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Abstract

The recent discovery of Ediacaran ophiolites in the SW Iberian Massif has made it
possible to pinpoint the evolution of the Cadomian basement of Europe. The Calzadilla and
Merida ophiolites (gabbroic protoliths dated at c. 600 and 594 Ma, respectively) have
geochemical characteristics typical of supra-subduction zone ophiolites. They are interpreted
as originating during the initial opening of a fore-arc basin with boninitic magmatism
(Calzadilla), followed by the formation of a back-arc basin with arc-tholeiites (Merida).
Widening of the back-arc leads to the rifting and drifting of a section of the active continental
margin (Cadomia). These oceanic domains initiated a rapid contraction, culminating in the
collision of Cadomia with Gondwana (c. 590-540 Ma). The application of a PANALESIS
model to this paleogeographic setting confirms the plausibility of Cadomian rifting and the
likely opening of broad oceanic domains. It also confirms the final collision of Cadomia with
Gondwana, although the synthetic and regional data disagree in the precise chronology of
the convergence and collision of Cadomia with the West Africa Craton. This work shows that
the evolution of the Cadomian basement is much more complex than traditionally

considered.



1. Introduction

The Iberian Massif represents an extensive peri-Gondwanan domain with a relevant
position during the final assembly of Pangea, when the Variscan Orogen was formed (Fig.
1). It contains a rather continuous orogenic section that includes the innermost domains of
the Variscan Orogen, characterized by the presence of different ophiolites and units affected
by high-P metamorphism, and foreland areas located further inland in Gondwana, close to
the southern deformation front of the Variscan Orogen (Fig. 1; Arenas et al. 2016a, Diez
Fernandez et al. 2016, Martinez Catalan et al. 2020). It is therefore an optimal region for
investigating the long-term evolution of the palaeo-margin of Gondwana, from the formation
of the supercontinent to the final assembly of Pangaea.

Different suture zones marked by ophiolites have been recognised in the Iberian
Massif, whose continuity through the basement of Central Europe is sometimes unclear (Fig.
2; Arenas et al. 2021). The closest suture to Avalonia is interpreted as the actual suture
related to the closure of the Rheic Ocean, the Palaeozoic ocean located between the
Avalonia microcontinent and Gondwana (Nance et al. 2010). Ophiolites associated with this
suture have been dated to c. 395 Ma in Cornwall (SW England, Lizard Ophiolite; Clark et al.
1998, Nutman et al. 2001). In the SW Iberian Massif, the Beja-Acebuches Ophiolite occupies
the same position, but it is younger (c. 340 Ma; Azor et al. 2008; Fig. 2) and its generation
seems related to the opening and accretion of a basin following the closure of the Rheic
Ocean (Murphy et al. 2011, Diez Fernandez et al. 2016). Another Palaeozoic suture
identified in the NW Iberian Massif is located farther within Gondwana (Fig. 2). It is a
complex suture defined by several ophiolite units dated at c. 500 Ma (Vila de Cruces
Ophiolite; Arenas et al. 2007, Sanchez Martinez et al. 2021) and c. 400 Ma (Care6n, Purrido
and Moeche ophiolites; Diaz Garcia et al. 1999, Pin et al. 2002, Sanchez Martinez et al.,
2011, Arenas et al. 2014a). It has been interpreted as a secondary Variscan suture resulting
from the closure of an intra-orogenic peri-Gondwanan basin (c. 400 Ma ophiolites, Arenas et
al. 2014b) that opened within transitional continental crustal domains (c. 500 Ma ophiolite;

Diez Ferndndez et al. 2016). Ophiolitic units dated at c. 400 Ma are also common in the



Bohemian Massif (Wojtulek et al. 2022). These are the most widely distributed ophiolites in
the Variscan Orogen (Kroner and Romer 2013). Finally, the SW Iberian Massif contains
another complex suture of Ediacaran age (Fig. 2), defined by the presence of at least two
ophiolites dated at c. 600 Ma (Calzadilla and Mérida ophiolites; Arenas et al. 2018, In press,
Diez Fernandez et al. 2019, 2022). In the vicinity of Iberia, in the Anti Atlas of Morocco, still
another older suture zone is dated at c. 750-700 Ma (Bou Azzer Ophiolite; Fig. 2; El Hadi et
al 2010, Triantafyllou et al. 2018, Hodel et al 2020, Pujol-Sola et al 2021). Given the ages
considered, this suture must be related to the Pan-African dynamics that caused the
assembly of the Gondwana supercontinent (Arenas et al. 2021, Vérard 2021).

The presence of Ediacaran ophiolites in the Iberian Massif has only been recently
recognized. These ophiolites have not been described so far in other regions of the Variscan
Orogen, offering the possibility to investigate the dynamics or orogenic activity of the
Gondwana palaeo-margin during the transition between the Ediacaran and the Early
Cambrian. These dynamics are referred to as Pan-African orogeny in Africa and Cadomian
orogeny in Europe (D'Lemos et al. 1990; Quesada 1990; Liegeois et al. 1994; Von Raumer
et al. 2015), where have long remained poorly known due to the involvement of this margin
in the final assembly of Pangea, when it represented the Cadomian basement of the
Variscan Orogen (Eguiluz et al. 2000) and it was variably deformed during Devonian and
Carboniferous times. Interpreting the origin of these ophiolites needs of the carefully analysis
of the dynamic setting associated with the development of subduction in the peri-
Gondwanan arc system during this period, as well as the possible generation of fore-arc and
back-arc basins and the extent of the oceanic domains involved. The characteristics of the
ophiolites and the dynamic environments where they may have been generated, can also be
discussed based on the predictions of synthetic geodynamics models developed for this
period (PANALESIS models, Vérard 2021). This paper presents a review of the currently
known data for the Ediacaran ophiolites of the SW Iberian Massif, focusing on the
comparison with related terranes, their tectonothermal evolution, lithological, geochemical,

