,) and newly formed quartz, chlorite, white mica, and sericite.

3.3.3. Dy, Folds, Shear Zones and Fabrics

Sci> Ses Syyps and Sy, were affected by folds and faults. Faults can be high-angle, reverse, or purely strike-slip.
These structures can be recognized in all rocks in the study area.

Dy, folds were observed at the macroscale (Figure 2), mesoscale (Figures S1j-S11 and S1t in Supporting Infor-
mation S1), and microscale (Figures S2b, S2n, and S20 in Supporting Information S1). D, folds are upright
to overturned, and their geometry ranges from tight to open (Figures S1j—S11, and S1t in Supporting Informa-
tion S1) (Figures 2b and 2n). Their axes trend NW-SE, while their plunge is dominantly to the NW and SE in the
NW and SE parts of the study area, respectively (Figures 3a, 3b, 5c, 5d, and 5e). The Dy, fold axial planes are
near-vertical, but the vergence changes accordingly, being to the NE (e.g., Figures 1u and S1v in Supporting
Information S1) and SW (e.g., Figure S11 in Supporting Information S1) in the NE and SW sections, respectively.
Despite this general tendency, the vergence changes locally in relation to the dip-slip tectonic transport of nearby
Dy, shear zones. For instance, the vergence would be to the NE if the dip-slip component of a Dy ; shear zone is
directed to the NE.

The Dy, folds are accompanied by axial planar foliation (S,,; Figures 2b and 2c), which occurs as subvertical
crenulation cleavage (S,;; Figures S2b, S2n, and S20 in Supporting Information S1). The strike of S, ; is NW-SE,
and its dip-direction is NE or SW (Figures 2a and 5f). Sy, is defined by the reorientation and recrystallization of
previous minerals, such as quartz, biotite, muscovite, plagioclase, and feldspar, plus newly formed quartz, musco-
vite, sericite, and opaque minerals. This foliation occurs alongside crenulation lineation formed at the expense of
Sci1, Scas Syp» and Sy, (Figure S1i in Supporting Information S1) and trending NW-SE (Figure 3c).

The D, ; shear zones strike NW-SE and are subvertical, usually dipping >60° to the NE or SW (Figures 2a—2c).
These shear zones are accompanied by a set of shear zones that strike NE-SW to E-W, which usually connect
several NW-SE trending shear zones along their trace. Most Dy, shear zones were first revealed by the presence of
mylonites crosscutting along the boundaries of the Ediacaran and Paleozoic rocks, but they can also emerge from
the mapping of lithological ensembles. Based on the mapping, we observed an upthrown movement of the upper
block to most faults. Otherwise, a left-lateral component can be inferred. However, based on the direct observa-
tion of slickenlines plus kinematic indicators (sigma and delta objects, S-C structures; Figures S1b, S2d, S2j, and
S21in Supporting Information S1) and NW-SE-trending stretching lineation within mylonites (Figure 5a) (Figure
S1h in Supporting Information S1), most shear zones can be classified as dip-slip faults, including a component
of left-lateral and reverse movement. The D,,; mylonitic foliation is defined by recrystallized and newly formed
quartz, muscovite, sericite, biotite, feldspar, and plagioclase.
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The Dy, reverse faults tend to be subparallel to Dy, fold axial planes and S, ;. However, the D, , fold axial planes
can also be oblique and oriented clockwise from the Dy, faults (e.g., RP-19; Figure 2). The Dy, reverse faults
tend to converge at the surface (RP-20; Figure 2), suggesting an overall imbricate structure for the fault system
(Figures 2b and 2c; Figures S1u and S1v in Supporting Information S1). However, the tectonic transport of indi-
vidual reverse faults indicates that the core of the study area corresponds to a major antiform exposed over a Dy,
pop-up structure (Figures 2b and 2¢). Most major Dy, antiforms (e.g., those with cartographic expression) tend to
occur over hanging walls to Dy, reverse faults, while Dy, synforms usually occupy their footwalls.

3.4. Central Iberian Zone

The oldest rocks of the Central Iberian Zone included in this study are Ordovician (Instia Mérquez et al., 1991),
so they are unable to provide direct constraints on the Cadomian evolution. Because these rocks are affected by
Variscan deformation and metamorphism, they have been used to reinforce arguments to distinguish between
Variscan and Cadomian deformation in the region.