isotopic and geochronological characteristics. This dataset is used to discuss the dynamics



and possible palaeogeographic evolution of the Ediacaran basement of Europa (Cadomia),
both from a regional perspective and in terms of theoretical plate tectonic models. The origin
of Cadomia has long been enigmatic, since it has not been possible to clearly recognize its
geodynamic setting and evolution. That the Cadomian Orogeny is related to the
convergence and interaction of very large continental masses has been generally dismissed.
Instead, the Ediacaran dynamics of the African margin of Gondwana has been considered
related to the building and dismantling of a long-lived volcanic arc along this margin (Pereira
et al. 2006; Linnemann et al. 2008, 2014). In order to determine the identity and chronology
of the oceanic domains participating in the evolution of Cadomia, it is essential to trace
ophiolitic units generated in both fore-arc and back-arc domains or in the peri-Gondwanan
ocean itself. Ophiolite recognition in the field is always challenging and must be
supplemented with additional analytical data derived from geochronology, geochemistry and
tectonothermal modelling. On the other hand, the results of this work allow us to present a
new scenario for the Cadomian Orogeny, where the interaction of Gondwana with
lithospheric elements other than the peri-continental volcanic arcs seem to play a significant
role.
2. Geological setting

The overall structure of the Variscan Orogen is defined by two main domains. They
consist of regions of autochthonous or parautochthonous nature, over which large
allochthonous complexes were thrusted, consisting of thick piles of terranes of different
nature, both continental and oceanic (Figs. 1 and 3; Arenas et al. 2016a, Diez Fernandez et
al. 2016, Martinez Catalan et al. 2020, Schulmann et al. 2022). These complexes contain
ophiolites of different ages, as described in the previous section, and units affected by
several Variscan high pressure (high-P) metamorphic events, the main ones dated at c. 390
Ma and c. 370 Ma (Novo-Fernandez et al. In press, and references therein). In the SW
Iberian Massif, the Ossa-Morena Complex represents the main allochthonous domain. It is
constituted by two assemblages of different nature, an Upper Allochthonous Terrane

overlying a Basal Allochthonous Terrane with high-P Variscan metamorphism (Badajoz-



Cordoba Unit or Central Unit), that in turn overrides an Autochthonous Domain (Fig. 3; Diez
Fernandez and Arenas, 2015). The Upper Allochthonous Terrane is composite, with units of
very different nature, dating back to the Carboniferous. Its lower units define a thick
lithological stack consisting of Ediacaran and Cambrian age assemblages.

In the Upper Allochthon of the Ossa-Morena Complex, the Ediacaran series
represent essentially a section of a peri-Gondwanan magmatic arc, whose record can be
traced up to the Early Cambrian. However, it is not a single terrane, as these series include
at least two ophiolites of different nature (Calzadilla and Mérida ophiolites; Fig. 3). The
magmatic arc contains a thick, mainly siliciclastic, sequence known as the Serie Negra
Group (Carvalhosa 1965, Eguiluz 1988), which estimated age ranges from c. 600 Ma to c.
540 Ma for its lower and upper levels (Montemolin and Tentudia formations, respectively;
Schéfer et al. 1993, Linnemann et al. 2008, Pereira 2015). This series is intruded by a great
diversity of igneous rocks, including gabbroic, tonalitic and granite types, whose age spans
almost the entire chronology estimated for the Serie Negra (Rojo-Pérez et al. 2022). The
igneous rocks document a long dynamic evolution of the magmatic arc, which is related to a
variation in the subduction angle, the amount of subduction-erosion and the involvement of
the mantle wedge (Rojo-Pérez et al. 2022). The main episode of deformation and
metamorphism affecting the Serie Negra Group has been dated in the northern Ossa-
Morena Complex at c. 550-560 Ma (*°Ar-*°Ar; Blatrix and Burg 1981, Dallmeyer and
Quesada 1992).

The Serie Negra Group is unconformably overlain by the Malcocinado Formation
(Fricke 1941), mainly composed of andesitic tuffs and massive andesites, with thick levels of
polygenic conglomerates at the top and bottom of the formation. This series is less deformed
than the Serie Negra Group, and always shows low grade metamorphism. The predominant
andesitic composition of the lavas of the Malcocinado Formation, dated at c. 534 Ma
(Sarrionandia et al 2020, Rojo-Pérez et al. In press), suggests a mature stage of the peri-
Gondwanan arc. Above the Malcocinado Formation, the Torrearboles Formation (Lifian

1984) unconformably overlain the Serie Negra Group and the Malcocinado Formation. This



series consists of fluvial to shallow marine shelf deposits of Earliest Cambrian age that
reflect a new episode of collapse of the magmatic arc and the onset of a long lasting
extensional stage (Middle Cambrian - Early Ordovician) accompanied by alkaline

magmatism (Sanchez Garcia et al. 2013).