The first phase of deformation corresponds to tight upright folds with an NNW-SSE fold axis trend (Figure 3d)
and an associated axial planar foliation (Figure S1o in Supporting Information S1). This foliation is a schistosity
defined by quartz, muscovite, chlorite, minor biotite, plagioclase, and opaque minerals. The second phase of
deformation is characterized by a crenulation cleavage formed after the rotation of minerals from the previous
foliation and newly formed quartz, muscovite, sericite, and opaque minerals. This fabric represents the main
and dominant foliation in this section of the Central Iberian Zone. The third phase of deformation is typified
by folds that affect all previous fabrics and occur alongside axial planar foliation. The axes of these folds trend
NW-SE trend, and may show shallow to moderate plunge (52°/307°) (Figure 3d; Figure S1n in Supporting Infor-
mation S1), likely due to the primary obliquity between the previous fabric and axial plane. This axial planar
foliation is nearly vertical and is defined by quartz, muscovite, minor biotite, and opaque minerals. The sequence
of Variscan phases of deformation and associated structures (and their associated fabrics) are referred Dy, (Sy,),
Dy, (Sy,), and Dy; (Sy)-

Sy; in the Central Iberian Zone is oriented clockwise from the boundary between the Central Iberian Zone and
the Obejo-Valsequillo Domain, and so are the traces of D, folds (RP-21; Figure 2). Such boundary cuts across
the internal structure of both the Central Iberian Zone and the Obejo-Valsequillo Domain, including the D, , folds,
so it corresponds to a late Variscan shear zone. This shear zone dips steeply to the SW (according to the mapping
of its trace) and shows a similar relationship to S ; in both the Central Iberian Zone and the Obejo-Valsequillo
Domain. This shear zone runs parallel to the rest of the D,,; shear zones within the Obejo-Valsequillo Domain,
even close to some of them (~1 km across the section, RP-21; Figure 2). Therefore, this boundary will also be
tentatively considered as a sinistral shear zone with reverse dip-slip and imbricated with the rest of Dy, shear
zones of the Obejo-Valsequillo Domain (Figure 2b).

4. Discussion

The pre-Ordovician rocks constitute a pre-Variscan basement involved in the Variscan Orogeny, which is another
contributor to the dismantling and dismembering of the Cadomian record. Variscan deformation modifies the
Cadomian record on a regional scale; therefore, it is dealt with first to provide a frame for discussion.

4.1. Variscan Tectonics

Early Variscan deformation in the Devonian rocks of the Obejo-Valsequillo Domain is considered to be Late
Devonian (Dallmeyer & Quesada, 1992; Garrote & Broutin, 1979; Sanchez-Cela & Gabaldén, 1977). This
deformation is attributed to the shortening of an upper plate during continental subduction and collision (Diez
Fernandez et al., 2016). On the other hand, the D,;, structures of the Central Iberian Zone would account for the
progression of the same collision into the inner parts of the lower plate later in the Carboniferous (Rubio Pascual
et al., 2013, 2016).

In the absence of absolute age data, the Dy, structures in the Obejo-Valsequillo Domain and Central Iberian Zone
can only be linked to the extension-related processes that affected the hinterland of the Variscan orogen between
~345 and 315 Ma (Arango et al., 2013; Diaz Azpiroz et al., 2004; Martinez Catalan et al., 2014; Moreno-Martin
et al., 2022; Pereira et al., 2009, 2012; Rubio Pascual et al., 2013).
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The set of Dy, structures in the study area is analogous to other strike-slip systems formed during the late stages
of the Variscan Orogeny (~315-305 Ma; Capdevila & Vialette, 1970; Diez Ferndndez & Martinez Catalan, 2012;
Diez Fernandez & Pereira, 2017; Exp6sito Ramos, 2005; Gutiérrez-Alonso et al., 2015; Martinez Poyatos, 2002;
Rodriguez et al., 2003; Valle Aguado et al., 2005). Dy, structures suggest left-lateral transpressive deformation
and an overall upward extrusion of (Cadomian) basement rocks accommodated along paired shear zones (e.g.,
pop-ups). The SW Iberian Massif was dominantly affected by this type of shear zones (Azor et al., 1994; Diez
Fernandez & Pereira, 2016, 2017; Pérez-Céceres et al., 2016), which in most cases represent the current tectonic
boundaries of major paleogeographic zones, such is the case of the Obejo-Valsequillo Domain and Central Iberian
Zone in our study area.