3. Cadomian ophiolites in SW Iberia

They are represented by the Calzadilla Ophiolite and the Mérida Ophiolite, both
recently described (Arenas et al. 2018, In press, Diez Fernandez et al. 2019, 2022). These
ophiolites were previously interpreted as intrusive massifs formed in relation to the peri-
Gondwanan Ediacaran magmatic arc (Gonzalo 1987, Bandrés 2001, Bandrés et al. 2004).
The Calzadilla Ophiolite appears to the South in the Ossa Morena Complex, while the
Merida Ophiolite is located in a more northerly position (Fig. 3). Considering that in the Ossa
Morena Complex the Variscan reworking of the Upper Allochthon is low, these locations are
considered an indication of the original position of these units in the active palaeo-margin of
northern Gondwana, whose Ediacaran evolution was conditioned by the existence of a
subduction zone dipping towards the continent. The characteristics of this subduction zone
would have conditioned the dynamics of the margin, the magmatic arc activity and the
eventual opening of fore-arc and back-arc basins.

3.1. Calzadilla Ophiolite

3.1.1. Regional setting, lithologies and geochronology

The Calzadilla Ophiolite crops out in a broad antiform beneath the Malcocinado
Formation, which rests unconformably over the mafic and ultramafic lithologies and shows
low deformation and metamorphism (Diez Fernandez et al. 2019). The ophiolite is emplaced
by thrusting on the metasedimentary rocks of the Serie Negra. These structural relationships
indicate that the ophiolite was obducted onto the Ediacaran siliciclastic series from the peri-

Gondwanan magmatic arc. The Calzadilla Ophiolite is composed of a main lower slice and



some upper slices that define a tectonic sequence imbricated with the Montemolin
Formation (Fig. 4; Arenas et al. 2018, Diez Fernandez et al. 2019). The lower slice is c. 1200
m thick and consists of a basal section of ultramafic rocks (serpentinites, pyroxenites and
hornblendites) and a thin uppermost layer of medium-coarse grained metagabbros. Diabase
dykes and scarce intrusive bodies of felsic rocks of tonalitic compositions and pegmatoid
gabbros intrude the ultramafic section of the ophiolite. Podiform chromitite bodies within this
mantle section can reach 1-2 m in thickness and about 10 m in length. Chromite shows Al-
rich compositions typical of the mantle-crust transition zone (Moho region) of supra-
subduction zone ophiolites (Merinero et al. 2013, 2014). The upper imbricate is c. 1500 m
thick and contains strongly sheared serpentinites alternating with levels of sliciclastic rocks.

The metagabbros of the lower slice represent a fragment of the crustal section of the
ophiolite. They show moderate deformation, with foliation development under metamorphic
conditions typical of the low-T part of the amphibolite facies. However, the felsic rocks and
pegmatoid gabbros included in the ultramafic rocks show evidence of high-T deformation
and local partial melting associated with intense shearing. This tectonothermal evolution
prior to serpentinization contrasts with that of the crustal gabbros. It was generated within
the mantle before the emplacement of the ophiolite above the Serie Negra. It is therefore
interpreted as related to the formation of the mafic-ultramafic section itself preserved in this
ophiolite.

The metagabbros of the lower slice contain a main population of igneous zircons that
have provided a U-Pb protolith age of c. 602 Ma (Fig. 5). These zircons also show a
resetting episode with minor crystallisation of new zircon at c. 540 Ma, which is interpreted
as the age of deformation and metamorphism of the ophiolite and eventually the obduction
of the ophiolite over the Serie Negra (Arenas et al. 2018). This age is somewhat younger
than the age obtained for the deformation of the Serie Negra in the northern sector of the
Ossa Morena Complex (c. 550-560 Ma; Blatrix and Burg 1981, Dallmeyer and Quesada
1992).

3.1.2. Element and isotope geochemistry



Whole-rock chemical analyses of the lower slice gabbros can be found in Arenas et
al. (2018). The projection of their compositions on the Nb/Y-Zr/Ti diagram (Pearce 1996; Fig.
6) allows them to be classified as common sub-alkaline mafic types, with moderate
compositional variability. In the AFM diagram (Irvine and Baragar, 1971; Fig. 6) they stand
out for their high MgO contents, characteristic of tholeiitic boninitic magmas (Dobson et al.
2006). The REE contents are very low, with unfractionated chondrite-normalised patterns
(Nakamura 1974) showing lower values than chondrite for the light REEs and somewhat
higher for the heavy REEs, with marked positive Eu anomalies (Fig. 6). All samples are
distinctly boninitic types in the TiO,-MnO-P.Os diagram (Mullen 1983; Fig. 6), and with
supra-subduction zone (SSZ) signature in the Nb/Y-Th/Yb diagram (Shervais 1982, Pearce
2008, 2014; Fig. 7), akin to primitive oceanic arcs. The boninitic character of these gabbros
is also evident in the Ti-V (Shervais 1982, Pearce 2014; Fig. 7) and Ti/V-Th/Nb (Shervais
2022; Fig. 8) diagrams. Finally, the average composition of the gabbros shows very depleted
HFSE contents relative to N-MORBs (Pearce 2014; Fig. 9), which is again characteristic of
boninitic magmas. Boninitic types are considered to be slab-proximal magmas characteristic
of magmatic arc settings, especially of the fore-arc regions (Crawford et al., 1981, Hickey
and Frey, 1982, Pearce 2014).

On the other hand, the superchondritic EHf(t) >11 of zircons from the gabbros
(Arenas et al. 2018) fall in the MORB-depleted mantle field (Fig. 10. It can be thence
surmised that zircon crystallized from mafic magmas that were almost directly derived from a
depleted mantle source.

3.2. Mérida Ophiolite

3.2.1. Regional setting, lithologies and geochronology

The Mérida Ophiolite is part of the Mérida Massif, located north of the Ossa-Morena
Complex (Fig. 3). This massif consists of three terranes with different origin and
tectonothermal evolution (Fig. 4; Diez Ferndndez et al. 2022). Above the intermediate

ophiolitic terrane, an upper terrane includes a thick siliciclastic series corresponding to the



Montemolin Formation of the Serie Negra. This series contains a basal section where a
dense network of diabases and microgabbros was emplaced, and is also intruded by
numerous large massifs of tonalites and granites of varied composition, with a minor
presence of gabbroic types (Fig. 4). The tonalite-granite massifs range in age from c. 600
Ma to c. 540 Ma (Rojo-Pérez et al. 2022). This assemblage appears in general moderately
deformed and with a low grade metamorphic inprint. However, its basal section does show
intense deformation reaching mylonitic and ultramylonitic characteristics at the contact with
the Mérida Ophiolite, which is interpreted as a large extensional detachment (Trujillanos
Detachment; Fig. 4; Diez Fernandez et al. 2022). Below the mafic-ultramafic unit, the contact
with the so-called Magdalena Gneisses terrane of continental affinity is also characterrized
by intense mylonitic deformation, which in this case has been interpreted as a thrust
(Magdalena Thrust; Fig. 4; Diez Fernadndez et al., 2022). These gneisses have a
monotonous felsic composition, intense deformation and high-T metamorphic conditions with
evidence of having reached partial melting.

The Mérida ophiolite consists of three different slices that together have a thickness
of c. 3000 m (Fig. 4; Diez Fernandez et al. 2022; Arenas et al. In press). The intermediate
slice is the thicker one, which mainly consists of gabbros, banded gabbros, pegmatoid
gabbros, hornblendites and diabases. The uppermost slice also contains a thin basal layer of
serpentinised ultrabasic rocks, while a few metric scale granitoid intrusions have been found
in the lower slice. The ophiolite is in general moderately deformed, with regional foliation
development under amphibolite facies conditions. Igneous minerals are generally not
preserved, with widespread replacement of the original ferromagnesian minerals by
metamorphic amphiboles. In some sectors, typically below the basal thrusts of each slice,
layers of medium to coarse-grained amphibolites and garnet-bearing amphibolites occur.
The garnets have a synkinematic or tardi-kinematic character and reach up to 1 cm in
diameter. Locally, the garnet amphibolites show evidence of partial melting. Considering the
local character of the garnet amphibolites, and their development linked to the contact

between the ophiolite slices, they have been interpreted as metamorphic soles formed by



heating of gabbroic sections stacked under sections of lithospheric mantle, which would
have been only partly preserved. The peak metamorphic conditions of the soles reached c.
700 °C and 8 kbar (c. 25km), along a P-T path with the characteristics of subduction
inception (Arenas et al. In press). The development of such local heating and burial
necessarily implies a priori the accretion of very hot material of buoyant nature, and
therefore a short time lag between the generation of the oceanic lithosphere and subduction
initiation (e.g. Garber et al. 2020, and references therein).

U-Pb dating of zircons obtained from a mildy deformed coarse-grained metagabbro
yielded a concordia age of ¢. 594 Ma, which is interpreted as the age of mafic protoliths (Fig.
5; Arenas et al. In press). On the other hand, zircons from small granite bodies intruding the
lower slice of the ophiolite yielded a U-Pb age of c. 565 Ma, which is also considered a
protolith age which is much younger than the age of the mafic rocks, excluding a cogenetic
character of both types of lithologies (Arenas et al. In press). In addition, a U-Pb age of
garnets from the metamorphic sole in the vicinity of the Albarregas River, in the Mérida City,
yielded a discordia line in a Tera-Wasserburg diagram with an age of 590 Ma (MSWD =
1.09; Fig. 11; Arenas et al. In press). The age of this garnet is only slightly younger than the
formation of the mafic protoliths in the Merida Ophiolite, probably also resulting in a direct
dating of the accretion of the ophiolite slices in an subduction initiation setting that triggered
high-T metamorphism and development of the metamorphic soles, likely shortly followed by
the accretion of the lower unit Magdalena Gnheisses terrane in the same environment
(Arenas et al. In press).