4.2. Early Building of the Cadomian Magmatic Arc (D, and S,)

The oldest evidence of deformation in the study area is twofold. On the one hand, there is foliation trapped within
post-kinematic cordierite poikiloblasts (S.,; Figure S2b in Supporting Information S1), which grew in a thermal
aureole of Ediacaran meta-granitoids intruded at ~573 Ma (Ordéiiez Casado, 1998). This foliation suggests
ductile deformation and metamorphism prior to that age. On the other hand, the Ediacaran igneous bodies were
roughly tabular in shape before D, folding (see Section 3.2.2). The openness and upright geometry inferred for
the D, folds favor the suite of Ediacaran igneous rocks constituting a relatively flat, yet irregular, massif before
D, (Figure 6a).

The variety of rock types that make the Ediacaran igneous suite, along with the primary relationships between
them (mingling; Figures Slc and S1d in Supporting Information S1), support a model in which a batholith is
constructed by the progressive arrival of many individual plutons to a supra-subduction zone (upper plate). The
exotic nature of magmas relative to the sedimentary host (Serie Negra Gp.) is supported by the following: (a)
the mafic composition of some igneous rocks, (b) the mingling of such rocks with felsic magmas, (c) the lack of
partial melting in the sedimentary host, and (d) the development of thermal metamorphism. We believe that the
construction of a batholith the size of the one exposed in the La Serena Massif requires, at least, local extension
of the crust to be the host of exotic magmas.

The extension needed to accommodate the arrival of the Ediacaran magma could have left an imprint in the host
(e.g., S¢)) and plutons (flat-lying tabular shape). Both features can be understood as snapshots of progressive
processes. However, extension in this scenario should be regarded as a local process, because the continuous,
supra-subduction zone type magmatism that dominates the batholith suggests the arrival of melts to the magmatic
axis of the arc (Arenas et al., 2021, 2022; Rojo-Pérez et al., 2024), that is, overall crustal growth. A metamorphic
event at ~573 Ma or older has also been recorded in the nearby Mérida Massif (U-Pb dating in garnet; Arenas
et al., 2022), providing further evidence of the coexistence of tectonomagmatic and tectonometamorphic activity
during the building of the Cadomian Orogen.

4.3. Advanced Building: Arc Collision (D, Folding)

The upright geometry of the D, folds implies horizontal crustal shortening during the second phase of Cado-
mian deformation. The D, folds affect the felsic and melanocratic members of the Ediacaran batholith plus
the metasedimentary rocks of the Serie Negra Gp., and are unconformably covered by Early Cambrian strata.
Accordingly, the age of D, should be constrained to a range between ~573 and ~535 Ma.

During the latest Ediacaran, other sections of the Cadomian Orogen preserved in SW Iberia were subjected
to crustal shortening, including ophiolite accretion and obduction in its fore-arc and back-arc sections (Diez
Fernandez et al., 2019, 2022). The central and northern parts of the Iberian Massif are considered sections of the
Cadomian Orogen located inboard Gondwana relative to the rocks in SW Iberia (Diez Fernandez et al., 2016;
Fuenlabrada et al., 2016, 2021). In these parts of the Iberian Massif, the scarcity of Ediacaran magmatism and
the provenance, (turbiditic) nature, and geochemical composition of the sedimentary series are compatible
with a paleogeographic location in a wide back-arc section away from the magmatic axis of the Cadomian arc
and closer to mainland Gondwana. During the latest Ediacaran period, these sections far from the trench were
affected by folding, which led to the uprighting of the sedimentary series (Bandrés, 2001; Capdevila et al., 1971;
Diez Balda, 1986; Diez Fernandez et al., 2019; Llopis et al., 1970; Martinez Poyatos, 2002; Pieren, 2000). The
D, folds of the study area developed in a section of the arc system probably close to the magmatic axis (see
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Figure 6. Model showing the tectonic evolution of the Iberian margin of Gondwana during the Ediacaran and Early Paleozoic (in map-view and cross-section) (adapted
from Diez Fernandez et al. (2022)). (a) A first stage shows the intrusion of Late Ediacaran plutons into the Serie Negra Gp. while the continental arc system grows and
broadens (development of fore-arc and back-arc basins). (b) Upright folding affecting the igneous assemblage and its host along the magmatic axis of the arc, while

the marginal basins are closed. Overall upper plate compression is framed into a flat subduction event. (c) The resulting mountain belt is eroded away and submerged
during the onset of an extensional phase related to the roll-back of the lower plate. The Ediacaran record (sequences and structures) are unconformably covered by

Early Cambrian strata (Torrearboles Fm.). (d) To the left, a 3D schematic model and simplified cross-section showing the architecture of the dome generated during

the progression of the extensional phase in the upper plate (D). To the right, a tectonic model that explains the oblique extensional tectonic flow that characterizes

the dome in a global context of sinistral plate convergence. (e) Cessation of ductile extensional flow within the dome, erosion, and (unconformable) sedimentation of
Ordovician strata during the culmination of the extensional phase that affected this part of the Cadomian Orogen.
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discussion in the previous section). Accordingly, by the end of the Ediacaran, the Cadomian Orogen as a whole
had experienced horizontal shortening (Figure 6b). Stages of crustal shortening distributed across a significant
part of the upper plate to an arc system can be explained by flat subduction events (Stern, 2002). This scenario
is considered likely for the latest Ediacaran evolution of the Cadomian Orogen in Iberia, which could have
resulted in the collision of the Cadomian arc with mainland Gondwana (Arenas et al., 2018; Bandrés et al., 2004;
Henriques et al., 2015; Linnemann et al., 2008; Orejana et al., 2015; Rojo-Pérez et al., 2019), closure of marginal
basins (Arenas et al., 2022; Diez Fernandez et al., 2019, 2022), and the onset of retro-arc basins (Diez Fernandez
et al., 2019, 2022; Fuenlabrada et al., 2021; Rojo-Pérez et al., 2024).

The Malcocinado Formation is a volcanic and volcaniclastic series that rests unconformably onto the latest Edia-
caran structures, such as those related to ophiolite obduction (Arenas et al., 2022; Diez Fernandez et al., 2019;
Rojo-Pérez et al., 2024). Such volcanic activity occurred in an active margin, and its age spans the boundary
between the latest Ediacaran and the earliest Cambrian (Arenas et al., 2022; Pereira, 2015). Although the Malco-
cinado Fm. is missing in the study area, its nature favors a model in which subduction does not cease after an
arc collision. The Malcocinado Fm. is unconformably covered by the Early Cambrian series that followed (e.g.,
Torrearboles Fm.; Lifidn, 1984; Rojo-Perez et al., 2024; Figure 6¢); therefore, deformation affecting the arc
system did not cease either.

4.4. Arc Extensional Collapse (Erosion and D; Extension)

After D, the deposit of Early Cambrian strata (Torredrboles Fm.) unconformably over the remnants of a previ-
ously thickened crust indicates that erosion was a significant contributor to the arc dismantlement. Another
contributor was the collection of structures formed during D,, which collectively represent an extensional
dome with bi-vergent tectonic flow (La Serena dome). The extensional nature of the flow is typified by the
match between the dip-slip inferred from the D, shear sense and the dip direction of the limb of the D,
dome (Figure 6d). The lack of markedly telescoped isograds in the (cold) metamorphic series suggests that the
study area represents the upper structural section of an extensional dome. This section was affected by intense
(mylonites) and pervasive D, strain, but the limited exposure of this Cadomian massif has not allowed us to
observe the juxtaposition of low-grade against high-grade crustal sections, as is typical for thermal domes (e.g.,
Arango et al., 2013; Diez Balda et al., 1995; Escuder Viruete et al., 1994).

We cannot ascertain the onset of the extensional activity that led to the La Serena dome, but it should be later
than ~535 Ma old (youngest age estimation for D,) and no younger than the Ordovician strata that fossilized
the dome (Armorican Quartzite is considered to be Arenig/Floian in age, i.e., ~477-470 Ma; Gutiérrez-Alonso
et al., 2007). The deposit of the Torrearboles Fm. has been framed in the context of Early Cambrian crustal exten-
sion (Arenas et al., 2022; Diez Fernandez et al., 2015, 2019, 2022; Linnemann et al., 2008; Pereira et al., 2012;
Sanchez-Garcia et al., 2003, 2013), which could have occurred during the onset of D in the region. Accordingly,
the La Serena dome represents the progression of extensional activity that created the Cambrian basins in the
first place.

The Cambrian magmatic activity has been divided into two stages. An early extensional stage includes felsic
peraluminous rocks derived from crustal melting and minor mantle-derived input, whereas a later extensional
stage is characterized by a continuous suite of moderately mafic to acidic rocks with minor intermediate rocks,
all of which are derived from various mixtures of crustal- and more abundant mantle-derived magmas (Diez
Fernandez et al., 2015; Pereira et al., 2023; Rojo-Pérez et al., 2024). The increasing contribution of the mantle
suggests that the thickness of the Cadomian orogenic crust progressively attenuated. In our view, the D, exten-
sion represents the structural expression of this process. The eventual involvement of the Torrearboles Fm. into
the D, shear zones indicates upward broadening of the ductile flow during extension. We believe that this
illustrates a process of rheological softening throughout the orogen. The upward migration points to an underly-
ing thermal anomaly as a likely trigger.