3.2.2. Element and isotopic geochemistry

Whole-rock chemical analyses of representative metagabbros of the Merida ophiolite
have been published by Arenas et al. (In press). In the Nb/Y-Zr/Ti diagram (Pearce 1996;
Fig. 6), these rocks are subalkaline mafic types with some compositional variability,
somewhat greater than that shown by the mafic rocks of the Calzadilla Ophiolite. In the AFM
diagram (Irvine and Baragar, 1971; Fig. 6) they show a greater diversity, with significant

variations in FeO and MgO contents but with a group of samples comparable to those of the



Calzadilla Ophiolite. The REE contents are moderate, although much higher than the
chondritic ones, with normalized patterns (Nakamura 1974) showing no fractionation (Fig. 6).
The REE contents and patterns of the gabbros from the Mérida Ophiolite are clearly different
from their counterparts in the Calzadilla Ophiolite (Fig. 6). The relative compositional
variability of these mafic rocks is illustrated in both the TiO.-MnO-P,0s diagram (Mullen
1983; Fig. 6) and the Nb/Y-Th/Yb diagram (Shervais 1982, Pearce 2008, 2014; Fig. 7),
which however also show their SSZ signature with a higher continental influence than in the
Calzadilla Ophiolite. The mafic rocks of both ophiolites are well differentiated in the Ti-V
(Shervais 1982, Pearce 2014; Fig. 7) and Ti/V-Th/Nb (Shervais 2022; Fig. 8) diagrams. The
average values of both mafic rock groups normalised to N-MORB (Pearce 2014; Fig. 9) are
also rather different. The composition of the mafic rock of the Merida Ophiolite is
characteristic of SSZ magmas generated in subduction settings, as indicated by the HFSE
contents and negative anomalies in Ta+Nb, Hf+Zr and Ti (Pearce 2014; Fig. 9). The
geochemical characteristics of the gabbroic rocks of the Calzadilla and Mérida ophiolites are
clearly distinct, although both assemblages share a common peri-Gondwanan SSZ setting.
Considering their compositional characteristics, the structure of the Mérida Massif, where the
ophiolitic unit is located between two continental units, and the position closer to the Central
Iberian Zone (North of the Ossa-Morena Complex; Fig. 3), we suggest that the Mérida
Ophiolite formed in relation to the opening of a back-arc basin. This interpretation suggests
two similar but distinguishable SSZ environments for the Ediacaran ophiolites of the SW
Iberian Massif, which would have been generated roughly synchronously in a fore-arc
(Calzadilla Ophiolite) and a back-arc (Mérida Ophiolite) (Arenas et al. 2018, In press; Diez
Fernandez et al. 2019, 2022).

The Hf isotopic systematics zircons separated from the mafic rocks of the Mérida
Ophiolite is characteristic of juvenile magmas in equilibrium with a depleted mantle of their
age (Arenas et al. In press; Fig. 10). The EHf(t) values for the considered U-Pb ages are
lower than those of the mafic rocks of the Calzadilla Ophiolite. Still much lower are the EHf(t)

of zircons of the granitic rocks found in the lower slice of the Merida Ophiolite (Arenas et al.



In press; Fig. 10), indicating contrasted isotopic sources and origins for both types of
magmas. Together with their contrasted protolith ages, these data indicate that the granitic
rocks formed in a magmatic arc and intruded the mafic rocks long after their formation in a
peri-Gondwana back-arc and their metamorphism, deformation and emplacement upon the
closure of the back-arc (Arenas et al. In press).

4. The origin of Cadomia

4.1. The regional approach

The Ossa-Morena Complex contains a section of the outer margin of Gondwana. The
Ediacaran series of the so-called Serie Negra were deposited in this margin. This is the main
metasedimentary sequence related to the ophiolites of the SW Iberian Massif. Within the
Ossa-Morena Complex, the Calzadilla Ophiolite occupies a more southerly position (Fig. 3),
closer former outer boundary of the Gondwanan palaeo-margin. In contrast, the Mérida
Ophiolite has a more northerly position, closer to the autochthonous Central Iberian Zone
(Fig. 3), interpreted in general terms as a broad Ediacaran back-arc basin (Fuenlabrada et
al. 2020 and references therein). The structural relationships of the Calzadilla and Mérida
ophiolites with the Ediacaran series are contrasted. While the former is interbedded with
these series and was finally emplaced on top of them (Fig. 4), the latter occurs accreted
beneath the Ediacaran series and thrusted on a gneissic section that has been interpreted
as an inland section of the Gondwanan palaeo-margin (Fig. 4; Diez Fernandez et al. 2022,
Arenas et al. In press). The Calzadilla Ophiolite has a low to medium-T syn-accretionary
tectonothermal evolution (Arenas et al. 2018), that indicates a relatively cold emplacement
during thrusting which must therefore have occurred considerably after the formation of the
ophiolite protoliths. In contrast, the Mérida Ophiolite shows local evidence of the
development of high-T metamorphic soles, with garnet generation and partial melting
(Arenas et al. In press). This can be better interpreted as relation to the obduction of buoyant
material shortly after oceanic lithosphere formation in the back-arc. Therefore, it seems clear

that the Calzadilla and Mérida ophiolites show contrasted characteristics in their regional



position, relations to the Ediacaran series, lithological constitution and tectonothermal
evolution (Fig. 4).

The U-Pb ages of zircons of the metagabbros of both ophiolites also confirms their
different, but close, chronology. The metagabbros of the Calzadilla Ophiolite formed at c.
602 Ma (Fig. 5; Arenas et al. 2018), while in the Mérida Ophiolite are slightly younger, c. 594
Ma (Fig. 5; Arenas et al. In press). On the other hand, metamorphic sole formation at c. 590
Ma in the Mérida Ophiolite (Fig. 11; Arenas et al. In press), confirms a rapid evolution and of
the corresponding oceanic lithosphere. That the mafic rocks of both ophiolites represent
juvenile magmas in equilibrium with the depleted mantle of their age is demonstrated by the
Hf isotopic composition of zircon (Fig. 10), as opposed to the older isotopic sources of the
granitoids that intrude the Mérida Ophiolite and those emplaced in the peri-Gondwanan
Ediacaran magmatic arc (Fig. 10; Rojo-Pérez et al. 2022, Arenas et al. In press).