The Cambrian magmas of the early extensional stage are associated with hot lower-crust flow and the formation
of high-grade domes in other sections of SW Iberia, which are believed to accommodate passive extension (Diez
Fernandez et al., 2015; Sanchez-Garcia et al., 2003, 2013). We acknowledge the development of the La Serena
dome in the context of hot lower-crust flow. After a period of flat subduction (D,), the lower plate rolled back
and retreated. The progressive nature of this process would have allowed an incremental incursion of a mantle
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wedge through the upper/lower plate boundary, thus promoting a thermal anomaly, upper plate extension, and
widening of the orogenic system (Diez Fernandez et al., 2019, 2022) (Figure 6d). This view is consistent with
previous geodynamic models, which suggest oblique incision of an oceanic ridge into the Cadomian Orogen
as the trigger for Cambrian extensional tectonics (Linnemann et al., 2008; Sanchez-Garcia et al., 2008). Ridge
collision and initial (flat) subduction could explain the overall D, contraction of the Cadomian upper plate (see
Section 4.3), while the subsequent burial of the ridge into the mantle could have created a slab window and
the generation of adakitic magma later in the Early Cambrian (Sarrionandia et al., 2020). However, all of these
processes require ongoing subduction beneath Gondwana during the Cambrian.

In a model of passive rifting (i.e., extension driven by far-field stresses sourced from plate interactions), a
component of lateral movement between tectonic plates induces oblique stretching and extensional tectonic flow
oriented obliquely to plate boundaries (roughly defining the orogenic trend) (e.g., Dewey, 2002; Diez Ferndndez
et al., 2012). If lateral plate movement is accompanied by a component of extension normal to plate boundaries
(e.g., plates are moving away from each other), the extensional flow will likely tend to be oriented toward the
direction in which plates diverge (e.g., Dewey, 2002). In cases where the lateral plate movement includes a
component of compression normal to plate boundaries (e.g., derived from ongoing plate convergence and subduc-
tion), the extensional flow tends to be reoriented to the strike of the plate boundary (Dewey, 1988; England &
Houseman, 1989; Ratschbacher et al., 1989).

D, extensional flow is characterized by vectors oriented clockwise from both the trend of the La Serena dome
(Figure 6d) and the trend of the D, structures (Figure 4b), which are the two local references constraining the
trend of the Cadomian orogenic belt in the study area. Gravitational gradients alone (e.g., pure active rifting)
cannot produce such oblique extension in an allegedly linear orogen. The obliqueness of the D, extensional flow
is compatible with a left-lateral component of movement between plates (Figure 6d). We consider the emergence
of the La Serena dome to be the contribution of local diapiric flow to the gravity-driven, thermo-mechanical
re-equilibration of the Cadomian orogenic crust after D,. However, the pronounced elongated shape of this
(NW-SE-trending) dome indicates NE-SW shortening and/or NW-SE stretching. The NW-SE trend of the dome
might have been derived from dominant stretching nearly parallel to the extensional D, flow, but this would have
resulted in constructional strain and linear fabrics (L-tectonites) trending NW-SE (Sullivan, 2013), which are
lacking here. The elongated shape of the dome can be derived from NE-SW compression in a setting of ongoing
plate convergence (note that the La Serena dome and D, folds trend similarly). Accordingly, we propose a plate
kinematic model for the formation of the dome featured by oblique left-lateral convergence between Gondwana
and a downgoing oceanic plate (Figure 6d). The slab retreated from the upper plate, thus creating room for the
asthenosphere to penetrate under the base of the Gondwanan continental crust. This would have paved the way
for a later stage dominated by active rifting (i.e., a later extensional stage and magmatism with higher mantle
influence; Diez Fernandez et al., 2015; Sanchez-Garcia et al., 2003, 2008, 2013).

4.5. Integration Within the Cadomian Orogeny of Europe

At the scale of the whole Cadomian record in Europe, a comparison and correlation of major events is possible
if we analyze their relative chronology and bearing on the crust, that is, we observe the sequence of events that
contributed to crustal growth, thickening, or thinning. Like in Iberia, the record of Cadomian tectonics in the rest
of Europe can be divided into contrasting stages.