The geochemical characteristics of the Calzadilla and Merida ophiolites are different.
The mafic rocks of both ophiolites have compositions characteristic of magmas formed in
supra-subduction zone settings. However, the mafic rocks of the Calzadilla Ophiolite
correspond to extremely REE- and HFSE-depleted boninitic magmas (Figs. 6, 7, 8, 9). In
contrast, the mafic rocks of the Mérida Ophiolite are more akin to arc-tholeiites with higher
REE and HFSE contents (Figs. 6, 7, 8, 9). The extreme low content in incompatible trace
elements of boninitic magmas is the result of previous melting events that removed most of
the incompatible elements from the residual mantle source. It is considered that boninitic
magmas developed from an ultra-depleted harzburgite source (Crawford et al. 1981; Hickey
and Frey 1982). Most boninite magmas are formed in fore-arc settings or in the embryonic
stages of magmatism associated with the splitting of an island arc and the generation of a
back-arc basin (Cameron et al. 1979). The African margin of Gondwana has acted as an
active margin in different stages dated between c. 750-500 Ma, forming the Avalonian-
Cadomian volcanic arc (Fuenlabrada et al. 2020, Andonaegui et al. 2016, Arenas et al.
2016a). The fore-arc regions are characteristically subject to repeated cycles of opening of

extensional basins in supra-subduction zone settings (Wilson, 1989). Considering this peri-



Gondwanan setting and also taking into account the position of the Calzadilla Ophiolite and
its emplacement relations with the Ediacaran series, it seems likely that the generation of its
boninitic magmas took place in a fore-arc setting. On the contrary, the geochemical
characteristics of the mafic rocks of the Merida Ophiolite, and the type of structural
relationships shown by this ophiolite with the Ediacara series and the underlying gneissic
terrane, seem more compatible with its generation in a peri-Gondwanan back-arc setting.

A geodynamic model is presented in Figure 12 and may explain the generation of the
Calzadilla and Merida ophiolites in the context of the evolution of the NW African
Gondwanan margin. This view is based on regional, geochronological, geochemical and
tectonothermal evolution of both ophiolites. The model considers the initial opening of a fore-
arc basin in peri-Gondwana (c. 602 Ma; protoliths of the Calzadilla Ophiolite; Fig. 12a),
followed by the opening of a back-arc basin (c. 594; protoliths of the Merida Ophiolite; Fig.
12b). The opening of the back-arc basin favors the drift of a section of unknown size of the
outermost active margin of Gondwana, which is considered to be the Cadomian plate (Fig.
12b). Somewhat later (c. 590 Ma), in accordance with the tectonothermal evolution recorded
in the Merida Ophiolite, the accretion of this ophiolite beneath the drifted continental section,
the closure of the peri-Gondwana oceanic domain and the collision and final emplacement of
this element with the continent would have occurred (Fig. 12c). The evolution of this peri-
Gondwana section would continue with the progression of deformation towards the
outermost margin and the final obduction of the Calzadilla Ophiolite (c. 540 Ma), in part
contemporaneous with the initial collapse of the volcanic arc and before its subsequent
reactivation during the deposition of the unconformable Malcocinado Formation (c. 534 Ma;
Fig. 12d). The entire collisional section has been considered the final Cadomian domain, in
accordance with its present-day location in the basement of Central and Western Europe,
where it has traditionally been described as Cadomian basement (D’Lemos et al. 1990).

4.2. The geodynamic approach
The geodynamic evolution undergone by the Cadomian basement is still a matter of

debate because geological constraints at the global scale remains relatively poor for this



remote time. Plate tectonic reconstructions have been proposed (Stampfli et al. 2011, 2013,
von Raumer et al. 2013, 2015, 2017), which include the Ossa-Morena area in a global
framework, but from the Early Phanerozoic “only”. Recently however, a new global plate
tectonic model (Vérard, 2019a, 2019b) — the PANALESIS model — has been released
(Veérard, 2021) that proposes a scenario for the geodynamic evolution of the Earth back to
the Tonian time (Early NeoProterozoic). In this model, a proto-Cadomia continental ribbon
detached from a continental area which included North China. The new Cadomia plate
evolved and is responsible for the collision of the Souttoufides in the High-Atlas at around
660—650 Ma (Villeneuve et al. 2015) and along the Bassarides at 650-640 Ma (Villeneuve,
1984, 2005, Gasquet et al. 2005, 2008, Villeneuve et al. 2006, 2010). The Cadomia plate
however keeps on sliding along Western Africa and eventually detaches again from proto-
Gondwana at around 630 Ma.

At ca. 620 Ma, the Nethuns Arc, related to an intra-oceanic subduction zone,
detached from a continental zone containing South China (Fig. 13a). Although the time
resolution of the model is considered to be that of the interval between subsequent time
slices (i.e. every 10 Myrs), the model suggests an age for the Nethuns Arc collision
compatible with the 596 Ma U-Pb age proposed herein for the formation of the Mérida
Ophiolite. The Cadomia — Nethuns collision triggered the inversion of the passive margin of
Cadomia into an active margin. Tectonically speaking, one hypothesis may thus be that the
Calzadilla Ophiolite formed part of the plate located north of Cadomia, whereas the Mérida
Ophiolite was associated with the oceanic domain located to the north of West Africa Craton.
Figure 13a shows the approximated location suggested for the SW Iberia Cadomian
ophiolites, although the time resolution of the model is 10 Myrs. Alternate solutions however
must be further investigated.