A first broad stage includes crustal growth in continental arc sections and extension in marginal basins (D, in
this study; from >600 to ~573 Ma). This fits the tectonomagmatic activity recorded in the Bohemian and the
Armorican Massifs (Ballevre et al., 2001; Chantraine et al., 2001; Graviou et al., 1988; Kounov et al., 2012;
Linnemann et al., 2014; Slama et al., 2008; Strachan & Roach, 1990).

A second stage dominated by contraction and basin inversion (D, in this study; from ~570 to ~540 Ma) is
featured by the closure of back-arc basins, the juxtaposition of different terranes and the onset of retro-arc basins
in the Iberian Massif. A collection of similar processes has also been proposed to explain the Cadomian record
of the Armorican and Bohemian Massifs within that time frame (Ballévre et al., 2001; Chantraine et al., 2001;
Linnemann et al., 2014; Slama et al., 2008; Strachan & Roach, 1990). Structural data suggest that deformation at
this stage formed under a sinistral transpressive setting (Ballevre et al., 2001; Diez Fernandez et al., 2019; Treloar
& Strachan, 1990).
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A final stage dominated by extension (D, in this study; from ~540 to ~470 Ma) includes the development of
a Cambrian unconformity, which is also observed in the Armorican (Cavet et al., 1966) and Bohemian Massifs
(Buschmann et al., 2006; Slama et al., 2008). It is considered to have been formed in a transtensional setting
spanning from the latest Ediacaran through to the Cambrian (Ballevre et al., 2001; Drost et al., 2004; Linnemann
et al., 2000, 2008, 2014; Strachan & Roach, 1990). Out of Iberia, the development of rift basins during this final
stage has been linked to Cadomian structural domes (e.g., Linnemann et al., 2014). However, structural evidence
about the upwarping and crustal extension inherent to doming is a missing piece in some models (not in ours).
On the contrary, the exhumation of migmatites is a process observed in some Cadomian basements (e.g., Ballevre
et al., 2001; Brun & Balé, 1990) and missing in our study area. Therefore, the relationship between Cadomian
structural domes and the flow of partially molten crust represents a research line to further our understanding
about the Cadomian tectonics in Europe.

The ages of the tectonic and metamorphic events are tentatively older in the Bohemian Massif and in the Armor-
ican Massif compared to those observed in Iberia (Figure 1a). This could be the result of either oblique plate
motion during the Cadomian dynamics (Figure 6d), and/or the obliqueness between the boundary of the upper
plate (Gondwana) and the ridges, transform faults and plateaus that may have existed in the downgoing slab.
In a frame of Cadomian tectonics ruled by left-lateral plate motion, the onset of Cadomian deformation events
younger toward southern Europe is compatible with a ridge in the downgoing slab oriented clockwise from the
trench (i.e., the external boundary of Gondwana).

5. Conclusions

Restoration of Variscan deformation in the La Serena Massif (SW Iberia, Spain) has revealed three phases of
deformation that affected the periphery of Gondwana during the Cadomian Orogeny. The first phase (D,
prior to 573 Ma) shaped plutons that intruded the continental arc into tabular bodies. The second phase (D,
573-535 Ma) is characterized by upright folds and represents additional crustal thickening. The third phase
includes the development of an orogen-parallel dome dominated by oblique extensional flow (D,, ranging
between ~535 and ~480 Ma). The subduction that controlled the Cadomian orogenesis during the Ediacaran
persisted during the Early Paleozoic.

The alternation of contractional and extensional deformation related to the Cadomian cycle in Iberia is aligned
with the record of Cadomian deformation in Europe. The stages related to the building, crustal thickening and
collapse of the arc system seems rather contemporaneous throughout Europe. This suggests that the plate-scale
processes that led to every major event in the Cadomian Orogen must be explained by changes able to operate at
the scale of hundreds, even thousands of kilometers along strike (e.g., changes in plate interactions). For instance,
alternation between periods dominated by crustal shortening and extension in the upper plate (North African
Gondwana) may be due to major changes in the geometry of the subduction plane. Phases dominated by shorten-
ing across most of the upper plate (from the fore-arc to the back-arc) are best explained by flat subduction (D,).
A subsequent extension can be framed as a slab retreat stage (D;). The oblique-to-orogen extensional tectonic
flow during this latter stage suggests sinistral convergence. This plate kinematics is also supported by Cadomian
sinistral transpressive belts formed in other parts of Europe by the latest Ediacaran, that is, prior to D ;.
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Data are available through (Moreno-Martin et al., 2023).
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