Be that as it may, the Qilian continental ribbon, detached from North China at ca. 580
Ma (Fig. 13b), obliquely (tranpressionally) collided with Cadomia around 560 Ma (Fig. 13c).
The collision triggered the closing of the oceanic basin between Cadomia/Qilian and the

(West) proto-Gondwana margin, closing which ended up at around 540 Ma (Fig. 13d) with



the High-Atlas/Qinling collision. The subsequent evolution (from the Cambrian onwards) can

be found, for instance, in Stampfli et al. (2013).

5. Discussion

The recent discovery of the Calzadilla and Mérida oceanic terranes in the SW
Cadomian basement of the Iberian Massif provides a new scenario for the evolution of this
region. The origin of the Cadomian basement of Central and Western Europe has been
considered related to the activity of a peri-Gondwanan volcanic arc, located at the periphery
of the West African Craton and the Saharan Craton (Linnemann et al. 2014, Rojo-Pérez et
al. 2021, Fuenlabrada et al. 2020). The new data however confirm the involvement of one or
more oceanic domains, as would have been expected whose existence can be placed at
least, based on existing geochronological data, in the interval 600-540 Ma (Arenas et al.
2018, In press). The two ophiolites identified are of supra-subduction zone type, although the
mafic rocks of the Calzadilla Ophiolite have geochemical characteristics similar to those
formed in fore-arc basins, while the mafic rocks of the Mérida Ophiolite are similar to those
formed during the opening of back-arc basins. The absence of mafic rocks with MORB
composition suggests that the participating oceanic areas were rather small in extent, but it
is known that the oceanic lithosphere of large oceanic basins rarely survives subduction,
calling for caution in this point (Pearce et al. 1984, Dilek and Furnes 2014, Arenas et al.
2021). The final extent reached by the oceanic domain represented by the Merida Ophiolite
cannot be known on the basis of existing regional data. Refined provenance work can
provide clues on the original location of the rifted peri-Gondwanan section (Diez Fernandez
et al., 2010, Linnemann et al 2014, Albert et al. 2015, Rojo-Pérez et al. 2021), but not on the
extent of its drift.

Isotopic chronology data on the tectonothermal evolution of the Calzadilla and Mérida
ophiolites and nearby series are very scarce. Even so, these are the data needed to handled
the chronology of the closure of the oceanic domains involved. To date, they indicate that

the Mérida Ophiolite was accreted at high temperatures shortly after its formation (c. 590



Ma; U-Pb dating of garnet), whereas the Calzadilla Ophiolite was obducted under
greenschist facies conditions, probably long after the formation of its mafic protoliths (c. 540
Ma; U-Pb dating of zircon), and that the Ediacaran series of the Ossa-Morena Complex were
deformed and metamorphosed in this time interval (560-550 Ma; 40Ar-39Ar; Blatrix and Burg
1981, Dallmeyer and Quesada 1992).

Consequently, regional geology can document that the evolution of the Cadomian
basement of SW Iberia includes: 1) the activity of a volcanic arc that started before c. 600
Ma and developed over the siliciclastic Peri-Gondwanan platform (Serie Negra); 2) the
opening of fore-arc and back-arc basins in the interval between 602 and 594 Ma, the extent
of which cannot be estimated from regional data, and the subsequent rifting and drifting of a
section of the continental margin including the volcanic arc (Cadomia); 3) the subsequent
closure of the oceanic domains involved, the final collision of Cadomia with Gondwana and
the obduction of the Calzadilla and Merida ophiolites in the interval between 590 and 540
Ma. The regional domain generated thus includes several continental and oceanic terranes
with different tectonothermal origin and evolution. This domain currently represents the
Cadomian basement of the Variscan Central and Western Europe.

The use of a global plate tectonic model for the time range considered allows
analyzing from a theoretical point of view some of the issues that do not admit an
interpretation based only on regional data. The PANALESIS model offered in this work
shows a geodynamic scenario compatible with the Ediacaran rifting and drifting of a peri-
Gondwanan terrane interpreted as Cadomia, as well as with the opening of a new oceanic
domain of considerable amplitude towards the north of the West Africa Craton. Both facts
are compatible with inferences made from regional geology and especially from the
existence of Ediacaran ophiolites. The later closure of the oceanic domain and the final
collision of Cadomia with Gondwana is also consistent with the interpretation based on
regional data. The main Cadomian section would finally be located, according to the
PANALESIS model, north of the West Africa Craton, where it is indeed located today.

However, the major difference between the two datasets arises when comparing the time



ranges, which show partial disagreement especially in the chronology of the Cadomia-
Gondwana collision. Nevertheless, the comparison of the theoretical and regional models,
together with their constant updating and the acquisition of new geochronological data,
seems to be the appropriate procedure to improve the knowledge of the geodynamics of the
peri-Gondwana realm in the considered time range.

The results obtained in this work clearly indicate that the Cadomian basement of
Central and Western Europe is complex in nature. In its development, rifting and drifting of a
large peri-Gondwanan terrain (Cadomia) and the opening of oceanic domains that may have
reached a considerable extent must be considered. These oceanic domains were
subsequently subducted, facilitating the final collision of Cadomia with Gondwana and the
obduction of some of the oceanic lithospheric sections involved. The results obtained in the
SW Iberian Massif can be extrapolated to other Cadomian basement regions of Europe, but
the key element for future investigation is the possible exstence of ophiolitic units that have
been overlooked in regional research.
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Figure Captions

Figure 1. Reconstruction of a part of Pangaea at the end of the Paleozoic with distribution of
orogens in the Baltica—Laurentia—Avalonia-——Gondwana junction. The general structure and
domains of the Variscan Orogen is shown. Modified of Arenas et al. (2021). Pangaea map
based on Martinez Catalan et al. (2009) and Diez Fernandez and Arenas (2015). HP, high
pressure.

Figure 2. Highly schematic reconstruction of the Anti Atlas—Iberia domain showing the
probable distribution of the peri-Gondwanan ophiolites at the beginning of the Variscan
deformation. Continuity of the ophiolites in the intermediate section between Avalonia and
the Anti-Atlas is speculative, as most of the internal Variscan domain is submerged in this
region. Modified of Arenas et al. (2021).

Figure 3. Zonation of the Iberian Massif showing location of the Calzadilla and Mérida
ophiolites. Abbreviations: AF, Azuaga Fault; BAO, Beja-Acebuches Ophiolite; CA, Carvalhal
Amphibolites; CF, Canaleja Fault; CMU, Cubito-Moura Unit; CO, Calzadilla Ophiolite; MO,
Mérida Ophiolite; BCU, Badajoz-Cérdoba Unit; ET, Espina Thrust; HF, Hornachos Fault;
IOMZO, Internal Ossa-Morena Complex Ophiolites; LLF, Llanos Fault; MLF, Malpica-
Lamego Fault; OF, Onza Fault; OVD, Obejo-Valsequillo Domain; PG-CVD, Puente Génave-
Castelo de Vide Detachment; PRF, Palas de Rei Fault; PTF, Porto-Tomar Fault; RF, Rias
Fault; VF, Viveiro Fault. Modified of Diez Ferndndez and Arenas (2015) and Arenas et al.
(2016b).

Figure 4. Geological setting, general structure and lithologies of the Calzadilla (a) and
Mérida (b) ophiolites. Modified of Diez Fernandez et al. (2019, 2022) and Arenas et al.
(2018, In press).

Figure 5. U-Pb concordia ages (zircon) of metagabbros from the Calzadilla (a) and Mérida
(b) ophiolites. U-Pb zircon data recalculated after Arenas et al. (2018, In press), using the
same methodology indicated in those works.

Figure 6. Whole-rock geochemical diagrams for the mafic rocks of the Calzadilla and Mérida

ophiolites. a), b) Nb/Y-Zr-Ti and AFM classification diagrams, after Pearce (1996) and Irvine



and Baragar (1971), respectively. ¢) Chondrite-normalized REE plots (Nakamura 1974). d)
TiO2-MnO-P,0s discrimination diagram (Mullen, 1983).

Figure 7. Tectonic setting discrimination diagrams for the mafic rocks. a) Nb/Y-Th/Yb
diagram (Shervais 1982, Pearce 2008, 2014). b) Ti-V diagram (Shervais 1982, Pearce
2014).

Figure 8. Ti/V-Th/Nb tectonic setting discrimination diagram for the mafic rocks (Shervais
2022).

Figure 9. N-MORB-normalized immobile incompatible element patterns (Pearce 2014;
normalizing N-MORB values after Sun and McDonough 1989) for average compositions of
the mafic rocks of the Calzadilla and Mérida ophiolites.

Figure 10. Initial EHf(t) versus age diagram for zircons of Calzadilla (gabbro) and Mérida
(gabbro and granite) ophiolites, showing the evolution trend of Cadomian, Mesoproterozoic,
Paleoproterozoic and Archean crusts. The evolution trend of MORB (176Lu/177Hf= 0.02;
Blichert-Toft and Albaréde 2008) is shown, as well as the depleted mantle evolution and the
chondritic uniform reservoir (CHUR). The common present-day crustal evolution trend
(176Lu/177Hf = 0.0113; Taylor and McLennan 1985, Wedepohl 1995) is also shown.
Isotopic Hf and U-Pb data after Arenas et al. (2018, In press).

Figure 11. a) X-Ray phase map showing the textural distribution of mineral phases in garnet
amphibolite sample 117350 from the Mérida Ophiolite. b) U-Pb Tera-Wasserburg plot for
garnet from sample 117350. Modified of Arenas et al. (In press).

Figure 12. Geodynamic model suggested for the generation of the Calzadilla and Mérida
ophiolites and the evolution of the NW African margin of Gondwana during the interval 600-
534 Ma. Modified of Arenas et al. (In press).

Figure 13. The PANALESIS plate tectonic model. Reconstruction maps showing scenarios
for Cadomia evolution at (a) 600 Ma, (b) 580 Ma, (c) 560 Ma and (d) 540 Ma. The
approximated location suggested for the SW Iberia Cadomian ophiolites is also shown. The

time resolution of the model is 10 Myrs.
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